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The utility of a D-glucose-derived aziridine carboxylate was demonstrated for the synthesis of
polyhydroxylated quinolizidine and indolizidine alkaloids. The chemoselective reduction of 1 followed
by two-carbon homologation by the Wittig reaction afforded vy,3-aziridino-a,B-unsaturated ester 9,
which on regioselective nucleophilic aziridine ring opening either by using water as a nucleophile or
hydrogenation afforded &-lactams 11/16—true synthons for the synthesis of four structurally different
iminosugars, namely quinolizidine alkaloids 5b/5¢, swainsonine 6b and lentiginosine 7b analogues.
Glycosidase inhibitory activities of these iminosugars were investigated.

Introduction

Among the functionalized three-membered cyclic compounds,
aziridines and aziridine carboxylates have been considered to be
prominent precursors in the synthesis of natural and unnatural
amino compounds due to their inherent ability to undergo regio-
and chemo-selective reactions as well as cycloaddition pathways.!
For example, aziridine carboxylates of type A are prone to regio-
controlled nucleophilic ring opening either at C2 or at C3, leading
to the formation of B- or a-amino esters, " while cycloaddition
reactions with doubly activated olefins afford pyrrolidines**
(Scheme 1). In addition, the presence of two electrophilic func-
tionalities (aziridine and ester) in A offers flexibility to achieve
chemoselective transformations under diverse reaction conditions.
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Scheme 1 Reactivity of aziridine carboxylates of type A.

In general, it is observed that aziridine carboxylates in which
the ring nitrogen is activated by an electron-withdrawing group
(R?* = electron withdrawing group like Cbz, tosyl etc.) react
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more rapidly with hydride donors like LiAIH, and DIBAL-H
than non-activated aziridines (e.g. those having a benzyl group
on nitrogen).** In such cases, chemoselective reduction of the
carboxylate group to an alcohol/aldehyde functionality, keeping
the aziridine functionality intact, could be achieved under kinet-
ically controlled reaction conditions. This type of chemoselective
functional group transformation protocol, with initial reaction at
the carboxylate functionality, followed by regio-selective aziridine
ring opening giving access to distinct building blocks that are
necessary for the synthesis of complex natural products, has
received limited attention.** Recently, we reported the synthesis
of D-glucose-derived aziridine carboxylate 1, and demonstrated
that exclusive aziridine ring opening at the C2 position, using
water as a nucleophile in the presence of TFA, resulted in the
formation of a-hydroxy f-amino ester 2, which was then elaborated
to the piperidine and pyrrolidine iminosugars 3a/3b and 4a/4b,
respectively (Scheme 2).5¢
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Scheme 2  Piperidine and pyrrolidine alkaloids.

Iminosugars,® in particular polyhydroxylated indolizidine’ and
quinolizidine alkaloids, namely naturally occurring (+)-castano-
spermine 5a, (—)-swainsonine 6a and (+)-lentiginosine 7a (Fig. 1),
are promising glycosidase inhibitors® and show exceptional ability
to inhibit the glycoprotein-processing enzymes useful in studies on
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the effect of oligosaccharide structure on glycoprotein function.®#
In the search for better inhibitors toward specific classes of hy-
drolytic enzymes, a number of stereochemically different hydroxyl-
substituted and ring-expanded analogues® of these iminosugars
have been synthesized and evaluated for glycosidase inhibitory
and immunosupressive activities.** As a continuation of our
interest in this area,' we envisioned that the presence of a
non-activated aziridine functionality in 1 will allow us to ex-
plore kinetically controlled chemoselective transformations at the
carboxylate functionality to obtain y,5-aziridino-a,B-unsaturated
ester 9 (Scheme 3).

5b: R = OH, Hg;= B
5c: R=H, Hgo= B

6a: R'= R®= R®= OH
R?=R*=R°=H, Hg,= B

6b:R?=R®=R®=H
R'=R*=R%= OH, Hg,= a

7a: R2=R%= OH
R'=R*=H, Hg,=

7b: R2=R®=H
R'=R*=OH, Hg;= a0

Fig.1 Indolizidine and quinolizidine alkaloids.
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Scheme 3 Retrosynthetic analysis.

The regioselective aziridine ring opening at C6 either by a
hydroxyl- or hydrogen-equivalent will give access to two different
d-lactams 11 and 16, with a sugar appendage required to generate
the polyhydroxylated framework. Lactams 11 and 16 can be
common intermediates for the synthesis of polyhydroxylated
quinolizidine 5b and 5¢ and indolizidine alkaloids 6b and 7b. A few
reports are available on the use of sugar aziridines in the synthesis
of iminosugars;'' however, the applicability of aziridine carboxy-
late 1 in the synthesis of quinolizidine and indolizidine alkaloids of

the following types: 8a-epi-homocastanospermine Sb; 1-deoxy-8a-
epi-homocastanospermine 5¢; 1,8,8a-tri-epi-swainsonine 6b; and
1,2-di-epi-lentiginosine 7b; to the best of our knowledge, has not
been reported so far. Our efforts in this direction are discussed
herein.

Results and discussion

Aziridine carboxylate 1 was prepared from D-glucose as reported
earlier by us.* Treatment of 1 with DIBAL-H in CH,Cl, at —78 °C
resulted in the chemoselective formation of aziridine aldehyde
8, which was subjected to the two-carbon homologation using
Ph;P=CHCOQEt to afford an inseparable £/Z mixture of vy,0-
aziridino-a,B-unsaturated ester 9 in the ratio 8.5 : 1.5 as evident
from the "H NMR of the crude product (Scheme 4). A mixture of
9 was treated with TFA (2 equiv.) in CH;CN-H,O (8 : 1) to afford
v-hydroxy-6-amino-a,3-conjugated ester 10 as the major E-isomer
in 74% yield.”> Assignment of structure 10 was made by using
"H NMR data and decoupling experiments, wherein HS showed a
doublet of doublets (J5, = 8.8 Hzand J, s = 3.5 Hz) at 6 3.39 while
H6 appeared at 6 4.45 as a doublet of doublet of doublets (J =
8.8, 3.8, and 2.2 Hz). This indicated that aziridine ring opening
in 9 took place regioselectively at C6 leading to the formation of
d-amino ester 10.
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Scheme 4  Reagents and conditions: (a) DIBAL-H, CH,Cl,, =78 °C, 2.5 h,
79%; (b) Ph;P=CHCOOEt, CH;CN, 30 °C, 6 h, 77%; (c) TFA (2 equiv.),
CH;CN-H,0 (8:1),15°Ct030°C, 6 h, 80%; (d) HCOONH,, 10% Pd/C,
MeOH, reflux, 3 h, 90%; (¢) NaH, BnBr, THF, 0 °C to reflux, 2.5 h, 90%;
(f) LAH, THEF, 0 °C to reflux, 3 h, 85%; (g) i) TFA-H,O (7 : 3), 0 °C to
20 °C, 3 h; ii) H, (80 psi), 10% Pd/C, MeOH, 24 h, 96%; (h) Ac,O, Py,
DMAP, 30 °C, 6 h; (i) i) TFA-H,O (7 : 3), 0 °C to 20 °C, 3 h; ii) NalO,,
acetone-water (4 : 1); (j) H, (80 psi), 10% Pd/C, MeOH, 30 °C, 24 h, 81%.
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The observed stereo- and regioselectivity in 10 (with a 5S,6R
absolute configuration) could be explained by the preferential Sy2
attack at the C6 carbon atom of the aziridine ring, rather than at
C5, which is hindered due to the p-oriented C3-OBn group. In the
next step, 6-amino ester 10 was subjected to hydrogenation using
10% Pd/C in methanol to give d-lactam 11 in quantitative yield.
Formation of 8-lactam was confirmed by IR (C=0, 1628 cm™')
and NMR spectral data.” This one-pot three-step process involves
reduction of C=C, removal of N/ O-benzyl groups and cyclization.
Subsequently, reaction of 11 with benzyl bromide and sodium
hydride in THF gave tribenzylated lactam 12, which on treatment
with LiAIH, in THF afforded tribenzylated piperidine 13 in good
yield. Finally, opening of the 1,2-acetonide functionality in 13 with
TFA-H,O (7 : 3) to give a hemiacetal followed by hydrogenation
using 10% Pd/C in MeOH and purification by chromatography
afforded quinolizidine alkaloid 5b as a white solid. The structure
of 5b was confirmed by converting it to peracetylated derivative
14. The analytical and spectral data of both the compounds were
found to be in accordance with the assigned structures 5b and 14.
With the indolizidine alkaloid target 6b in mind, compound 13 was
treated with TFA-H,O (to cleave the 1,2-acetonide group) to give
a hemiacetal, and oxidative cleavage with NalO, afforded the one-
carbon-degraded product (as evident from the NMR of the crude
product), which was immediately subjected to hydrogenation
with 10% Pd/C in MeOH to give 1,8,8a-tri-epi-swainsonine 6b
as a thick liquid. Peracetylation of 6b using Ac,O in pyridine
gave triacetyl derivative 15. The analytical and spectral data
were found to be in agreement with the assigned structures 6b
and 15.

It is known that small structural modifications of the natural
indolizidine alkaloids such as swainsonine and lentiginosine
induce significant changes in their specificity and potency to
inhibit various glycosidases.”™ In view of this, the synthetic
potentiality of vy,8-aziridino ester 9 was further demonstrated
by transforming it to 1,2-di-epi-lentiginosine and 9-deoxy-9a-epi-
homocastanospermine (Scheme 5).

At this stage, we thought of reductive aziridine ring opening in
9, keeping the ester functionality intact. There exists a possibility
to achieve this transformation under hydrogenation conditions.
In general, hydrogenation of aziridine carboxylates of type A
occurs at C3, affording a-amino esters in good yield." However,
compound 9, on hydrogenation (10% Pd/C, MeOH)" followed
by treatment with sodium acetate in methanol, afforded d-lactam
16 and not the y-lactam. This two-step process probably involves
reduction of C=C, N/O-debenzylation, regioselective aziridine
ring opening at C6 and the formation of the 3-lactam. The spectral
and analytical data of 16 was found to be identical to that reported
by us previously [mp 156-157 °C; lit.* mp 157 °C; [a], = —12.3
(¢ 2.51, CHCL), lit.* [a], = —11.5 (¢ 2.35, CHCL,)].

The formation of the d-lactam rather than the y-lactam is
interesting. We believe that the reductive aziridine ring opening
is assisted by the conjugated double bond,'® wherein initial
abstraction of the hydrogen is followed by migration of the double
bond and aziridine ring opening to give an allylamine. This is
further reduced to a 6-amino ester and cyclizes to give the d-lactam
16, as shown in Scheme 6.

We previously reported the transformation of é-lactam 16 to
quinolizidine alkaloid 5¢ using reduction of the lactam function-
ality followed by N-Cbz protection.” However, at this stage we

Scheme 5 Reagents and conditions: (a) H, (80 psi), 10% Pd/C, MeOH,
30 °C, 12 h, then, NaOAc, MeOH, reflux, 1.5 h, 74% (over two steps); (b)
NaH, BnBr, THF, 0 °C to reflux, 2.5 h, 96%; (¢) LAH, THF, 0 °C to reflux,
3 h, 89%; (d) i) TFA-H,O (7 : 3); ii) NalO,, acetone-water (4 : 1); (e) H,
(80 psi), 10% Pd/C, MeOH, 30 °C, 24 h, 69%; (f) Ac,O, Py, DMAP (cat.),
30 °C, 6 h; (g) i) TFA-H,O (7 : 3), 0 °C to 20 °C, 3 h; ii) H, (80 psi), 10%
Pd/C, MeOH, 24 h, 96%.
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Scheme 6 Plausible pathway for the hydrogenation reaction.

thought of using benzyl protection of d-lactam 16 (to give a
product benzylated on the nitrogen and C3 oxygen), to give access
to quinolizidine as well as indolizidine alkaloids."

Thus, as shown in Scheme 5, benzylation of 16 with benzyl
bromide (using NaH in THF) afforded piperidone 17, which
on LiAlH, reduction afforded dibenzylated piperidine compound
18. In the subsequent steps, 1,2-acetonide cleavage (TFA-H,0)
followed by hydrogenation (10% Pd/C, MeOH) and purification
by chromatography afforded quinolizidine alkaloid 5S¢ as a thick
liquid. The analytical and '"H NMR and *C NMR data of 5¢
were in consonance with the reported data [[a], = —75.9 (c
0.13, MeOH), lit.* [a], = —80.0 (¢ 0.1, MeOH)]. On the other
hand, 1,2-acetonide deprotection followed by oxidative cleavage
(NalO,) and hydrogenation (10% Pd/C, MeOH) afforded 1,2-
di-epi-lentiginosine 7b as a crystalline solid in good yield. The
spectral and analytical data of 7b was found to be identical with
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Table 1 Inhibition potencies of quinolizidines Sb and Sc and indolizidines

6b and 7b

1Cs,/mM
Enzyme 5b Sc 6b 7b
a-Amylase (ex-porcine) — NI* 629 1109
B-Glucosidase (sweet almonds) 79.80 372 1.23 0.75
a-Mannosidase (jack bean) NI® — NI® NI®

B-Xylanase (Thermomyces lanuginosus)  1.80 0.26 10.70  6.50

“ Inhibition was not studied. * No inhibition under the assay conditions.

that reported [mp 133-135 °C; lit.”'* mp (not reported); [a]p =
+3.8 (¢ 0.43, MeOH), lit.”'* [a], = +4.2 (¢ 0.51, MeOH)]. The
dihydroxy indolizidine 7b was further characterized as its diacetyl
derivative 19.

Glycosidase inhibitory activity

Using standardized assay techniques,”® the inhibitory activities
of 5b, 5c¢, 6b, and 7b were screened with different enzymes,
namely a-amylase (ex-porcine), B-glucosidase (sweet almonds), o-
mannosidase (jack bean), and B-xylanase (Thermomyces lanugi-
nosus) and results are summarized in Table 1. The data clearly
indicates that quinolizidines 5b/5c¢ and indolizidines 6b/7b are
weak inhibitors of a-amylase. 9-Deoxyquinolizidine analogue 5¢
was found to be a selective inhibitor of B-xylanase, with a ~10-fold
increase in activity compared to that of Sb. Thus, the presence of
a hydroxyl functionality in the six-membered ring of quinolizidine
5b reduces the activity (towards B-xylanase) and also the specificity
of the inhibitor as noted from the structure—activity relationship
with Sc. This observation is analogous to that of Pearson and
coworkers,” who found that ring homologues of swainsonine were
found to be poor inhibitors of glycosidases. Natural (—)-swainso-
nine 6a is a potent inhibitor of a-D-mannosidase and mannosidase
II, while the antipode (+)-swainsonine is a selective and potent
inhibitor of naringinase (L-rhamnosidase).¥~ However, the new
analogue 1,8,8a-tri-epi-swainsonine 6b did not show any inhibition
towards a-mannosidase, probably due to the anti-orientation of
the hydroxyl functionalities at C1 and C3 in the pyrrolidine ring
of the indolizidine skeleton.

Interestingly, 6b showed moderate inhibition toward f-
glucosidase as well as B-xylanase. Lentiginosine analogue 7b
displayed similar activity to that of 6b (in the millimolar range),
indicating that the presence of the C8 hydroxyl functionality in 6b
has little influence on the specificity and potency.

Conclusion

In conclusion, we have demonstrated chemo- and regio-selective
transformations of D-glucose-derived aziridine carboxylate 1 and
its versatility in the efficient synthesis of iminosugars of biological
interest, namely (+)-1,8,8a-tri-epi-swainsonine 6b, (+)-1,2-di-epi-
lentiginosine 7b, (+)-9a-epi-homocastanospermine 5b, and its 9-
deoxy analogue 5c. A structure—activity relationship study of
target molecules indicates that the small structural changes have
a noticeable effect on the potency as well as the specificity of the
inhibitor.

Experimental
General methods

Melting points were recorded with Thomas Hoover melting point
apparatus and are uncorrected. IR spectra were recorded with
an FTIR spectrometer as a thin film, in Nujol mull, or using
KBr pellets, and are expressed in cm™'. Jy (300 MHz) and Jc
(75 and 100 MHz) NMR spectra were recorded using CDCl;
or D,0/CD;OD as a solvent. Chemical shifts were reported in
0 units (ppm) with reference to TMS as an internal standard,
and J values are given in Hz. Decoupling and DEPT experiments
confirmed the assignments of the signals. Elemental analyses were
carried out with a C,H-analyzer. Optical rotations were measured
using a polarimeter at 25 °C. Thin layer chromatography was
performed on pre-coated plates (0.25 mm, silica gel 60 F,s,).
Column chromatography was carried out with silica gel (100-
200 mesh). The reactions were carried out in oven-dried glassware
under dry N,. Methanol, pyridine, THF, were purified and dried
before use. The n-hexane used was the fraction distilling between
40-60 °C. TFA and 10% Pd/C were purchased from Aldrich
and/or Fluka. After decomposition of the reaction with water, the
work-up involves: washing of combined organic layers with water,
brine, drying over anhydrous sodium sulfate and evaporation of
solvent under reduced pressure.

General procedure for inhibition assay

Inhibition potencies of 5b/Sc, and 6b/7b were determined by
measuring the residual hydrolytic activities of the glycosidases.'®
The substrates (purchased from Sigma Chemicals Co., USA),
namely p-nitrophenyl-o-D-glucopyranoside and p-nitrophenyl-
B-D-glucopyranoside, of 2 mM concentration, were prepared
in 0.025 M citrate buffer with pH 6.0. p-Nitrophenyl-a-D-
mannopyranoside of 2mM concentration was prepared in 0.025 M
citrate buffer with pH 4.0. The test compound was preincubated
with the respective enzyme buffered at their optimal pH, for 1 h
at 25 °C. The enzyme reaction was initiated by the addition
of 100 pL substrate. Controls were run simultaneously in the
absence of test compound. The reaction was terminated after
10 min by the addition of 0.05 M borate buffer (pH 9.8), and
absorbance of the liberated p-nitrophenol was measured at 405 nm
using a spectrophotometer. One unit of glycosidase activity is
defined as the amount of enzyme hydrolyzing 1 umol of (p-
nitrophenyl)pyranoside in 1 min at 25 °C. The xylanase assay was
carried out at pH 6.0 by mixing 2 mM of the enzyme with 0.5 cm®
of oat spelt xylan (10 mg cm~) in 1 cm® of reaction mixture and
incubation at 50 °C for 30 min; the reducing sugar released was
determined by the dinitrosalicylic method.' One unit of xylanase
activity is defined as the amount of enzyme producing 1 pmol of
xylose equivalent per unit using oat spelt xylan as the substrate
under assay conditions.

1,2-O-Isopropylidine-3-O-benzyl-5,6-dideoxy-5,6-/N-benzyl-
E-aziridino-f-1-ido-1,4-furan-7-al (8)

To a solution of aziridine ester 1 (1.41 g, 3.09 mmol) in dry
dichloromethane (20 cm?®) at —78 °C was added DIBAL-H (20%
solution in hexane) (4.35 cm?, 6.18 mmol) over 15 min, and the
mixture stirred for 2.5 h. The reaction mixture was quenched using

706 | Org. Biomol. Chem., 2008, 6, 703-711

This journal is © The Royal Society of Chemistry 2008





ethyl acetate (5 cm?) and sat. NH,CI (1 cm®) and filtered through
Celite, concentrated, adsorbed on silica and purified by column
chromatography (n-hexane—ethyl acetate = 9 : 1), to give 8 as a
white solid (1.01 g, 79.3%): mp 95-96 °C; (found: C, 70.31; H, 6.49.
Calc. for C,4H,,NOs: C, 70.40; H, 6.65); R; = 0.40 (n-hexane—ethyl
acetate = 7 : 3); [a]p = —29.10 (¢ 0.05, CHCL,); v,,,«(KBr)/cm™!
2920, 1726, 1666, 1074, 1022; 6y (300 MHz, CDCl;) (the 'H and
BC NMR spectra showed additional signals corresponding to
aldehydes and aziridine protons and carbons—we are unable to
explain these features) 1.24 (3H, s, CH;), 1.38 (3H, s, CH;), 2.54
(1H, bs, H-5), 2.91 (1H, bs, H-6), 3.91 (2H, bs, NCH,Ph), 4.12-
4.40 (2H, m, H-4, H-3), 4.46 (1H, d, J/ = 11.0 Hz, OCH,Ph), 4.65
(1H,d,J =3.8 Hz,H-2),4.67 (1H, d, J = 11.0 Hz, OCH,Ph), 6.00
(1H, d, J = 3.8 Hz, H-1), 7.14-7.27 (10H, m, ArH), 9.40 (1H, s,
CHO); dc (75 MHz, CDCl;) 26.2, 26.8 (2 x CHj;), 43.2 (C-6), 48.7
(C-5),56.3(NCH,Ph), 71.8 (OCH,Ph), 75.7 (C-3), 82.0 (C-2), 82.7
(C-4), 105.3 (C-1), 111.7 (OCO), 127.1 (ArC), 127.7 (ArC), 128.0
(ArC), 128.3 (strong, 4 x ArC), 128.4 (strong, 3 x ArC), 137.8
(ArC), 197.2 (CHO).

(E)-Ethyl-3-O-benzyl-5,6-dideoxy-5,6- N-benzyl- E-aziridino-
1,2-O-isopropylidine-f-L-ido-nona-7-eno-furanuronate (9)

To a solution of aziridine aldehyde 8 (0.97 g, 2.37 mmol)
in dry acetonitrile (15 cm®) was added (carboethoxymethy-
lene)triphenylphosphorane (1.07 g, 3.08 mmol), and the reaction
mixture was stirred for 6 h at 30 °C. The acetonitrile was evapo-
rated and the reaction mixture was adsorbed on silica. Purification
by column chromatography (n-hexane—ethyl acetate = 9 : 1) gave
9 (mixture of £ and Z isomers) as a thick liquid (0.87 g, 77.7%):
(found: C, 69.97; H, 6.86. Calc. for C,sH;;NO,: C, 70.13; H, 6.94);
R; = 0.40 (n-hexane—cthyl acetate = 7 : 3); v, (neat)/cm™" 1718,
1624, 1217, 1076; dy4 (300 MHz, CDCI;) (the 'H and *C NMR
spectra showed an additional signal due to the minor Z-isomer
(~15%)) 1.31 (3H, t, J = 7.1 Hz, OCH,CH), 1.32 (3H, s, CH,),
1.44 (3H, s, CH;), 2.45 (1H, dd, J = 7.1 and 3.0 Hz, H-5), 2.59
(1H, dd, J = 9.9 and 3.0 Hz, H-6), 3.72 (1H, d, J = 14.0 Hz,
NCH,Ph), 3.86 (1H, d, J = 3.3 Hz, H-3),3.96 (1H, d, / = 14.0 Hz,
NCH,Ph), 4.15-4.27 (3H, m, OCH,CH;, H-4), 4.44 (1H, d, J =
12.1 Hz, OCH,Ph), 4.61 (1H,d, J = 3.8 Hz, H-2),4.66 (1H,d, J =
12.1 Hz, OCH,Ph), 5.98 (1H, d, J = 3.8 Hz, H-1),6.04 (1H, d, J =
15.4 Hz, H-8), 6.89 (1H, dd, J = 15.4 and 9.9 Hz, H-7), 7.16-7.37
(10H, m, ArH); d. (75 MHz, CDCl;) 6 14.3 (OCH,CH,;), 26.3
(CH,), 26.8 (CH;), 39.9 (C-5), 47.0 (C-6), 56.9 (NCH,Ph), 60.5
(OCH,CH,;), 71.7 (OCH,Ph), 81.9 (C-3), 82.0 (C-2), 82.7 (C-4),
105.2(C-1), 111.6 (OCO), 125.2 (C-8), 126.8 (ArC), 127.7 (strong,
2 x ArC), 127.8 (strong, 2 x ArC), 127.9 (ArC), 128.1 (strong, 2 x
ArC), 128.3 (strong, 2 x ArC), 136.8 (ArC), 138.4 (ArC), 142.9
(C-7), 165.2 (COOCH,CH,).

(E)-Ethyl-3-O-benzyl-5-N-(benzyl)amino-1,2-O-isopropylidine-
B-L-glycero-L-ido-nona-7-eno-furanuronate (10)

To a solution of aziridine ester 9 (0.85 g, 1.77 mmol) in acetonitrile—
water (8 : 1, 20 cm®) at 15 °C was added TFA (0.40 cm?, 3.54
mmol). The reaction mixture was allowed to warm to room
temperature, stirred for 6 h, and neutralized with Indion-860
resin. Filtration, evaporation of solvent at rotary evaporator and
column chromatography (n-hexane—ethyl acetate = 4 : 1) afforded

10 (0.72 g, 80.4%) as a thick liquid: (found: C, 67.83; H, 7.05.
Calc. for C,xH;sNO;: C, 67.59; H, 7.09); R; = 0.30 (n-hexane—ethyl
acetate = 7 : 3); [a]p = —11.53 (¢ 0.26, CHCl,); v (neat)/cm™!
3080-3700 (broad), 1714, 1654; 6,; (300 MHz, CDCl;) 1.28 (3H,
t, J = 6.8 Hz, OCH,CH,) 1.33 (3H, s, CH), 1.49 (3H, s, CH,),
2.80 (2H, bs, exchanges with D,O, NHBn, OH) 3.39 (1H, dd, J =
8.8 and 3.5 Hz, H-5), 3.87 (1H, d, J = 3.0 Hz, H-3), 3.89 (2H,
ABq, J = 12.0 Hz, NCH,Ph), 4.19 (1H, dd, J = 3.5 and 3.0 Hz,
H-4), 4.20 (2H, q, J = 6.8 Hz, OCH,CH,), 4.45 (1H, ddd, J =
8.8, 3.8 and 2.2 Hz, H-6), 4.58 (2H, ABq, J = 11.2 Hz, OCH,Ph),
4.65(1H, d, J = 3.8 Hz, H-2), 5.89 (1H, d, J = 3.8 Hz, H-1), 6.22
(1H, dd, J = 15.6 and 2.2 Hz, H-8), 6.90 (1H, dd, J = 15.6 and
3.5Hz, H-7),7.22-7.42 (10H, m, ArH); d (75 MHz, CDCl;) ¢ 14.3
(OCH,CH,), 26.3 (CH,), 26.7 (CH3), 52.0 (C-5), 59.6 (NCH,Ph),
60.4 (OCH,CH,), 68.0 (OCH,Ph), 71.2 (C-3), 78.5 (C-6), 81.9
(strong, C-2 and C-4), 103.8 (C-1), 111.6 (OCO), 121.3 (C-8),
127.1 (ArC), 127.6 (strong, 2 x ArC), 127.9 (ArC), 128.2 (strong,
2 x ArC), 128.3 (strong, 2 x ArC), 128.4 (strong, 2 x ArC), 137.0
(ArQ), 139.1 (ArC), 146.0 (C-7), 166.1 (COOCH,CH,).

1,2-O-Isopropylidine-3,6-di-hydroxy-5,7,8-tri-deoxy-p-L-glycero-
5,9-imino-f-L-ido-furan-9-ulose (11)

To a stirred solution of hydroxyl amino ester 10 (0.66 g, 1.32 mmol)
in methanol (15 cm?) at reflux was added ammonium formate
(0.41 g, 6.63 mmol) and 10% Pd/C (100 mg), and the mixture
refluxed for 3 h. The reaction mixture was filtered through Celite,
concentrated and purified by column chromatography (n-hexane—
ethyl acetate = 2 : 8) to afford 11 as a white solid (0.30 g, 90%); mp
182 °C: (found: C, 52.61; H, 7.30. Calc. for C,,H;,NO,: C, 52.74;
H, 7.01); R; = 0.83 (CHCL;-MeOH = 7 : 3); [a]p = —5.40 (c 0.36,
CHCL); v (KBr)/ecm™' 3325, 1628, 1076 cm™'; dy (300 MHz,
CD,0D) 1.30 (3H, s, CH5;), 1.46 (3H, s, CH;), 1.79-1.92 (1H, m,
H-7a), 1.99-2.08 (1H, m, H-7b) 2.27-2.50 (2H, m, H-8), 3.57 (1H,
dd, J = 6.7 and 3.5 Hz, H-5), 3.88 (1H, ddd, J = 9.1, 6.7 and
3.2 Hz, H-6), 4.20 (1H, d, J = 2.7 Hz, H-3), 425 (IH, t, J =
3.5 Hz, H-4), 4.49 (1H, d, J = 3.8 Hz, H-2), 4.62 (1H, bs, NH),
5.91(1H,d,J = 3.8 Hz, H-1) (Note: In the 'H NMR spectrum OH
protons are exchanged with CD;0D); . (75 MHz, CD;0D) 26.4
(CH,), 27.1 (CHj,), 28.8 (C-7), 28.9 (C-8), 59.5 (C-5), 66.3 (C-6),
77.3 (C-3), 79.8 (C-2), 86.8 (C-4), 105.9 (C-1), 112.7 (OCO), 174.3
(COOCH,CH,).

1,2-O-Isopropylidine-3,6-di-O-benzyl-5,7,8-tri-deoxy-p-L-glycero-
5,9-N-(benzyl)imino-f-L-ido-furan-9-ulose (12)

To a slurry of NaH (0.29 g, 0.74 mmol) in dry THF (5 cm®) at 0 °C
was added a solution of lactam 11 (0.50 g, 0.18 mmol) in THF
(10 cm?), and the mixture stirred for five minutes. Benzyl bromide
(0.86 cm?, 0.74 mmol) in THF (5 cm®) was added dropwise, and
stirred well while warming to room temperature, before being
refluxed for 2.5 h. Usual workup and purification by column
chromatography (n-hexane—ethyl acetate = 8.5 : 1.5) yielded 12
as a thick liquid (0.90 g, 90%): (found: C, 73.11; H, 7.02. Calc. for
Cy;3H3;NO,: C,72.91; H, 6.86); R; = 0.43 (n-hexane—ethyl acetate =
6.5:3.5);[alp = +50.00 (¢ 0.2, CHCL,); v, (neat)/cm="' 2925, 1627,
1217, 1078; d, (300 MHz, CDCl;) 1.32 (3H, s, CH;), 1.50 (3H, s,
CH,), 1.79-2.12 (2H, m, H-8), 2.48 (1H, dd, J = 18.1 and 7.4 Hz,
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H-7),2.67-2.79 (1H, m, H-7), 3.49 (1H, bs, H-6), 3.79 (1H, d, J =
2.7 Hz, H-3), 3.89 (2H, s, OCH,Ph), 3.99 (1H, bd, J = 9.3 Hz,
H-5), 4.13 (1H, dd, J = 9.3 and 2.7 Hz, H-4), 423 (1H, d, J =
15.1 Hz, NCH,Ph), 4.29 (1H,d, J = 12.1 Hz, OCH,Ph), 4.61 (1H,
d, J = 3.8 Hz, H-2), 4.62 (1H, d, J = 12.1 Hz, OCH,Ph), 5.66
(1H, d, J = 15.1 Hz, NCH,Ph), 5.99 (1H, d, J = 3.8 Hz, H-1),
6.92-6.95 (2H, m, ArH), 7.11-7.30 (13H, m, ArH); d. (75 MHz,
CDCl;) 23.5 (C-7), 26.0 (CH;), 26.6 (CHj;), 27.0 (C-8), 49.0 (C-
5), 56.1 (NCH,Ph), 69.2 (C-6), 70.5 (OCH,Ph), 71.2 (OCH,Ph),
80.5 (C-3), 81.5(C-2), 83.1 (C-4), 104.5 (C-1), 111.5 (OCO), 126.4
(strong, ArC), 126.5 (ArC), 127.0 (ArC), 127.3 (strong, 2 x ArC),
127.9 (ArC), 128.0 (strong, 2 x ArC), 128.1 (strong, 2 x ArC),
128.2 (strong, 2 x ArC), 128.3 (strong, 2 x ArC), 136.3 (ArC),
137.5 (ArC), 137.8 (ArC), 169.5 (CONH).

1,2-O-Isopropylidine-3,6-di-O-(benzyl)-5,7,8-tri-deoxy-f-L-
glycero-5,9-N-(benzyl)imino-p-L-ido-1,4-furanose (13)

To an ice-cooled suspension of LAH (0.02 g, 0.04 mmol) in
dry THF (4 cm®) was added tribenzylated lactam 12 (0.09 g,
0.16 mmol) in dry THF (10 cm?®) at 0 °C, and the mixture
stirred for 10 min. The reaction mixture was slowly warmed
to room temperature, refluxed for 3 h and quenched with ethyl
acetate (10 cm®), followed by an aqueous solution of ammonium
chloride (2 cm?®). Filtration through Celite, concentration under
vacuum and purification by column chromatography (n-hexane—
ethyl acetate = 9 : 1) gave 13 as a thick liquid (0.06 g, 85.0%):
(found: C, 74.71; H, 7.33. Calc. for C;;H;,NOs: C, 74.83; H, 7.42);
R; = 0.82 (n-hexane—ethyl acetate = 7 : 3); [a]p = +13.33 (¢ 0.15,
CHCL); v (neat)/cm™" 1610, 1416; 6y (300 MHz, CDCl;) 1.20-
1.74 (2H, m, H-8), 1.32 (3H, s, CH;), 1.52 (3H, s, CH;), 1.79-2.00
(2H, m, H-7), 2.46-2.65 (1H, m, H-9), 2.66-2.84 (1H, m, H-9),
3.42 (1H, bd, J = 3.3 Hz, H-6), 3.60 (1H, dd, J = 9.3 and 2.7 Hz,
H-5), 3.79 (1H, d, J = 2.7 Hz, H-3), 3.86 (1H, d, J/ = 14.3 Hz,
NCH,Ph), 4.05 (1H, d, J = 14.3 Hz, NCH,Ph), 431 (1H, d, J =
11.8 Hz, OCH,Ph),4.36 (1H, d, J = 12.1 Hz, OCH,Ph), 4.42 (1H,
d,J=11.8 Hz, OCH,Ph), 4.52-4.66 (3H, m, H-2, H-4, OCH,Ph),
597 (1H,d,J = 3.8 Hz, H-1), 7.13-7.32 (13H, m, ArH), 7.41 (2H,
d, J =7.1 Hz, ArH); . (75 MHz, CDCl;) 19.4 (C-8), 26.2 (CHs),
26.8 (CHj;), 26.9 (C-7),44.9 (C-9), 58.4 (C-5), 58.5 (NCH,Ph), 69.6
(OCH,Ph), 71.3 (OCH,Ph), 73.0 (C-6), 76.2 (C-3), 81.2 (C-2), 82.7
(C-4), 104.3 (C-1), 111.1 (OCO), 126.1 (ArC), 126.9 (strong, 2 x
ArC), 127.2 (strong, 2 x ArC), 127.6 (strong, 2 x ArC), 127.7
(strong, 2 x ArC), 127.9 (strong, 2 x ArC), 128.2 (strong, 2 x
ArC), 128.4 (strong, 2 x ArC), 137.1 (ArC), 138.9 (ArC), 140.9
(ArC).

1,2-O-Isopropylidine-5,6,7,8-tetra-deoxy-5,9-imino-f-L-ido-
1,4-furan-9-ulose (16)

A solution of aziridine ester 9 (0.62 g, 1.29 mmol) and 10% Pd/C
(70 mg) in methanol (15 cm?®) was hydrogenated (80 psi) at 30 °C
for 12 h. The reaction mixture was filtered through Celite. Sodium
acetate (0.12 g, 1.55 mmol) was added to the filtrate and the
mixture refluxed for 1.5 h. The reaction mixture was concentrated
under vacuum, extracted using CHCI; (3 x 15 cm®) and dried
over anhydrous sodium sulfate. The combined organic layer was
concentrated and purified by column chromatography (n-hexane—
ethyl acetate = 7 : 3) to give 16 as a white solid (0.25 g, 74%): [mp

156-157 °C; 1it.** mp 157 °C]; (found: C, 56.29; H, 7.57. Calc. for
C,,H,y)NO:s: C, 56.02; H, 7.44); R; = 0.35 (n-hexane—ethyl acetate =
5:5); [[alo = —12.3 (¢ 2.51, CHCL), 1it.* [a], = —11.5 (¢ 2.35,
CHCL)]; v (KBr)/cm™" 1624, 1076; 6,4 (300 MHz, CDCl;) 1.28
(3H, s, CH;), 1.45 (3H, s, CH,), 1.64-1.79 (2H, m, H-7), 1.80-1.98
(2H, m, H-6), 2.26-2.38 (2H, m, H-8), 3.72-3.79 (1H, m, H-5),
393 (1H, dd, J = 3.2 and 2.7 Hz, H-4), 4.22 (1H, d, J = 2.7 Hz,
H-3),4.50(1H, d, J =3.6 Hz, H-2), 5.50-5.89 (1H, bs, exchangable
with D,0, OH), 5.93 (1H, d, J = 3.6 Hz, H-1), 7.10-7.16 (1H, bs,
exchangable with D,O, NH); d. (75 MHz, CDCI;) 20.1 (CHj;), 26.2
(CH»), 26.5 (C-7), 27.1 (C-6), 31.2 (C-8), 52.9 (C-5), 76.0 (C-3),
81.6 (C-4), 85.5(C-2), 104.9 (C-1), 111.8 (OCO), 173.4 (CONH).

1,2-O-Isopropylidine-3-O-benzyl-5,6,7,8-tetradeoxy-g-L-glycero-
5,9-N-(benzyl)imino-f-1-ido-1,4-furan-9-ulose (17)

To a suspension of NaH (0.07 g, 1.71 mmol) in dry THF (3 cm®) at
0°Cwereadded a solution of lactam 16 (0.20 g, 0.77 mmol) in THF
(10 cm?) and benzyl bromide (0.19 cm?, 1.71 mmol) in THF (3 cm?)
successively. The reaction was refluxed for 3 h. Usual workup and
purification by column chromatography (n-hexane-ethyl acetate =
8.5:1.5) yielded dibenzylated lactam 17 as a thick liquid (0.33 g,
96%): (found: C, 71.18; H, 7.20. Calc. for C,sH; NO;s: C, 71.37; H,
7.14); R; = 0.58 (n-hexane—ethyl acetate = 4 : 6); [a], = +12.84
(¢ 0.19, CHCL); v, (CDClLy)/cm™" 2925, 1627, 1217, 1073; Jy
(300 MHz, CDCl;) 1.32 (3H, s, CH;), 1.48 (3H, s, CH;), 1.52-1.85
(4H, m, H-6, H-7), 2.48-2.52 (2H, m, H-8), 3.74-3.78 (1H, m,
H-5), 3.85 (1H, d, J = 3.0 Hz, H-4), 4.25 (1H, d, J = 15.4 Hz,
NCH,Ph), 4.31 (1H, dd, J = 6.7 and 3.0 Hz, H-3), 4.38 (1H, d,
J=11.8 Hz, NCH,Ph),4.59 (1H, d, J = 3.8 Hz, H-2), 4.64 (1H, d,
J =11.8 Hz, OCH,Ph), 5.56 (1H, d, J = 15.4 Hz, NCH,Ph), 5.98
(1H, d, J = 3.8 Hz, H-1), 7.16-7.29 (10H, m, ArH); d. (75 MHz,
CDClL) 17.9 (C-7), 25.1 (C-6), 26.1 (CHj;), 26.6 (CH,), 31.2 (C-
8), 49.3 (C-5), 53.6 (NCH,Ph), 71.4 (OCH,Ph), 80.6 (C-3), 81.6
(C-2), 83.2 (C-4), 104.9 (C-1), 111.5 (OCO), 126.6 (ArC), 127.5
(strong, 2 x ArC), 127.8 (strong, 2 x ArC), 127.9 (ArC), 128.1
(strong, 2 x ArC), 128.3 (strong, 2 x ArC), 136.5 (ArC), 138.6
(ArC), 169.9 (CONH).

1,2-O-Isopropylidine-3-O-benzyl-5,6,7,8-tetradeoxy-g-L-glycero-
5,9-N-(benzyl)imino-f-1L-ido-1,4-furanose (18)

To an ice-cooled suspension of LAH (0.24 g, 6.40 mmol) in
dry THF (4 cm®) was added dibenzylated lactam 17 (0.70 g,
1.60 mmol) in dry THF (10 cm?) at 0 °C, and the mixture stirred
for 10 min. The reaction mixture was slowly warmed to room
temperature and refluxed for 3 h. The reaction was quenched
by adding ethyl acetate (10 cm®) and an aqueous solution of
ammonium chloride (2 cm?®), and was then filtered through Celite.
The filtrate was concentrated under vacuum and purified by
column chromatography (n-hexane-ethyl acetate =9: 1) to give 18
as a thick liquid (0.61 g, 89%): (found: C, 73.85; H, 7.78. Calc. for
CyxH33NO,: C,73.73; H, 7.85); R; = 0.61 (n-hexane—ethyl acetate =
6:4); [alo = —33.33 (¢ 2.15, CHCL,); vyuy(neat)/cm™ 1620, 1410;
Jn (300 MHz, CDCl;) 1.31 (3H, s, CHj;), 1.36-1.66 (6H, m, H-6,
H-7, H-8), 1.49 (3H, s, CH;), 2.26-2.33 (1H, m, H-9), 2.69-2.74
(1H, m, H-9), 3.09-3.13 (1H, m, H-5), 3.63 (1H, d, J = 13.7 Hz,
NCH,Ph),3.86(1H,d,J =2.7Hz,H-3),4.08 (1H,d, J = 13.7 Hz,
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NCH,Ph),4.42 (1H,d, J = 11.5Hz, OCH,Ph), 4.47 (1H, dd, J =
6.5and2.7Hz, H-4),4.57(1H,d,J =3.8 Hz,H-2),4.66 (1H,d, J =
11.5Hz, OCH,Ph),5.96 (1H,d,J =3.8 Hz, H-1), 7.13—7.35 (10H,
m, ArH); d. (75 MHz, CDCl;) 22.8 (C-7), 24.2 (C-8), 26.3 (C-6),
26.6 (CH;), 26.7 (CHs;), 48.7 (C-9), 57.8 (C-5), 58.9 (NCH,Ph),
71.4 (OCH,Ph), 79.6 (C-3), 80.6 (C-4), 82.6 (C-2), 104.7 (C-1),
111.1 (OCO), 126.1 (ArC), 127.4 (strong, 2 x ArC), 127.6 (ArC),
127.7 (strong, 2 x ArC), 128.2 (strong, 2 x ArC), 128.6 (strong,
2 x ArC), 137.1 (ArC), 140.7 (ArC).

(+)-(1R,2R,3S5,95,9a5)-1,2,3,9-Tetrahydroxyquinolizidine (5b)

A solution 0f 13 (0.03 g, 0.14 mmol) in TFA-H,O (3cm?, 2 : 1) was
stirred at 15 °C for 3 h. The trifluoroacetic acid was co-evaporated
with benzene to furnish a thick liquid. A solution of this liquid
in methanol (5 cm®) and 10% Pd/C (0.05 g) was hydrogenated at
80 psi for 24 h. The catalyst was filtered through Celite, washed
with methanol, and the filtrate concentrated to give 5b as a solid
(0.015 g, 96%): mp 207 °C; (found: C, 53.50; H, 8.70 Calc. for
Cy,H;NO,: C, 53.19; H, 8.43); R; = 0.27 (chloroform-methanol =
4 :6); [a]l, = +66.66 (¢ 0.15, MeOH); v,,,,(neat)/cm~"' 3400-3600
(broad); d;; (300 MHz, D,0O) 1.48-1.64 (1H, m, H-7a), 1.65-1.84
(1H, m, H-7b), 1.86-1.98 (1H, bd, J = 14.3 Hz, H-8a), 2.07-2.19
(1H, bd, J = 12.1 Hz, H-8b) 2.88-3.34 (2H, m, H-4a, H-6b), 3.25—
3.44 (3H, m, H-4b, H-6a, H-9a), 3.83-3.94 (1H, m, H-9), 3.98
(1H, bs, H-3), 4.03 (1H, bs, H-2), 4.20 (1H, bs, H-1); . (75 MHz,
D,0) 20.4 (C-1), 30.9 (C-8), 54.8 (C-6), 55.9 (C-4), 63.8 (C-9a),
64.8 (C-9), 65.7 (C-3), 66.3 (C-1), 67.1 (C-2).

(-)-(1R,2R,35,9a5)-1,2,3-Trihydroxyquinolizidine (5c)

Reaction of 18 (0.25 g, 0.57 mmol) with TFA-H,O (6 cm’, 7 :
3) and hydrogenation as in the case of 5b afforded Sc as a thick
liquid (0.08 g, 80%): R; = 0.27 (chloroform-methanol = 4 : 6);
[[alo = —=75.9 (¢ 0.13, MeOH), lit.** [a], = —80.0 (¢ 0.1, MeOH)];
Vmax(D€at)/cm="' 3190-3645 (broad); Jy and J. values were in
agreement with those reported.

(+)-1,8,8a-Tri-epi-swainsonine (6b)

A solution 0of 13 (0.25 g, 0.47 mmol) in TFA-H,O (6 cm?, 7 : 3) was
stirred at 15 °C for 4 h. The trifluoroacetic acid was co-evaporated
with benzene to give a thick liquid (0.17 g, 0.34 mmol), which was
dissolved in acetone-water (5.00 cm?®, 4 : 1) at 0 °C, treated with
sodium metaperiodate (0.09 g, 0.41 mmol) and stirred at 15 °C for
1 h. The reaction was quenched using ethylene glycol (0.01 cm?),
concentrated, extracted with CH,Cl, (3 x 10 cm®) and dried over
sodium sulfate. The combined organic layer was concentrated and
dried to afford aldehyde (1.28 g, 0.27 mmol). The crude aldehyde
was dissolved in methanol (15 cm?), and hydrogenated at 80 psi
using 10% Pd/C (40 mg) at 30 °C for 24 h. The reaction mixture
was filtered through Celite, concentrated, and purified by column
chromatography to afford 1,8,8a-tri-epi-swainsonine 6b as a thick
liquid (0.04, 81%): (found: C, 55.11; H, 8.51.Calc. for CsH,;sNO;:
C, 55.47; H, 8.73); R; = 0.40 (chloroform-methanol 7 : 3); [a]p, =
+42.42 (¢ 0.66, MeOH); v,,.«(neat)/cm="' 3390-3610 (broad); dy
(300 MHz, D,0) 1.46-1.59 (1H, m, H-6a), 1.65-1.81 (1H, m, H-
7a), 1.98-2.02 (1H, bd, J = 12.1 Hz, H-7b), 2.16-2.60 (1H, m,

H-6b), 2.83-2.95 (2H, m, H-3, H-5a), 3.35 (1H, bd, J = 11.8 Hz,
H-5b), 3.42 (1H, dd, J = 10.1 and 2.7 Hz, H-8a), 3.76-3.90 (2H,
m, H-1, H-3),4.14-4.19 2H, m, H-8, H-2); . (75 MHz, D,0) 21.9
(C-6), 31.0 (C-7), 51.9 (C-5), 59.8 (C-3), 64.0 (C-8a), 71.1 (C-8),
73.4(C-2), 74.2 (C-1).

(1R,2R,35,95,9a5)-1,2,3,9-Tetraacetoxyquinolizidine (14)

A solution of quinolizidine alkaloid 5b (0.017 g, 0.08 mmol) in
pyridine (1.50 cm?), acetic anhydride (0.06 cm?, 0.66 mmol) and
DMAP (cat.) was stirred for 6 h. The reaction mixture was concen-
trated under vacuum and purified by column chromatography (n-
hexane—ethyl acetate = 3 : 7) to afford tetraacetoxyquinolizidine
alkaloid 14 as a semi-solid (0.023 g, 74%): (found: C, 55.30; H,
7.11. Calc. for C,;H;sNOg: C, 54.98; H, 6.79); R; = 0.30 (ethyl
acetate); [a]p = +40.0 (¢ 0.15, CHCL); v,,,.(CDCl;)/cm™" 1727,
1210; 6y (300 MHz, CDCl;) 1.21-1.82 (4H, m, H-7, H-8), 2.03
(3H, s, CH;), 2.09 (3H, s, CH;), 2.10 (3H, s, CHj;), 2.15 (3H, s,
CH,), 2.63-2.78 (1H, dt, J = 12.9 and 3.0 Hz, H-3), 3.56 (1H,
dd, J = 10.1 and 4.1 Hz, H-6), 4.42-4.54 (3H, m, H-9a, H-4),
4.58 (1H, dd, J = 12.6 and 4.1 Hz, H-6), 4.59-4.69 (1H, dt, J =
11.0 and 4.9 Hz, H-9), 4.56-5.41 (1H, m, H-2), 5.66 (1H, d, J =
4.1 Hz, H-1); ¢ (75 MHz, CDCl;) 20.6 (CH;), 20.7 (CHs;), 20.9
(CH;), 22.3 (CHj;), 29.4 (C-7), 44.3 (C-8), 60.4 (C-6), 61.3 (C-4),
61.6 (C-9a), 67.6 (C-9), 69.3 (C-3), 74.0 (C-2), 77.2 (C-1), 169.9
(COCH,), 170.0 (COCHj;), 170.2 (COCH;), 170.4 (COCH,).

1,8,8a-Triacetoxy-tri-epi-swainsonine (15)

Reaction of tri-epi-swainsonine 6b (0.023 g, 0.13 mmol) with
pyridine (2 cm?), acetic anhydride (0.09 cm®, 0.93 mmol) and
DMAP (cat.) for 6 h afforded triacetoxy-tri-epi-swainsonine 15 as
a thick liquid (0.033 g, 82%): (found: C, 55.94; H, 6.89. Calc. for
C,,H,NO;: C, 56.18; H, 7.07); R; = 0.35 (n-hexane—ethyl acetate =
6:4); [alp = —25.8 (¢ 0.13, CHCL,); vy (neat)/cm™" 1721, 1204;
Ju (300 MHz, CDCl;) 1.54-1.62 (2H, m, H-6), 1.68-1.78 (2H, m,
H-7), 1.98 (3H, s, CH;), 2.06 (6H, s, 2 x CHs), 2.07-2.14 (2H, m,
H-3), 2.31 (1H, dd, J = 9.3 and 4.4 Hz, H-8a), 3.01 (1H, d, J =
9.7 Hz, H-5), 3.69 (1H, dd, J = 9.3 and 8.9 Hz, H-5), 4.82 (1H,
m, H-8), 4.94 (1H, t, J = 6.6 Hz, H-2), 5.33 (1H, d, J = 4.4 Hz,
H-1); éc (75 MHz, CDCl;) 20.8 (CH;), 21.1 (CHj;), 23.6 (CH,),
29.9 (C-6), 44.8 (C-7), 51.7 (C-5), 59.5 (C-3), 67.9 (C-8a), 68.3 (C-
8), 75.6 (C-2), 76.8 (C-1), 169.7 (COCH,;), 169.8 (COCHs;), 169.9
(COCH,).

(+)-1,2-Di-epi-lentiginosine (7b)

Reaction of 18 (0.60 g, 1.43 mmol) with TFA-H,O (6 cm’®, 7 : 3),
as in the case of 6b, followed by treatment with NalO, (0.55 g, 1.38
mmol) in acetone-water (8 cm?, 4 : 1) afforded an aldehyde (0.49 g,
1.30 mmol). The aldehyde, on hydrogenation using 10% Pd/C (50
mg) and column purification, afforded 1,2-di-epi-lentiginosine 7b
as a white solid (0.15 g, 69%): [mp 133-135 °C; 1it.”* mp (not
reported)]; Ry = 0.26 (chloroform-methanol 7 : 3); [[a]p, = +3.8
(c 0.43, MeOH), lit." [a], = +4.2 (¢ 0.51, MeOH), lit.”™ [a], =
+3.4 (¢ 0.51, MeOH)]; vyar(neat)/cm=" 3390-3609 (broad); the dy
and J. values are in agreement with those reported by us'®™ and
Shibasaki et al.™
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1,2-Diacetoxy-di-epi-lentiginosine (19)

Acetylation of di-epi-lentiginosine 7b (0.02 g, 0.13 mmol) with
pyridine (2 cm?), acetic anhydride (0.04 c¢cm?, 0.38 mmol) and
DMAP (cat.) as in case of 15, after purification by column chro-
matography (n-hexane—ethyl acetate = 8 : 2) afforded diacetoxy-
di-epi-lentiginosine 19 as a thick liquid (0.025 g, 83%): (found: C,
60.01; H, 8.20. Calc. for C,,H;yNO,: C, 59.73; H, 7.94); R; = 0.20
(n-hexane-ethyl acetate = 6 : 4); [a]p = —37.7 (¢ 0.26, CHCL,);
Vmax(N€2t)/cm='1725, 1210; 65 (300 MHz, CDCl;) 1.20-1.40 (2H,
m, H-7, H-6), 1.42-1.84 (4H, m, H-6, H-7, H-8), 2.06 (3H, s, CH3,),
2.10 (3H, s, CH;), 2.12-2.27 (3H, m, H-3, H-5), 3.11 (1H, bd, J =
11.0 Hz, H-3), 3.64 (1H, dd, J/ = 9.9 and 7.1 Hz, H-8a), 4.99 (1H,
t, J = 7.4 Hz, H-2), 5.16 (1H, d, J = 4.6 Hz, H-1); 6 (75 MHz,
CDCl;) 20.9 (strong, C-6 and C-7), 23.7 (C-8), 24.8 (CH,), 24.9
(CH;), 53.1 (C-5), 59.7 (C-3), 65.7 (C-8a), 76.9 (C-1), 78.8 (C-2),
169.9 (COCH;), 170.2 (COCH;).
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The influence of added polynucleotide on the gelation ability of nucleobase-appended organogelators
was investigated. Uracil-appended cholesterol gelator formed a stable organogel in polar organic
solvents such as n-butanol. It was found that the addition of the complementary polyadenylic acid
(poly(A)) not only stabilizes the gel but also creates the helical structure in the original gel phase.
Thymidine and thymine-appended gelators can form stable gel in apolar solvents, such as benzene,
where poly(A)-lipid complex can act as a complementary template for the gelator molecules to create
the fibrous composites. Based on these findings, we can conclude that self-assembling modes and
gelation properties of nucleobase-appended organogelators are controllable by the addition of their
complementary polynucleotide in organic solvents. We believe, therefore, that the present system can

open the new paths to accelerate development of well-controlled one-dimensional molecular assembly

systems, which would be indispensable for the creation of novel nanomaterials based on organic

compounds.

Introduction

The recent focus of interest in supramolecular chemistry has
been directed toward the creation of one-dimensional supramolec-
ular nanoarchitectures.! In particular, control of molecular
arrangement in the resultant one-dimensional structures is a
challenging research subject, due to their potential applications
as nanowires, memories and switches. To control the molecu-
lar arrangement in a supramolecular nanofiber structure, low
molecular-weight gelators are fascinating candidates, due to their
variety of self-assembling capabilities, as well as functionalities.?
Advantageously, when some additive which can interact with
gelator molecules through exact molecular recognition is added,
the morphology, as well as functionality, of the created one-
dimensional architectures is easily affected by this additive.>”
One may expect, therefore, that if a polymer with a molecular
recognition site is added as a template for gelator molecules, one-
dimensional arrangement of gelator molecules would be control-
lable through exact interactions between the polymer and gelator
molecules.
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Biomolecules exhibit various unique higher-order structures,
so that they should act as fascinating templates to create well-
regulated one-dimensional molecular assemblies. In fact, it has
been demonstrated by several research groups that biopolymers
could be utilized as templates in the creation of desired molec-
ular arrangements.® Among these biological molecules, DNA
is one of the most attractive templates because of its well-
regulated sequence, in addition to micrometre length and uniform
2 nm diameter in its double-stranded structure, which cannot
be prepared by artificial polymers. It thus occurred to us that
when polynucleotide acts as a template for gelator molecules
bearing complementary nucleobase, they would be arranged
along the template polynucleotide through the exact hydrogen-
bonding interaction, leading to the creation of well-regulated one-
dimensional molecular architectures.” We herein report our novel
findings that polyadenylic acid (poly(A)) can act as an excellent
template for thymine- or uracil-appended organogelators through
hydrogen-bonding interactions to form artificial double-stranded
DNA-like structures in an organic solvent.

Here, to use polynucleotide as a template for organogelators
in an organic solvent, one has to overcome an essential problem
arising from the mismatching properties between polynucleotide
and organic molecules; that is, organogelators can exhibit their
self-assembling capabilities only in an organic solvent, whereas
polynucleotide by itself is virtually soluble only in water, so
that some appropriate solvent system which can dissolve both
components must be found out. We here propose the potential
solutions to overcome these difficulties: one is to design an organic
molecule which can gelate a polar organic solvent being miscible
with water and another strategy is to dissolve polynucleotide into
an organic solvent by exchanging potassium counter cation for a
cationic surfactant.'? Fig. | summarizes the nucleobase-appended
organogelators we used in the present study.
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Fig.1 (a) Structure of nucleobase-appended organogelators, (b) comple-
mentary or non-complementary polynucleotides, i.e., poly(A) and poly(C),
respectively.

Organogelator—polynucleotide complex formation in
alcohol-water mixed solvent

Firstly, we designed a cholesterol-based gelator 1 which is func-
tionalized by an uracil group as a recognition site (Fig. 1). We
estimated the gel-forming ability of gelator 1 in various organic
solvents and found that gelator 1 can gelate n-butanol being
miscible with water. The result suggests that in a n-butanol-water
mixed solvent, gelator 1 would interact with polynucleotide to
form a one-dimensional architecture through the complemen-
tary hydrogen-bonding interactions, in addition to the choles-
terol packing interactions. Accordingly, to create the gelator 1-
polynucleotide fibrous composite, we mixed an z#-butanol solution
containing gelator 1 with an aqueous solution containing a com-
plementary polynucleotide. Here, we used poly(A) (10 mg ml~") as
a complementary polynucleotide. The general procedure for the
gelation test is as follows. Gelator 1 (5.0 mg, 7.9 x 10~ M) was
dispersed in n-butanol (0.10 ml) and the mixture was warmed
in a septum-capped test tube. This solution was immediately
poured into the aqueous poly(A) solution (5.0 ul).!* Although
this treatment afforded a clear solution suitable for spectroscopic
analyses, precipitate was formed after leaving for several days due

(b)

100+

(@)

504

to the hydrophobic properties of cholesterol groups. Therefore, to
remove water from the sample, the water—n-butanol mixed solvent
(n-butanol : water = 20 : 1 (v/v)) was concentrated to dryness
under reduced pressure for 1 h, and then n-butanol (0.10 ml)
was added to the mixture (final concentration was adjusted to
[1]=5.0% (w/v), 7.9 x 1072 mol ml™"). The solution was warmed
until it became clear. After cooling to room temperature, we
could obtain a stable gel. As a reference experiment, we estimated
the gel-forming ability of gelator 1 by itself under the same
conditions. However, gelator 1 by itself could not form a stable gel,
supporting the view that poly(A) would assist the one-dimensional
arrangement of gelator 1 through the complementary hydrogen-
bonding interaction.

The stabilities of organogels are usually evaluated with sol-gel
phase transition temperature (7). Therefore, the T, values of
gelator 1 were determined as a function of added poly(A). It was
found that the stability of the obtained gel tends to increase even
in the presence of a small amount of poly(A) ([adenine base] :
[1] = 0.05 molar ratio) and the T, values reach a maximum
(76 °C) at [adenine base] : [1] = 0.3 molar ratio. At [1] = 7% (w/v)
and 10% (w/v), the T,y values were further enhanced up to
82 °C and 91 °C, respectively. The findings indicate that gelator 1
aggregates into a one-dimensional columnar stack with the aid
of the complementary hydrogen-bonding interactions between
poly(A) and the uracil moieties in 1.

To further confirm whether poly(A) is really incorporated into
the created organogel fibers, we observed CLSM (confocal laser
scanning microscope) images of the obtained organogel, where
tetramethyl-thodamine (TAMRA)-labeled oligo(dA),s was used
as a complementary nucleotide. As one can recognize from the
CLSM image shown in Fig. 2, the fluorescence image arising
from TAMRA well overlaps the fibrous image of the organogel
fiber structure. The result strongly supports the view that the
added oligo(dA),s is incorporated into the gel fiber and acts as
the template for the gelator molecules.

We prepared organogel also using poly(C) (polycytidylic acid),
the nucleobase of which is not complementary to 1, expecting that
the stability of the obtained gel is not affected by the addition
of poly(C). In contrast to our expectation, however, we found
that poly(C) is also effective to the gel formation; that is, the
gel formation was recognized at [cytosine base] : [1] = 0.1 molar
ratio and the T, values were almost comparable to those of the
1-poly(A) system. The finding implies that to stabilize the gel,
formation of the hydrogen bonds between gelator and polynu-
cleotide is crucial but they are not necessarily complementary.

] T T
540 560

580 600 620 640 660 680
Emission wavelength (nm)

700

Fig. 2 (a) Fluorescence image of organogel fibers containing TAMRA-labeled oligo (dA),s, (b) fluorescence spectrum obtained from the gel fiber and
(c) structure of TAMRA-labeld oligo(dA),s. Excitation at 514 nm, 1 (5% (w/v), 7.9 x 107> M) + (dA),s.3’Rh (4.5 x 107" M per base).
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Fig. 3 (a) TEM image of spherical aggregate of gelator 1, (b) TEM image obtained from 1-poly(A) gel (5.0% (w/v), [adenine base] : [1] = 0.3) and
(c) its magnified image. (d) TEM image obtained from 1 (5.0% (w/v)) + poly(C) and (e) its magnified image. (f) Schematic illustration of 1-poly(A) gel

fiber structure.

We could recognize, however, that the complementary hydrogen-
bonding interactions would force the gelator molecules to organize
along the template poly(A), leading to the creation of fibrous
architectures reflecting the inherent morphology of poly(A). In
the transmission electron microscope (TEM) observation, 1 in n-
butanol solution (5.0% (w/v)), which gave the sol phase, resulted
in spherical aggregates (Fig. 3a). When poly(A) (10 mg ml™") was
added ([adenine base] : [1] = 0.3 molar ratio), the aggregate struc-
ture was changed to a well-developed fibrous network structure
with 50-100 nm diameters and the solution was gelated (Fig. 3b).
The close-up picture reveals that most tape-like fibers are twisted in
a helical fashion with 600-700 nm pitches (Fig. 3c). Interestingly,
we noticed that both the pitch length and the tape width become
shorter with the increase in the [adenine base] : [1] molar ratio,
reflecting the original morphology of poly(A): e.g., they are 20 nm
diameter and 30 nm pitch at [adenine base] : [1] = 0.7 molar
ratio (Fig. 4a and 4b). The similar phenomenon was previously
observed by Huc et al., for cationic gemini surfactants having
chiral tartrate counterions; the helical pitch becomes shorter with
the increase in the e.e. of tartrate counterions. One may consider,
therefore, that added poly(A) enforces the gelator molecules to

500 nm |95

Fig.4 (a) TEM image obtained from 1-poly(A) gel (5.0% (w/v), [adenine
base] : [1] = 0.7) gel and (b) its magnified image.

be closely packed and to grow up as a helical structure. In
contrast, the 1 + poly(C) mixture gives a fibrous network but
the helical structure is not found even in the close-up picture
(Fig. 3d and 3e). The finding implies that although the nonspecific
1 + poly(C) interaction is effective in the enhancement of T,
it is not powerful as to induce the helical motif in the complexed
supramolecular assembly. Only when the nucleobase in the gelator
molecule is complementary to that in polynucleotide, does the
well-ordered periodical superstructure appear along the created
fibrous assembly. These findings show that only poly(A) can act as
a complementary polynucleotide, along which gelator molecules
are arranged through the hydrogen-bonding interaction to create
artificial DNA-like double-stranded architectures.

Organogelator—(polynucleotide-lipid) complex formation in
benzene

Recently, we have reported a family of thymidine-based
organogelators and found that some of them show good gela-
tion abilities with nonpolar organic solvents.”” For example,
5-esterificated thymidine derivative 2 aggregates through the
hydrogen bonding interaction, van der Waals interaction and n—
n stacking, and forms organogels with benzene, toluene, CCl,,
tetrahydronaphthalene (THN), hexane and cyclohexane. Gelator
3 is also functionalized as a thymine nucleobase and has a similar
gelation ability with nonpolar organic solvents as observed in
the gelator 2 system. However, unlike gelator 1, both gelator 2
and gelator 3 could not form a stable gel in tested organic polar
solvents. This is in contrast to the gelator 1 system; that is, the
polynucleotide cannot act as a template for these gelator molecules
due to the mismatching properties between the polynucleotide
and the organic molecule. Therefore, to form a polynucleotide-
templated organogel, the polynucleotide should be solubilized
into an organic solvent in which gelator 2 and gelator 3 can
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form a stable gel. So far, Okahata et al., have demonstrated that
polynucleotide can easily be solubilized in an organic solvent
by exchanging cationic counterions with cationic surfactant.’
According to this paper, we prepared polynucleotide-lipid com-
plexes using didodecyldimethylammonium bromide (DDAB) as
a cationic surfactant and mixed them with gelator 2 or gelator
3 in an organic solvent, expecting that these gelator molecules
would adopt a highly-ordered one-dimensional architecture to
form artificial double-stranded DNA-like structures in an organic
solvent.

When a stoichiometric amount of poly(A)-lipid was mixed
with 2 in benzene (2.0% (w/v)) and the mixture was heated until
it became clear, a transparent gel was formed after cooling the
solution to room temperature. In contrast, gelator 2 by itself gave
an opaque gel at the same concentration in benzene. The result
suggests that poly(A) would be incorporated into the original
gel fiber formed by 2 through the complementary hydrogen-
bonding interactions. As a reference experiment, when we used
non-complementary poly(C)-lipid instead of poly(A)-lipid, the
original opaque gel was obtained. The result also supports the
view that there is no effective interaction between gelator 2 and
poly(C)-lipid.

g e

O OH ? OH
- o \ - _ \
O=P-0" _N'_—Cy5Hys O=P-0" Nt CqHys
\\——/n CqzHzs —/n Cq2H2s
OH  poly(A)lipid H boly(C)lipid

To evaluate the bulk gelation property of gelator 2, we measured
T, values ([2] = 2.0% (w/v), [adenine or cytosine base] : [thymine
base] = 1.0). The vial containing the gel was immersed inversely in
a thermo-controlled oil bath, and the temperature was increased
at the rate of 1.0 °C min~'. In the case of 2 gel by itself and 2 gel +
(poly(C)-lipid), the samples were heavily turbid and gradually
spilled the solvent out between 40 to 70 °C. These phenomena
are often seen for the crystalline gel. In contrast, 2—(poly(A)-
lipid) gel was transparent and a sharp sol-to-gel phase transition
temperature appeared at 60 °C. These results indicate that the
bulk property and stability of the present gel system would be
controlled by the complementary hydrogen bond.

The complementary hydrogen-bonding interaction also plays a
crucial role for the gelator 3 system. Gelator 3 by itself did not form
any stable gel in benzene at 1.0% (w/v) concentration. On the other
hand, upon mixing with a stoichiometric amount of poly(A)-lipid,
the gelator 3 molecule afforded a stable transparent gel as seen
in the 2—(poly(A)-lipid) gel system. The result indicates that the
complementary hydrogen-bonding interaction between thymine
base and poly(A)-lipid would promote the one-dimensional
assembly of gelator 3 molecules. In fact, as a reference experiment,
when gelator 3 was mixed with non-complementary poly(C)-lipid,
we could not confirm any gel formation, indicating that there
is no effective interaction between the gelator 3 molecule and
poly(C)-lipid. These findings observed for the gelator 3 system
are consistent with that observed for the gelator 2 system.

The stoichiometry between gelator molecules and adenine
bases was evaluated by using gelator 3; that is, critical gelation
concentration (CGC) values were evaluated by gradually changing
the [adenine base] : [3] molar ratios from 0.25 to 2.0. One can see
from Fig. 5 that when [adenine base] : [3] molar ratios increase
from 0.25 to 2.0, CGC values continuously decrease and reach
the constant at [adenine base] : [3] = 1.0. The result indicates
that the stoichiometry between gelator 3 molecule and adenine
base can be estimated to be 1.0, suggesting the formation of the
complementary Watson—Crick type hydrogen bond.

3.0

2.0

CGC
/wt/vol %

1.0

0 05 10 15 20 25
[poly(A)ipid] /3]

Fig.5 Plots of CGC values as a function of the [adenine base] : [3] ratio.

The existence of the complementary Watson—Crick type hydro-
gen bond was also evidenced by ATR-FTIR spectra. For example,
as shown in Fig. 6, gelator 2 by itself gave a characteristic peak at
3431 cm™!, which is attributed to the hydrogen-bonding interaction
among 3-OH groups in 2. Upon addition of poly(A)-lipid,
however, this peak disappeared at [adenine base] : [2] = 1.0 molar
ratio, indicating that poly(A)-lipid causes a change in the packing
mode among 2 molecules. The contribution of complementary A—
T base paring can be easily discussed by the C=0 stretching band
in thymidine appearing around 1650-1700 cm™'. The original 2 gel
shows a strong peak at 1659 cm™', which is attributed to the C=0
stretching band arising from non-complementary T-T hydrogen-
bonding pairs or 3'-OH-T hydrogen-bonding among 2 molecules.

Wavenumber / e’
3500 3000 1800 1300
A\ - // e \ ~— —— 2 gel
gt o™ % ~— - poly(A)/lipid
e e 2 [ poOly(A)/lipid gel
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Fig. 6 ATR-FTIR spectra of xerogel obtained from 2 gel (bold line),
2-(poly(A)-lipid) gel (bold dotted line), poly(A)-lipid (dotted line) and 2
gel + poly(C)-lipid (thin line). The molar ratio ([adenine or cytosine base] :
[2]) was fixed to be 1.0.
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Upon addition of poly(A)-lipid, the strength of the peak decreased
and a new peak appeared at 1694 cm™', which is assignable to
the formation of A-T hydrogen-bonding. The result suggests that
non-complementary T-T hydrogen-bonding pairs or 3'-OH-T
hydrogen-bonding among gelator 2 molecules are re-assembled to
the complementary A-T hydrogen-bonding pairs by the addition
of poly(A)-lipid. It should be noted that the IR spectral change by
the addition of poly(A)-lipid was saturated at [adenine base] : [2] =
1.0 molar ratio, suggesting that gelator 2 would be continuously
aligned on a poly(A) template with the aid of the Watson—Crick
type hydrogen-bonding interaction. The similar tendency in ATR-
FTIR spectra was also observed for the gelator 3 system. As shown
in Fig. 7, a characteristic peak of gelator 3 by itself appears at
1681 cm™', which is attributed to the C=0 stretching band of
thymine. Upon addition of poly(A)-lipid ([adenine] : [3] = 1.0),
however, the original peak at 1681 cm™" disappeared, whereas a
new peak appeared at 1670 cm™!. The significant peak shift is
due to the complementary hydrogen-bonding interaction between
thymine base and adenine base. When gelator 3 was mixed with
poly(C)-lipid under the same conditions, we could not confirm
any spectral change of 3 in IR spectra, supporting the view that
the complementary hydrogen-bonding interactions actually exist
in the created 3—(poly(A)-lipid) gel fibers.

To observe the morphological change caused by the addition
of polynucleotide, we carried out SEM observations. As can
be recognized in Fig. 8b, gelator 2 by itself gave the plate-like
crystalline structure. On the other hand, it was revealed that the
plate-like structure turned into shreds upon mixing with poly(A)-
lipid, leading to the creation of the 3-D entangled fiber structure
(Fig. 8c). The morphological changes of 2 gel thus observed
were also saturated at around 1.0 equivalent of poly(A)-lipid,
supporting the view that Watson—Crick base-paring would be
created in the obtained gel fiber structure. As expected from
foregoing gel turbidity and IR spectral similarity, the plate-like
structure was also recognized for 2 gel + poly(C)-lipid (Fig. 8d).
The result also supports the view that no effective interaction
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Fig. 8 (a) Photo image of gel sample created by 2 gel (left) and
2—(poly(A)-lipid) gel (right). SEM images of (b) 2 gel, (c) 2—(poly(A)-lipid)
gel and (d) 2 gel + (poly(C)-lipid); [adenine base or cytosine base] :
[thymidine] = 1.0. All scale bars indicate 5 pm.

between gelator 2 and poly(C)-lipid occurs. One can also recognize
in Fig. 8c that the surface is rough and the fiber structure entangled
windingly. This result shows that crystallinity of the obtained
composite is somewhat lower than that of the original 2 gel. The
crystallinity of the aggregate was confirmed more directly by X-
ray diffraction (XRD); that is the peak intensities of 2 gel are
decreased by adding poly(A)-lipid (Fig. 9). This result indicates

284A A
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20/°

Fig. 9 X-ray powder diffraction diagrams of xerogel obtained from 2
(solid line) and 2—(poly(A)-lipid) gel (dotted line) : [2] = 2.0% (W/v),
[adenine base] : [2] = 1.0. Inset figure shows a possible molecular packing
of 2 in the created fibrous structure.
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Fig.7 (a) ATR-FTIR spectra of xerogel obtained from 3 gel (solid line), poly(A)-lipid (dotted line) and 3—(poly(A)-lipid) gel (lower part). (b) ATR-FTIR
spectra of xerogel obtained from 3 gel (solid line), poly(C)-lipid (dotted line) and 3 gel + (poly(C)-lipid) (lower part).
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Fig. 10 SEM images of xerogel obtained from (a) only 3, (b) 3—(poly(A)-lipid) ([adenine base] : [3] = 1.0) and (c) 3 gel + (poly(C)-lipid) ([cytosine base] :

[3] = 1.0).

that poly(A)-lipid prevents the bilayer assembly structure of 2
(inset in Fig. 9) from growing up to multi-layers.

The similar morphological changes can be observed for gelator
3 system. SEM images shown in Fig. 10 revealed that the
complementary hydrogen-bonding interaction between gelator 3
and poly(A)-lipid also causes the drastic changes of the molecular
packing among gelator 3 molecules. As shown in Fig. 10b, one can
recognize that 3—(poly(A)-lipid) gel gives a well-developed fibrous
network structure. In contrast, gelator 3 by itself gives the plate-
like structure as seen in Fig. 8b. Even when gelator 3 was mixed
with the non-complemenatry poly(C)-lipid, any morphological
change did not occur (Fig. 10c). These phenomena are similar to
those observed for the gelator 2 system.

We have shown through the second part that poly(A)-lipid
exhibits the precise molecular recognition abilities toward both
gelator 2 and gelator 3. These gelator molecules have basically the
same gel-forming abilities in the presence of poly(A), implying
that only thymine base plays a crucial role for the stable gel
formation. We believe, therefore, that the present system can be
extended to other organic molecules. Considering the difficulty
in creating DNA-templated organic nanofibers, the present ap-
proach would accelerate the wide-use of polynucleotide in an
organic media to create a functional nanofiber based on organic
molecules.

Conclusions

We have demonstrated that single-stranded poly(A) and poly(A)—
lipid can act as the templates for the organogelators bearing the
complementary nucleobases, i.e., gelator 1, gelator 2 and gelator 3.
Gelator 1 can gelate polar organic solvent, such as n-butanol, in the
presence of poly(A), whereas gelator 2 and gelator 3 can commonly
form stable gel with organic solvents in the presence of poly(A)—
lipid complex. From the various spectroscopic and the microscopic
investigations, in the created gel fiber structures, the incorpo-
rated polynucleotide template forces the gelator molecules to
adopt the highly-ordered one-dimensional architectures, through
the complementary hydrogen-bonding interactions. These results
imply that nucleobase-appended organogelators bearing adenine,
cytosine or guanine in addition to thymine (uracil) would also
be arranged on polynucleotide templates with a programmed-
sequence to create more sophisticated nanofiber structures. We
believe, therefore, that the present system can open the new
paths to accelerate development of one-dimensional molecular
assembly systems taking advantage of DNA-based functions,
leading to the creation of novel one-dimensional functional
nanomaterials.

Experimental
General

UV/Vis absorption and fluorescence spectra were measured
on a Shimadzu UV-2500PC spectrometer and a Hitachi F-
4500 spectrometer, respectively. '"H-NMR spectra were recorded
on a Bruker DRX600 spectrometer at 25 °C. Matrix assisted
laser desorption ionization time-of-flight (MALDI-TOF) mass
spectra were recorded on a PerSeptive Biosystems Voyager-
DERP biospectrometry workstation. A confocal laser scanning
microscope (CLSM) was used for taking the fluorescence image
of TAMR A-laveled oligo(dA),s. CLSM images were taken using a
Carl Zeiss LSM 510, where the excitation wavelength was 488 nm.
TEM images were acquired using a JEOL TEM-2010 (accelerate
voltage 120 kV). The TEM grid was dried under reduced pressure
for 6 h before TEM observation. Scanning electron microscopy
(SEM) studies were carried out on a Hitachi S-5000. Xerogel was
shielded with platin before SEM measurements. The accelerating
voltage was 25.0 V and the emission current was 10 pA. Poly(A)
and poly(C) were purchased from Amersham Pharmacia Co.
TAMRA-labeled oligo(dA),s were purchased from Hokkaido
System Science. Gelator 1 and 2 were synthesized according to the
preceding paper reported by us.” Gelator 3 was newly synthesized
according to the following procedure, where the precursors 4 and
5 were synthesized according to the reported procedure.’®

Synthesis of gelator 3

1-(2-Phthalimidethyl)thymine (4). Thymine (4.2 g, 33 mmol)
was dissolved in 100 ml of DMSO. To the DMSO solution,
K,CO;(4.6 g, 33 mmol) and N-(2-bromoethyl)phthalimide (4.4 g,
17 mmol) were added and the mixture was stirred for 24 h at
40 °C. The reaction mixture was evaporated in vacuo to remove
solvent. The residue was dissolved in chloroform and washed with
distilled water several times. Compound 4 was obtained as a white
powder (2.8 g, 66%). "H NMR (600 MHz, DMSO-d;, 25°C) ¢ 1.65
(s, 3H, thymine 5-CHs), 3.85 (m, 4H, NCH,CH,N), 7.51 (s, 1H,
thymine 6-H), 7.84 (m, 4H, ArH); MALDI-TOF-MS: (dithranol)
[M + HJ* = 300.00 (calc. 300.10).

1-(2-Aminoethyl)thymine (5). Compound 4 (1.1 g, 3.5 mmol)
was dissolved in a mixed solvent (n-butylamine : methanol (1 :
4 (v/v)). After reflux for 2 days, the reaction mixture was
concentrated to dryness. The residue was re-dissolved in 0.5 M
HCI (50 ml) and washed with diethyl ether (50 ml). The aqueous
portion was evaporated under reduced pressure to give the crude
product. Recrystallization from MeOH-diethylether—chloroform
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afforded compound 5 as a white powder (609 mg, 99%). '"H NMR
(600 MHz, DMSO-d,, 25 °C) o 1.76 (s, 3H, 5-CH), 3.06 (t, 2H,
J 5.7, NCH,CH,N), 3.88 (t,2H, J 5.7, NCH,CH,N), 7.48 (s, 1H,
thymine 6-H), 7.93 (s, 2H,-NH,), 11.3 (s, IH,-NH-); MALDI-
TOF-MS: (dithranol) [M + H]" = 170.10 (calc. 170.09).

Gelator 3

To compound 5 (500 mg, 2.96 mmol), triethylamine (0.50 ml), n-
dodecanoyl chloride (0.77 ml, 3.55 mmol) and dry-DMF (30 ml)
were added and the resultant solution was stirred for 30 min
at room temperature The mixture was diluted with chloroform
and washed with distilled water. The organic layer was dried
over anhydrous magnesium sulfate. After removing the solvent,
gelator 3 was obtained as a white powder (977 mg, 94%). 'H
NMR (300 MHz, DMSO-d,, 25 °C)  0.85 (t, 3H, J 6.3,-CH,;),
1.23 (m, 16H,~(CH,);-) 1.44 (m, 2H, NHCOCH,CH ,-), 1.72 (s,
3H, thymine 5-CH;), 2.00 (t, 2H, NHCOCH,CH,-), 3.33 (m,
2H, NCH,CH,N), 3.64 (t, 2H, J 5.7, NCH,CH,N), 7.31 (s, 1H,
thymine 6-H), 7.86 (s, IH-NHCO-), 11.2 (s, IH, -NH-). IR
(KBr,cm™): 3389, 3161, 3039, 2914, 2849, 1678, 1645, 1536, 1469.
MALDI-TOF-MS: (dithranol) [M + HJ* = 352.30 (calc. 352.25).
Anal. Caled. for C,yH;;N;0, - 0.07CHCI, :C, 63.65; H, 9.26; N,
11.68. Found: C, 64.01; H, 9.26; N, 11.65 (The final compound
includes a small amount of chloroform).
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The Maitra group has explored a variety of chemistry with bile acids during the past 15 years and these
experiments have covered a wide variety of chemistry—asymmetric synthesis, molecular recognition,
ion receptors/sensors, dendrimers, low molecular mass organo and hydrogelators, gel-nanoparticle
composites, etc. Some of what excites us in this field is highlighted in this perspective article

Introduction

Bile acid science has a history of more than a century with
continuing importance in biology and medicine. This class of
compounds has gained considerable attention in supramolecular
chemistry in recent years." Bile is produced by all vertebrates, and
bile salts are among the most important physiological constituents.
Structurally modified bile acids have pharmacological potential to
act as carriers of liver-specific drugs, absorption enhancers and as
cholesterol lowering agents. Bile salts are natural biosurfactants
which act as solubilizer and emulsifier for cholesterol, lipids and
proteins in the intestine.* The most abundant among the human
bile salts are cholate, chenodeoxycholate and deoxycholate, and
they are normally conjugated with either glycine (75%) or taurine
(25%). Conjugation increases the water-solubility of bile salts
under physiological conditions. All primary bile acids seem to have
three features in common: (i) they are the major end products
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of cholesterol metabolism, (ii) they are secreted into the bile
largely in a conjugated form and (iii) the conjugates are membrane
impermeable, water soluble, amphiphilic molecules. They have a
remarkable ability to transform lamellar arrays of lipids into mixed
micelles.

Though the studies on bile acids and their salts started in the
beginning of the 19th century,>® the current scientific phase of
bile acid research began in the nineteen fifties.® Detection and
characterization, extensive metabolic studies and detailed physico-
chemical studies were embarked upon during this period. Several
orphan nuclear receptors have recently been shown to bind bile
acids (cholic and chenodeoxycholic acids), including the farnesoid
X receptor (FRX), the LXRa receptor and the CPA receptor.”
There is a growing body of evidence that bile salts are involved
in the control of high-density lipoprotein (HDL) and low density
lipoprotein (LDL) metabolism. Bile acids secreted by male sea
lamphrey act as sex pheromones.”

In recent years, bile acids and their derivatives have been
used extensively in supramolecular chemistry, materials chemistry
and nanotechnology.® The slightly curved shape of the bile acid
backbone (Fig. 1), and the availability of a variable number (up
to 3) of hydroxyl groups and their differential chemical reactivity
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Fig. 1 Representative structures of common bile acids and their
conjugates.

have been exploited by a number of research groups, including us,
in diverse areas of chemistry like templates/chiral auxiliaries for
asymmetric synthesis, molecular and ionic receptors, supramolec-
ular host—guest systems, chiral dendritic species, artificial light-
harvesting systems, foldamers/protein mimics, low molecular
mass organo/hydrogelators, ezc. The variety of ‘games’ we have
played with bile acids are described in the following sections.

Bile acid derivatives as chiral auxiliaries/templates in
asymmetric synthesis

Achieving high levels of stereoselectivity is one of the major
challenges in modern organic synthesis. Over the years a wide
collection of chiral auxiliaries and catalytic methods have evolved
for a variety of asymmetric organic reactions with varying degrees
of success. The transfer of chirality through the use of chiral
auxiliaries has been proved to be an effective way for preparing
homochiral molecules. Facially amphiphilic chiral bile acids with a
rigid backbone, a unique disposition of hydroxyl groups and being
inexpensive prompted us to explore them as chiral auxiliaries. Our
approach involved (i) bringing the two reacting groups together
so as to facilitate the geometric requirements and (ii) shielding
one face of the reacting group using a planar aromatic moiety.
The unique disposition of hydroxyl groups of the bile acids was
exploited to meet both the requirements.

Asymmetric synthesis of molecules like Troger’s base analogues
remained a challenge for many years because of their rapid
racemization under acidic conditions, which are also needed for
their synthesis.*' Our idea of exploring bile acid as a chiral
template in asymmetric synthesis led us to execute the first
asymmetric synthesis of a Troger’s base analogue on a bile acid
template." Deoxycholic acid 2, because of the optimum distance
between the hydroxyl groups at 3 and 12-positions, was selected
as an ideal template, which was converted to 6 and the coupled
Troger’s base unit was obtained in 2.5 : 1 ratio (Fig. 2). Slow
crystallization of the minor diastereomer 6b took place from the
diastereomeric mixture. The structure of 6b was unambiguously
proved by single crystal X-ray analysis. The cleaved product from
6b afforded the Troger’s base analogue in a homochiral form.!
The diastereoselectivity was further improved by fine tuning the
tether lengths of the two fragments. This work illustrated that

X

X,
OH o (@/ X=NO,, NH,
OH CO,H o
0
—_—
CO,Me
2
6
CO,Me (@&%

X=H, CO,H, CO,Me WJ coe

5

6a 6b

Fig. 2 Templated synthesis of Troger’s base analogues.

the optimum geometric control was responsible for the observed
stereoselectivity.

The Diels—Alder reaction has provided numerous, and unparal-
leled solutions to a diverse range of synthetic puzzles provided
by nature in the form of complex natural products. By the
time we initiated our work, the literature was enriched with
a vast number of approaches towards chiral auxiliary based
asymmetric synthesis.'*!* However, the utility of abundant, chiral
and inexpensive bile acids remained unexplored. We envisaged
new chiral auxiliaries derived from bile acid. Our approach for
the design of the new molecular scaffold relies on placing a
suitable aromatic group at C-7 thereby introducing a new element
of steric control and imposing an additional restriction to the
transition state (Fig. 3). Interestingly, only the endo product (99%)
was isolated when the reaction was performed at —80 °C using
BF;-Et,O as Lewis acid with 88% de (Fig. 3)."* The reaction
product was isolated, and the chiral auxiliary was regenerated
by iodolactonization mediated cleavage of the mixture of 7a—7b.
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Fig. 3 Diastereoselective Diels—Alder reaction.

Optically active a-hydroxy carboxylic acids are versatile building
blocks in the synthesis of chiral natural products and have gained
enormous interest in recent years. Chiral auxiliaries based on
sugars, terpenes and amino acids have been extensively used
in which these templates were functionalized with reactive and
shielding sites with 1,2 or 1,3-relationships. The 3 and 7 hydroxyl
groups on the bile acid are formally in a 1,5-relationship, but
because of the A-B cis-ring junction the distance between them is
shorter.” Modification of compound 7 to install an o-keto ester
at C-3 led to precursor 9, and this was conveniently reduced with
NaBH, to yield 9a-9b in an 85 : 15 ratio.' It was explained based
on the possible co-ordination of the metal ion (Li*) to the two
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carbonyl oxygens of keto ester 9¢ (Fig. 4) thereby allowing the
preferential hydride attack from the Si-face of the carbonyl group.
The esters were removed under mild condition to yield the optically
active mandelate. The de was further improved to 99% when the
o-keto ester was attached at C-7.

CO,Me

CO,Me
OAc

Reducing agent
—_——

Fig. 4 Diastereoselective synthesis of o-hydroxyacids.

Chiral auxiliaries and catalysts derived from optically active
1,1I’-binaphthyl-2,2'-diol (BINOL) have been utilized extensively in
asymmetric synthesis in recent years.'” Central to the success of this
chemistry is the availability of homochiral BINOL. Even though
a number of methods are available for its resolution,' only a few
attempts to synthesize BINOL or its derivatives by asymmetric
synthesis were reported in the literature at the time when we
initiated our work. A few approaches which have appeared since
then do not use an inexpensive source of chirality and these are
also not recovered at the end of the synthesis. We reported the
diastereoselective synthesis of 1,1’-binaphthyl-2,2’-diol on a 7-
deoxycholic acid template (Fig. 5).” 2,7-Dihydroxy naphthalene
derivatives were used as substrates and attached to the steroidal
skeleton using appropriate spacers based on molecular modelling
results. The de in the coupling reaction was increased from 65 to
99% by optimizing the spacer.
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@
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Fig. 5 Templated diastereoselective synthesis of BINOL analogues.

Bile acid based crown ethers and macrocycles: cation
and anion receptors

The binding and recognition of ions with synthetic systems
have received enormous interest in supramolecular chemistry as
both anions and cations play many important roles in biological
processes. The construction of artificial receptors, in which the
molecular recognition process triggers a signal transduction, is
of critical importance for extending the scope of supramolecular
chemistry, and for producing devices such as molecular sensors.?
By combining molecular recognition with an appropriate photo-
physical process, conceptually new sensing systems may be created.
Because of their unique ability of size selective binding of cations,
crown ethers?! are of great importance in catalysis, ion transport,
chromatography, chromogenic reagents and photoresponsive de-
vices. Though there have been several reports on chiral crown
ethers designed for enantioselective binding,* crown ethers built
on bile acid backbone were not known until our first report on
one step synthesis of a chola-crown 12a from cholic acid (Fig. 6).2
Compound 12a showed moderately high binding affinity for K*
and Rb* compared to other metal ions like Na*, Cs* etc. This one
step reaction was low yielding, presumably because of the ester
on the side chain. We subsequently made 24-norcholacrown 12b,
and independently coupled azacrown ethers to a hydroxyl group
through a short spacer (e.g. 12¢).**

OR

Fig. 6 Bile acid-based crown ethers.

Recently, this strategy has been refined with the use of
chenodeoxycholic acid as a scaffold, and we have made sensor
13 (Fig. 7) using a modular approach. In this molecule, a

N

Fig. 7 Cation sensors immobilized on Merrifield resin.
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through-space photoinduced electron transfer (PET) from the N-
atom to the excited fluorophore unit quenches the fluorescence
(“off” state). Once the crown unit complexes a cation, the PET is
inhibited, and the fluorescence turns “on”. Fluorescence titration
with different salts with a methanolic solution of 13 showed a
significant increase in the fluorescence intensity only upon the
addition of K*. Using this sensor, <0.2 pM of K* can be detected
in 4 : 1 toluene-acetonitrile, and K* can selectively be sensed in
MeOH.* This inspired us to demonstrate a simple, general, and
effective strategy to immobilize such sensors on polymer beads
and use them in aqueous environments. Such a molecular device
attached to a polymer bead and capable of sensing cations can have
practical applications for qualitative detection and quantitative
determination of metal ions. Fluorescence microscopy was chosen
as the method of choice for the binding measurements. Bead
13a was stirred with KCIO, (500 uM) in acetonitrile-toluene
(1 : 4), and the fluorescent microscope images clearly showed
that upon treatment with KCI1O, the fluorescence intensity of 13a
increased due to the inhibition of PET upon K* binding (Fig. 8).
Reversibility of the fluorescence enhancement was also confirmed.
But the detection of K* in a polar solvent remained a challenge, as
sensor 13a after treatment with KC10,—~MeOH did not show any
fluorescence enhancement. This is not unexpected since Merrifield
resin does not swell in polar solvents like MeOH, and thus the
metal ion is unlikely to penetrate into the resin to be complexed by
the sensor. Naturally, Merrifield resin was replaced by Tentagel®
as it is known to swell in polar solvents.” These beads were shown
to sense K* in water at about 90 mM. Clearly, there is further scope
to improve the detection sensitivity to physiologically relevant K*
concentrations. We believe that this strategy can be applied for a
wide range of sensors and can be of practical importance.
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Fig. 8 Fluorescence microscopic images of sensor-attached polymer
beads before and after complexation with K* in MeCN-toluene. Repro-
duced with permission from ref. 25 ©2006 American Chemical Society.

In contrast to the extraordinary success in the design of synthetic
receptors for cations, the list of artificial anion receptors has
grown much more slowly, even though anion inclusion complexes
were observed as early as in the 1960s.”” Anion receptor design is
much more challenging than cation receptor design for a number
of reasons. The larger sizes of anions imply weaker electrostatic
binding interactions compared to isoelectronic cations which are

smaller.® Anions are structurally more diverse than common
cations. Finally, certain anions exist only in limited pH ranges,
which places additional limitations on the design of the receptor.”
The design, synthesis and anion binding studies of cholaphane
14 (Fig. 9) (an ‘inside-out’ analogue of cyclodextrin), which was
achieved in two steps from cholic acid, was recently reported from
our laboratory.*® A unique feature of this cyclic dimer was that the
facial amphiphilicity of the bile acid was retained because of the
unprotected hydroxyl groups. Most anion receptors synthesized to
date use at least some NH-donors. The cyclic dimer 14, with only
OH groups inside, resulted in the complexation of two F~ ions,
as investigated using NMR titration in CDCIl;. An unusual C-
H - .- F interaction was found to operate upon F~ binding, based
on experimental and theoretical studies. Attempts to crystallize
the dimer with and without the guest molecules resulted in two
different types of polymorphs of the host.

4. OH
o2
’S 9P
o
o)

Fig. 9 A cholaphane and its minimized structure with two bound
fluorides. Reproduced with permission from ref. 30 ©2006 American
Chemical Society.

Bile acid based molecular tweezers>!

The ability of certain biomolecules to recognize and bind other
molecules is a key feature associated with a number of biological
processes, such as enzyme activity (enzyme-substrate complexes),
antibody production (immunoglobin—antigen complexes), DNA
double helix formation (Watson—Crick base pairing), biosynthesis
of nucleic acids, protein synthesis (transcription and translation),
etc.®® The past few decades have witnessed enormous growth
in the efforts of chemists to understand and mimic some of
these processes using systems which are easier to synthesize,
manipulate and study.®® Since the biomolecular interactions are
usually noncovalent, understanding such interactions has become
the central focus in diverse fields of chemistry. A variety of
molecular frameworks, including natural products, have been
utilized to design rigid preorganized molecular systems to create
clefts, cavities, and other types of binding surfaces. Among
the most popular architectures used in molecular recognition,
“molecular tweezers” form an important class. These molecules
are characterized by two similar or dissimilar “sticky arms”
separated by a rigid or a semirigid spacer. The pioneering work
by Whitlock and Zimmerman resulted in a number of molecular
tweezers.** The first bile acid based molecular tweezer as a receptor
for a number of electron deficient aromatics was reported by
us.*®* Cholic acid was used as a suitable scaffold because of the
optimum distance and geometric requirements between the C-3
and the C-12. Two aromatic groups attached to the hydroxyl group
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Fig. 10 Bile acid-based molecular tweezers.

thus act as the arms of the tweezer (Fig. 10). The complexation
(with 15a-f) was monitored using NMR titration experiments.
Appropriate controls (1 : 1 mixture of a bile acid with one pyrene
arm plus the methyl ester of pyrene carboxylic acid) showed no
significant binding thereby proving that there was a synergistic
effect between the two pyrene rings, and they formed sandwich
type complexes. Further evidence was provided by fluorescence
experiments. An interesting observation was that the tweezers
upon complexation with the guests usually gave green fluorescence
in CHCI,, due to strong exciplex formation upon binding to the
guest, while the control experiments showed blue fluorescence,
which is largely from pyrene monomer emission. These could even
be differentiated by holding the solutions in bright sunlight!

Bile acid based adenine/biotin receptors

The design of receptors for the recognition of nucleobases
using non-covalent interactions is also an area of contemporary
interest.’ A variety of receptors including macrocycles, tweez-
ers, clefts, etc., are possible with different binding modes. The
hydrogen-bonding surfaces of the carboxyl and amide groups
have been used extensively in synthetic receptors, and in many
of these receptors this functionality has been used to bind adenine
derivatives.’” For the binding of adenine, the determination of site
specificity has been considered to be an important aspect. For
example, in 9-N-butyladenine there are two sites of binding: the
Watson—Crick (WC) and the Hoogsteen (HG) sites (Fig. 11). An
experimental differentiation between WC and HG binding using
6-N-methyl-9-N-ethyladenine was reported by Engel and von
Hippel.*® Considerable attention has been paid in recent years to
understand HG binding in solution using the nuclear Overhauser
effect (NOE) as the probe. Rebek and co-workers had performed a
detailed study on the site specificity of the binding of adenine by a
synthetic receptor,* in which both the WC and HG binding modes
were shown to be operative. Sartorius and Schneider extended this
method to other base pairs.** A bile acid based adenine receptor
was designed by us based on careful molecular modelling.*!
Binding constants were estimated by NMR titration. The changes
in the chemical shifts of H-2 and H-8 of N-butyl adenine in CDClI;

Watson-Crick Site

\ H. H /
N
NQIN\}_H(B)
A, N
R

Hoogsteen site

() H
N-9-butyl adenine 0
Ji§
_H
H-n" N 3 :
H H He s \w
‘e \f N
(CH,),CO,Me N
16 Bu

Biotin derivative

Fig. 11 Bile acid-derived adenine and biotin receptors.

were monitored and a binding constant of 3.5 x 10° M~ was
estimated. Control experiments using monobenzyl isophthalate
and using a tweezer having an incorrect geometry of the carboxylic
acids showed K, values of 170 and 300 M~!, respectively, implying
cooperative participation of the acid functionalities in 16. Biotin
methyl ester was also complexed with a binding constant of
1.5 x 10* M. In order to gain more information on adenine
binding, we studied the binding of 9-ethyladenine using aliphatic
carboxylic acids and the results were compared with a number
of aromatic carboxylic acids. Our observations indicated that
aromatic carboxylic acids prefer binding from the HG site, whereas
aliphatic carboxylic acids show a binding preference from the WC
site. These results were based on the predominant shift of the H-
8 signal caused by aromatic carboxylic acids during the titration.
The cooperative binding with the steroidal receptor was attributed
to the relatively restricted rotation around the C3-O and C12-O
bonds. Very recently, another report on bile acid-based receptors
containing 2,6-bis(acylamino)pyridine for the recognition of uracil
derivatives has appeared.*

Bile acid based macromolecules: design and
construction of bile acid based dendrons

Dendrimers, being monodisperse, hyper-branched molecules with
well-defined nano dimensions and multiple controllable function-
alities have become the subject of extensive studies during the
past two decades.* The most important features of a dendritic
architecture are: (i) a central core, (ii) interior units connecting
the external surface and the core and (iii) the surface end
groups. Initial efforts were directed mainly on the preparation
and characterization of a wide variety of dendrimers; but in
recent years the attention has shifted towards the design of
functional dendritic molecules and their applications. The ability
to modulate the size, molecular weight, chemical functionalities
and the position and number of functional groups in dendrimers
makes them attractive candidates for a wide variety of applications
including drug and gene delivery, diagnostics, catalysis, molecular
recognition and light harvesting.** We designed and synthesized
chiral bile acid-derived dendrons, which utilized the largest chiral
repeating units in a dendritic species.* Kolehmainen e al. recently
reported the synthesis of bile acid based dendritic structures.*’
The dendron initially reported by us had acetate protected bile
acid backbones at the periphery, which resulted in the loss of
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the facial amphiphilicity and further functionalization was also
not possible. Because of the unique facial amphiphilicity of bile
acids, we reasoned that it would be appropriate to re-design and
synthesize dendrons with end groups resembling monomeric bile
acid units and examine their potential amphiphilic properties. This
was achieved using a simple nucleophilic displacement protocol.*®
Chloroacetate derivatives of carboxyl protected deoxycholic and
cholic acids were synthesized and these were coupled directly with
the bile salts to obtain dendritic structures (Fig. 12). Further
exploration of the chloroacetate chemistry resulted in dendrons of
higher generations. We also reported another approach to obtain
the facially amphiphilic dendrimers by direct linkage of bile acids
to the hydroxyl groups. These two approaches developed in our
laboratory resulted in the synthesis of a wide variety of dendrons
with multiple hydroxyl groups on the periphery.

Bile acid dendrons as normal and inverse unimolecular
micelles

An important structural feature of the dendritic architectures is
their resemblance to micellar structures and hence they are often
described as covalently linked micelles. Micelles can solubilize
guest molecules in their core, above the critical micellar con-
centrations (CMC) of the detergents, and this phenomenon (dye
solubilization) has routinely been used to determine CMC values.
With dendrimers, the “micellar structures” are maintained at all
concentration ranges and thus the guest solubilization increases
linearly with concentration. Newkome et al. have described such

OH

[R = benzyl or 1-naphthyimethyl]

dendrimers as “unimolecular micelles”.* Depending upon the
nature of the interior, they have the ability to either solubilize
a polar guest molecule in a relatively nonpolar solvent, or vice
versa. Regen et al. have described a bile acid-based “molecular
umbrella” that can change its conformation as a function of the
solvent polarity.”® Kobuke er al. have used an amphiphilic bile
acid unit for the construction of a supramolecular transmembrane
ion channel.®® We reported the synthesis of dendritic bile acid
oligomers with a remarkable ability to act as both normal and
inverse micelles (Fig. 13) owing to the facially amphiphilic nature
of the bile acid backbone. Because of the free hydroxyl groups
in the periphery, these dendrons are believed to adopt different
conformations in solvents of different polarities (“adaptive den-
drons”), which enable them to mimic both unimolecular normal
and inverse micelles.”® The remarkable ability of these dendrons
to solubilize a non polar dye (orange OT) in a polar medium
(50% MeOH-H,0) and a polar dye (cresol red) in a non-polar
medium was investigated. Control experiments proved that the
dye extraction was clearly because of the dendritic architecture.
We believe this property can be further exploited for potential
applications.

Artificial light harvesting systems and energy transfer

Photosynthesis, one of the vital natural phenomena, involves the
conversion of solar energy into chemical energy. In recent years the
study of the harvesting of solar energy has received considerable
attention. Since photosynthesis is a complex process, chemists

Fig. 12 Facially amphiphilic dendrons made by a divergent strategy.
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Fig. 13 Adaptive dendrons (photo shows extraction of orange OT from a hexanes to aqueous methanol). Reproduced with permission from ref. 52

©2006 American Chemical Society.

have attempted to design efficient light harvesting materials which
mimic some of the functions of the natural photosynthesis systems.
Because of their architectures, dendrimers provide attractive
scaffolds to hold multiple light absorbing groups (“antenna”)
and transfer the energy to a centrally located acceptor, through
a Forster type mechanism.**** In an alternative strategy, the
dendritic framework can also be designed to be photoreactive.
We have recently designed bile dendrimer (Fig. 14) based light
harvesting mimics using multiple peripheral naproxen units as
donors and a single anthracene as an acceptor.”” Dendrons with
varying number of naproxen units were studied and a linear
increase of the absorption with the number of naproxen units
was observed. Energy transfer from the naproxen units (donor,
A 275 nm) to the anthracene moiety (acceptor) was monitored
and it was found that the emission characteristics were chiefly
that of the anthracene chromophore. As expected, control ex-
periments using mixtures of naproxen and 9-anthracenemethanol
exhibited emission characteristics only of the donor, confirming
the intramolecular nature of the energy transfer in the dendrimer.

Bile acid based low molecular mass orgnaogelators
(LMOGsS): gelation of organic fluids

Gelation of organic solvents using small molecules has received
enormous attention in recent years.*® In polymeric materials
gelation is believed to occur by chemical and/or physical cross-
linking of polymeric chains leading to the formation of highly
entangled networks, which immobilize solvent molecules. The
gelation by LM OGS is mainly due to supramolecular interactions
leading to the formation of fibers. Structurally diverse compounds
such as derivatives of steroids, coumarins, amido alcohols, sugars,
ureas, metallo complexes, amino acids, dendritic building blocks
and charge transfer complexes have been studied as LMOGs.
Such molecules associate intermolecularly via hydrogen bonding,
7 stacking, van der Waals interactions.® A number of cholesterol
derivatives have also been reported to be potent gelators.®® We

discovered the first donor acceptor interaction induced gelation of
organic fluids.®* While working on bile acid functionalized molec-
ular tweezers, we observed that bile acid derived 28 unit gelled
certain organic solvents in the presence of 2,4,7-trinitrofluorenone
(TNF 15a). No gelation was observed with either of the pure
components, and our studies showed that for optimum gelation
1 : 1 stoichiometry was needed. The gels were strongly colored
because of charge-transfer between the electron donor (pyrene
units) and the electron acceptor (TNF). The position of the
pyrene unit on the steroid backbone appeared to be important
for its gelling ability. Scanning electron micrographs (SEM) of
the xerogels revealed fibrous networks, with the fiber diameters of
the order of microns. The role of the bile acid unit was probed
by preparing pyrene derivatives attached to alkyl chains through
various linkers (Fig. 15). It is interesting to note that whereas
many of these compounds (without the bile acid backbone) gelled
selected solvents in the presence of TNF, some of these compounds
with NHCOX linkers also gelled solvents in the absence of
TNEF. These compounds appear to form helical supramolecular
aggregates through n-stacking and H-bonding interactions. More
evidence for this came from studies on a chiral pyrene derived
organogelator. Some of our current research activities involve the
studies of chiral amplification using such chiral organogelators

Supramolecular association leading to hydrogelation

Hydrogels are of great importance because they are materials
for biomedical applications, such as drug-delivery systems, tissue
engineering and semi-wet biomaterials for protein microarrays.*
The advantages of using molecular hydrogels over traditional
polymeric hydrogels have been reviewed.®® In addition to potential
applications, gels are materials with intriguing features owing
to the coexistence of solid (the networked fibrous structure)
and liquid phases (entrapped solvent molecules). Certain bile
acids/salts have been known in the literature to form gels in water
under defined conditions.** Sodium cholate, sodium deoxycholate
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[R = 9-anthrylmethyl]

Fig. 14 Dendrons with multiple naproxen units as artificial light harvesting systems (R = 9-anthrylmethyl).

and sodium lithocholate have been shown to form gels in water.
The gelation was found to be pH dependent (optimal at pH ~7),
and the gels were thixotropic.

From our laboratory, we have demonstrated efficient gelation of
aqueous fluids by a cholic acid trimer 29 (“tripodal cholamide”).%
These transparent gels were formed at extremely low gelator
concentrations (0.02% w/v, 0.15 mM), with one gelator molecule
effectively immobilizing >10° water molecules. A cryo-TEM image
(Fig. 16) of the gel showed the presence of nanofibres. The forma-
tion of hydrophobic ‘pockets’ during gelation was inferred using
ANS (8-anilino-1-naphthalenesulfonate) as a polarity-sensitive
probe. A gel doped with ANS turned highly fluorescent, but only
in the gel state. A thermochromic gel was subsequently developed
using bromophenol blue as a dopant. The rotational dynamics
of polarity-sensitive fluorescent dyes (ANS and DPH) in the
gel derived from tripodal cholamide 29 was studied using time-
resolved fluorescence anisotropy measurements. ANS in the gel
showed two rotational correlation time (¢) components, ca. 13 ns

(ANS bound to the hydrophobic region of the gel) and ca. 1 ns (free
aqueous ANS). These gels appear to be excellent soft materials for
futuristic applications because of their remarkable water-holding
ability and the solubilization of flat, nonpolar molecules.

Since compound 29 formed gels only upon protonation, we
thought it appropriate to look for simpler, monomeric cationic
analogues of bile acids as potential hydrogelators. It is interesting
to note that cationic bile salts have gained considerable attention
during the last two decades as cancerostatic, antimicrobial, and
cholesterol-lowering agents, gallstone dissolution enhancers, and
DNA transfection agents.®® We designed a number of cationic
bile salts (Fig. 17) and studied their aggregation and micellar
properties extensively.” The critical micellar concentrations
of these bile salts were found to depend on the nature of the
cationic head group. A number of these bile salts formed gels in
aqueous solutions. Complementary scattering, diffraction, and
microscopy techniques have been used extensively to provide
a precise structural description of the network architecture created
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Fig. 16 (a) Photographs of gels from the tripodal cholamide 29 (5 mM
in 20% AcOH-water doped with 30 uM ANS) derived colorless gel and
luminescent gel (handheld long wave UV lamp); (b) cryo-TEM image of
the gel (0.75 mM) in 20% AcOH-water; (c) absorption spectra (26 °C) of
sodium salt of bromophenol blue (0.37 mM): (a) in neutral water, (b) in
25% AcOH-H,O, (¢) in the presence of 1 (5.25 mM) in 25% AcOH-H,O
(before forming gel) and (d) after forming gel. Reproduced with permission
from ref. 65¢ ©2001 Wiley VCH.
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Fig. 17 Cationic and neutral analogues of bile salts.

by these gelators and its variation as a function of concentration,
aging time, composition of the solvent, and type of gelator.
Rheological experiments were carried out on gels derived from
cationic and neutral analogues of bile acids. In the frequency
sweep experiments, the elastic modulus G’ was predominant, and
an order of magnitude higher than the loss modulus G”, which is
a characteristic behavior of viscoelastic soft solids.

In continuation of our investigation on side chain modified bile
acid we synthesized phosophonic acid analogues of natural bile
acids.®® While investigating the aggregation behavior of these bile
acids it was also discovered that some of the phosphonobile salts
(PBS) were capable of forming pH dependent hydrogels. Since the
phosphonobile salts gel at relatively low pH, a thermochromic gel
was developed using congo red (CR). CR shows a violet color at
pH 3.0 and turned orange-red at pH >5.2. The violet color of CR
incorporated in the gel of (pH 3.3) reversibly changed to magenta—
red upon heating the gel (Fig. 18). This strategy may be explored
further to develop inexpensive thermal sensors.

Bile acids in nanoscience
Templated synthesis of nanotubes

Nanotubes are materials with intriguing structural parameters
containing borders, inner and outer surfaces, and structured tube
walls. Among the variety of nanomaterials, metal oxide nanotubes
have gained a lot of attention due to their unique properties and
potential applications in numerous areas such as electronic and
mechanical devices.® Metal oxide nanotubes have been synthe-
sized by employing a variety of strategies.” Sol-gel chemistry
is one of the most promising ways to synthesize nanotubes of
metal oxides such as silica and titania.” Recently, organogels were
used as templates for the preparation of hollow silica nanotubes
and nanotubes of transition metal (Ta, V) oxides.””™ Fig. 19
depicts a possible way by which hollow-nanotubes are prepared
with the gel fibers as templates. Helical ribbon and double-
layered TiO, nanotubes have been templated using cholesterol
based gelators.”> In all such cases, organogelators were used as
templates necessitating the use of metal alkoxides as the inorganic
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pH < 3.0 SO;-
Fig. 18 Phosphonobile acids and a photo showing the color change of

congo red in the gel (violet) and sol (magenta) states. Reproduced with
permission from ref. 685 ©2005 The Royal Society of Chemistry.
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Fig. 19 Schematic representation of templated synthesis of metal oxide
nanotubes.

precursors. Due to the difficulties in handling metal alkoxides, the
number of metal oxide nanotubes that can be easily synthesized
using organogels appears to be limited.

In order to use simple metal salts as precursors, the reactions
have to be carried out in an aqueous medium in which these
salts are soluble. This prompted us to use hydrogels instead of
organogels as templates.”™ After removal of the template (with
ethanol) and subsequent calcination, hollow TiO, nanotubes were
obtained. These nanotubes (ID 4-7 nm, OD 10-20 nm) had a
narrow size distribution, with the lengths going up to a few
hundred nanometers (Fig. 20). More recently, the 29 derived
hydrogel has been used as a template to prepare CdS, ZnS and CuS
nanotube and nanorods.” The synthesis of the oxide nanotubes is
no longer restricted to the use of inorganic alkoxides as precursors.
We believe that our approach opens up new avenues to synthesize
nanotubes/nanorods that were previously difficult to synthesize
using traditional methods.

Gel-nanoparticle hybrid materials

Recent explosive interest in metal nanoparticles (NPs) on account
of their numerous potential applications in science and technology
is well known.”” Among various metals, gold NPs have been stud-
ied in greater detail owing to their stability and ease of synthesis.
After Brust and co-workers’ report® on the stabilization of gold
nanoparticles using alkyl thiols, several other thiol derivatives and

Fig. 20 TEM images of the titania nanotubes (a) as-synthesized and
(b)—(d) after calcination. Inset shows the SAED pattern taken on a single
nanotube. Reproduced with permission from ref. 77a¢ ©2003 The Royal
Society of Chemistry.

phosphine, pyridine, and selenide have been described as capping
agents to stabilize gold NPs.®! Efforts directed to design various
types of organic-inorganic hybrid materials have also been inten-
sified. We recently described the design of a novel NP-hydrogel
hybrid material. We synthesized bile acid analogues with a thiol
group on the side chain to stabilize metal NPs.# We reasoned
that the specific self-aggregation modes of facially amphiphilic
steroids would enable a metal NP capped by such a thiol to
“lock” on to gel fiber, which is also derived from a structurally
related molecule. The bile acid thiol stabilized gold NPs showed
a surface plasmon resonance band at 520 nm, characteristic of a
gold colloid (Fig. 21). Hydrogelator 29 was selected to explore the
possible immobilization of the steroid capped NPs on a gel. Since
gels derived from 29 have been extensively studied in AcOH-H,O0,

ot

X

OH 34a:X=Y=0H
34b: X =H; Y=0H
34c: X=Y=H

13 20% AcOH/H.O
12 1% gel of 28 in 20% AcOH/H,O

Ansorbance

Fig.21 Bile acid based thiols and a) TEM image of cholic thiol stabilized
nanoparticles; b) AFM image of gel-nanoparticle composite; ¢) plasmon
resonance band of thiol stabilized nanoparticles and gel-nanoparticle
composite in 20% AcOH-H,O. Reproduced with permission from ref. 82
©2006 American Chemical Society.
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the same medium was selected to study the stability of the steroid-
capped NPs. The NP dispersions (>0.05 mg mL~") in 20% AcOH-
H,O were unstable beyond 5 h and separated out of the medium. In
contrast, the NP—gel hybrid material was stable for several months.
Therefore, the gel provides a unique stabilization/dispersibility to
the NPs in this medium.

Unusual natural and unnatural bile acids

Bile acids from different species chemically differ in two respects:
(i) the side-chain structure and (ii) the distribution of the number,
position, and stereochemistry of the hydroxyl groups on the steroid
nucleus. Several decades ago, Haslewood addressed the issue of
considering the bile acid structure as an aid to the understanding
of the evolutionary process.** The most evolved mammalian bile
acids have a 5B configuration with hydroxyl groups at 3a, 7a,
and 12a. An unusual 30, 7a,160-trihydroxy bile acid was recently
isolated from storks and herons by Hagey ez al.® It was named
avicholic acid 35 (Fig. 22) to signify that it is a class that has
to date been identified only in avian species. This bile acid was
a major constituent (>90%) of biliary bile acids in the Shoebill
stork and several herons. It was also suggested that 16a-hydroxy is
a primitive bile acid, whereas 120-hydroxy is a more evolved bile
acid. The first chemical synthesis of avicholic acid was achieved
by lida et al. from chenodeoxycholic acid.®® This synthesis utilized
a dimethyldioxirane mediated 17a-hydroxylation (yield ca. 15%)
of acetylated methyl chenodeoxycholate with an overall yield of
avicholic acid of <1%. An improved synthesis of avicholic acid
using a template directed biomimetic remote functional strategy
was recently reported from our laboratory.® Recently we noticed
that an unusual 16a-hydroxy derivative known as pythocholic acid
36 (30,120,160-trihydroxy-5p-cholan-24-oic acid) was reported
and structurally identified many decades ago from the family of
snakes Biodae,*” which includes certain primitive snakes (pythons
and boas) including Cylindrophis. This family of snakes have
pythocholic acid in their bile, as a major bile acid. Using extensive
labelling studies in 1960 Bergstrom et al. reported the biosynthetic
pathway and concluded that deoxycholic acid undergoes 16a-
hydroxylation by the action of a 16a-hydroxylase enzyme.*® Thus
the synthesis of pythocholic acid and the study of its cholanologi-
cal properties have remained unexplored for the past five decades.
Hagey et al. recently reported the presence of 3a,70,12a,160-

OH "=,

CO,H
1t OH

HO™

36

Fig. 22

160-Hydroxy bile acids.

tetrahydroxy-5B-cholan-24-oic acid 37 (16a-hydroxycholic acid)
which is a minor component (1.6%) in Shoebill stork’s bile.*
The first chemical synthesis and measurement of aggregation
properties of pythocholic acid 36 and 160-hydroxycholic acid
37 were carried out by us.* Pythocholic acid was found to
exhibit unusual aggregation properties with low CMC and high
cholesterol solubilization ability, while avicholic acid and cholic
acid showed almost similar physicochemical properties.

Summary

Facially amphiphilic bile acids provide an inexpensive source
of chirality and an array of uniquely disposed hydroxyl groups
with differential reactivity. This led us to design and construct a
number of novel chiral auxiliaries/templates, molecular tweezers,
dendrons etc. The discovery of the gelling ability of several bile
acid derivatives inspired us to systematically design and study a
large number of bile acid based hydro/organogelators. Templated
synthesis of metal oxide nanotubes and gel-nanoparticle hybrid
materials has provided a new edge to the use of bile acids in
nanoscience. The author and his group have greatly enjoyed
the chemistry they have explored, and hope that these unique
molecules will continue to provide excitement in the years to come!

Acknowledgements

We thank the Department of Science & Technology, the Indo
French Centre for the Promotion of Advanced Research, the
Council of Scientific & Industrial Research, and the Jawaharlal
Nehru Centre for Advanced Scientific Research for the support
of our exploratory research. We also thank all the co-workers
and the collaborators involved in the exploration of bile acid
chemistry (whose names appear in the cited references), without
whose contributions the research described here would not be
possible.

Notes and references

1 (a) H. Danielsson, in The Bile Acids: Chemistry, Physiology and
Metabolism ed. P. P. Nair and D. Kritchevsky, Plenum Press, New
York, 1973, vol. 2, pp. 1-32; (b) S. Mukhopadhyay and U. Maitra,
Curr. Sci., 2004, 87, 1666; (c) A. Enhsen, W. Kramer and G. Wess,
Drug Discovery Today, 1998, 3, 409.

2 (a) A. F. Hofmann, in The Liver: Biology and Pathology, ed.
1. M. Arias, J. L. Boyer, N. Fausto, W. B. Jakoby, D. A. Schachtetr
and D. A. Shafritz, Raven press Ltd., New York, 3rd edn, 1994, p. 677,
(b) A. F. Hofmann, News Physiol. Sci., 1999, 14, 24.

3 (a) L. J. Thenard, Ann. Chim. (Cachan, Fr.), 1807, 64, 103; (b) J.
Berzelius, Ann. Chim. (Cachan, Fr.), 1809, 71, 218; (¢) J. Berzelius,
Justus Liebigs Ann. Chem., 1842, 43, 1; (d) H. Demarcay, Justus Liebigs
Ann. Chem., 1838, 27, 270; (e) E. A. Platner, Justus Liebigs Ann. Chem.,
1844, 51, 105; (f) E. A. Platner, J. Prakt. Chem. (Leipzig), 1846, 40,
129.

4 (a) A. Strecker, Justus Liebigs Ann. Chem., 1848, 67, 1; (b) A. Strecker,
Justus Liebigs Ann. Chem., 1849, 70, 149; F. Mylius, Ber. Dtsch. Chem.
Ges., 1886, 19, 374.

5 (a) H. Wieland and H. Sorage, Z. Physiol. Chem., 1916, 97, 1; (b) H.
Wieland and F. J. Weil, Z. Physiol. Chem., 1912, 80, 287; (c) H. Wieland
and W. Kapitel, Z. Physiol. Chem., 1933, 212, 269; (d) A. Windaus,
Arch. Pharm. ( Weinheim, Ger. ), 1908, 246, 117; (¢) A. Windaus and K.
Neukirchen, Ber. Dtsch. Chem. Ges., 1919, 52, 1918.

6 (a) A. Rich and D. M. Blow, Nature, 1958, 182, 423; (b) D. M. Blow
and A. Rich, J. Am. Chem. Soc., 1960, 82, 3566.

7 (a) A. Moschetta, A. L. Bookout and D. J. Mangelsdorf, Nat. Med.
(N. Y.), 2004, 10, 1352; (b) M. Watanabe, M. S. Houten, C. Mataki,

This journal is © The Royal Society of Chemistry 2008

Org. Biomol. Chem., 2008, 6, 657-669 | 667





M. A. Christoffolete, B. W. Kim, H. Sato, N. Messaddeq, J. W. Harney,
O. Ezaki, T. Kodama, K. Schoonjans, A. C. Bianco and J. Auwerx,
Nature, 2006, 439, 484; (¢) D. L. Motola, C. L. Cummins, V. Rottiers,
K. K. Sharma, T. Li, Y. Li, K. S. Powell, H. E. Xu, R. J. Auchus, A.
Antebi and D. J. Mangelsdorf, Cell, 2006, 124, 1209.

8 For reviews on steroids in supramolecular chemistry: («) E. Virtanen
and E. Kolehmainen, Eur. J. Org. Chem., 2004, 3385; (b) A. P. Davis,
Chem. Soc. Rev., 1993, 22, 243; (¢) M. Miyata and K. Sada, in Compre-
hensive Supramolecular Chemistry, ed. J. L. Atwood, J. E. D. Davies,
D. D. MacNicol and F. Vogtle, Elsevier, Oxford, 1996, vol. 6, p. 147;
(d) Y. Li and J. R. Dias, Chem. Rev., 1997, 97, 283; (¢) P. Wallimann,
T. Marti, A. Fiirer and F. Diederich, Chem. Rev., 1997, 97, 1567; (f) J.
Tamminen and E. Kolehmainen, Molecules, 2001, 6, 21.

9 (a) C. S. Wilcox, Tetrahedron Lett., 1986, 26, 5749; (b) C. S. Wilcox,
L. M. Greer and V. Lynch, J. Am. Chem. Soc., 1987, 109, 1865; (¢) 1.
Sucholeiki, V. Lynch, L. Phan and C. S. Wilcox, J. Org. Chem., 1988, 53,
98; (d) T. H. Webb and C. S. Wilcox, J. Org. Chem., 1990, 66, 363; (e) J.
Troger, J. Prakt. Chem., 1887, 36, 225; (f) V. Prelog and P. Wieland,
Helv. Chim. Acta, 1944, 27, 1127.

10 S. F. Mason, Molecular Optical Activity & the Chiral Discriminations,
Cambridge University Press, Cambridge, 1982, p. 50; A. Greenberg, N.
Molinaro and M. Lang, J. Org. Chem., 1984, 49, 1127.

11 (a) U. Maitra and B. G. Bag, J. Org. Chem., 1992, 57, 6979; (b) U.
Maitra, B. G. Bag, P. Rao and D. Powell, J. Chem. Soc., Perkin Trans.
1, 1995, 2049.

12 (a) K. C. Nicolaou, S. A. Snyder, T. Montagnon and G. Vassilikogian-
nakis, Angew. Chem., Int. Ed., 2002, 41, 1668; (b) L. A. Paquette, in
Asymmetric Synthesis, ed. J. D. Morrison, Academic Press, New York,
1984, vol. 3, p. 455; (¢) W. Oppolzer, Angew. Chem., Int. Ed. Engl., 1984,
23, 876; W. Oppolzer, Tetrahedron, 1987, 43, 1969; (d) G. Helmchen, R.
Karge and J. Weetman, in Modern Synthetic Methods, ed. R. Scheffold,
Springer Heidelberg, 1986, vol. 4, p. 262; (e) E. J. Corey, Pure Appl.
Chem., 1990, 62, 1209; (f) D. A. Evans, K. T. Chapman and J. Bisaha,
J. Am. Chem. Soc., 1988, 110, 1238; (g) W. Stahle and H. Kunz, Synlett,
1991, 260.

13 (a) H. B. Hagan and O. Riant, Chem. Rev., 1992, 92, 1007; (b) K.
Narakasa, Synthesis, 1991, 1.

14 U. Maitra and P. Mathivanan, J. Chem. Soc., Chem. Commun., 1993,
1469.

15 (a) B. Seuring and D. Seebach, Helv. Chim. Acta, 1977, 60, 1175; (b) K.
Mori, T. Takigawa and M. Matsui, Tetrahedron, 1979, 35, 833; (¢c) A. L.
Meyers and R. A. Amos, J. Am. Chem. Soc., 1980, 202, 870; (d) R. W.
Hoffman, W. Helbig and T. Matsuo, Tetrahedron Lett., 1982, 23, 3479;
(e) J. K. Whitesell, D. Deyo and A. Bhattacharya, J. Chem. Soc., Chem.
Commun., 1983, 802; (f) A.-S. Cavallo and J. Suffert, Tetrahedron Lett.,
1985, 26, 429; (g) T. Akiyama, H. Nishimoto and S. Gzaki, Tetrahedron
Lett., 1991, 32, 1335; (h) Y. B. Xian, K. Snow and M. Belly, J. Org.
Chem., 1993, 58, 993.

16 U. Maitra and P. Mathivanan, Tetrahedron: Asymmetry, 1994, 5, 1171.

17 (a) L. Pu, Chem. Rev., 1998, 98, 2405; (b) F. Toda and K. Mori,
Chem. Abstr., 1989, 111, 134477; (¢) F. Toda and K. Tanaka, Chem.
Abstr., 1987, 106, 49772.

18 (a) M. Periasamy, L. Venkatraman and K. R. J. Thomas, J. Org. Chem.,
1997, 62, 4302; (b) M. Periasamy, L. Venkatraman, S. Sivakumar,
N. Sampathkumar and C. R. Ramanathan, J Org. Chem., 1999, 64,
7643.

19 (a) U. Maitra and A. K. Bandyopadhyay, Tetrahedron Lett., 1995, 36,
3749; (b) A. K. Bandyopadhyaya, N. M. Sangeetha and U. Maitra,
J. Org. Chem., 2000, 65, 8239.

20 (a)J.-M. Lehn, Angew. Chem., Int. Ed. Engl., 1988, 27, 89; (b) H. Dugas,
Bioorganic Chemistry—A Chemical Approach to Enzyme Action, 1989,
Springer-Verlag, New York, 2nd edn.

21 (a) C.J. Pedersen, J. Am. Chem. Soc., 1967, 89, 7017; (b) R. M. Izatt, K.
Pawlak and J. S. Bradshaw, Chem. Rev., 1991, 91, 1721; (¢) R. M. Izatt,
J. S. Bradshaw, K. Pawlak, R. L. Bruening and B. J. Tarbet, Chem. Rev.,
1992, 92, 1261.

22 (a) A. Galan, D. Andreu, A. M. Echavarren, P. Frados and J. de.
Mendoza, J. Am. Chem. Soc., 1992, 114, 1511; (b) M. Nakajaki, K.
Yamamoto, T. Ikeda, T. Kitsuki and Y. Okamoto, J. Chem. Soc., Chem.
Commun., 1983, 787; (¢) M. Newcomb, J. L. Toner, R. C. Helgeson and
D. J. Cram, J Am. Chem. Soc., 1979, 101, 4941.

23 U. Maitra, L. J. D’Souza and P. Vijay Kumar, Supramol. Chem., 1998,
10, 97.

24 U. Maitra and S. Nath, Arkivoc, 2005, (iii), 133.

25 S. Nath and U. Maitra, Org. Lett., 2006, 8, 3239.

26 (a) B. Lehr, H.-J. Egelhaaf, E. Bayer and D. Oelkrug, J. Fluoresc., 1998,
8, 171; (b) H.-J. Egelhaaf, B. Lehr, M. Hof, A. Héfner, H. Fritz, F. W.
Schnider, E. Bayer and D. Oelkrug, J. Fluoresc., 2000, 10, 383; (c¢) R.
Quarrell, T. D. W. Claridge, G. W. Weaver and G. Lowe, Mol. Diversity,
1996, 1, 223.

27 C. H. Park and H. E. Simmons, J. Am. Chem. Soc., 1968, 90, 2431.

28 (a) M. F. Hawthorne and Z. P. Zheng, Acc. Chem. Res., 1997, 30, 267;
(b) B. Dietrich, Pure Appl. Chem., 1993, 65, 1457.

29 (a) A. P. Davis, M. G. Orchard, A. M. Z Slawin and D. J. Williams,
J. Chem. Soc., Chem. Commun., 1991, 612; (b) R. P. Bonar-Law and
A.P.Davis, J. Chem. Soc., Chem. Commun., 1989, 1050; (¢) R. P. Bonar-
Law, A. P. Davis and B. A. Murray, Angew. Chem., Int. Ed. Engl., 1990,
29, 1407; (d) K. M. Bhattarai, R. P. Bonar-Law, A. P. Davis and B. A.
Murray, J. Chem. Soc., Chem. Commun., 1992, 752; (e) A. J. Ayling,
M. N. Perez-Payan and A. P. Davis, J. Am. Chem. Soc., 2001, 123,
12716; (f) A. P. Davis, J. J. Perry and R. P. Williams, J. Am. Chem.
Soc., 1997, 119, 1793; (g) A. L. Sisson, J. P. Clare, L. H. Taylor, J. P. H.
Charmant and A. P. Davis, Chem. Commun., 2003, 2246.

30 S. Ghosh, A. R. Choudhury, T. N. Guru Row and U. Maitra, Org. Lett.,
2005, 7, 1441.

31 A. Petitjean, R. G. Khoury, N. Kyritsakas and J.-M. Lehn, J Am.
Chem. Soc., 2004, 126, 6637.

32 S. K. Burley and G. A. Petsko, Science, 1985, 229, 23.

33 F.-G. Klarner and B. Kahlert, Acc. Chem. Res., 2003, 36, 919.

34 (a) C.-W. Chen and H. W. Whitlock, J. Am. Chem. Soc., 1978, 100,
4921; (b) K. M. Neder and H. W. Whitlock, J. Am. Chem. Soc., 1990,
112, 9412; (¢) S. C. Zimmerman, Z. Zeng, W. Wu and D. E. Reichert,
J. Am. Chem. Soc., 1991, 113, 183; (d) S. C. Zimmerman, W. Wu and
Z. Zeng, J. Am. Chem. Soc., 1991, 113, 196; (¢) S. C. Zimmcrman and
W. Wu, J. Am. Chem. Soc., 1989, 111, 8054; (f) S. C. Zimmerman and
C. M. Van Zyl, J. Am. Chem. Soc., 1987, 109, 7894; (g) J. F. Blake and
W. L. Jorgensen, J. Am. Chem. Soc., 1990, 112, 7269.

35 (a) U. Maitra and L. J. D’Souza, J. Chem. Soc., Chem. Commun., 1994,
2793; (b) V. K. Potluri and U. Maitra, J. Org. Chem., 2000, 65, 7764.

36 (a)J. L. Sessler and J. Jayawickramarajah, Chem. Commun., 2005, 1939;
(b) S. Sivakova and S. J. Rowan, Chem. Soc. Rev., 2005, 34, 9.

37 A. Streitwieser, Introduction to Organic Chemistry, ed. A. Streitwieser,
C. H. Heathcock and E. M. Kosower, Macmillan Publishing Company,
New York, 4th edn, 1992, p. 1137.

38 J. D. Engel and P. H. von Hippel, Biochemistry, 1974, 13, 4143.

39 B. Askew, P. Ballister, C. Buhr, K. S. Jeong, S. Jones, K. Parris, K.
Williams and J. Rebek, Jr., J. Am. Chem. Soc., 1989, 111, 1082.

40 J. Sartorius and H.-J. Schneider, Chem.—Eur. J., 1996, 2, 1446.

41 P. Rao and U. Maitra, Supramol. Chem., 1998, 9, 325.

42 P. Chattopadhyay and P. S. Pandey, Bioorg. Med. Chem. Lett., 2007,
17, 1553.

43 (a) D. A. Tomalia, A. M. Naylor and W. A. Goddard, III, Angew. Chem.,
Int. Ed. Engl., 1990, 29, 138; (b) G. R. Newkome, C. N. Moorefield and
F. Vogtle, Dendritic Molecules: Concepts, Syntheses, Perspectives, VCH,
Weinheim, 1996; (¢) J. M. J. Fréchet and D. A. Tomalia, Dendrimers and
Other Dendritic Polymers, John Wiley & Sons Ltd., Chichester, 2001.

44 (a) F. Zeng and S. C. Zimmerman, Chem. Rev.,1997,97, 1681; (b) O. A.
Matthews, A. N. Shipway and J. F. Stoddart, Prog. Polym. Sci., 1998,
23, 1; (¢) D. K. Smith and F. Diedriech, Chem.—Eur. J., 1998, 4, 1353;
(d) M. Fischer and F. Vogtle, Angew. Chem., Int. Ed., 1999, 38, 884;
(e) A. Adronov and J. M. J. Fréchet, Chem. Commun., 2000, 1701;
(f) S. E. Stiriba, H. Frey and R. Haag, Angew. Chem., Int. Ed., 2002,
41, 1329; (g) C. Liang and J. M. J. Fréchet, Prog. Polym. Sci., 2005, 30,
385.

45 E. Buhleier, W. Wehner and F. Vogtle, Synthesis, 1978, 155.

46 (a) R. Balasubramanian, P. Rao and U. Maitra, Chem. Commun., 1999,
2353; (b) R. Balasubramanian and U. Maitra, J. Org. Chem., 2001, 66,
3035.

47 J. Ropponen, J. Tamminen, M. Lahtinen, J. Linnanto, K. Rissanen and
E. Kolehmainen, Eur. J. Org. Chem., 2005, 73.

48 N. Vijayalakshmi and U. Maitra, J. Org. Chem., 2006, 71, 768.

49 (a) G. R. Newkome, C. N. Moorefield, G. R. Baker, M. J. Saunders and
S. H. Grossman, Angew. Chem., Int. Ed. Engl., 1991, 30, 1178; (b) Y. H.
Kim and O. W. Webster, J. Am. Chem. Soc., 1990, 112, 4592.

50 (a) V. Janout, M. Lanier and S. L. Regen, J. Am. Chem. Soc., 1996,
118, 1573; (b) V. Janout, M. Lanier and S. L. Regen, J. Am. Chem.
Soc., 1997, 119, 640; (¢) V. Janout, L.-H. Zhang, 1. V. Staina, C. D.
Giorgio and S. L. Regen, J. Am. Chem. Soc., 2001, 123, 5401; (d) V.
Janout, C. D. Giorgio and S. L. Regen, J. Am. Chem. Soc., 2000, 122,
2671.

668 | Org. Biomol. Chem., 2008, 6, 657-669

This journal is © The Royal Society of Chemistry 2008





51 (a) Y. Kobuke and T. Nagatani, J. Org. Chem., 2001, 66, 5094; () Y.
Kobuke and T. Nagatani, Chem. Lett., 2000, 298; (¢) N. Yoshino, A.
Satake and Y. Kobuke, Angew. Chem., Int. Ed., 2001, 40, 457.

52 S. Ghosh and U. Maitra, Org. Lett., 2006, 8, 399.

53 (a) A. 1. Cooper, J. D. Londono, G. Wignall, J. B. McClain, E. T.
Samulski, J. S. Lin, A. Dobrynin, M. Rubinstein, A. L. C. Burke, J. M. J.
Fréchet and J. M. DeSimone, Nature, 1997, 389, 368; (b)) M. W. P. L.
Baars, P. E. Froehling and E. W. Meijer, Chem. Commun., 1997, 1959;
(¢) M. Kramer, J.-F. Stumbe, H. Turk, S. Krause, A. Komp, L. Delineau,
S. Prokhorova, H. Kautz and R. Haag, Angew. Chem., Int. Ed., 2002,
41, 4252; (d) G. M. Dykes, L. J. Brierley, D. K. Smith, P. T. McGrail and
G. J. Seeley, Chem.—Eur. J., 2001, 7, 4730; (e) A. Sunder, M. Kramer, R.
Hanselmann, R. Mulhaupt and H. Frey, Angew. Chem., Int. Ed., 1999,
38, 3552.

54 (a) X. Hu, A. Damjanovic, T. Ritz and K. Schulten, Proc. Natl. Acad.
Sci. U. S. 4., 1998, 95, 5935; (b) D. L. Nelson and M. M Cox, Principles
of Biochemistry, Worth Publishers, New York, 2005, p. 723.

55 (a) D. Ng and J. E. Guillet, Macromolecules, 1982, 15, 728; (b) S. E.
Webber, Chem. Rev., 1990, 90, 1469; (¢) D. Gust, T. A. Moore and
A. L. Moore, Acc. Chem. Res., 1993, 26, 198; (d) D. M. Watkins and
M. A. Fox, J. Am. Chem. Soc., 1994, 116, 6441; (¢) A. Adronov, D. R.
Robello and J. M. J. Fréchet, J. Polym. Sci., Part A: Polym. Chem.,
2001, 39, 1366; (f) S. Campagna, S. Serroni, F. Puntoreiro, F. Loiseau,
L. De Cola, C. L. Kleverlaan, J. Becher, A. P. Sgrensen, P. Hascoat and
N. Thorup, Chem.—Eur. J., 2002, 8, 4461; (g) P. A. Lidell, G. Kodis, J.
Andreasson, L. de la Garza, S. Bandyopadhyay, R. H. Mitchell, T. A.
Moore, A. L. Moore and D. Gust, J. Am. Chem. Soc., 2004, 126, 4803.

56 (a) Z. Xuand J. S. Moore, Angew. Chem., Int. Ed. Engl., 1993, 32, 1354;
(b) C. Devadoss, P. Bharathi and J. S. Moore, J. Am. Chem. Soc., 1996,
118, 9635; (¢) D. L. Jiang and T. Aida, J. Am. Chem. Soc., 1998, 120,
10895; (d) S. L. Gilat, A. Adronov and J. M. J. Fréchet, Angew. Chem.,
Int. Ed., 1999, 38, 1422; (¢) A. Adronov, S. L. Gilat, J. M. J. Fréchet, K.
Ohta, F. V. R. Neuwahl and G. R. Fleming, J. Am. Chem. Soc., 2000,
122, 1175.

57 (a) N. Vijayalakshmi and U. Maitra, Org. Lett., 2005, 7, 2727; (b) N.
Vijayalakshmi and U. Maitra, Macromolecules, 2006, 39, 7931.

58 (@) N. M. Sangeetha and U. Maitra, Chem. Soc. Rev., 2005, 34, 821,
(b) P. Terech and R. G. Weiss, Chem. Rev., 1997,97,3133; (¢) M. George
and R. G. Weiss, Acc. Chem. Res., 2006, 39, 489; (d) Molecular Gels:
Materials with Self-Assembled Fibrillar Networks, ed. R. G. Weiss and
P. Terech, Springer, Netherlands, 2006.

59 (a) A. D’Aléo, J.-L. Pozzo, F. Fages, M. Schmutz, G. M. Gundert, F.
Vogtle, V. Caplar and M. Zinic, Chem. Commun., 2004, 190; (b) F. M.
Menger, Y. Yamasaki, K. K. Catlin and T. Nishimi, Angew. Chem., Int.
Ed. Engl., 1995, 34, 585; (¢) H. T. Stock, N. J. Turner and R. McCague,
J. Chem. Soc., Chem. Commun., 1995, 2063; (d) K. Hanabusa, Y.
Matsumoto, T. Miki, T. Koyama and H. Shirai, J. 160 Chem. Soc.,
Chem. Commun., 1994, 1401; (e) C. Geiger, M. Stanescu, L. Chen and
D. G. Whitten, Langmuir, 1999, 15, 2241.

60 (a) R. Mukkamala and R. G. Weiss, J. Chem. Soc., Chem. Commun.,

1995, 375; (b) Y.-C. Lin, B. Kachar and R. G. Weiss, J. Am. Chem. Soc.,

1989, 111, 5542; (¢) Y.-c. Lin and R. G. Weiss, Macromolecules, 1987,

20, 414; (d) K. Murata, M. Aoki, T. Susuki, T. Harada, H. Kawabata,

T. Komori, F. Ohseto, K. Ueda and S. Shinkai, J. Am. Chem. Soc.,

1994, 116, 6664.

(a) U. Maitra, P. V. Kumar, N. Chandra, L. J. D’Souza, M. D. Prasanna

and A. R. Raju, Chem. Commun., 1999, 595; (b) P. Babu, N. M.

Sangeetha, P. Vijaykumar, U. Maitra, K. Rissanen and A. R. Raju,

Chem.—Eur. J., 2003, 9, 1922.

62 (a) K. Y. Lee and D. J. Moony, Chem. Rev., 2001, 101, 1869; (b) T.
Miyata, T. Uragami and K. Nakamae, Adv. Drug Delivery Rev., 2002,
54, 79; (¢) S. Kiyonaka, K. Sada, I. Yoshimura, S. Shinkai, N. Kato
and I. Hamachi, Nat. Mater., 2004, 3, 58.

63 J. C. Tiller, Angew. Chem., Int. Ed., 2003, 42, 3072.

64 (a) S. B. Schryver, R. Soc., Proc. B, 1914, 87, 366; (b) S. B. Schryver,
R. Soc., Proc. B, 1916, 89, 176; (¢) S. B. Schryver, R. Soc., Proc. B, 1916,
89, 361; (d) H. Sobotka and N. Czeczowiczka, J. Colloid Sci., 1958, 13,
188.

65 (a) U. Maitra, S. Mukhopadhyay, A. Sarkar, P. Rao and S. S. Indi,
Angew. Chem., Int. Ed., 2001, 40, 2281; (b) S. Mukhopadhyay, Ira, G.
Krishnamoorthy and U. Maitra, J. Phys. Chem. B, 2003, 107, 2189;
(¢) S. Mukhopadhyay, U. Maitra Ira, G. Krishnamoorthy, J. Schmidt
and Y. Talmon, J. Am. Chem. Soc., 2004, 126, 15905.

6

—

66 (a) T. H. Nguyen, J. Protiva, E. Klinotova, J. Urban and M. Protiva,
Collect. Czech. Chem. Commun., 1997, 62, 471; (b) F. Bernheim and
L. Lack, Can. J Microbiol., 1971, 17, 323; (¢) A. M. Bellini, M. P.
Quaglio, M. Guarneri and G. Cavazini, Eur. J. Med. Chem., 1983, 18,
185; (d) R. Fears, R. Brown, H. Ferres, F. Grenier and A. W. Tyrrell,
Biochem. Pharmacol., 1990, 40, 2029; (e) A. Firpi, J. T. Walker and L.
Lack, J. Lipid Res., 1975, 16, 379.

67 (a) N. M. Sangeetha, R. Balasubramanian, U. Maitra, S. Ghosh and
A. R. Raju, Langmuir, 2002, 18, 7154; (b) N. M. Sangeetha, S. Bhat,
A. R. Choudhury, U. Maitra and P. Terech, J. Phys. Chem. B, 2004,
108, 16056; (c) P. Terech, N. M. Sangeetha, B. Demé and U. Maitra,
J. Phys. Chem. B, 2005, 109, 12270; (d) P. Terech, N. M. Sangeetha
and U. Maitra, J. Phys. Chem. B, 2006, 110, 15224; (e) S. Bhat and U.
Maitra, Tetrahedron, 2007, 63, 7309.

68 (@) P. Babu and U. Maitra, Steroids, 2005, 70, 681; (b) P. Babu, D.
Chopra, T. N. Guru, Row and U. Maitra, Org. Biomol. Chem., 2005, 3,
3695.

69 (a) G. R. Patzke, F. Krumeich and R. Nesper, Angew. Chem., Int. Ed.,
2002, 41, 2446 and references therein; () C. N. R. Rao and A. K.
Cheethan, J. Mater. Chem., 2001, 11, 2887.

70 M. Nakamura and Y. Matsui, J. Am. Chem. Soc., 1995, 117, 2651.

71 (a) T. Kasuga, M. Hiramatsu, A. Hason, T. Sekino and K. Niihara,
Langmuir, 1998, 14, 3160; (b) B. B. Lakshmi, C. J. Patrissi and C. R.
Martin, Chem. Mater., 1997, 9, 2544.

72 K. Hanabusa, K. Hiratsuka, M. Kimura and H. Shirai, Chem. Mater.,
1999, 11, 649.

73 S. Kobayashi, K. Hanabusa, M. Suzuki, M. Kimura and H. Shirai,
Chem. Lett., 1999, 1077.

74 Y. Ono, K. Nakashima, M. Sano, Y. Kanekiyo, K. Inoue, J. Hojo and
S. Shinkai, Chem. Commun., 1998, 1477.

75 Y. Ono, K. Nakashima, M. Sano, J. Hojo and S. Shinkai, Chem. Lett.,
1999, 1119.

76 (a)J. H. Jung, Y. Ono and S. Shinkai, Langmuir, 2000, 16, 1643; (b) J. H.
Jung, Y. Ono and S. Shinkai, J. Chem. Soc., Perkin Trans. 2, 1999, 1289;
(¢) Y. Ono, Y. Kanekiyo, K. Inoue, J. Hojo and S. Shinkai, Chem. Lett.,
1999, 23; (d) J. H. Jung, Y. Ono and S. Shinkai, Angew. Chem., Int. Ed.,
2000, 39, 1862; (e) J. H. Jung, H. Kobayashi, M. Masuda, T. Shimizu
and S. Shinkai, J. Am. Chem. Soc., 2001, 123, 8785.

77 (a) G. Gundiah, S. Mukhopadhyay, U. G. Tumkur, A. Govindraj, U.
Maitra and C. N. R. Rao, J Mater. Chem., 2003, 13, 2118; (b) K. P.
Kalyanikutty, M. Nikhila, U. Maitra and C. N. R. Rao, Chem. Phys.
Lett., 2006, 432, 190.

78 (a) R. P. Andres, T. Bein, M. Dorogi, S. Feng, J. I. Henderson, C. P.
Kubiak, W. Mahoney, R. G. Osifchin and R. Reifenberger, Science,
1996, 272, 1323; (b) S. Sun, C. B. Murray, D. Weller, L. Folks and A.
Moser, Science, 2000, 287, 1989; (¢) R. G. Freeman, K. C. Grabar, K. J.
Allison, R. M. Bright, J. A. Davis, A. P. Guthrie, M. B. Hommer, M. A.
Jackson, P. C. Smith, D. G. Walter and M. J. Natan, Science, 1995, 267,
1629.

79 C. N. R. Rao, G. U. Kulkarni, P. J. Thomas and P. P. Edwards, Chem.
Soc. Rev., 2000, 29, 27.

80 M. Brust, M. Walker, D. Bethel, D. J. Schiffrin and R. J. Whyman,
J. Chem. Soc., Chem. Commun., 1994, 801.

81 M.-C. Daniel and D. Astruc, Chem. Rev., 2004, 104, 293.

82 S. Bhat and U. Maitra, Chem. Mater., 2006, 18, 4224.

83 (a) G. A. D. Haslewood, Biol. Rev., 1964, 39, 537, (b) G. A. D.
Haslewood, The Biological Importance of Bile Salts, North-Holland
Publishing Co., Amsterdam, 1978; (¢) A. F. Hofmann, C. D. Schteingart
and L. R. Hagey, in Bile Acids and Liver Diseases (International Falk
Workshop), ed. G. Paumgartner and U. Beuers, Kluwer Academic
Publishers, Boston, 1995, p. 3.

84 L. R. Hagey, C. D. Schteingart, H.-T. Ton-Nu and A. F. Hofmann,
J. Lipid Res., 2002, 43, 685.

85 T. lida, M. Hikosaka, G. Kakiyama, K. Shirashi, C. D. Schteingart,
L. R. Hagey, H.-T. Ton-Nu, A. F. Hofmann, N. Mano, J. Goto and T.
Nambara, Chem. Pharm. Bull., 2002, 50, 1327.

86 S. Mukhopadhyay and U. Maitra, Org. Lett., 2004, 6, 31.

87 (@) G. A. D. Haslewood and V. Wootton, Biochem. J., 1951, 49, 67,
(b) G. A. D. Haslewood and V. Wootton, Biochem. J., 1950, 47, 584;
(¢) M. Kuroda and H. Arata, J. Biol. Chem., 1951, 29, 225.

88 S. Bergstrom, H. Danielsson and T. Kazuno, J. Biol. Chem., 1960, 235,
983.

89 Nonappa and U. Maitra, Eur. J. Org. Chem., 2007, 3331.

This journal is © The Royal Society of Chemistry 2008

Org. Biomol. Chem., 2008, 6, 657-669 | 669






PAPER

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

An investigation by means of correlation analysis into the mechanisms of
oxidation of aryl methyl sulfides and sulfoxides by dimethyldioxirane in

various solvents+

Peter Hanson,* Ramon A. A. J. Hendrickx} and John R. Lindsay Smith*

Received 24th September 2007, Accepted 5th December 2007

First published as an Advance Article on the web 11th January 2008

DOI: 10.1039/b714707d

Relative rate constants have been measured for the oxidation of aryl methyl sulfides and sulfoxides by
dimethyldioxirane in acetone, in mixtures of acetone with aprotic co-solvents of both higher and lower
relative permittivity, and in aqueous acetone mixtures. Correlation analyses of the effects of
substituents in the different solvents show that, with one exception, reactions take place via a single step
mechanism in which the formation of the new SO bond and the elimination of acetone occur
concertedly. The exception was oxidation of the sulfides in aqueous acetone containing the highest
proportion of water of those studied (20% v/v). Here, the behaviour of the reaction is consistent with a
two-step mechanism in which the oxidant reversibly attacks the sulfide to form an open-chain
sulfonium betaine that subsequently fragments to sulfoxide and acetone. There is no evidence for the
participation of an intermediate dioxathietane as has been found in the case of sulfide oxidations by
(trifluoromethyl)methyldioxirane in CH,Cl, and similar aprotic solvents. It is not justified to generalise

a mechanism involving a betaine, with or without a derived dioxathietane, to the reactions of

dimethyldioxirane in acetone.

Introduction

Numerous oxidations of organosulfur compounds by hydroper-
oxidic reagents have been studied over the past five decades.'™
The early expectation was that the oxidation of sulfides would
involve the formation of a sulfonium intermediate by Sy2 dis-
placement of nucleophilic S upon the peroxo bond (Scheme 1a);!
however, inconsistencies with this assumption became apparent.
For example, reaction rates are strongly dependent neither on the
relative permittivity of the solvent® nor on the ionic strength® as
would be expected for a reaction involving a large separation of
charge; on the other hand, reaction rates are strongly dependent
on the protic nature of the solvent* and, if an aprotic solvent
is used, the order of reaction in the hydroperoxide may increase

a R~ Ry, : Ri, _
8 0-Q —= S—OH + X—0 — §-0 + X—OH
\ / /
R2 X Rz Rz
A *
A, A
b R4 H\\()'\H R4 ,;\L'-!\"s_,!-' Ry, _ H
ol —— | 0% | ——~  's-0 + x—oH
\ 7 \ /
Rz X Rz X Rz

R4, Ry alkyl or aryl
X as in Table 1

Scheme 1
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from one to two.® These observations were explained in terms of
a cyclic transition state with the participation of a protic solvent
molecule allowing proton transfer without the separation of full
ionic charges (Scheme 1b); in the absence of a protic solvent,
a second molecule of the hydroperoxide may fulfil this role.?
Entries 1-8 of Table 1 illustrate typical activation parameters for
oxidation of sulfides to sulfoxides, i.e. low AH* and relatively large
negative AS* values. The oxidation of sulfoxides to sulfones is
generally more difficult, and entries 9—11 of Table 1 indicate that
changes in both activation parameters contribute to a higher free
energy of activation for these substrates.

Table 2 gives Hammett reaction constants, p, for a selection of
oxidations of sulfides and sulfoxides by hydroperoxidic oxidants.
The small negative p values found for both types of substrate
are consistent with a modest demand for electron density from
sulfur in the rate-determining transition states. In general, the p
values found for sulfoxides are smaller than those found for sulfides
(note especially entries 5 and 6 where the oxidant and reaction
medium are the same), which indicates that these oxidations fail
to follow the reactivity—selectivity principle: oxidations of the more
reactive sulfides are more selective than those of the less reactive
sulfoxides. Thus although both oxidations result in the formation
of a new S-O bond and their general mechanisms are believed to
be comparable, there must be subtler differences between the two
types of transition state than a simple application of the Hammond
postulate would suggest.

Dimethyldioxirane, 1, is a three-membered cyclic peroxide
which has been used for the oxidation of various substrates
including sulfides and sulfoxides.'*' The mechanistic evidence
indicates that, in general, the oxidant is electrophilic. For example,
in the epoxidation of alkenes, 1-(phenyl)propene' is 10° times
more reactive than ethyl trans-3-(phenyl)propenoate'” and, for the
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Table 1 Activation parameters for the oxidation of selected sulfides, R;SR,, and sulfoxides, R,;S(O)R,, by hydroperoxidic reagents, XOOH

Entry R, R, X Solvent AH*!/kJ mol™! AS*/J mol™!' K~! Ref.
Sulfides
1 (CH,),~O—(CH,), H H,O0 54.6 —113.4 3
2 (CH,),-O—(CH.), H MeOH 60.9 ~121.8 3
3 (CH,),-O—(CH.), t-Bu H,0 56.7 —113.4 3
4 (CH,),~O—(CH,), t-Bu MeOH 57.5 —142.8 3
5 4-O,N-Ph 4-O,N-Ph PhC(O) CHCl, 35.7 —121.8 2
6 Ph HO,CCH, MeC(O) MeCO,H 43.5 -96.2 6
7 Ph Me P(O)(OH), MeCN, 40% v/v H,O 47.3 —123.0 7
8 Ph Me S(0),0H H,0, 0.5% v/v MeCN 17.4 —124.0 8
Sulfoxides
9 Ph Me PhC(O) H,0 58.2 787 9
10 Ph HO,CCH, MeC(O) MeCO,H 59.0 —105.0 6
11 Ph Me P(O)(OH), MeCO,H, 50% v/v H,O 56.3 —89.3 10
Table 2 Hammett reaction constants, p, for reactions of organosulfur compounds with hydroperoxidic oxidants
Entry Substrate Oxidant Solvent p Ref.
1 ArSMe H,0,/HCIO, EtOH (6% v/v H,0) —1.13 11
2 ArSPh H,0,/HCIO, EtOH (6% v/v H,0) —0.98 11
3 ArSMe 3-Cl-PhCO;H MeOH —-0.90 12
4 ArSMe H;PO; MeCN (40% v/v H,0) —1.09 7
5 ArSCH,CO,H MeCO;H MeCO,H —1.07 6
6 ArS(O)CH,CO,H MeCO;H MeCO,H —0.49 6
7 ArS(O)Me PhCO;H Dioxan (50% v/v H,0) —0.64 13
8 ArS(O)Ph PhCO;H Dioxan (50% v/v H,0) —0.54 13
substituted series ArCH=CH,' and trans-ArCH=CHCO,Et" Me Me r e e T
reacting in Me.ZCO, negative rc.:action constants, p, of —0.90 and a Ry ~ P R, 5 ;/\‘ . Ry, O Me
—1.53, respectively, were obtained. Although sulfides have been RZS' 0-0 R4S'"O' © TR : O:<M
reported by Ballistreri and co-workers' to be ca. 30 times more ! | ©
reactive than sulfoxides, similar p values were reported for the Me Me r Me Me T
oxidation of ArSMe and ArS(O)Me by Murray and co-wc‘)rkers19 Ry O K. 5 R1’;:Z(»)d?-o N R%éo o =<Me
(—=0.77 and —0.76, respectively, in Me,CO); thus, unlike the Ry~ 1_ RS N0 e
alkenes and, as was the case with the hydroperoxidic oxidants, the L J
organosulfur compounds do not follow the reactivity—selectivity
principle on reaction with 1. The relative reactivity of sulfides Me CFs _ CFs
. . . . . . . " ( O_ CFy o Me
and sulfoxides in reaction with 1, the size and sign of their b Ry~ /< Ky R, >‘\M Ky Ri]
. L . s —0 > SE e — S
reaction constants and the similarity of these with those of Rgs' o2 Rgs ° PR RZS 0
hydroperoxidic oxidants (Table 2) imply the oxidative sequence 2 3 4
sulfide — sulfoxide — sulfone has mechanisms in which O-transfer ks |-MeCOCF, 2 ( ks, -2MeCOCF,
is concerted with elimination of Me,CO in both steps (Scheme 2a). ~ 2 o
Recently, Asensio and co-workers® found that (trifluo- Ri, Ry are alkyl and/or aryl R}Sﬁ/o e Jé{o_
romethyl)methyldioxirane, 2, a more electrophilic oxidant than R Re ©
1 on account of the fluorination, oxidises a range of sulfides Scheme 2

directly to sulfones even in the presence of an excess of sulfide.
A mechanism was proposed (Scheme 2b) in which the sulfide
reacts with 2 to form a sulfonium betaine, 3, that rapidly cyclises
to a dioxathietane (cyclic sulfurane) 4, faster than it eliminates
MeCOCEF; (i.e. k, > k;); 4 then reacts with 2 faster than does
the initial sulfide (ie k; > k) to produce sulfone plus two
molecules of MeCOCF;. The conclusions regarding the nature
and behaviour of 4 were based on an investigation of the effects of
variation in substitution, solvent composition and temperature on
the sulfone/sulfoxide ratio, supported by convincing isotopic CH
and "®O) tracer studies. It was concluded that, although sulfoxide-
to-sulfone oxidation is a known reaction of 2 (reaction 5, ks in
Scheme 2b), for which Ballistreri e al.*® had obtained p = —0.34

in CHCI,, it is unimportant in comparison to the oxidation of 4
in the conversion of sulfides into sulfones, though no detail of the
latter was given.

It was further suggested that oxidation of sulfides by 1 also
follows a path analogous to Scheme 2b but with reactions 3 and
5 now superseding reactions 2 and 4. This suggestion implies a
change in the nature of the rate- determining step (reaction 1, k,
in Scheme 2b) from that illustrated in Scheme 2a: it implies that
the oxidation of sulfides by 1 involves the formation of an entity
with a full sulfonium charge (the betaine) despite the low reaction
constant found by Murray® and the similarity with oxidation by
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hydroperoxides where low p values are taken to indicate transition
states in which only partial charge separation occurs.

The purpose of this paper is to report a fuller investigation than
hitherto into the effects of substituents on the oxidation of aryl
methyl sulfides and sulfoxides by 1, and into the dependence of
such effects on the nature of the reaction medium, with a view
to clarifying the reaction mechanism and to understanding the
differences between the behaviour of sulfides and sulfoxides.

Results and discussion
(i) Oxidations in acetone solution

The previous investigation by Murray and co-workers,” into
the effects of ring-substituents on the oxidations of aryl methyl
sulfides and sulfoxides by 1 in acetone, had involved only a few
4-substituted substrates. We therefore decided first to extend these
series and to include 3-substituted members. Oxidations were
carried out at 293 K in which (with two exceptions) the substituted
aryl methyl sulfides and sulfoxides, in turn, were in competition
with the corresponding unsubstituted parent compound for a
limited amount of 1. (The exceptions were, in each series, the
slowly reacting 4-nitrophenyl compound, which was made to
compete against the corresponding 4-cyano analogue). On the
assumption that the kinetics have a first-order dependence on
each reactant, in each experiment a 15-20-fold excess of both
competing substrates over the oxidant was used, hence ensuring
pseudo-first-order conditions for the oxidant with respect to each.
For each series the yields of reaction products at completion of
reaction were quantified by GC (See Experimental). Here our
method differed from that of Murray and co-workers,"” who had
measured substrate depletions of up to 25%. Given the much
smaller depletion of substrates in our case (5-7%), we felt safe
in the assumption that the molar ratio of the products at the end
of reaction approximates the ratio of the rates at which they were
produced and hence, when the initial molar ratio of the competing
substrates, r,, was taken into account, the relative rate constant,
kx/ky [eqn (1)]:

[Product(X)]  —d[Substrate(X)] /—d[Substrate(H)]
[Product(H)] — dr dt

_ kx[Substrate(X)],[1]

" ku[Substrate(H)],[1]

= M)

The combined yields of products corresponded closely (95—
98%) to the amount of oxidant consumed, showing that side-
reactions such as self-degradation of the oxidant®® were not
significant. Product analysis also showed that, in the case of sulfide
oxidation, no sulfone was produced. Table 3 presents the relative
rate constants determined and Table 4 a correlation analysis of
the dependence of the logarithms of these constants upon various
substituent constants. Simple correlations of log(kx/ky) by single
substituent constants (g, g, 77)* (ay,)* are given together with
dual parameter correlations which use the constants o, and oy of
Taft and co-workers.* There are 4 scales of oy falling in the order
og — oy — o — o} for decreasing —M character and increasing
+M character (see ESI, Section S11). We report results only for

Table 3 Relative rate constants for the oxidation of aryl methyl sulfides
and sulfoxides by dimethyldioxirane in acetone at 293 K

Aryl substituent, X (kex/ kw)suiide (kex / eyt )surroiae

4-OMe 1.581 £ 0.091 1.475 £ 0.144
4-Me 1.262 % 0.069 1.317 &+ 0.067
4-Cl 0.659 % 0.068 0.701 £ 0.072
4-C(O)Me 0.385 +0.036 0.384 £ 0.036
4-CN 0.322+0.018 0.297 4+ 0.034
4-NO, 0.243 £ 0.026* 0.215+£0.019°
H 1.000 £ 0.000 1.000 £ 0.000
3-OMe 0.811 % 0.087 0.679 4 0.082
3-Cl 0.574 £ 0.071 0.502 £ 0.058
3-CF; 0.496 & 0.035 0.383 4 0.050
3-CN 0.371 £ 0.018 0.333 +£0.022
3-NO, 0.282 4 0.032 0.300 £ 0.038

“Uncertainties are the 95% confidence intervals. > Measured as

(k4»NOZ/k4-('N) X (Kson/ky).

the oy, scale, giving the best fit of the data as judged by the various
statistics tabulated.

Entry 1 of Table 4 presents details of the Hammett correlation
for the oxidation of the full data set of 3-and 4-substituted sulfides.
The squared correlation coefficient, R?, indicates that 99.4% of the
variation in log(kx /ky)suse 18 €xplained by the simple linear model;
the correlation is highly significant as indicated by the high value
of F and the low value of F ., and precise as indicated by the low
standard error of the estimate, s; the fit of the model to the data as
expressed by Exner’s statistic,” , is ‘good’. Most importantly,
the reaction constant, p, is very close to that of Murray and
co-workers,?¢ confirming their result. Entries 2 and 3 are the
Hammett correlations of the separate para (4-substituted) and
meta (3-substituted) subsets of experimental data. As with the full
set, the intercepts are insignificant. Comparison of the respective
values of s and w for the subsets shows that the data of the para
subset are less scattered than those of the mera subset although
their reaction constants, p, do not differ significantly.

Entries 4 and 5 present dual parameter correlations of
log(kx / ki )susa. fOr the separate subsets. The use of two explanatory
variables does not lead to a statistically improved account of
the data in either case but, interestingly, neither shows its best
correlation to involve oy with of*, which is expected since these
constants, in principle, represent the separate inductive and
mesomeric ‘components’ of the Hammett substituent constants.*
For the para subset (entry 4), the best dual parameter correlation
is given by oy with o}, with both variables statistically significant
at the 0.01 level. If this observation has chemical significance,
it suggests that, in the observed reactivity, the sulfur centre is
insulated from the direct mesomeric effects of substituents.”’
However, the observation could be due to experimental error, as
OMe is the only substituent of those in the subset for which the
value differs between the ¢2* and % scales.® If k,on./ky were
to be 1.65 rather than 1.58, i.e. still within the 95% confidence
interval (see Table 3), the best correlation would involve o; with
os*. For the meta subset (entry 5), the best correlation is given by
o; with oy, with significance levels of 0.01 and 0.03, respectively.
The deterioration in statistical quality between entries 3 and 5, as
judged by the values of and s and y, is not very marked and, of
the five substituents in the subset, only Cl has the same value in
both the o; and op* scales; it therefore seems unlikely that this
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1.06 x 1073

71.86

0.947

6

g1

R*(n — m)/[(1 — R*)(m — 1)] where (m — 1) is the no. of explanatory variables. “ The smaller the

“No. of data points (includes the unsubstituted compounds). * R is the correlation coefficient. ¢ F

[n(1 — R®)/(n — m)]"*; w < 0.02, very good; 0.02 < w < 0.1, good; 0.1 < y < 0.2, fair; 0.2 <

w < 0.5, poor (cf. ref. 25). € The uncertainties on the intercepts and regression coefficients are the 95% confidence intervals. # f; and Sy are regression coefficients from standardised regressions (see text).

)

value of Fjg,; the greater is the significance level of the regression. ¢ Standard error of the estimate. / i

pr/pi; 2s = Pr/ i The uncertainties on the / ratios are standard errors.

observation is accidental. As the 3-substituents cannot conjugate
directly with the sulfur centre, the observation implies their —M
effects augment the polarisation of the aromatic n-system induced
by their inductive effects (see Sa—d), giving an accumulation of
positive charge adjacent to the S-bearing ring C-atom, which will
inhibit the development of similar charge on sulfur in the transition
state for oxidation.

Me
7

S

/Me /Me /Me
S S S
i X i X i SX X
5a 5b 5¢ 5d

The relative importance of the different electronic effects in the
overall substituent effect may be assessed from the ratio, 4, of
the individual regression coefficients: 1 = pr/p; (see Table 4). For
the para subset the mesomeric effect apparently predominates,
whereas for the meta subset the inductive effect is the more
important, as expected. However, since the g, and various oy scales
have different ranges, the value of A may be somewhat misleading
as a measure of relative electronic effects. This difficulty can be
reduced by the standardisation of all variables by unit normal
scaling, which eliminates the intercept ¢ and gives the scale of
each variable a mean value of zero and a standard deviation and
variance of 1.2 Thus E, = (i + (g fr Where Ej, is the standardised
experimental observable, log(kx/ky), (; is the standardised o, scale,
{r 1is the appropriate standardised oy scale and f5; and S are
the corresponding regression coefficients. In Table 4 we compare
the standardised inductive and mesomeric contributions as Ay
(i.e. fr/ ). It is seen that by this assessment, for the para subset,
the I and M effects contribute about equally to the combined
substituent effect whereas for the meta subset, the I effect is twice
as important as the M effect.

Entry 6 of Table 4 presents details of the Hammett correlation
for the oxidation of the full data set of 3-and 4-substituted
sulfoxides; as for the sulfides, the value of p obtained fully
confirms that reported by Murray and co-workers.' Entries 7 and
8 (Hammett correlations of the separate para and meta subsets)
show that, as with the sulfides, the meta subset of sulfoxides gives
results which are more scattered than those of the para subset. The
Hammett correlation for the meta subset (entry 8) is ‘poor’ by the
criterion of Exner’s statistic, ;% it is marginally improved by use
of ¢° (entry 9) in place of g,, but, nevertheless, remains ‘poor’. The
reaction constants for the separate subsets show greater variation
than those of the sulfides, probably as a result of the greater scatter
in the meta subset. The greater scatter in both meta subsets in
comparison to their respective para counterparts is most likely to
be due to experimental error. The range of (kx/ky g 10 the meta
subset is half that in the para subset, and the range of (kx/ky)sutoxide
in the meta subset is less than one third of that in the para subset
but the uncertainty intervals on all the values average ca. +0.05
(Table 3). The uncertainty, being a greater proportion of the range
for the meta subsets, produces their greater scatter.

The best dual parameter correlation of log(kx/ky)suexice fOT the
para subset is given by ¢; with g, with both variables significant
at the 0.01 level (entry 10); in terms of s and w, this correlation is
only marginally poorer than that with ¢, (entry 7). The mesomeric
effects of the 4-substituents play a greater role relative to their
inductive effects for the sulfoxides (4, = 1.32) than for the sulfides
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(Aq = 1.09). The reason for this probably arises from the partial
positive charge on the S-atom in the sulfoxides. Such charge will
counter the m-polarisation of the aromatic sextet induced by the
substituents (I, effect) thus relatively enhancing their mesomeric
effects. The application of a dual parameter correlation to the meta
subset of sulfoxides fails: no oy scale is significant at a level <0.1
and correlation by a; alone is poor.

Although subdivision of the data sets for both series of
oxidations and of the explanatory variables used to express them
allows possible differences between the subsets to be articulated,
the fact remains that the best overall account of the reactivity of
both series is given by the Hammett equation applied to the whole
data set in each case. Hence, if the data for one series are plotted
against those of the other there is a linear correlation (Fig. 1). The
line in Fig. 1 is given by eqn (2):

log(fex / ki suioxise = (1.067 £ 0.084) log(kx /ey )uriae 2)

with n = 12, R* = 0.970, F = 361.6, Fu; = 3.51 x 107, 5 =
0.047 and yw = 0.188. The standard error of the estimate, s, is of
very similar magnitude to the uncertainty in the plotted ordinates
(+0.042 to —0.046) calculated from the average of the 95%
confidence intervals given in Table 3. Since the log(kx/ky) terms
are proportional to the differences in free energy of activation
between the substituted and unsubstituted substrate in both series,
the 1 : 1 correspondence shown by eqn (2) indicates that, in
acetone, the factors whereby the substituents affect the oxidation

0.4-
0.2
0.0

-0.2

Im(kx/kH )su\foxide

-0.4-

-0.64

-0.8 T T T T T T T T T T T 1
-08 -06 -04 -02 00 02 04
logk, /k,

H) sulfide

Fig. 1 Plot of the logarithms of relative rate constants for the oxidation
of aryl methyl sulfoxides by 1 in acetone versus those for the oxidation of
the corresponding sulfides.

of sulfoxides by 1 are identical to those affecting the oxidation of
sulfides, implying the mechanisms are essentially the same.

(ii) Oxidations in acetone with aprotic co-solvents

Table 5 presents relative rate constants measured at 293 K for
oxidations performed in mixtures of acetone with aprotic co-
solvents, namely 60% v/v hexane and 80% v/v DMF. Acetone
was necessarily present as 1 was synthesised and isolated in acetone
solution. The constraint on the extent of dilution by hexane was
the need for a sufficient solubility of more polar substrates such
as methyl 4-nitrophenyl sulfoxide; DMF itself reacts slowly with
1, which limited the use of this co-solvent to oxidations of sulfides
only.

Table 6 details the correlation analysis of the logarithms of the
relative rate constants of the reactions studied. The substrates were
restricted to 4-substituted compounds which had given data with
less scatter than 3-substituted analogues when oxidised in acetone;
however, for the reactions in 60% v/v hexane in acetone, these
included 4-methoxy-3-methylphenyl methyl sulfide and sulfoxide.
In correlation analyses including these compounds, additivity of
substituent constants was assumed for the disubstituted phenyl
group. For the sulfides, a better Hammett correlation, as judged
by the values of s and y, was obtained by inclusion of the point so
parameterised than by exclusion of data for this substrate. Entry 1
reports the inclusive Hammett correlation for which the goodness
of fit, as indicated by y, is ‘good’. The chemically important
result is that the reaction constant, p, obtained in this solvent
is twice as large as that obtained in acetone alone (see later
for discussion of solvent effects on reaction constants). Entry 2
reports the corresponding best dual parameter correlation; this
gives no statistical improvement but the best oy scale is o3* (with
both variables significant at the 0.01 level) whereas for reaction in
acetone alone the best scale was o (cf. Table 4 entry 4). This is
not the consequence of inclusion of the disubstituted substrate, as
the same oy scale remains the best if it is excluded. The balance
of the inductive and mesomeric effects in the mixed solvent (4, =
1.17) is somewhat greater than that in acetone alone (4, = 1.09),
consistent with the change of oy scale to one giving greater weight
to the + M effects of substituents.

Log(kx/ku)sionice 1IN 60% v/v hexane in acetone (entry 3) is
poorly correlated by Hammett’s g,. The use of o, in place of
g, improves the linear model somewhat (entry 4) and also allows
recognition of the point for the 4-Me substituent as a statistical
outlier,” deletion of which gives a much improved correlation

Table 5 Relative rate constants for the oxidation of aryl methyl sulfides and sulfoxides by dimethyldioxirane in acetone with aprotic co-solvents at 293 K

Co-solvent: 60% v/v hexane

Co-solvent: 80% v/v DMF

Aryl substituent, X (kx/ ket Dsursae (Fext/ kew)sutposiae (kex/ kit )sutsiae
4-OMe-3-Me 3.149 £ 0.391 2.373 £ 0.088

4-OMe 2.477 £ 0.289 2.068 £ 0.109 1.444 £ 0.085
4-Me 1.312 £ 0.165 1.765 £ 0.133 1.063 £ 0.072
H 1.000 £ 0.000 1.000 £ 0.000 1.000 £ 0.000
4-Cl1 0.494 £+ 0.048 0.721 £0.072 0.668 £ 0.027
4-CN 0.094 £+ 0.011 0.445 4+ 0.023 0.352 £0.016
4-NO, 0.059 4 0.012° 0.404 4 0.024°

“ Uncertainties are the 95% confidence intervals. > Measured as (kyno,/ks.cn) X (Kson/ky)-
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mixture, solvation cannot stabilise the development of charge on
S as much as in acetone alone, which results in a greater demand
for electron density upon the substituents and consequently in an
enhanced reaction constant. In the more polar solvent mixture,
the fact that the reaction constant remains essentially unchanged
suggests that, for each substituent, the extent of charge separation
has reached an upper limit in acetone and increasing the solvent’s
relative permittivity produces no further increase.

(iii) Oxidations in aqueous acetone

Relative rate constants for the oxidation of aryl methyl sulfides
and sulfoxides by 1 in various aqueous acetone mixtures at 293 K
are given in Table 7 and the corresponding correlation analyses
of their logarithms in Table 8a and b. Entry 1 of Table 8a reports
the Hammett correlation for the oxidation of sulfides in acetone
containing 1% by volume of water and entry 2 the best dual
parameter correlation (oy and o}*) of the same data. Comparison
of the values of s and y between these two entries shows that
the latter entry gives the better account of the data. Analogous
results for oxidations of the same sulfides in 5% v/v aqueous
acetone are given in entries 3 and 4 and, again, a dual parameter
correlation (now o; and ¢%) gives the more precise account of the
data. Comparison of the regression coefficients of entries 1 and 3
with that of entry 2 in Table 4 shows that the Hammett reaction
constant increases considerably with the proportion of water in
the solvent (by 57% for 1% water and by 75% for 5% water).
Similar scrutiny of the regression coefficients of entries 2 and 4
together with those of entry 4 in Table 4 shows that the changes
in the Hammett reaction constant are matched by changes in
both p, and pg. The finding that ¢% is preferred to ¢2* in two
of the three cases might arise as experimental error as suggested
above [see (i)].

The Hammett correlations for the oxidation of sulfoxides in 1%
and 20% aqueous acetone are reported in Table 8a, entries 5 and
7, respectively. Comparison of their reaction constants with that
for oxidation in acetone alone (Table 4 entry 7) shows that the
values are very similar (ppe., = —0.751 £ 0.044), though a small
decrease with increasing proportion of water may be discerned (by
6% for 1% water and by 11% for 20% water). The dual parameter
correlations of the same data sets (entries 6 and 8 in Table 8a)
do not give improved precision, but comparison with entry 10 in
Table 4 shows a consistent preference for the oy, scale for reactions
in neat acetone and aqueous acetone solvents.

Fig. 3 shows the contrasting Hammett plots obtained for the
oxidation of sulfides and sulfoxides in 20% aqueous acetone. The
plot for sulfoxides is normal (¢f. entry 7 in Table 8a) but that for
sulfides is curved; indeed, it is well represented by a quadratic
equation in g, (Table 8b). The coefficients found for this equation
are somewhat sensitive to the small differences between values of
log(kx / ki )susae close to zero. Entry 9 of Table 8b gives the statistical
analysis for the full set of sulfides. If the sole di-substituted
substrate is excluded on grounds of its structural difference, the
decrease in s and w in entry 10 indicates improved precision in the
fit of the residual data; however, the 95% confidence intervals for
the regression coefficients are larger than those in entry 9. If the
datum for the di-substituted substrate is restored and that for the
4-OMe substrate excluded on the grounds that log(kx/ku)supae 15
out of sequence with those adjacent in the g, scale, a significant
improvement is seen: Fg, s and y are all decreased relative
to entry 2, and the 95% confidence intervals on the regression
coefficients are decreased relative to entry 1. Curve 2 in Fig. 3 is
given by eqn 5 (c¢f. entry 11 of Table 8b).

log(kx /k)usae = —(0.566 + 0.123)a, — (1.279 £ 0.193)5,>  (5)

0.49 4.0Me-3-Me

4-Me

0.0
;} -0.44
;x
e

-0.84

-1.24

1

— T T 1T T T T T T T
-0.50 -0.25 0.00 0.25 050 0.75 1.00
%

Fig. 3 Hammett plots for the oxidation of aryl methyl sulfides and
sulfoxides in acetone containing 20% v/v water: 1, sulfoxides; 2, sulfides.

Curvature in a Hammett plot, where the gradient changes
from zero through increasingly negative values as g, increases,
is diagnostic of the occurrence of a change of rate-determining
step within the range of substituents considered. It is apparent
from Fig. 3 that only substrates having g, > 0 show a significant

Table 7 Relative rate constants for the oxidation of aryl methyl sulfides and sulfoxides by dimethyldioxirane in aqueous acetone at 293 K

1% v/v Water

5% v/v Water 20% v/v Water

Aryl substituent, X (kx/ Ky )suitae * (kx/ kit)suitosiae

(kex/ ky)suriae “ (kex/ kin)suriae (kex/ kin)surroniae “

4-OMe-3-Me — —

4-OMe 1.712 +0.133 1.441 £+ 0.091

4-Me 1.213 +£0.126 1.309 £ 0.052

H 1.000 =+ 0.000 1.000 £ 0.000

4-Cl 0.456 4 0.041 0.702 4 0.063

4-C(O)Me 0.265 £+ 0.025 0.402 £ 0.028

4-CN 0.114 +£0.016 0.331 +0.022

4-NO, 0.099 =+ 0.009° 0.230 4 0.014°

— 1.152+0.116 1.900 £ 0.062
1.844 £+ 0.146 0.905 + 0.106 1.462 £ 0.135
1.322+0.171 1.089 +0.125 1.559 + 0.087
1.000 £ 0.000 1.000 £ 0.000 1.000 £ 0.000
0.476 &+ 0.041 0.599 £+ 0.075 0.803 & 0.067
0.210 £ 0.022 0.264 + 0.034 0.448 + 0.026
0.112 £ 0.015 0.126 + 0.020 0.372+£0.014
0.071 £ 0.005* 0.056 + 0.009* 0.295 £ 0.017*

“ Uncertainties are the 95% confidence intervals. * Measured as (kyno,/ks.cn) X (Kson/ky).
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substituent effect: a step which is initially not rate-determining be-
comes so for substrates having electron-withdrawing substituents,
consistent with the step concerned being an electrophilic attack
on the substrate.

This finding can be understood in terms of Scheme 3. Here, in
reaction 1, an aryl methyl sulfide, S, undergoes an electrophilic
attack by 1 in which the O-O bond stretches and breaks
heterolytically to give a betaine, B; the separation of charges can be
assisted by the high polarity of the medium and by solvation of the
ionic centres by water. The betaine reacts in three ways determined
by the internal site at which the anionic oxygen attacks. If the
site is the S-bonded oxygen, the result is reversal of reaction 1
(i.e. reaction —1). The principle of microscopic reversibility relates
this reaction to the scissoring of the OCO angle, which shortens
the O-to-O distance in the betaine. If the site is the adjacent
carbon atom, B fragments to give the sulfoxide product, P, and
acetone (reaction 2). This reaction can originate from the same
ground-state conformation as reaction —1 but corresponds to the
‘asymmetric stretching’ of the two C—-O bonds in B, i.e. shortening
of C-O~ concurrent with stretching of C—OS. The third possibility
is that the anionic oxygen attacks the sulfonium centre to produce
a dioxathietane, D, as found by Asensio and co-workers® for 2 as
oxidant (reaction 3, ¢f. Scheme 2b). This reaction would originate
from a rotamer of B different from that assumed for reactions 2 and
—1. However, in the present case, the fact that no sulfone results
(providing that S is in excess over 1) shows that D, if formed, does
not undergo further oxidation. Since the yield of P is equivalent
to the amount of 1 used, any formation of D must be reversible;
D is thus a cul-de-sac which merely stores B until it reacts either
by reaction —1 or by reaction 2.

Me-.,} Me k, Me;<Me
Ar—s:" NG, Arnd A
k S—
We N\ 1 Me” (0] (0]
S 1 B
Me Me Me Me
k.

+ L F N\ 2 . + _ \n/
Ar'}s\o,/)<o‘ — = ArS o+
Me Me

B P
Me
o) k O—=Me

C ){.Me 3 ‘ _|—
Ar';S\O Me k., Arm/S—O
Me B Me D

Scheme 3

A kinetic analysis with application of the steady state approxi-
mation to B and D shows that, in general,
diP] _ d[S] _ kik[S]]

@ kik ©

The usual assumption for simplifying eqn (6) is that either
k_, < k, or vice versa, which allows expression of a curved
Hammett plot in terms of two intersecting linear arms. However,
the degree of curvature implicit in the parabolic character of the
present plot suggests that such an assumption is not justified and
that, within the substituent range, k_, and k, are presumably of
comparable magnitudes.

Suppose f' = k,/k_,. Then

d[P] _ kik[SI] _ K.ko[S]]
dt ~ k(A4 14+f

N

where K. is the equilibrium constant for the reversible reaction 1
(pre-equilibrium).

Applying this notation to both substituted and unsubstituted
substrates (initially equimolar and in large excess over 1), it follows
that the experimental relative rate constant, (kx/ku)susae, 1S given

by eqn (8).

<kx) _ KIS +/w)
sulfide

K ) e~ KOKE(L 1 fo) ®)

and taking logarithms,

kx KX kX 1+f;<)
1 — =1 < 1 2] -1 :
o2 () 7o (i) + e (i) (57

Application of the Hammett equation to the first two terms on
the right hand side gives eqn (9),

kx) ( 1 +fx>
log [ — =a,(p,+p,)— lo .
s (kH sulfide p(P P_) s 1 +fH

As reaction 1 is an electrophilic attack on S, the pre-equilibrium
will lie further to the right the more strongly electron-donating
is the substituent X. The reaction constant p, will therefore be
negative. In reaction 2, the full ionic charge on S in B is reduced to
the dipolar charge of the sulfoxide, P (S*~O~ <> S=0), a process
disfavoured by electron-donating X; p, is therefore expected to be
positive. If p. and p, are of similar absolute magnitudes it follows
that the first term on the right hand side of eqn (9) will be small.
If, as suggested above, the excitation to the transition state for
reaction —1 originates in an OCO in-plane bending (scissoring)
vibration in B whereas that for reaction 2 originates in an OCO
bond-stretching vibration of higher energy, in the absence of any
substituent effect and other factors such as desolvation being
equal, it is expected that &% < k", ie 0 < fi < L.

The behaviour of fx can be inferred from a comparison of
hypothetical Hammett plots for reactions 2 and —1 (Fig. 4). As
both reactions are disfavoured by electron-donating substitution,
these are drawn with positive gradients intersecting the ordinate at
o, =0 such that logk}' <logk", as required by the above argument.
To agree with the observation of a change in rate-determining step
for electron-withdrawing substituents, the intersection of the plots
must occur at a positive value of ¢,,. This requires that p, > p_,.

)

logk i reaction 2
b reaction —1
logk}
LOg/v_
t.-..'_o_gifS,,,
T

—T T T "~ T T T T " T " T "1
-04 -02 00 02 04 06 08 10

G
P

Fig. 4 Hypothetical Hammett plots for reactions —1 and 2 in Scheme 3
(see text).
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As f is defined as &} /K%,
logfx =logk} — logk*,
Applying the Hammett equation,

logfx = (logky + a,p,) — (logk", + a,p_,)

=logfu + g,Ap,
where Ap = (p, — p_;) > 0. Hence,

Jfu =fx/antilog(a,Ap) (10)
Substituting for f in eqn (9) gives eqn (11),

kx 1+ fx
1 — = -1 11
o <kH )sulﬁde %l p:) — log (1 + fx/antilog(c,Ap) (n
Comparison of eqn (11) with eqn (5) indicates (p. + p,) =
—(0.566 + 0.123), ie. a small figure as required for p, and p,
being of opposite sign and similar magnitude and that,

o 1+ fx
E\ 11 /5 /antilog(e,Ap)

whence,

) =(1.279+0.193) ¢*

antilog(1.2797) — 1
1 —antilog(1.279 62 — 5,Ap)

X (12)

For assumed values of Ap, values of /'y can hence be found for a
substituent from its Hammett constant. Values of fx were obtained
via eqn (12) for 0 < Ap < 4, which is a reasonable range in the
context of Hammett correlation of side-chain reactivity. All values
of Ap in this range gave negative fx for substituents having g, < 0,
which is physically meaningless. { Evidently for these substituents,
the second term on the right of eqn (9) reduces to —log[1/(1 + fy)],
i.e. log(1 + fy), which is constant}. Negative values of fx were also
found for 0 < Ap < 1 and g, > 0, which eliminates Ap in this range
from further consideration. Positive values of fx were obtained for
Ap > 1 and g, > 0. In order further to narrow the range of Ap,
values of f1; were found via eqn (10) from the calculated f'x values,
the requirement being that f should be constant irrespective of
the value of f'x and should lie in the range 0-1. This requirement is
well met for Ap = 2.45, and the value of f}; found is 0.07. It is also
found that, as anticipated, for electron-withdrawing X, k5 and k¥,
are of similar magnitudes as all fx = kX/k*, < 6 (Table 9 and ESI,
Section S37).

The finding that f7; is 0.07 and that fx is without meaning for
substituents with ¢, < 0 transforms eqn (9) into eqn (13) for such

Table 9 Evaluation of fx and /'y for Ap = 2.45

Substituent, X g, fx® fuc€
4-OMe-3-Me —0.34 —0.05 —0.32

4-OMe -0.27 —-0.05 -0.23

4-Me —0.17 —0.05 —0.13

H 0.00 Indeterminate Indeterminate
4-Cl 0.23 0.25 0.07
4-C(O)Me 0.50 1.24 0.07

4-CN 0.66 2.86 0.07

4-NO, 0.78 5.40 0.07

“Ref. 22.% See eqn (12). © See eqn (10). ¢ Additivity of substituent constants
assumed: ‘g, = g™ + g}

m

substituents, which accounts for the observed very small variation
in log(kx / ki )sutsae-

k
<—X) = —0.566 5, + log(1+0.07) (13)
k” sulfide

= —0.5665, +0.029

We have (p. + p,) i.e. (0, — p_1 + p,) = —0.566; now we also have
Ap ie (p, — p_;) = 2.45. Subtraction of the latter equation from
the former gives p;, = —3.02. A reaction constant of this magnitude
is typical of a simple reaction step that creates a full positive ionic
charge on the first atom attached to the substituted aromatic ring
(¢f. quaternisation of ArNMe,),* as envisaged in the formation of
B (Scheme 3).

A reaction constant is usually obtained as the gradient of a linear
Hammett plot, but this is not possible when the plot is curved.
However, the gradient of the tangent to the curve at any value of g,
represents a ‘local reaction constant’ at that value. Differentiation
of eqn (5) with respect to g, allows the determination of the
gradient at particular points:

d[log(kx/ ku)suiae]
do,

Thus, at g, = 0.78 (for X = 4-NO,) the ‘local reaction constant’
is —2.56, which is smaller in absolute magnitude than the value
of —3.02 obtained above. As shown in Table 9 for X = 4-NO,,
k¥ is just over five times larger than k¥ and therefore is not
sufficiently large for k¥, to be neglected in comparison with it. In
the expression kx = kK5 / (KX, + k) [¢f- eqn (6)] the denominator
is therefore significantly larger than k% in the numerator, and k¥
is underestimated, and hence so is the reaction constant, if the
two are assumed to cancel. Also, it should be noted that the
slowest step in the reaction sequence changes between H and NO,,
and therefore (kx/ky ). does not strictly compare like with like.
Nevertheless, it is clear that as substituents become more electron-
withdrawing, the ‘local reaction constant’ approaches a value that
is typical for the formation of a full positive ionic charge on the
atom attached to the substituted ring.

The observed behaviour of the oxidation of aryl methyl sulfides
by 1 in aqueous acetone containing 20% v/v water is thus
consistent with the betaine-involving mechanism proposed in
Scheme 3. This is different from the behaviour of the same
oxidation in acetone alone. It is thereby demonstrated that sulfide
oxidation by 1 in acetone alone does not proceed via a betaine
intermediate as suggested by Asensio and co-workers,” and that
the earlier inference of a concerted mechanism as in Scheme 2a is
most probably correct. Furthermore, the absence of any sulfone
product when reaction does proceed via a betaine intermediate
shows that betaine formation does not necessarily lead to the
formation of a dioxathietane intermediate that is more easily
oxidised than the initial sulfide. Conceivably, as suggested in
Scheme 3, a dioxathietane (D) might form reversibly in aqueous
acetone and prove to be inert to oxidation by 1 but, more
probably we suggest, no dioxathietane is produced on account of
solvation of the ionic centres of the betaine by water (see below).
The solvent-dependence of the behaviour of 2 as an oxidant of
sulfides supports this suggestion.?® The sulfone/sulfoxide product
ratio characteristic of reaction in polar aprotic solvents (CH,Cl,,
MeCN, Me,CO) is increased by admixture of non-polar aprotic
additives (e.g. CCl,) but markedly decreased by admixture of

=—-0.566—(2 x 1.2795,) (14)
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protic additives (CF;CH,OH, #-BuOH, CF;CO,H, MeCO,H).
Since sulfones derive from a dioxathietane whereas sulfoxides
derive from a betaine (Scheme 2b), it is evident that the effect
produced by an additive depends on its ability to influence the
relative stability of the betaine and the dioxathietane.§ When
both 1 and 2 oxidise sulfides in conditions involving intermediate
betaines, the course of reaction depends crucially on the solvation
of the betaine: protic nucleophilic solvent components solvate the
betaine, thus favouring the formation of sulfoxide over sulfone.

(iv) The solvent dependence of the concerted mechanisms

It is now clear that the oxidations of the sulfides investigated
here proceeded by a concerted mechanism with the exception
of the reaction in 20% v/v H,O in acetone. The oxidations of
sulfoxides showed no evidence of a change in mechanism as a
result of variation in the medium and we conclude that, for them,
reaction was concerted in all the media studied. As the regression
coefficients for both kinds of substrate show variation with the
medium, differences in transition state character might be inferable
from them.

Sulfides. Activation to the transition state for the single-step
oxidation of sulfides by 1 involves a separation of partial charges
(Scheme 2a). This process is, in principle, dependent on the relative
permittivity, &, of the medium. Above [see (ii)], it was found
that the Hammett reaction constant for the oxidation of sulfides
increases two-fold from its value in acetone (e, = 21.013*), when &,
is reduced to 7.92 by admixture of 60% v/v hexane (g, = 1.89300:314)
(see ESI, Section S21). We suggested the reason to be that, in the
mixed solvent, where the effectiveness of the medium in stabilising
charge-separation is reduced, there is a greater demand upon
the substituents for electron density than in acetone alone. By
contrast, it was found that an increase in & to 33.60 caused by
admixture of 80% v/v DMF (g, = 38.25%31%) (see ESI, Section
S2) had little effect: the measured reaction constant changed in
the opposite sense to that caused by reduction in ¢, but the
decrease was small and not statistically significant. Evidently,
the absolute rate constants for the oxidation of all the sulfides
examined change by an approximately constant factor in response
to increase in ¢, and the reaction constant, determined from the
relative rate constants, kx/ky, thus remains virtually unchanged.
An alternative explanation considered is that, in the 80% v/v
DMF mixture, the transition states are preferentially solvated by
acetone and are thereby shielded from the effects of change in
the composition of the outer solvent shell. This, however, begs
the question as to why a similar situation does not occur in
the hexane-acetone mixture where the strength of dipole-dipole
interaction between the transition state and acetone molecules
would be expected to be greater than that in the DMF-acetone
mixture; preferential solvation therefore seems unlikely.

It was found that significant increases in the Hammett reaction
constant occur on addition of small amounts of water (1% and
5% v/v (¢ = 80.10%) to acetone [see (iii) above]. These small

§ Note added in proof: In a study of the oxidation of PhC=CH by 1
in CClL,” PhSMe, used in standardising solutions of 1 in CCl,, was
oxidised to sulfoxide-sulfone mixtures whereas, in acetone, only sulfoxide
was produced. This observation is explicable by the onset of the two-step
mechanism in the less polar solvent as occurs with 2. We are grateful to
the Editor for drawing our attention to this paper.

additions increase &, to 21.24 and 24.08, respectively*** (see ESI,
Section S27t), which are less than that caused by addition of
80% v/v DMF; hence, in view of the latter having scant effect on
the reaction constant, the observed behaviour must derive from
another property of the aqueous solvent. The most obvious is
the ability of water to interact with the transition state both by
lone-pair donation at the electron-deficient sulfur centre and by
hydrogen-bonding to the distal oxygen atom as shown in 6.

MeMe
Me ‘(
oo A G M
H” l TH—o0
Ar

Interactions such as these serve to stabilise individually the
partially charged centres and bring about an increased weakening
of the O-O bond in the dioxirane moiety relative to that in neat
acetone. The bond-weakening results in increased magnitudes
of partial charge with a consequent increase in the demand
for electron density from the substituents. Their differential
abilities to supply it results in the larger reaction constants
observed. Progressive increase in the proportion of water leads to a
combination of these effects with an increase in ¢,, resulting in such
0O-0 bond weakening that formation of a betaine intermediate
becomes viable and a change of mechanism ensues as was observed
for 20% v/v H,O (&, = 34.30).31c

Sulfoxides. The Hammett reaction constants for the oxidation
of sulfoxides by 1 are similar for reactions in acetone alone and
in 1% v/v and 20% v/v water in acetone, py.., = —0.751 £ 0.044
(cf. Table 4 entry 7, Table 8a entries 5 and 7). Evidently, neither
the smaller nor the larger increase in water content of the solvent
has much effect on the relative rate constants. The changes in ¢,
and hydrogen-bonding capacity of the solvent, which necessarily
accompany the addition of water, must either negate one another
or affect the absolute rate constants by similar combined factors
across the substituent range, and so cancel in the relative rate
constants. (The following paper examines the effect of solvent
variation on absolute rate constants). For oxidation of sulfoxides
in 60% v/v hexane in acetone, the Hammett correlation was poor
(Table 6 entry 3); a correlation was found by using o} (Table 6
entry 5) that was only fair by Exner’s criterion despite a reduced
data set. Comparison of the reaction constants (Table 4 entry 7
and Table 6 entry 5) reveals a 59% reduction on transfer of the
oxidation from acetone to 60% v/v hexane in acetone, indicating
that the reaction becomes less selective in the solvent of lower
polarity. Although standardisation of the variables in multiple
regression facilitates comparison of the coefficients derived from
those having different scales, the comparisons for sulfoxides are
uninformative as, for all the solvent systems examined, |z | > | S|
and A, does not show systematic variation. The notable finding is
that, whereas {; (i.e. standardised o}}) is the best mesomeric scale
for the standardised dual parameter correlation of reactions in
60% v/v hexane in acetone (consistent with ¢ in single parameter
correlation), in acetone alone and in aqueous acetone mixtures,
the best mesomeric scale is {; (cf. Table 6 entry 6, Table 4 entry 10
and Table 8a entries 6 and 8).

Fig. 5 compares the relative rate constants for oxidations of
sulfoxides by 1 in acetone and 60% v/v hexane in acetone
(¢f. Tables 3 and 5). The striking feature is that, in the less

This journal is © The Royal Society of Chemistry 2008
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Fig. 5 Illustration of the disposition of the logarithms of relative rate
constants of aryl methyl sulfoxides when oxidised by 1 in different solvents:
@, neat acetone; O, 60% v/v hexane in acetone.

polar solvent, both electron-withdrawing groups and electron-
donating groups increase the relative rate constants in comparison
to their values in acetone (the curves necessarily have the point
for the unsubstituted substrate in common). This fact implies
the operation of a solvent-dependent effect that varies across the
range of substituents. Sulfoxides have a polarised S*-O° bond
(see below) which may be represented by the canonical structures
7a < 7Tb. The dipolar positive charge on S results in the S(O)Me
group exerting a strong electron-attracting effect that polarises
an attached phenyl ring. This is demonstrated by its positive
substituent constants: g, = 0.52, g, = 0.49, oy = 0.50.>** The
near equality of o, and g, shows that, despite possession of a
lone-pair of electrons on S, the S(O)Me group exerts no significant
+M effect, and the similar value for g; shows its electronic effect
is essentially inductive. Structure 8 can therefore be envisaged to
contribute to the overall hybrid of methyl phenyl sulfoxide. Placing
a heteroatom-containing substituent para to the sulfoxide group
will introduce an opposing 7, polarisation of the ring. However,
of the substituents used, only CN and NO, (g; 0.56 and 0.65,
respectively®) exert —I effects stronger than S(O)Me; thus, for all
the other substituents, the direction of net polarisation of the ring
will be the same as in 8. Furthermore, a +M substituent such
as 4-OMe should enhance the net polarisation (see 9a-b). This
expectation is based on the fact that S(O)Me has a substituent
constant g, = 0.72,% which implies that it can accept n-electron
density mesomerically from a conjugated strong donor. Given
the pyramidal disposition of the attachments to S, it is unlikely
that this ‘mesomeric acceptance’ involves an increased C(1)-S
bond order but rather that the relative weighting of canonical
structures 7a and 7b is adjusted in favour of 7a as a result of
increased negative charge at C(1). Strongly electron-withdrawing
substituents such as CN and NO, will have the opposite effect.
Their combined —7 and —M effects are sufficient to reverse the
polarisation of the aromatic ring caused by the S(O)Me group and
to deplete C(1) of m-electron density, leading to adjustment of the
relative weighting of canonical structures 7a and 7b in favour of
the latter (see 10a—c). It is thus clear that aryl methyl sulfoxides are
polarised molecules in which the net charge-separation depends
on the substitution and is expected to be most marked for the
most strongly acting substituents, whether electron-donating or

~
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electron-accepting. The ground-states of such species are expected
to be less well stabilised in solvents of low polarity than in
more polar solvents. If ground-state stabilities were to be the
dominant factor in determining the pattern of activation energies
for oxidations of sulfoxides, the relative disposition of the curves
of Fig. 5 would be explained.

The SO bonds in sulfones are less polar than those in sulfoxides.
For example, the molecular dipole moment of Me,S (u = 1.47 D;
4.900 x 107 C m)* is markedly increased on oxidation to Me,SO
(u=3.90D; 1.300 x 10~® C m),** whereas the second oxidation to
Me,SO, produces a much smaller increment (¢ = 4.49 D; 1.498 x
107% Cm).** Assuming the differences in molecular dipole moment
between that of Me,S and those of its two oxidation products are
essentially due to the SO bond moment(s) and, allowing for the
angular separation of the SO bonds in the sulfone (121°),* it is
clear that the SO bonds of the sulfone are much less polarised
than that of the sulfoxide. An analogous situation is expected
for any triad ArSMe, ArS(O)Me and ArS(O),Me. That being the
case, it is expected that the transition state for the oxidation of
any sulfoxide to the sulfone, in which the properties of the latter
are developing, will be less polarised than the initial sulfoxide,
particularly so the later the transition state occurs in the reaction
coordinate. Theoretical calculations bear out this expectation.’
Transfer of the oxidation reaction from a polar medium to one
less polar should therefore lead to a relative stabilisation of the
transition state irrespective of the nature of Ar.

Three factors therefore appear to influence the relative reactivi-
ties of ring-substituted methyl phenyl sulfoxides: (1) the electronic
character of the substituent, which governs the availability of the
sulfur lone-pair to the electrophilic oxidant and hence determines
the order of reactivities in any solvent; (2) the effect of solvent on
the energy of the ground state of the sulfoxides, which is strongly
substituent-dependent; and (3) the effect of solvent on the energy
of the transition states, which largely depends on the bonding
changes occurring at S. These factors combine to produce the
relative reactivities illustrated in Fig. 5 and the reduced selectivity
observed on transfer to a less polar solvent. They also produce
the predominance of —M effects in polar solvents (acetone and
aqueous acetone) and, by contrast, of +M effects in less polar
60% v/v hexane in acetone.

In the polar solvents, the effect of substituents is dominated
by the ability of —M substituents to impede the electrophilic
attack of 1. The operation of a —M effect serves to increase
dipolar positive charge at C(1) whereas the electrophilic attack
increases electron-demand at the adjacent S atom. The former
effect must impede the latter change and, if solvation is more
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effective in stabilising the substituent-induced polarisation in the
ground state of the sulfoxide than in stabilisation of the transition
state for oxidation, the dominant effect of —M substituents can be
understood. It appears that hydrogen bonding is not important in
the solvation process, as the —M effect predominates in acetone
alone, which at best would form weak H-bonds with the sulfoxidic
oxygen and the relative reactivities show only slight decrease in the
presence of added water. (In the following paper it is shown that the
dominant property in determining the effect of solvent on the rates
of oxidation of methyl 4-nitrophenyl sulfoxide in aqueous acetone
is its polarity/polarisability). By contrast, in the less polar solvent,
the substituent-dependent polarisations caused by M effects of
either kind are not as well stabilised by solvation, and ground-
state energies are consequently raised. The less polar solvent
also facilitates excitation to the transition states for oxidation on
account of the decrease in SO bond dipolarity relative to that of the
substrates. There is, nevertheless, partial positive charge at S in the
transition states that is stabilised by electron-donation from +M
substituents accumulating negative charge at C(1), so accounting
for their predominance in this medium.

Comparison between sulfides and sulfoxides. In the Introduc-
tion it was noted that, on reaction with both hydroperoxidic
oxidants and dimethyldioxirane, sulfides and sulfoxides
do not follow the reactivity-selectivity principle: although,
experimentally, sulfoxides are generally less reactive than sulfides,
the oxidants do not discriminate more between substituted
sulfoxides than between substituted sulfides. Theoretical studies
indicate sulfoxides to be intrinsically more reactive than sulfides
towards electrophilic oxidants in the gas-phase but that the
relative reactivity is inverted by solvation.* The discussion above
attests to the importance of solvation in determining the reactivity
of sulfoxides and the following paper demonstrates the relative
reactivity of sulfides and sulfoxides to be solvent-dependent. Why
sulfoxides should have a high intrinsic reactivity in the gas phase
which is maintained between substituted sulfoxides in solution,
leading to the failure of the reactivity-selectivity principle, can be
understood qualitatively as follows. The separation of the partial
charges of the S**~O°% bond requires a notional input of energy.
Suppose this is compensated by a concomitant stabilisation of
the lone-pair orbital on S as a consequence of the increase in the
electronegativity of S due to its increased positive charge. The
energy of the lone-pair orbital also depends on the substituent.
For each sulfoxide there is thus a substituent-dependent ‘balance’
between the extent of charge separation and the energy level of
the lone-pair orbital on S. When the lone-pair orbital interacts
with the LUMO of an electrophile on forming a transition state
this balance is perturbed. Collapse of the charge separation raises
the energy of the lone-pair orbital, hence increasing the strength
of its interaction with the LUMO and facilitating the formation
of the new bond to the electrophile. The sulfoxide SO bond thus
activates the electrophilic attack by providing electron density,
and the extent to which it does so is governed by the particular
substituent.

Conclusions

1. The Hammett reaction constant found for the oxidation of
aryl methyl sulfides by dimethyldioxirane, 1, in acetone is in

good agreement with that previously reported by Murray and
co-workers® for a smaller data set. The reaction constant was
increased two-fold, i.e. the selectivity of reaction increased, when
the oxidations were carried out in 60% v/v hexane in acetone.
Since partial charges separate in the transition state for oxidation
of a sulfide by 1 and the sulfoxide reaction product is highly
polarised, both the transition state and, particularly, the product
will be relatively less well solvated than the reactants in a solvent
of lower polarity. A shift of transition state to a position later
in the reaction coordinate, with resultant increased selectivity, is
therefore consistent with the Hammond postulate.

2. The reaction constant measured when sulfide oxidations were
carried out in 80% v/v DMF in acetone was scarcely different
from that measured in acetone alone, indicating that increasing the
relative permittivity of the solvent does not shift transition states
to positions in the reaction coordinate significantly earlier than
those in acetone. This is consistent with the extent of transition
state dipolarity being maximised for each sulfide in acetone so
that, although increasing solvent polarity will stabilise each indi-
vidual maximally-polarised transition state, there is no differential
substituent-dependent stabilisation and the relative rate constants,
and hence the reaction constant, remain unchanged.

3. In aqueous acetone mixtures (1% v/v H,O and 5% v/v
H,0O) Hammett reaction constants for oxidation of sulfides were
increased (by 57% and 75%, respectively) relative to that in
acetone alone. Since the relative permittivities of these solvent
mixtures are less than that of 80% v/v DMF in acetone (where
the effect was negligible) it is clear that factors specific to the
water co-solvent are operative. It is suggested these are solvation
of the individual centres of charge: lone-pair donation to S* and
hydrogen bonding to O°~ (cf. 6), which allows a greater extent of
charge separation than can occur under the influence of increased
relative permittivity alone.

4. Increasing the water content further to 20% by volume
results in a change of kinetic behaviour, although the relative
permittivity is very similar to that of 80% v/v DMF in acetone.
The solvation by water of the separate centres of charge and the
raised relative permittivity together enable the electrophilic attack
of dimethyldioxirane upon a sulfide to produce an intermediate
sulfonium betaine, a process that is rate-determining for sulfides
with electron-withdrawing substituents and for which a character-
istic Hammett reaction constant of —3.0 can be deduced. There is
no evidence of the betaine cyclising to a dioxathietane as reported
for sulfide oxidations by (trifluoromethyl)methyldioxirane.?

5. The oxidation of aryl methyl sulfoxides to the corresponding
sulfones by dimethyldioxirane occurs via a single-step concerted
mechanism irrespective of the solvent composition. The behaviour
of sulfoxides can be understood in terms that stem from their
high and variable polarity, arising from their polarised SO bond
and its interaction with substituents and solvent. The reaction
constant is only slightly diminished (by 11%) between acetone
and 20% v/v aqueous acetone as reaction media, which indicates
that the substituent effect on the oxidation of sulfoxides to sulfones
is rather insensitive to the specific solvating properties of water.
Although solvation reduces the reactivity of sulfoxides relative to
sulfides, sulfoxides are activated to electrophilic attack by their
polarised SO bonds, a fact which accounts for the failure of
the reactivity-selectivity principle when they are compared with
sulfides reacting with the same electrophile.

This journal is © The Royal Society of Chemistry 2008
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Experimental
General

Infra-red spectra, obtained for solutions in CH,Cl,, were recorded
on an Ati Mattson Genesis Series FTIR instrument. NMR
spectra, obtained for solutions in CDCl;, were recorded using
a JEOL JNM-EX270 (270 MHz) spectrometer and are referenced
to residual CHCI;. GC analysis was performed on a Varian 3000
CX chromatograph served by a Varian Star Workstation 4.5; the
column used was an Econocap FFAP column from Alltech (30 m,
0.32 mm, 0.25 pm). For column chromatography, ICN Silica 32—
63, 60 A, was used and thin layer chromatography was performed
using DC-Alufolien Kieselgel 60 F,s, tlc plates supplied by Merck.
Data processing for correlation analysis was carried out using
SPSS 10 for Windows and the Excel add-in Essential Regression
2.219.%

Materials

Solvents (Fisher) were of either analytical or HPLC grade and
were used as supplied. Methyl phenyl sulfide and its 4-substituted
derivatives were sourced commercially (Aldrich, Fluka or Lan-
caster) in the highest available purity. Methyl phenyl sulfoxide and
sulfone (Aldrich) were further purified by column chromatography
(silica, 10% v/v acetone in CH,Cl,).

Methyl 3-substituted-phenyl sulfides

Methyl 3-substituted-phenyl sulfides were synthesised from the
corresponding anilines by adaptation of the procedure of Oae,
Shinhama and Kim®® to use zerz-butyl nitrite in place of tert-
butyl thionitrate. The appropriate aniline (20 mmol) was added to
dimethyl disulfide (20 cm?) and the mixture stirred magnetically.
After heating to ca. 100 °C, tert-BuONO (3.10 g, 30 mmol)
was added in five portions over 10 min (Vigorous evolution of
N,/). After a further 20 min stirring, the mixture was cooled to
room temperature and the solvent removed in vacuo (Stench!).
The reaction mixture was purified by column chromatography
(silica, 5% v/v diethyl ether in hexane); after rotary evaporation
of the bulk of eluting solvent, vestigial amounts were removed by
pumping under vacuum at ambient temperature.

3-Methoxyphenyl methyl sulfide

Colourless oil (0.31 g, 10%); m/z 154 (100%, M*), 121 (47);
Vmax/cm~ (CH,Cl,) 2926 (CH) and 1248s (CO); dy (270 MHz,
CDCl;)2.47 (s, 3H), 3.79 (s, 3H), 6.68 (ddd, J 8.0, 2.4 and 0.7, 1H),
6.75-6.86 (m, 2H) and 7.20 (t, J 8.0, 1H); . (67.9 MHz, CDCl;)
15.7,55.2,110.5, 112.1, 118.7, 129.6, 139.8 and 159.8.3"3#

3-Chlorophenyl methyl sulfide

Colourless oil (1.17 g, 37%); m/z 158 (100%, M*), 143 (18), 125
(33) and 108 (32); vy /cm™'(CH,Cl,) 2926 (CH) and 768 (CCl);
du (270 MHz, CDCL,) 2.49, (s, 3H) and 7.05-7.27 (m, 4H); .
(67.9 MHz, CDCl;) 15.5, 124.4, 124.9, 125.7, 129.7, 134.7 and
146.6.%

3-(Trifluoromethyl)phenyl methyl sulfide

Colourless oil (2.20 g, 57%); m/z 192 (100%, M*), 177 (13), and
159 (18); vy /cm™'(CH,CL,) 2926 (CH), 1169s and 1105s (CF);
S (270 MHz, CDCl,) 2.52 (s, 3H) and 7.35-7.54 (m, 4H); .
(67.9 MHz, CDCl;) 16.4, 122.4, 122.8, 124.4 (q, J 249.9, 10),
130.0, 130.3, 133.2 (q, J 33.3, 1C) and 141.0.%

3-Cyanophenyl methyl sulfide

Colourless solid (1.64 g, 55%), mp 39.8-41.0 °C (lit.** 40 °C); m/z
149 (100%, M*), 134 (22), 116 (30); vy /cm~' (CH,Cl,) 2926 (CH)
and 2231s C=N;dy (270 MHz, CDCl;) 2.50 (s, 3H), and 7.31-7.48
(m, 4H); d¢ (67.9 MHz, CDCl;) 15.3, 113.0, 118.4, 128.2, 128.7,
129.2, 130.3 and 140.9.

Methyl 3-nitrophenyl sulfide

Pale yellow solid (2.03 g, 60%), mp 89.1-90.3 °C (lit.** 90 °C); m/ z
169 (100%, M*), 123 (30), 108 (31) and 45 (44); v, /cm™ (CH,Cl,)
2952 (CH), 1519s and 1349s (NO,); 5 (270 MHz, CDCLy) 2.54 (s,
3H), 7.42 (t, J 7.7, 1H), 7.52 (ddd, J 7.9, 1.7 and 1.2, 1H), 7.96
(ddd, J 7.9, 2.2, 1.0, 1H) and 8.03 (t, J 1.9, 1H); d. (67.9 MHz,
CDCl,) 15.3, 119.6, 120.0, 129.3, 131.9, 141.5 and 148.5.#

Oxidations

Sulfoxides and sulfones were prepared by oxidation of the
corresponding sulfides in procedures which differed only in
the stoichiometric proportion of oxidant used. The sulfide (ca.
12 mmol) was oxidised in chilled (ice-water bath) aqueous
acetone (50% v/v, 40 cm®) by addition, with stirring, of Oxone®
(2KHSOs5-KHSO,-K,S0,) (0.55 or 1.5 mol equiv. depending on
the product required). Reactions were normally stirred overnight.
On completion, the reaction mixtures were diluted with water
(30 cm®) and extracted with CH,Cl, (3 x 30 c¢cm?®). The extracts
were washed with water (50 cm®) and dried (Na,SO,). Evaporation
of the solvent gave the required products, which were purified
by column chromatography. In all cases gradient elution was
used; initially CH,Cl, (100%), and finally acetone (10% v/v)
in CH,Cl,.

3-Methoxyphenyl methyl sulfoxide

Colourless oil (72%); m/z 170 (61%, M*), 155 (100), 92 (25) and
76 (26); Vina/cm ™' (CH,Cl,) 3051 and 2966 (CH), 1250 (CO) and
1068s (SO); 6, (270 MHz, CDCl;) 2.76 (s, 3H), 3.82 (s, 3H), 6.96
(ddd, J 8.2, 2.4 and 0.7, 1H), 7.08 (dd, J 7.7, and 2.4, 1H), 7.10—
7.25 (m, 1H) and 7.36 (t, J 8.0, 1H); o (67.9 MHz, CDCl;) 43.9,
55.4,107.8, 115.4, 117.2, 130.2, 147.0 and 160.3.*"

3-Methoxyphenyl methyl sulfone

Colourless solid (83%), mp 46.1-47.3 °C (lit.** 47 °C); m/z 186
(39%, M), 171 (46) and 107 (100); v,,,/cm~'(CH,Cl,) 3066 and
2965 (CH), 1322s and 1152s (SO,); oy (270 MHz, CDCl;) 2.96 (s,
3H), 3.85 (s, 3H), 7.05 (t, J 8.1, 1H), 7.16 (dt, J 7.9 and 2.1, 1H)
7.28 (dt, 7.9 and 1.9, 1H), and 7.46 (t, J 2.1, 1H); d. (67.9 MHz,
CDCl,) 44.3, 57.4,109.8, 115.4, 118.6, 131.2, 148.0 and 161.2.%7
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3-Chlorophenyl methyl sulfoxide

Colourless solid (86%), mp 42.2-43.4 °C (lit.* 43-44 °C); m/z
174 (76%, M*), 159 (100), 131 (41), 111 (37), 84 (82) and 74 (42);
Vour/cm~(CH,Cl,) 3052 and 2983 (CH), 1089s (SO) and 782 m
(CCl); 6y (270 MHz, CDCl,) 2.69 (s, 3H), 7.40-7.48 (m, 3H) and
7.62 (m, 1H); dc (67.9 MHz, CDCL,) 44.6, 122.2, 124.2, 131.2,
131.8, 136.3 and 148.4.%

3-Chlorophenyl methyl sulfone

Colourless solid (54%), mp 105.2-106.4 °C (lit.* 106 °C); m/z
190 (63%, M*), 175 (56), 128 (57), 111 (100) and 74 (56);
Vmar/cm ™' (CH,Cl,) 3066 and 2929 (CH), 1321s and 1157s (SO,);
ou (270 MHz, CDCl;) 3.05 (3H), 7.51 (t, J 7.7, 1H), 7.62 (ddd, J
8.0,2.2and 1.2, 1H), 7.82 (ddd, J 7.8,2.9 and 1.2, 1H) and 7.91 (t,
J 1.9, 1H); 0 (67.9 MHz, CDCl;) 45.0, 126.1, 128.2, 131.4, 134.5,
136.2 and 142.8.

3-(Trifluoromethyl)phenyl methyl sulfoxide

Colourless oil (58%); m/z 208 (87%, M), 193 (100), 165 (28), 145
(50) and 75 (26); vy /cm'(CH,Cl,) 3062 and 2983 (CH), 1168s
and 1105s (CF) and 1091s (SO); 8, (270 MHz, CDCl,) 2.72 (s,
3H), 7.60-7.79 (m, 3H) and 7.89 (t, J 0.7, 1H); dc (67.9 MHz,
CDCl,) 43.8, 120.5, 123.9 (q, J 244.4, 1C), 126.7, 127.6, 128.8,
131.6 (q, J 27.4, 1C) and 147.2.%

3-(Trifluoromethyl)phenyl methyl sulfone

Colourless solid (67%), mp 58.3-59.5 °C (lit.*” 58-60 °C); m/z 224
(17%, M*), 209 (19), 162 (42) and 145 (100); v,../cm~'(CH,CL,)
3019 and 2967 (CH), 1327s and 1153s (SO); 6, (270 MHz, CDCL,)
3.10 (s, 3H), 7.75 (t, J 7.8, 1H), 7.93 (d, J 7.7, 1H) and 8.13-8.22
(m, 2H); 6c (67.9 MHz, CDCL,) 44.4, 123.7(q, J 240.3, 1C), 124.5,
130.2, 130.5, 130.7, 133.2 (m, 1C), 141.5.4

3-Cyanophenyl methyl sulfoxide

Colourless solid (72%), mp 69.0-69.8 °C (lit.® 69-70 °C); m/z
165 (85%, M), 150 (100); Ve /cm ™ (CH,CL) 2983 (CH), 2235s
(C=N) and 1080s (SO); dy (270 MHz, CDCl,) 2.76 (s, 3H), 7.67
(t,J7.7,1H)), 7.79 (dt, J 7.7 and 1.2, 1H), 7.86 (dt, J 7.7 and 1.5,
1H) and 7.95 (t, J 1.7, 1H); dc (67.9 MHz, CDCly) 43.9, 113.8,
117.5,127.2,127.6, 130.2, 134.3 and 147.8.

3-Cyanophenyl methyl sulfone

Colourless solid (87%), mp 100.9-101.6 °C (lit.* 101-103 °C);
m/z 181 (28%, M*), 166 (37), 119 (53), and 102 (100);
Vmax/cm ™' (CH,Cl,) 3066 and 2929 (CH), 2237 (C=N), 1327s and
1149s (SO,); 6y (270 MHz, CDCl,) 3.09 (s, 3H), 7.74 (t, J 7.8, 1H),
7.94 (dt,J 7.8 and 1.5, 1H), 8.17 (dt, J 7.8 and 1.0, 1H) and 8.23 (t,
J 0.7, 1H); 6 (67.9 MHz, CDCl;) 44.4, 114.0, 116.8, 130.5, 131.1,
131.4, 136.8 and 142.0.

Methyl 3-nitrophenyl sulfoxide

Pale yellow solid (72%), mp 114.3-115.7 °C (lit.* 115-116 °C);
m/z 185 (96%, M*), 170 (100), 139 (12), 124 (40), 75 (27) and
48 (29); Vo /cm~'(CH,Cl,) 3068 and 2873 (CH), 1535s and 1351s
(NO,) and 1076s (SO); 5y (270 MHz, CDCl;) 2.79 (s, 3H), 7.75 (t,

J 7.7, 1H), 7.99 (ddd, J 7.7, 1.5 and 1, 1H), 8.34 (ddd, J 8.2, 2.4
and 1.2, 1H) and 8.49 (t, J 1.9, 1H); 3¢ (67.9 MHz, CDCL,) 43.9,
118.9, 125.7, 129.2, 130.6, 148.5 and 148.6.

Methyl 3-nitrophenyl sulfone

Pale yellow solid (82%), mp 147.5-148.2 °C (lit.*¢ 147-148 °C);
m/z 201 (33%, M%), 186 (39), 139 (100), and 122 (60);
Vo /cm " (CH,CL,) 3080 and 2987 (CH), 1537s and 1353s (NO»),
1327s and 1161s (SO,); d4 (270 MHz, CDCl,) 3.14 (s, 1H), 7.83
(t, J 7.7, 1H), 8.30 (dt, J 7.7 and 1.2, 1H), 8.53 (ddd, J 8.2, 2.2
and 1.2, 1H) and 8,81 (t, J 1.7, 1H); d. (67.9 MHz, CDCl;) 44.3,
122.9, 128.3, 130.9, 133.0, 142.3 and 148.7.

4-Methoxy-3-methylphenyl methyl sulfoxide

Colourless oil (85%), m/z 184 (16%, M*), 169 (100); vy./cm™
(CH,Cl,) 3049 and 2966 (CH), 1255s (CO) and 1047s (SO); oy
(270 MHz, CDCl;) 2.20 (s, 3H), 2.65 (s, 3H), 3.81 (s, 3H), 6.86 (d,
J 8.1, 1H), and 7.30-7.45 (m, 2H): . (67.9 MHz, CDCI;) 16.3,
44.0, 55.5, 110.2, 123.1, 125.6, 128.4, 135.8 and 160.0.!

4-Methoxy-3-methylphenyl methyl sulfone

Colourless solid (68%), mp 64.2-64.9 °C (lit.?* 64-65 °C); m/z
200 (95%, M*), 185 (100), 137 (51), 121 (84), 91 (95) and 77 (34);
Vmax/cm ' (CH,Cl,) 2969 (CH), 1307s and 1130s (SO,) and 1260
(CO); 8, (270 MHz, CDCl,) 2.20 (s, 3H), 2.96 (s, 3H), 3.82 (s, 3H),
6.86 (d, J 8.9, 1H), 7.62 (dd, J 2.2 and 1.6, 1H) and 7.70 (d, J 8.6,
1H); d¢ (67.9 MHz, CDCly) 16.2, 44.9, 55.7, 109.7, 127.2, 128.1,
129.4,131.5 and 161.9.

4-Methoxyphenyl methyl sulfoxide

Colourless solid (65%), mp 42.0-43.6 °C (lit.* 4445 °C); m/z
170 (15%, M*) and 155 (100); vy /cm~'(CH,Cl,) 3050 and 2966
(CH), 1250s (CO) and 1043 (SO); dy (270 MHz, CDCl;) 2.70 (s,
3H), 3.85 (s, 3H), 7.03 (d, J 8.7, 2H) and 7.70 (d, J 8.7, 2H): o¢
(67.9 MHz, CDCly) 43.8, 55.4, 114.7 (2C), 125.3 (2C), 136.4 and
161.8.5%

4-Methoxyphenyl methyl sulfone

Colourless solid (76%), mp 118.9-119.8 °C (lit.* 118-120°C); m/z
186 (84%, M*), 171 (100), 123 (45), 107 (66), 92 (44) and 77 (65);
Vmar/cm ™' (CH,Cl,) 3056 and 2842 (CH), 1319 and 1145 (SO,) and
1298 (CO); dy (270 MHz, CDCl;) 2.99 (s, 3H), 3.85 (s, 3H), 6.98
(d, J 8.7, 2H) and 7.83 (d, J 8.7, 2H); 5 (67.9 MHz, CDCl,) 44.7,
55.6,114.4 (2C), 129.4 (2C), 132.1 and 163.6.4

Methyl 4-methylphenyl sulfoxide

Colourless solid (68%), mp 41.9-42.9 °C (lit.* 40 °C); m/z 154
(54%, M*), 139 (100) and 91 (30); v, /cm~'(CH,Cl,) 3041 and
2981 (CH) and 1045 (SO); 4 (270 MHz, CDCl;) 2.41 (s, 3H), 2.70
(s, 3H), 7.33 (d, J 8.0, 2H) and 7.54 (d, J 8.0, 2H); d. (67.9 MHz,
CDCl;) 21.2,43.8,123.2 (2C), 129.8 (2C), 141.3 and 142.3 4535456

Methyl 4-methylphenyl sulfone

Colourless solid (86%), mp 86.1-86.7 °C (lit.*” 85-87 °C); m/z 170
(35%, M*), 155 (36), 107 (30), and 91 (100); v,,.,/cm~'(CH,Cl,)
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3056 and 2929 (CH), 1315s and 11495 (SO»); 8, (270 MHz, CDCl,)
2.41 (s, 3H), 3.00 (s, 3H), 7.33 (d, J, 8.3, 2H), and 7.79 (d, J, 8.3,
2H); dc (67.9 MHz, CDCly) 21.5, 44.5, 127.2 (2C), 129.8 (2C),
137.5 and 144.5.

4-Chlorophenyl methyl sulfoxide

Colourless solid (64%), mp 45.0-46.3 °C (lit.* 46-47 °C); m/z
174 (57%, M*), 159 (100), 131 (27), 111 (22) and 75 (33);
Vma/cm ™ (CH,Cl,) 2981 (CH) and 1053s (SO); d; (270 MHz,
CDCl,) 2.73 (s, 3H), 7.51 (d, J 8.4, 2H) and 7.61 (d, J 8.4, 2H);
dc (67.9 MHz, CDCl;) 43.9, 124.8 (2C), 129.5 (2C), 137.0 and
144 1 .45,54,56

4-Chlorophenyl methyl sulfone

Colourless solid (67%), mp 96.5-96.9 °C (lit.>” 97 °C); m/z
190 (35%, M*), 175 (45), 12 (37), 111 (100) and 75 (45);
Vo /cm ™ (CH,CL,) 3056 and 2934 (CH), 1319s and 1155s (SO,)
and 775 (CCl); 64 (270 MHz, CDCI;) 3.04 (s, 3H), 7.53 (d, J 8.5,
2H), 7.62 (d, J 8.5, 2H); d¢ (67.9 MHz, CDCl;) 44.4, 128.8 (2C),
129.6 (2C), 138.9 and 140.4.%®

4-Acetylphenyl methyl sulfoxide

Colourless solid (82%), mp 107.1-108.0 °C (lit.** 110 °C); m/z 182
(100%, M*), 167 (98), 152 (75) and 139 (20); v, /cm~'(CH,Cl,)
3006 and 2979 (CH), 1689s (C=0) and 1052s (SO); dy (270 MHz,
CDCly) 2.57 (s, 3H), 2.69 (s, 3H), 7.67 (d, J 8.6, 2H) and 8.02 (d, J
8.6, 2H); ¢ (67.9 MHz, CDCl;) 26.6, 43.6, 123.5 (2C), 128.9 (2C),
138.8, 150.7 and 196.9.%¢

4-Acetylphenyl methyl sulfone

Colourless solid (73%), mp 128.9-129.3 °C (lit.*¢ 127-128 °C);
m/z 198 (22%, M*), 183 (100) and 121 (30); vy, /cm~'(CH,CL,)
3064 (CH), 1693s (C=0), 1321s and 1153s (SO,); o4 (270 MHz,
CDCl,) 2.63 (s, 3H), 3.05 (s, 3H), 8.00 (d, J 8.6, 2H) and 8.09 (d, J
8.6, 2H): 3¢ (67.9 MHz, CDCly) 26.8, 4.1, 127.7 (2C), 129.0 (2C),
140.7, 144.0 and 196.6.%°

4-Cyanophenyl methyl sulfoxide

Colourless solid (58%), mp 86.3-87.9 °C (lit.* 86-88 °C); m/z 165
(73%, M*), 150 (100), 122 (43) and 102 (48); V. /cm~'(CH,CL,)
2986 (CH), 2233s (C=N) and 1075s (SO); dy (270 MHz, CDCl,)
2.79 (s, 3H) and 7.75-7.95 (m, 4H); é (67.9 MHz, CDCl;) 43.6,
114.6, 117.6, 124.2 (2H), 132.8 (2H) and 151.3.

4-Cyanophenyl methyl sulfone

Colourless solid (68%), mp 140.0-142.1 °C (lit.* 142-143 °C);
m/z 181 (26%, M*), 166 (28), 119 (75) and 102 (100);
Vo /cm ™ (CH,Cl,) 3062 and 2929 (CH), 2235 (C=N), 1322s and
11515 (SO,); 0y (270 MHz, CDCl;) 3.08 (s, 1H), 7.88 (d, J 8.3, 2H)
and 8.07 (d, J 8.3, 2H); ¢ (67.9 MHz, CDCl;) 44.5, 117.4, 117.9,
128.5 (2C), 133.6 (2C) and 144.7.4

Methyl 4-nitrophenyl sulfoxide

Pale yellow solid (82%), mp 150.6-151.9 °C (lit.** 151-152 °C);
m/z 185 (100, M*), 170 (52) and 50 (41); vy, /cm™'(CH,CL,)

3099 and 2863 (CH), 1529s and 1346s (NO,) and 1056s (SO);
4 (270 MHz, CDCL,) 2.78 (s, 3H), 7.82 (d, J 8.5, 2H) and 8.37 (d,
J 8.5, 2H); d¢ (67.9 MHz, CDCL,) 43.7, 124.4 (2H), 126.6 (2C),
149.5 and 153.2.455360

Methyl 4-nitrophenyl sulfone

Pale yellow solid (74%), mp 141.5-141.8 °C (lit.** 142-144 °C);
m/z 201 (31%, M*), 186 (35), 139 (100) and 122 (60);
Vmax /¢~ (CH,Cl,) 3066 and 2967 (CH), 1535s and 1349s (NO,),
1326 m and 1157s (SO,); oy (270 MHz, CDCl;) 3.12 (s, 3H), 8.16
(d, J 8.9, 2H) and 8.42 (d, J 8.9, 2H); 5 (67.9 MHz, CDCl,) 44.6,
124.9 (2C), 1.29.3 (2C), 164.2 and 151.2.55

Dimethyldioxirane, 1

The method adopted was that of Adam and co-workers.®! Water
(60 cm?), acetone (50 cm®) and NaHCO; (14.5 g, 0.17 mol) were
added to a 1000 cm® two-necked, round-bottomed reaction flask
equipped with a magnetic stirrer, and cooled (to 5-10 °C) by
immersion in an ice-water bath. The reaction flask was connected
by means of a U-tube to a Dewar condenser and thence to a
two-necked receiving flask. The condenser and receiving flask
were cooled to —78 °C by means of dry ice/acetone. With
cooling and vigorous stirring, Oxone® (2KHSO;-KHSO,-K,SO,)
(30 g, 48.7 mmol) was added in 5 portions at 3 min intervals.
Three min after the last addition, the ice-water bath was removed,
a moderate vacuum (80-100 Torr) was applied and, with vigorous
stirring, the reaction mixture was distilled. Typically, 20-30 cm?® of
pale yellow dimethyldioxirane in acetone distillate was collected
(Caution: strained peroxide—but dilute and no hazards reported).
The concentration of 1 (0.04-0.10 mol dm~3, 2-6%) was deter-
mined by oxidation of MeSPh and GC analysis of the MeS(O)Ph
produced using 1,4-dibromobenzene as internal standard. The
dried (Na,SO,) dimethyldioxirane/acetone solution was stored
at —20 °C.

Competitive oxidations

Stock solutions in acetone of each of the reactant sulfides and sul-
foxides and their respective product sulfoxides and sulfones were
prepared freshly as required. Gas-chromatographic response fac-
tors were determined for each product using 1,4-dibromobenzene
as internal standard. The chromatographic conditions for both
the calibration and the analysis of reaction products employed
the earlier mentioned FFAP capillary column with temperature
programming: 1 min at 60 °C then increasing to 230 °C (the
maximum for the column) at 16 °C min~'. For all analyses the
split injection mode was used with, normally, a 1 ul injection
volume; the exceptions were mixtures containing the 3- and 4-
nitrophenyl sulfoxides and sulfones where 3 pl was used to improve
the response. For the competitive oxidations, measured volumes—
around 1 cm® of stock solutions of the competing substrates in
acetone (8 x 1073 to 2 x 107> mol dm~*)—were added to a small re-
action flask such that there was a 1-1.5-fold molar excess of the less
reactive compound; in mixed solvent studies the co-solvent was
added at this juncture. The mixtures were equilibrated at 20.0 £+
0.1 °C for 15 min. Standardised dimethyldioxirane solution (see
above) was diluted to ca. 5 x 10~* mol dm~3 with the appropriate
solvent and also thermally equilibrated. An aliquot (0.1 cm?) was
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added to the substrate mixture, which was shaken vigorously for
ca. 10 s and then allowed to stand for 3 min before analysis. Each
competitive oxidation was repeated three to five (n) times and the
mean value of kx/ky and its standard deviation s,,.,, found from
the molar product ratios and the known initial molar ratios (r,) of
competing substrates [see eqn (1)]. The standard error of the mean
(Smean/ /1) was multiplied by the appropriate Student’s ¢-factor for
(n — 1) degrees of freedom to give the 95% confidence intervals.
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The oxidations of methyl 4-nitrophenyl sulfide and sulfoxide by dimethyldioxirane, in acetone and
mixtures of acetone with water, methanol, acetonitrile and hexane, have been followed by UV-Vis
spectroscopy to monitor the decay of the substrates. The data show that, under all the conditions
studied, both oxidations obey second-order kinetics. Grunwald-Winstein and Kamlet-Taft analyses of
the influence of solvents on the second-order rate constants have been used to obtain mechanistic
information on the two reactions. Activation parameters for the two oxidations in acetone and aqueous
acetone have been calculated from rate constants for reactions in the temperature range 283-313 K and

compared with those from sulfide and sulfoxide oxidations with other oxidants. For sulfoxide
oxidations in acetone and 1-20% v/v water in acetone, the results support a concerted nucleophilic
displacement by sulfur of oxygen from dimethyldioxirane with the rate being dependent on the solvent’s
polarity. Sulfide oxidations in acetone and 1-5% v/v water in acetone also proceed by a concerted
mechanism. However, in the most polar solvent system studied, 20% v/v water in acetone, the
mechanism changes in favour of a two-step reaction involving a betaine intermediate. Importantly, the
sulfide oxidation shows a different solvent dependence to that of the sulfoxide, with the rate of oxidation
being determined by the hydrogen bond donor capacity and electron-pair donicity of the solvent.

Introduction

Dioxiranes can be readily prepared and used in situ by oxidation of
ketones with Oxone®.? The simple, volatile dioxiranes, dimethyl-
dioxirane (1) and (trifluoromethyl)methyldioxirane (2), have been
the most extensively studied since they can also be isolated as dilute
solutions (ca. 0.1 mol dm~?) in the parent ketone by distillation
from their respective oxidation mixtures® or be obtained free of
ketone by extraction into chloromethane solvents.*

CHg o CHj o
N NG
- (0] (6]
CHs CF3

1 2

Dioxiranes can transfer an oxygen atom to a variety of
substrates under mild conditions, without the requirement for
acid or base catalysis, and have found many applications as
oxidants.®* These oxidations include epoxidation of alkenes?é:346
and alkynes,*” oxygen transfer to the heteroatom in amines® and
sulfides,” and insertion into C-H bonds.?*'® A clear advantage
of using dioxiranes as oxidants in syntheses is with compounds
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which are sensitive to acid- or base-catalysed solvolysis. This is well
illustrated by the successful preparation of aflatoxin B, exo-8,9-
epoxide (4), the carcinogenic metabolite of the mycotoxin aflatoxin
B, (3), using dimethyldioxirane," when all previous attempts
to bring about this epoxidation with other reagents had failed
(Scheme 1)."* Another example of the use of dioxiranes in synthesis
is in the first successful oxidation of episulfides to episulfones using
(trifluoromethyl)methyldioxirane (2), when a range of alternative
oxidants had been employed without success (Scheme 2).13

1

CH3COCH;3
Scheme 1
0 o,
/A Oxone , CF3COCH3 /A
ci{  NaHCOs NayEDTA), CHiCN,0°C G * /A

CH3

17% 65%

Scheme 2

The most extensively investigated of the dioxirane oxidations
has been alkene epoxidation, and this has been developed, using
chiral ketones and the in situ protocol for dioxirane synthesis,
into an efficient method for the enantioselective epoxidation of
unfunctionalised alkenes (see for example Scheme 3'#).15
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Scheme 3

Alkene epoxidation obeys the second-order rate law, first-order
with respect to both dioxirane and substrate. Hammett plots for
epoxidation of styrenes and ethyl cinnamates with dimethyldioxi-
rane in acetone gave p values of —0.90% and —1.53, respectively,
identifying the electrophilic nature of dioxiranes in these reactions.
This information, coupled with the activation parameters reported
for the oxidation of cyclohexene with dimethyldioxirane in acetone
(AH* 30.8 kJ mol™' and AS* —149 J mol™' K') suggested a
concerted reaction mechanism involving a spiro-shaped transition
state (5) with partial positive and negative charge on the alkene
and the dioxirane, respectively.**!

§-
~ ’Q’ Me
L—O--~‘<

Me
5

Hammett studies, by Murray and coworkers,' on the oxidation
of aryl methyl sulfides and sulfoxides with dimethyldioxirane in
acetone gave p values of —0.77 and —0.76 for the respective
oxidations. Here, the signs confirm dioxiranes as electrophilic
oxidants and the magnitudes imply that both oxidations occur
by a concerted oxygen atom-transfer with only partial charge
separation. More recently Asensio et al.’® suggested an alternative
mechanism for sulfide oxidation with dioxiranes, involving a
betaine intermediate 6 which can either eliminate the ketone to give
the sulfoxide or ring-close to the dioxathietane (cyclic sulfurane), 7
(Scheme 4). The key observation was the oxidation of sulfides with
(trifluoromethyl)methyldioxirane to the corresponding sulfones,
even in the presence of an excess of the sulfide. This was accounted
for by the rate of cyclisation of the betaine 6 being greater than
that of the elimination of CF;COCH; (k, > k;) and the sulfurane
intermediate reacting with the oxidant much faster (to give the
observed sulfone) than does the parent sulfide (k, > k).
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Scheme 4

In our previous paper we carried out a detailed analysis of
substituent effects in the oxidation of aryl methyl sulfides and
sulfoxides by dimethyldioxirane.! Hammett correlations using
relative rate data from competitive oxidations, in acetone and

mixtures of acetone with aprotic and protic co-solvents, show that
in all but the most polar solvent system (20% v/v water in acetone)
both oxidations proceed by a concerted mechanism. In this last
solvent mixture, however, there is clear evidence for a change
from a concerted to a two-step mechanism involving a betaine
intermediate. In this paper we explore the mechanisms of the two
oxidations further and report the first absolute rate constants and
activation parameters for the oxidation of a sulfide and a sulfoxide
by dimethyldioxirane in acetone, aqueous acetone and a selection
of other acetone-co-solvent mixtures. The data are analysed
using the Grunwald-Winstein and Kamlet-Taft equations and the
results provide further evidence for the mechanistic conclusions in
our first paper.

Results
Kinetics of sulfide and sulfoxide oxidation by dimethyldioxirane

(i) Methodology. Methyl 4-nitrophenyl sulfide and sulfoxide
were selected as representative substrates for kinetic studies from
the twelve methyl substituted-phenyl sulfides and sulfoxides used
in our previous investigation (Scheme 5).! These compounds have
the lowest rates of oxidation by dimethyldioxirane, which make
them the most amenable for conventional kinetic studies. Further-
more, their UV-Vis absorption maxima, unlike the majority of the
substrates in our previous study, are clear of interference from
the solvent’s absorption, allowing the kinetics to be followed by
monitoring the decrease in the substrate’s absorption with time.

s i
Me. “Me
M /o + /©/ L’ S\Me + Me,CO
OoN 2
O,N
2 ©

1 ®)

O\\ //O

S
o e
O5N
: (10)

Scheme 5

The oxidation of both substrates was studied in acetone and in
a selection of solvents (hexane, acetonitrile, water and methanol)
mixed with acetone. Two reaction protocols were employed:
(a) all the sulfide and some of the sulfoxide oxidations were
carried out with ~2.5-fold excess of substrate (typically 0.1 x
10™* mol dm™) over oxidant and analysed as second-order
reactions; (b) the remaining sulfoxide oxidations used pseudo-
first-order conditions with a large excess of oxidant over substrate
(under these conditions, the sulfide oxidations were too fast to be
easily studied).

The absorptions of the sulfide, sulfoxide and sulfone overlap and
this needs to be taken into account in both the first- and second-
order protocols. It was confirmed that each compound obeys
the Beer-Lambert law and their molar absorption coefficients,
&, for the solvents and wavelengths used are given in the ESI.¥
Dimethyldioxirane in acetone is yellow in colour, however, its
absorption (An, 336 nm, 1.58 £ 0.042 m? mol™") is negligible,
compared to those of the methyl 4-nitrophenyl sulfide, sulfoxide
or sulfone, and it does not interfere with the rate measurements.
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Generally, for unit path length the application of the Beer—
Lambert law gives 4, = [Slyes and A, = [Pl = [Slep (for
complete reaction of S) where 4, and A, are the initial and final
absorbances, S and P are the substrate and product and & and ¢
their respective molar absorption coefficients. On account of the
overlapping absorptions of substrate and product, the absorbance,
A,, at an intermediate time ¢ is given by eqn (1),

A, = [S]t'SS + [P][SP
= [Slies + ([Sh — [S])er

= [Sher + [S](es — &p) ()
From these expressions it follows that
A, — A A — A,
[Sh="—"—7 and [S=~"—"7
& — &p & — &p

For the first-order protocol we have, for a substrate S reacting
with a large excess of oxidant,

(Sl
1 =kt 2
(i) =+ @
Substitution of [S], and [S], from above gives eqn (3),
Ay — Ay
] —_— =
n(A,—Ax) kit 3)

The pseudo-first-order data for sulfoxide oxidations (i.e. S =9)
were analysed using eqn (3) for absorbance at 330 nm. The slopes
of the linear plots of In[(4, — 4.)/(A, — A.)] versus t gave k,
from which, knowing [1],, the second-order rate constants k, were
calculated.

For the second-order protocol, we have for a substrate S reacting

with 1,
1 [Sh((1), — [P],)>
1 =k, 4
i (s ) = @
from which it may be shown (see ESIt) that

exp{([1)y — [Sl)kat} — 1
P], = [S][1]o 5
Ph= Bl oo —soen s, ©
Since [P], = [S], — [S],, eqn (5) may be rearranged to give eqn (6)
(see ESI),

1 0 — S 0
Sl = ©)
Eﬁ%M@L—SMhH—I
Substitution of [S], from eqn (6) in eqn (1) gives eqn (7),
A, = [Sler + " ((1]y — [Slo)(es — &p) @
), SXPU([L — Sk} — 1

Knowing appropriate parameters [S],, [1]y, & and ¢p, eqn (7)
can, in principle, be used to fit the sulfide or sulfoxide decay
profiles. However, due to the time required for manipulation of
solutions and the reaction cell, there is an uncertain time-lapse,
t), between the formal onset of reaction and the recording of the
first observation. It is therefore convenient to adjust eqn (7) to
incorporate this [eqn (8)]. The resulting multiparameter fittings
thus lead to evaluation of both k, and #,.

([11y — [Slo)(es — &p)
(1],

S exp{([1]y — [Sl)k:(1 — 1)} — 1

A, = [Sher + ®)

Using the procedures described above, the oxidations of methyl
4-nitrophenyl sulfide and sulfoxide in all the solvent systems
were found to obey good second-order kinetics. The reactions of
the sulfoxide under pseudo-first-order conditions showed linear
correlations in the plots of In[(4, — 4..)/(4, — A.)] vs. time (in all
cases > > 0.999). Likewise, all the sulfide and sulfoxide oxidations
under second-order conditions gave excellent fittings (R* of >
0.999) to eqn (8) (see, for example, ESI Fig. S1f). Where the
second-order rate constant for sulfoxide oxidation was obtained
by both methods, agreement was also excellent. Each reported
rate constant is the average of the values obtained from at least
five experiments.

(ii) Oxidations in acetone and mixtures of acetone with hex-
ane, acetonitrile, H,O, and methanol. The second-order rate
constants for the oxidation of methyl 4-nitrophenyl sulfide and
sulfoxide in acetone and mixed acetone-co-solvent systems are
recorded in Tables 1 and 2. In our previous study, we employed
DMEF (relative permittivity 38.22*) as the co-solvent to increase
the polarity of the solvent, acetone (relative permittivity 20.72%),
while maintaining the aprotic environment." However, the slow
oxidation of DMF by dimethyldioxirane limited the use of this
co-solvent to sulfide oxidations only. To avoid this problem in the
present study, the polarity was increased with acetonitrile (relative
permittivity 37.5%), which is not oxidised by dimethyldioxirane
and, as previously, it was decreased by the addition of hexane
(relative permittivity 1.9%). For the sulfide oxidation, increasing
the proportion of hexane in the solvent from 0 to 90% v/v
led to a 2.5-fold decrease and the use of acetonitrile-acetone

Table 1 The second-order rate constants for the oxidation of methyl
4-nitrophenyl sulfide by dimethyldioxirane in selected solvent systems

Solvent® Co-solvent® Temperature/K 1072 kyungey/dm’ mol=' s='

Acetone

100 0 293 6.05+0.17

Acetone  Acetonitrile

50 50 293 30.8+ 1.0

Acetone Hexane

100 0 294 6.76 +£0.24
75 25 294 6.26 £0.12
50 50 294 4.35+0.13
10 90 294 2.68 +£0.11

Acetone  Water

100 0 294 6.76 +£0.24
98 2 294 9.79 £+ 0.68
95 5 294 12.0 £ 0.6
90 10 294 240+ 1.6
85 15 294 40.3+2.1
80 20 294 47.0+1.9
75 25 294 66.3+£2.5

Acetone  Methanol

100 0 299 7.21 £0.17
99 1 299 7.07 £0.14
90 10 299 8.73+0.17
80 20 299 13.7+0.8

“Solvent composition in % v/v. ® Uncertainties are 95% confidence
intervals.

764 | Org. Biomol. Chem., 2008, 6, 762-771

This journal is © The Royal Society of Chemistry 2008





Table 2 The second-order rate constants for the oxidation of methyl 4-
nitrophenyl sulfoxide by dimethyldioxirane in selected solvent systems

Solvent®  Co-solvent®  Temperature/K  Ayuonicey/dm® mol~" s7! 2

Acetone

100 0 293 7.06 &+ 0.41

100 0 293 7.52 £ 0.42¢

Acetone  Acetonitrile

50 50 293 9.58 £ 0.18

Acetone  Hexane

100 0 294 8.31 £ 0.51¢
50 50 294 9.08 &+ 0.47¢
15 85 294 19.4 £ 0.8¢

Acetone  Water

100 0 294 7.33+£0.25
98 2 294 7.54 £0.21
95 5 294 8.47 +0.28
90 10 294 9.74 £ 0.34
85 15 294 10.5+0.3
80 20 294 1254+ 0.4
75 25 294 13.24+04

Acetone  Methanol

100 0 295 8.31 £0.51°
99 1 295 8.38 £ 0.58¢
80 20 295 8.23 £ 0.58¢
50 50 295 7.94 £ 0.69¢

“ Solvent composition in % v/v. * Uncertainties are 95% confidence inter-
vals. ¢ Values of k, calculated from &, from pseudo-first-order conditions.

(1: 1, v/v) resulted in a 4.5-fold increase in k,. By contrast, k,
for the sulfoxide reaction in acetone increased 2.5-fold in 90% v/v
hexane in acetone, and showed a small increase (1.1-fold) in a
50% v/v acetonitrile-acetone mixture.

The second-order rate constant for sulfide oxidation was also
increased by the addition of the polar protic co-solvents water and
methanol (relative permittivity 80.22 and 33.0,2* respectively).
Thus, changing the water content from 0 to 25% v/v resulted in
a 10-fold increase in k,, and for methanol a somewhat smaller
4.3-fold increase was obtained with a 0 to 50% v/v change in
co-solvent concentration. The corresponding changes in the rate
constant for the sulfoxide oxidation were significantly smaller, a
1.8-fold increase and ~0, respectively.

The data reveal, in agreement with our previous study on the
relative rates of oxidation of aryl methyl sulfides and sulfoxides,
that whereas the sulfoxide oxidation is not greatly affected by
changes in solvent properties, that of the sulfide is strongly
favoured by solvents that are hydrogen-bond and/or electron-pair
donors. These observations are investigated in more detail below
using Grunwald—Winstein and Kamlet-Taft analyses.

(iii) Activation parameters. The oxidation of methyl 4-
nitrophenyl sulfide in acetone and aqueous acetone (5 and
20% v/v) was carried out at five temperatures between 283 and
313 K, and likewise that of the sulfoxide in acetone and aqueous
acetone (20% v/v). The second-order rate constants from these
studies (Tables 3-5) were used to obtain the activation parameters
AH* and AS* from their respective Eyring plots (see for example
Fig. 1 and 2) (Table 6).

Table 3 The temperature dependence of the second-order rate constants,
k,, for the oxidation of methyl 4-nitrophenyl sulfide and sulfoxide by
dimethyldioxirane in acetone

—2
10 kZ(suIﬁde)/ k2(sull'ox1de)/

Temperature/K  dm’® mol~' s™' *  Temperature/K  dm’® mol™' s7' ¢
288 488 +0.16 283 3.86 £0.15
293 6.05+0.17 289 5.69 £0.25
302 8.11 £0.24 293 7.06 £+ 0.41
308 9.68 £+ 0.30 298 10.3+0.3

313 11.6 + 3.8 302 12.8 +£ 0.4

« Uncertainties are 95% confidence intervals.

Table 4 The temperature dependence of the second-order rate constants,
k,, for the oxidation of methyl 4-nitrophenyl sulfide and sulfoxide by
dimethyldioxirane in 20% v/v water in acetone

10" kacuisaey/ Ksuttoxiae)/
Temperature/K  dm® mol~' s™' *  Temperature/K  dm® mol~' s~' ¢
290 355+ 1.5 290 9.25+0.33
295 470+ 1.9 295 125+04
298 53.2+£2.0 298 143+£0.5
305 71.5+£25 305 19.5+0.7
309 86.0 £2.1 309 254+0.6

« Uncertainties are 95% confidence intervals.

Table 5 The temperature dependence of the second-order rate constant,
k,, for the oxidation of methyl 4-nitropheny! sulfide by dimethyldioxirane
in 5% v/v water in acetone

Temperature/K 1072 kyeuiiaey/dm® mol =" s~* «
290 10.1+0.3
295 12.0 £ 0.6
298 13.6 0.6
305 164+ 1.1
309 19.74+1.2

« Uncertainties are 95% confidence intervals.

In(k, /T)

0.6

0.4

T T T T T T 1
0.00320 0.00325 0.00330 0.00335 0.00340 0.00345 0.00350
YT /K™

Fig. 1 Eyring plot for the oxidation of methyl 4-nitrophenyl sulfide by
dimethyldioxirane in acetone.
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Table 6 The activation parameters for the oxidation of methyl 4-nitrophenyl sulfide and sulfoxide by dimethyldioxirane in acetone and aqueous acetone

mixtures
Substrate Solvent AH*/kJ mol~' « AS*/J K~ mol"' ¢
Sulfide Acetone 226 +2.2 —1147+74
Sulfide Acetone-water (95 : 5% v/v) 22.7+2.3 —108.9+7.5
Sulfide Acetone-water (80 : 20 % v/v) 31.1+£22 —69.1+6.7
Sulfoxide Acetone 424+44 —83.6 +15.2
Sulfoxide Acetone-water (80 : 20 % v/v) 352+36 —104.4+11.9

« Uncertainties are 95% confidence intervals.

-3.0

-3.24

-3.4- .

-3.64

-3.84

In(k, /T)

4.0

42

T T T T T T 1
0.00340  0.00345  0.00350  0.00355

UTIK™

T T T T
0.00330  0.00335

Fig. 2 Eyring plot for the oxidation of methyl 4-nitrophenyl sulfoxide by
dimethyldioxirane in acetone.

Discussion

(i) Absolute rate constants for the oxidation of aryl methyl
sulfides and sulfoxides by dimethyldioxirane in acetone

The second-order rate constants for the oxidation of methyl 4-
nitrophenyl sulfide and sulfoxide were used to calculate absolute &,
values from the relative rate data presented in our previous paper.'
Rather than converting the experimental relative values directly,
preserving their experimental scatter, we have used relative values
given by the Hammett relationship [eqn (9)] and the p values —0.76
and —0.78, respectively, for the oxidation of aromatic sulfides and
sulfoxides in acetone at 293 K. The derived absolute rate constants
are thus optimised within the data set as a whole (Table 7).

log(kx/kv) = ap )

Asnoted previously, and consistently with the electrophilic char-
acter of the oxidant, electron-releasing groups on the substrates
lead to an increase in the rate constants. The data in Table 7 also
reveal that, for oxidations in acetone, the ratio of rate constants
for all the aryl methyl sulfide and sulfoxide pairs are remarkably
constant, lying between 81 and 86. Thus the relative reactivities
of sulfides to sulfoxides are almost independent of the electronic
effect of the substituent. This is a direct result of the very similar
negative p values for both oxidations in acetone at 293 K.

The absolute rate constants for the aryl methyl sulfides and
sulfoxides can also be compared with those for the oxidation
of other substrates by dimethyldioxirane (Table 8). This shows
that the sulfides are the most reactive of the substrates studied,

Table 7 The second-order rate constants, k,, for the oxidation of aryl
methyl sulfides and sulfoxides with dimethyldioxirane in acetone at 293 K

-2
1072 kauitiae)/ Kasuttoxide/

Substituent dm® mol~' s7' ¢ dm® mol™' s7' ¢ Kogsutide) / K agsultoide)
4-OMe 37.6 £4.7 46.3 +10.2 81.2
4-Me 31.6 £3.7 38.7+79 81.6
H 235+24 28.6 £ 5.1 82.2
3-OMe 19.1 +1.7 23.0+3.7 83.0
4-Cl 158+1.2 189 +2.7 83.6
3-Cl 12.3+0.8 147+ 1.8 83.7
3-CF, 11.1 £ 0.7 13.2+1.5 84.1
4-C(O)Me 9.85+0.53 11.7+1.2 84.2
3-CN 8.87 £0.43 10.5+ 1.0 84.5
4-CN 7.45 + 0.30 8.75 +£0.67 85.1
3-NO, 6.83 +£0.24 8.00 £ 0.55 854
4-NO, (6.05 £ 0.17)" (7.06 £ 041 857

“ Calculated from Hammett correlations of relative values (kx/ky) except
for X = 4-NO,, which was measured as described above. ® Average value
from at least four experiments.

in the following reactivity order: alkanes, ethers < alcohols <
alkenes < amines < sulfoxides < sulfides. For all these substrates,
dimethyldioxirane is an electrophilic oxidant and the observed
order therefore reflects the ability of the substrate to act as a
nucleophile. Table 8 also shows that the addition of water to the
dimethyldioxirane oxidations of ethers, alkenes and amines leads
to an increased rate of reaction. This and other solvent effects on
the oxidation of sulfides and sulfoxides are discussed below.

(ii) Solvent effects

In our previous paper we proposed that, in the oxidation of aryl
methyl sulfides by dimethyldioxirane, there is a large increase in
dipole moment in going from the reactant to the transition state,
whereas, by contrast, in the corresponding sulfoxide oxidation
there is a decrease (Scheme 6). Using the kinetics protocols deve-
loped in this study, it has been possible to test these suggestions
by carrying out both reactions in a range of different solvent
systems.

Me. pMe Me, pMe ¥
Me., K Me,, /// Me., 3
';s:/‘ o—0 — ’;/’S&O & —_— ;g/J + 0=X ¢
Al A A Me
M M M M 1
(\_ e., e 5. Me., e
Me, ¥ 0O % Me, ,O0 % Me, 0O Me
4 Yl NN 8- YA
N 0—0 — - O — $ + o0
A ~ A//S o+ A \O' Me
Scheme 6
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Table 8 Second-order rate constants for the oxidation of selected organic substrates by dimethyldioxirane

Substrate Product Temperature/K Solvent ky,/dm?® mol™' s7! Ref.
Me t-Alcohol 278 Acetone 1.37 x 1073 10a
H
; QzMe
H
MeQ H Ketone 278 Acetone 1.63 x 107? 10d
Acetone-water (1 : 0.18 v/v) 2.44 x 1073
Me
HO H Ketone 278 Acetone 2.24 x 1072 10d
o
O Epoxide 276 Acetone 0.55 6¢
/©/\ Acetone-water (1 : 0.22 v/v) 7.1
MeO
NMe, N-Oxide 278 Acetone 3.84 21
/©/ Acetone—water (1 :1v/v) 94.5
O,N
(I? Sulfone 293 Acetone 7.06 This study
/©/S\
ON
/©/S\ Sulfoxide 293 Acetone 605 This study

(a) Dipolar aprotic solvent systems. The results from the sulfide
and sulfoxide oxidations in hexane-acetone mixtures support the
proposed charge changes, in the rate-determining steps of the two
reactions. Thus the former reaction is disfavoured by increasing
the proportion of hexane whereas the latter is favoured. However,
using the more polar 50% v/v acetonitrile-acetone as the solvent
leads to an increase in the &, values of both reactions, whereas the
simple polarity model predicts an increase in rate for sulfide but
not sulfoxide oxidation. A possible explanation for the increase in
the rate of the latter reaction relates to the z*-solvent parameter in
the Kamlet-Taft equation,? and is discussed in more detail below.

It is interesting to note that although the sulfide/sulfoxide selec-
tivity of dimethyldioxirane in acetone is insensitive to substituent
effects, it is strongly dependent on the solvent composition. Thus
the relative rate ratio ke / Kaguitoice) 1 ~14 1n 85-90% v/v hexane
in acetone and >300 in 50% v/v acetonitrile-acetone. This has
important implications for the selective synthesis of sulfoxides
from sulfides.

(b) Protic solvent systems. The rate constants for both the
sulfide and sulfoxide oxidations are increased by the addition
of water, however, the magnitude of this effect is much larger
for the former reaction. The rate enhancement of the sulfoxide

oxidation from adding water to the solvent was not expected and
is discussed further below. The effect of using methanol as the
protic co-solvent for sulfide oxidation is similar to that of water
although less pronounced; however, it has no effect on the rate of
sulfoxide oxidation in methanolic acetone (Tables 1 and 2). As a
result of the different solvent dependencies of the two oxidations,
the selectivity of the oxidant, Kaguinge)/ Kagsutroxiae)» INCTreases more than
50-fold on changing the solvent from acetone to 25% v/v aqueous
acetone.

(ii) Analysis of solvent effects

The solvent interactions in the oxidations of methyl 4-nitrophenyl
sulfide and methyl 4-nitrophenyl sulfoxide in aqueous acetone have
been analysed in more detail using the Grunwald-Winstein?® and
Kamlet-Taft? equations [eqn (10) and eqn (11), respectively]. In
the former, plots of log k, vs. solvent parameter Y give m, the
susceptibility of the rate of reaction to changes in the solvent.
These analyses show that the m value for the sulfide oxidation,
0.307 & 0.026 (+* = 0.991 and s = 0.038), is 3.7 times larger than
that for the sulfoxide oxidation of 0.082 4 0.009 (+* = 0.983 and
s =0.014).

logk, = logk, + mY (10)
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Our previous study, of the relative rates of aryl methyl sulfide
oxidation by dimethyldioxirane, shows how the presence of a
small concentration of water (1% and 5% v/v) in acetone leads
to significant increases in the Hammett reaction constant (57%
and 75%, respectively) compared to that from acetone alone. This
effect is attributed to the ability of water to favour a larger charge
separation during the reaction, through specific solvation rather
than changes in solvent polarity. Thus by electron donation to
the partial positive charge on sulfur and by hydrogen bonding to
the partial negative charge on oxygen, it solvates and stabilises
the transition state 11. In contrast, the Hammett p values, from
the relative rates of aryl methyl sulfoxide oxidation, show a much
smaller solvent dependence (11% decrease in going from acetone
to 20% v/v aqueous acetone). This indicates that the substituent
effect on the oxidation of sulfoxides is insensitive to specific
solvating properties of water, suggesting that there is only a small
change in charge distribution in the rate-determining step in this
reaction. Analysis of solvent effects on the absolute rate data, for
the oxidations in the protic solvent systems from the present study,
support our earlier conclusions. Thus the Grunwald—Winstein
treatment shows that the oxidation of the sulfide is more sensitive
than that of the sulfoxide to solvent changes (m values 0.31 and
0.08, respectively).

Comparison with literature data shows that the m value for the
sulfide oxidation is lower than those obtained for the oxidation of
methyl phenyl sulfide with NalO,** and peroxomonosulfate (0.72
and 0.84, respectively). However, both these oxidants are ionic
and their larger m values may well arise from specific solvation of
these charges. A more comparable system to the sulfur oxidations
studied here, the one-step epoxidation of 4-methoxystyrene by
dimethyldioxirane in aqueous acetone mixtures, has a very similar
m value of 0.328 4 0.022 (+* = 0.994, s = 0.037 and y = 0.092).%

The Kamlet-Taft analysis [eqn (11)] gives the regression coeffi-
cients a, b and s, which measure the susceptibility of the second-
order rate constants, k,, to the solvent parameters, a, f and 7*.2>2

logk, = constant + aa + bf + sn* (11)

where a is a measure of the solvent’s hydrogen bond donor (HBD)
capacity, ff is a measure of the solvent’s electron pair donicity, and
n* is a measure of the solvent’s capacity to stabilise a charge or
dipole via its dielectric effect.

The solvent parameters a, f and #n* used in this study for
the water—acetone mixtures were interpolated from data reported
by Marcus (¢ and #n*)* and Reichardt and co-workers (f)*"**
(Table 9).

Kamlet-Taft correlation of logk,,s. values was achieved using
a and B, * not being significant at or below the 0.1 level of

Table 9 The values for the Kamlet-Taft parameters for aqueous acetone
mixtures??

% v/v of H,O Mole fraction a B *
0 0 0.081 0.530 0.690
2 0.077 0.275 0.539 0.714
5 0.177 0.457 0.540 0.736
10 0.312 0.610 0.561 0.764
15 0.419 0.682 0.585 0.796
20 0.505 0.726 0.597 0.831
25 0.576 0.759 0.597 0.867

probability [eqn (12) and Fig. 3]. Standardisation of the 10g Kxuside)
regression gives regression coefficients of 0.341 and 0.672 for a
and f, respectively, indicating the lone-pair donicity of water to be
about twice as important as its hydrogen bond donating capacity
in stabilising the transition state 11 for oxidation of 4-nitrophenyl
methyl sulfide, in aqueous acetone. By contrast, 10g Kz Was
correlated by n* alone, with neither a nor f§ being significant at
the 0.1 level of probability [eqn (13) and Fig. 4] [the uncertainties
in eqn (12) and eqn (13) are standard errors].

108k sz = —(1.949 % 0.879) + (0.507 % 0.193)a +
(8.914 + 1.717)p (12)

108k = —(0.226 £ 0.076) + (1.572 £ 0.099)7*  (13)

T T T T T
28 3.0 32 34 36 38

-1.949 + 0.5070. + 8.9498

Fig. 3 The Kamlet-Taft treatment of the oxidation of methyl 4-nitro-
phenyl sulfide with dimethyldioxirane in aqueous acetone at 294.4 K.

1.25+
25%
1.20
1.15
1.10

1.05-

ogk,

= 1.00

0.954

0.90

0.854

0.85 0.90 0.‘95 1 .IOO 1 .I05 1 .I1O 1.15
0.226 + 1.5727

Fig. 4 The Kamlet-Taft treatment of the oxidation of methyl 4-nitro-
phenyl sulfoxide with dimethyldioxirane in aqueous acetone at 294.4 K.
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The finding expressed by eqn (12) supports the conclusions
drawn in the previous paper,' where relative permittivity, a prop-
erty measured by z*, proved to be unimportant in the oxidation
of different sulfides by the concerted mechanism, whereas the
specific solvating property of water was important. (Reactions
in neat acetone and 80% v/v DMF in acetone have essentially the
same reaction constant whilst the reaction constant is increased in
aqueous acetone.)

The lack of significant a and ff terms in eqn (13) accords with the
earlier observation' that the oxidations of sulfoxides are insensitive
to the specific solvating properties of water. The positive sign
of the coefficient of n* indicates that the activation energy for
the oxidation of 4-nitrophenyl methyl sulfoxide decreases with
increasing solvent polarity (relative permittivity). At first sight
this is surprising, as we had found that sulfoxides bearing both
+M and —M substituents show increased relative rate constants
as solvent polarity is reduced. This was explained in terms of the
relative destabilisation of ground-states (which are more polarised
the stronger the M effect of whatever sign) and stabilisation of
transition-states of reduced polarity relative to the ground-states,
as solvent polarity is decreased.

The positive coefficient of 7* in eqn (13) can be explained by
consideration of solvent-dependent variation of polarity within
the single substrate, 9, rather than between different substrates.

Since the NO, group has more powerful electron-withdrawing
effects than S(O)Me, the polarisation of the electrons of the
aromatic ring in 9 is such as to deplete electron density at C(1),
where S(O)Me is attached (cf. canonical structure 9a). This will
affect the relative weighting of the dipolar S*—O~ and S=O partial
structures (cf. canonical structure 9b). If the ring polarisation is
subject to variation in degree with the polarity of the solvent, then
the weighting of 9b is expected to increase with increase in solvent
polarity (z*). In the previous paper! we suggested a relationship
between the polarity of the SO bond and the energy of the lone-
pair orbital on S such that the higher is the bond polarity, the
lower is the energy of the orbital and vice versa. Invoking this
again: the more polar a solvent, the greater is the weighting of
9b and the higher is the energy of the lone-pair orbital; hence the
more reactive the substrate in reaction with electrophilic 1. This
explains the positive coefficient of 7* in eqn (13).

(iii) Activation parameters

The activation parameters for the oxidation of methyl 4-
nitrophenyl sulfide and sulfoxide with dimethyldioxirane in ace-
tone are within the range of published values for the oxidation
of aryl sulfides and sulfoxides with other oxidants (Table 10).
The large negative entropies of activation support the bimolecular
mechanisms of both the dimethyldioxirane oxidations but cannot
be used to distinguish between a concerted one-step and a two-
step mechanism. Thus despite the similarities in the entropy
values in Table 10, the sulfide oxidations in entries 2-9 are
reported to proceed by a concerted mechanism whereas those
in entries 11-12 are two-step processes. The AH* values for the
dimethyldioxirane oxidations are amongst the lowest in Table 10,
suggesting that it is a powerful oxidant and the reactions involve
the simultaneous breaking and formation of bonds in the rate-
determining transition state.

Adam?® and Asensio® and their co-workers reported that sulfide
oxidation by dimethyldioxirane in acetone takes place by a two-
step mechanism. By contrast, the Hammett study in our previous
paper shows, with one exception, that this oxidation is a concerted
process. Only in the polar 20% v/v water in acetone system was
evidence for a two-step mechanism obtained. The sulfoxide oxi-
dation was a concerted one-step process under all the conditions
studied.

To explore the nature of this solvent-induced change in mech-
anism further, the activation parameters of both reactions in
20% v/v water in acetone and the sulfide oxidation in 5% v/v
water in acetone were measured and compared with the results
from the reaction in neat acetone. Adding 5% v/v water to the
acetone did not result in a significant change in the value for
the entropy of activation (—108.9 £ 7.5 and —114.7 + 5517
K=" mol™', respectively) for the oxidation of methyl 4-nitrophenyl
sulfide. However, with 20% v/v water in acetone there is a large
reduction in the negative value for the AS* of 40-45 J K-'mol™!

Table 10 The activation parameters for a selection of sulfide and sulfoxide oxidations

Sulfide oxidation

Sulfoxide oxidation

Entry  Oxidant Solvent AH*/kJ mol™! AS*/JK'mol'  AH*/kJ mol™! AS*/JK'mol!  Ref.
1 Me,CO,* Acetone 22.6 —114.7 42.4 —83.6 This study
2 KHSO;* H,0-CH;CN (99.5:0.5) 17.4 —124.0 — — 25
3 H,0,° Dioxane 65.7 —129.7 — — 29
4 H,0,¢ H,O 54.3 —113.0 — — 29
5 MeCO;H? MeCO,H 43.7 -96.6 59.2 —105.0 30
6 PhCO;H* Benzene 42.7 —100.4 — — 30
7 PhCO,H* Me,NCHO 48.5 —133.8 — — 31
8 NalO,* EtOH-H,O (1:1) 47.2 —113.3 — — 24
9 PMPAY H,0-HOAc (1: 1) 473 ~123.0 — — 32

10 PMPAY H,0-MeCN (40 : 60) — — 56.3 —89.3 33

11 (salen)Cr¥=0*  MeCN 48.6 —132.6 — — 34

12 Pb(OAc),’ MeCO,H 65.7 —111.0 — — 35

“ Substrates: O,NC,H,SMe and O,NCH,S(O)Me. ® Substrates: methyl phenyl sulfide and sulfoxide. ¢ Substrate: thioxane. ¢ Substrates: PhSCH,CO,H
and PhS(O)CH,CO,H. ¢ Substrate: 4-nitrodiphenyl sulfide.  Peroxomonophosphoric acid.
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and an increase of 8 kJ mol™' in AH*. This reduction in AS*
suggests that the transition state is less constrained and supports
the conclusion, in our previous paper, that the mechanism has
changed from a concerted one-step process in acetone, with a
highly organised transition state, to a less constrained two-step
process involving a betaine intermediate in 20% v/v water in
acetone. Thus increasing the proportion of water in the solvent
leads to an increased stabilisation of the charge separation in the
reaction and a weakening of the O-O bond to the point where the
fully charged intermediate (12) is formed.

The faster rate of the sulfide oxidation in the 20% v/v water in
acetone is due to the change in the entropy of activation, which
outweighs the increase in the enthalpy of activation and leads to
a decrease in AG* at 293 K of 4.8 kJ mol~!. For the sulfoxide
oxidation there is no evidence for a change in mechanism; the
changes in the activation parameters are small and give a value of
AG* at 293 K in 20% v/v water in acetone that is only 1 kJ mol™!
less than that observed for the reaction in 100% acetone.

Conclusions

1. The rates of oxidation of methyl 4-nitrophenyl sulfide and
sulfoxide by dimethyldioxirane show overall second-order kinetics
(first-order in substrate and oxidant).

2. Studies using a selection of acetone—co-solvent systems reveal
that the sulfide oxidation is significantly more sensitive to changes
in solvent character than the oxidation of the sulfoxide.

3. Grunwald-Winstein and Kamlet-Taft analyses of the rate
constants for sulfide oxidation, in aqueous acetone solvent sys-
tems, indicate that the reaction is favoured by specific solvation
of the transition state by water through hydrogen-bonding to
the partial negative charge on oxygen in the dioxirane and
electron-pair donation to partial positive charge on sulfur. The
dominant solvent effect in the sulfoxide oxidation is solvent
polarity.

4. The activation parameters, from reactions in acetone, support
the concerted reaction mechanisms proposed previously’ for
both oxidations, on the basis of the small negative Hammett p
values (—0.76 and —0.78 for the sulfide and sulfoxide oxidation,
respectively).

5. Both oxidations are concerted one-step processes under all
of the solvent conditions studied, except for the sulfide oxidation
in 20% v/v water in acetone. In this solvent system, the specific
solvation by water is sufficient to bring about a change in
mechanism with the formation of a betaine intermediate in a two-
step reaction.

Experimental
Instrumental methods

UV-Vis spectra were recorded on a Hewlett Packard HP8453 diode
array spectrophotometer with UV-Vis Chemstation Rev. A.02.05
data processing. Quartz cuvettes (1 cm path length) were used
throughout.

Non-linear fittings of absorption decay curves were carried out
using SPSS 10.0 for Windows. The multiple linear regression
analyses used either SPSS 10.0 for Windows or the Excel add-
in Essential Regression 2.219, which was developed by Steppan
et al.¥ This latter program was also used for standardised multiple
linear regressions.

Materials

All the organic solvents employed in these studies were supplied
by Fisher and were of analytical or HPLC grade. Deionised water
was used throughout. The preparations of methyl 4-nitrophenyl
sulfide, sulfoxide and sulfone and dimethyldioxirane in acetone
are reported in our previous paper.! Two methods were used
to measure the concentration of the oxidant. The first involved
reacting it with methyl phenyl sulfide and analysing the resulting
product mixture by GC. In the second, knowing the molar
absorption coefficients at 330 nm of methyl 4-nitrophenyl sulfoxide
and methyl 4-nitrophenyl sulfone, UV-Vis spectroscopy was used
to analyse the product yield from the reaction of dimethyldioxirane
with methyl 4-nitrophenyl sulfoxide. Both methods gave very
similar results.

Rate measurements

For both the pseudo-first- and second-order protocols the methyl
4-nitrophenyl sulfide or sulfoxide in the required solvent was
added to a cuvette and thermostatted in the spectrometer at
the required temperature. After 15 min, a background UV-
Vis spectrum (300-500 nm) was recorded before the oxidant
was added, the cuvette was then thoroughly shaken and the
spectrum of the reaction mixture was recorded (300-500 nm)
every 20 s. The decay of absorbance at 350 and 330 nm was
used to monitor the oxidations of methyl 4-nitrophenyl sulfide
and sulfoxide, respectively. The analysis of the second-order data
required measuring the absorption coefficients of substrate and
product, at the wavelengths monitored, in each of the different
solvent systems (see ESI Tables S1 and S2+t). The second-order rate
constants were calculated as described above. The pseudo-first-
order protocol for sulfoxide oxidations typically used a 12-fold
excess of dimethyldioxirane (3-6 x 10~* mol dm~?) over methyl 4-
nitrophenyl sulfoxide (2.5-5 x 10~* mol dm~*). The second-order
studies with methyl 4-nitrophenyl sulfide and sulfoxide employed
a 2.5-fold excess of substrate (1.0 x 10~* mol dm~?) over oxidant
(4.0 x 10~ mol dm™).
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Over the past decade, nucleic acid chemists have seen the spectacular emergence of molecules designed
to interact efficiently and selectively with a peculiar DNA structure named G-quadruplex. Initially
derived from classical DNA intercalators, these G-quadruplex ligands progressively became the focal
point of new excitement since they appear to inhibit selectively the growth of cancer cells thereby
opening interesting perspectives towards the development of novel anti-cancer drugs. The present
article aims to help researchers enter this exciting research field, and to highlight recent advances in the

design of G-quadruplex ligands.

Introduction

After one decade of speculation concerning its in vivo importance,
G-quadruplex-DNA (Fig. 1) has attracted exceptional attention
from all the nucleic acid research community. This peculiar DNA-
arrangement has been thoroughly reviewed recently,! both in terms
of structural investigations® and of biological implications® and
also in terms of potential applications towards nano-technologies.*

Despite the fact that direct proof for its in vivo existence is still
sparse,® a growing body of evidence for the biological relevance
of G-quadruplex-DNA emerges from the recent literature: (i)
the putative G-quadruplex-forming sequences are thoroughly
distributed along the human genome (370 000 sequences,® prob-
ably even more’), and their involvement within an extended
duplex-DNA is compatible with their folding into quadruplex-
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Fig. 1 Example of quadruplex-polymorphism: NMR structures of
quadruplexes from the human telomeric (A, PDB entry: 2HY9) and c-myc
(B, PDB entry: 1XAV) sequence (guanines in gold).

structures;? (i) these sequences are particularly found at telomeric
regions and gene promoters (more than 40% of human genome
promoters present at least one quadruplex-forming sequence);’
(ifi) the putative quadruplex formation correlates with a certain
gene expression level;'® and (iv) an array of proteins with various
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functions (nucleases, helicases, resolvases) has been shown to
interact specifically with G-quadruplexes.¥*

Most importantly, the implication of G-quadruplex is evoked in
several biological dysfunctions that selectively alter the integrity
of cancer cells.¥** In particular, the formation of G-quadruplex-
DNA at the end of telomeres has been reported not only to
impede the telomerase association and activity (due to the enzyme
inability to bypass the folded form of its DNA-substrate) but
also severely to increase the genomic instability by hampering
normal recognition of telomere-associated proteins with their
targets.¥"** The regulatory potential of G-quadruplexes towards
cancer cell growth is also strongly substantiated by their possible
formation in the promoter regions of several human genes (such
as the retinoblastoma susceptibility,'" insulin,' muscle-specific,'®
vascular endothelial growth factor,™* hypoxia inducible factor 1a,*
fragile X mental retardation genes®*'¢) and oncogenes (such as c-
myc,"” k-ras,”® bel-2," ¢c-kit,?* or RET oncogenes?!). Consequently,
the possibility of building novel anti-cancer therapeutic strategies
with G-quadruplex-DNA as the cornerstone is currently under
investigation.

Therefore a general consensus is that G-quadruplex binders that
stabilize the G-quadruplex structure could pave the way for the dis-
covery of novel anti-cancer agents. The quadruplex-stabilization
occurs, in most cases, via m—7 stacking and electrostatic inter-
actions resulting in the binding of the ligand (usually a flat
aromatic molecule) on the G-quartet constitutive of the external-
face of the quadruplex. This binding mode (external stacking) has
been thoroughly discussed' since it represents a unique feature of
quadruplex recognition as compared to other DNA forms. Given
the large area of the G-quartet, an efficient G-quadruplex ligand
should feature a large aromatic surface, much larger than that of
a duplex binder to improve the aromatic-aromatic overlap and
provide selectivity. Electrostatic interactions between positively
charged ligands and the G-quadruplex-DNA scaffold also strongly
participate in stabilization. However due to the polymorphism
of the quadruplex backbone arrangement (Fig. 1)* and the lack
of data on the electrostatic potential of the four grooves, these
interactions are much less understood than those occurring with
duplex-DNA. Finally, little is known concerning the influence of
the central cations on ligand binding. So far, the rational design
of G-quadruplex-interacting compounds has been guided by two
criteria (i.e. m-stacking and electrostatics) but also by somewhat
empirical approaches. Globally, the numerous ligands synthesized
to date can be classified into four different categories on the basis
of their cationic nature, i.e. cationic (1) upon in situ protonation
of an amine appendage, (2) via N-methylation of an aza-aromatic
moiety, (3) thanks to the presence of a metal centre, or (4) non-
cationic ligands.

With the present article, our intention is not to cover exhaus-
tively the G-quadruplex ligands field, but more to provide a
field guide for bio-organic chemists allowing them to enter the
exciting G-quadruplex ligand research area. The reader will find
the structure, the essential biophysical and biological data and
importantly, the references related to the most recently reported
and cited ligands. It is also worth noting that the present article is
focused on the structural design of ligands and on their molecular
interactions with G-quadruplex, whereas the particular notion of
telomerase inhibition, although mentioned, is not discussed in
detail (for a recent review, see Ref. 3k).

In situ protonated G-quadruplex ligands

The key issue in the development of compounds that target G-
quadruplex-DNA is to conceive large flat aromatic systems prone
to m-stacking with a G-tetrad platform, while retaining reasonable
water solubility. In other words, the molecule has to exhibit
both hydrophobic and hydrophilic characteristics. A usual way to
ensure this duality is to introduce protonable sidearms (e.g. amine
groups) around an aromatic core; the molecule is then water-
soluble, with the charge(s) far from the hydrophobic centre. This
line was followed 10 years ago by Neidle, Hurley and co-workers
with the promotion of a bisamidoanthraquinone as G-quadruplex
ligand and telomerase inhibitor.”> Besides this work, several
pioneering reports concerning interaction of dyes with quadru-
plexes appeared in the literature and particularly worth men-
tioning is the study from Shafer and co-workers on DODC
(3,3'-diethyloxadicarbocyanine).”® The bisamido-anthraquinone
family has been further developed and subsequently evaluated
by cytotoxicity and direct telomerase inhibition assays, revealing
IC, values in the low micromolar range.?* However, these studies
concluded that the quadruplex- vs. duplex-DNA selectivity of this
series was insufficient for further biological applications. To cir-
cumvent selectivity problems, Neidle and coworkers progressively
modified the core and the sidearms of the initial ligands: from
anthraquinone to fluorenone,® then acridone® and acridine.”” A
member of the 3,6-disubstituted acridine series was particularly
useful for the G-quadruplex ligand design, BSU6039 (Scheme 1),
since a crystal structure of its complex with G-quadruplex was
obtained (Fig. 2).*® As expected, this structure showed an inter-
action dictated by hydrophobic-rn-stacking interactions between
the flat aromatic core of the ligand and two guanine residues
of the accessible G-tetrad doubled by electrostatic interactions
between the two protonable sidechains of the ligand and the
quadruplex-grooves. On this basis, an optimized prototype was
designed, BRACO-19 (Scheme 1), able to interact concomitantly
with three G-quadruplex grooves thanks to three side-arms.?
This optimized target adaptation appears through the high level
of quadruplex-stabilization, evaluated by FRET (fluorescence
resonance energy transfer)-melting assayt,* (AT, = 27 °C) and
selectivity evaluated by the SPR (surface plasmon resonance)
method,* which revealed a 31-fold binding preference for the
quadruplex-structure. In addition, a strong potency for telomerase
inhibition was evaluated by TRAP (telomeric repeat amplification
protocol)*+3? assay (IC5-TRAP = 115 nM). Worth pointing out
is that the TRAP assay has been very recently demonstrated
to be somewhat biased by G-quadruplex-forming primers and
thus may not fully reflect telomerase inhibition.*® Nevertheless,
TRAP results will be indicated here since they have been used
as evaluation parameters in an overwhelming majority of the
cited articles.**** Further biological investigations have recently
demonstrated the efficiency of BRACO-19 as an inhibitor of
cancer cell proliferation,* which has been somewhat limited by
pharmacological parameters (such as cellular uptake or membrane
permeability).** These limitations seem to be on the way of being
circumvented, by modification of the 9-amino substituent of the
BRACO-19 (from an aniline to a difluorobenzylamine group).*
Thus, the simple acridine motif appears to be very valuable for
G-quadruplex recognition, provided that its substitution pattern
and the protonation ability of the central ring nitrogen are
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Scheme 1 Selected cationic G-quadruplex ligands upon in situ protonation of amino-appendages.

Fig. 2 Side- (A) and top-views (B) of the X-ray structure of BSU6039
complex with bimolecular quadruplex-DNA (d[G,T,G,]), (PDB entry:
1L1H).

optimized: the 2,7-dipropylamino-acridine being for example a
very poor G-quadruplex ligand.*’

Hurley’s orientations pointed toward more extended aromatic
molecules. In 1998, Fedoroff, Kerwin, Hurley and coworkers
reported on the association studies of G-quadruplex-DNA and
the perylene diimide PIPER (Scheme 1).** This molecule is
characterized by a broader hydrophobic core, with two external
amine appendages. This family of compounds was shown to be
moderately active as telomerase inhibitors (ICs-TRAP ~20 uM)
but has been extensively studied by Hurley’s then Kerwin’s
group, for the peculiar relationship between aggregation state
and quadruplex- vs. duplex-DNA selectivity. Indeed the latter
increases from almost none to 42-fold quadruplex selectivity
under a free (pH 7) or aggregated state (pH 8.5)."“* Recent
extensions confirmed that hydrosolubility does not necessarily
imply better in vitro characteristics, as demonstrated by multi-
substituted perylene and coronene ligands, either symmetrically
substituted* or not.*

Hurley’s group also diverted the quinobenzoxazines from their
usual anti-bacterial activity, to propose the fluoroquinolone QQ58
(Scheme 1) as a G-quadruplex ligand.** A NMR study confirmed
the stacking onto an external G-tetrad as the main binding mode,
and extended biological investigations demonstrated the cellular
activity of such ligands. Other compounds from various natural
sources and well-known for their affinity for duplex-DNA have
been tested as G-quadruplex ligands: these are intercalators such

as daunomycin, which wonderfully crystallized as a trimer with
G-quadruplex (Fig. 3),* or groove binders such as distamycin,
whose NMR structure demonstrated quite a surprising binding
mode with quadruplex, based on two molecules lying side by side
in an anti-parallel fashion either in the groove* or on the terminal
G-quartet.* Several flavonoid* or steroid derivatives,* as well as
marine alkaloids such as ascididemin or meridine*® have also been
shown to bind quadruplexes with variable efficiency.

Fig. 3 Side- (A) and top-views (B) of the X-ray structure of the dauno-
mycin trimer with tetramolecular quadruplex-DNA (d[TG,T]), (PDB
entry: 100 K).

Another dimension in the G-quadruplex ligand design was in-
troduced in 2001 by Teulade-Fichou, Mergny and coworkers with
the use of pentacyclic quinacridines that display a crescent shape
likely to maximize the overlap with the guanines of the accessible
G-quartet. MMQ); (Scheme 1) was the leading compound of
the quinacridine family, which shows remarkable G-quadruplex
stabilization (AT, = 20 °C) and high telomerase inhibitory
activity (IC5-TRAP = 28 nM).* Recently, an NMR structure was
determined with MMQ,, the dipropylamino analogue of MMQs,
and a tetramolecular quadruplex (Fig. 4).*° This study not only
shows the simultaneous overlap of three guanines by the quinacri-
dine unit, but also pinpointed the role of the protonated sidearms,
which actively participate in quadruplex recognition via inter-
actions in the grooves. A dimeric macrocyclic quinacridine was
subsequently proposed, BOQ, (Scheme 1), that proved to be an im-
proved quadruplex-stabilizer (AT, ,, = 28 °C), with a better overall
selectivity than the monomeric series (~10-fold, evaluated by SPR)
and an efficient telomerase inhibitor (IC5,-TRAP = 130 nM).*!
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Fig. 4 Side- (A) and top-views (B) of the NMR structure of MMQ,
complex with tetramolecular quadruplex-DNA (d[T,AG;T]), (PDB entry:
2JWQ).

This selectivity, attributed to the enhancement of the ligand
aromatic surface, is also likely a consequence of the steric
hindrance of the macrocyclic scaffold that impedes duplex binding.
Recently, it was suggested that BOQ, can adopt a semi-closed
conformation that might result in a particular binding mode,
probably based on specific interactions with loops.*** Interestingly,
the efficiency of such a dimeric macrocyclic scaffold appears clearly
dependent on the nature of the aromatic unit, since macrocycles
derived from quinacridine (BOQ,) or acridine (BisA)*” are efficient
quadruplex binders, whereas those comprised of phenanthroline
or naphthalene units, which have poor ability to stack on DNA
bases,’”* lead to more modest results.>

Subsequently, the crescent-shape particularity of quinacridine
was found in several other ligands, such as indoloquinolines
(such as PSI99A),** cryptolepine and analogues,® quindolines
(such as SYUIQ-5) whose efficiency has been demonstrated
on telomeric and c-myc promoter quadruplexes,® or triaza-
cyclopentaphenantrene.>

Some of the previous examples perfectly illustrate the difficulty
in obtaining ligands with high quadruplex-selectivity. Following
the way paved by Wheelhouse and co-workers with biarylpyri-
midines,” Neidle and co-workers succeeded in combining good
overlap of G-quartet and simple synthetic access, with ligands
assembled via click-chemistry.®® The resulting bistriazole deriva-
tives are good quadruplex-stabilizers (AT,,, between 15 and
19 °C) with a high degree of selectivity but they appeared to
be moderate telomerase inhibitors (ICs,-TRAP between 13 and
20 uM).

A novel trend in the G-quadruplex ligand design is currently
emerging based on the enhancement of G-quadruplex recognition
by the introduction of additional structural elements. This relies
on the fact that quadruplex- vs. duplex-DNA selectivity has to be
addressed in terms of the difference between the surface area of a
G-quartet and of a base-pair, but also in terms of loop- and groove-
recognition. This basic principle was applied to the conception
of the neomycin capped quinacridine series (NCQ, Scheme 1)
that has been designed to concomitantly target the G-quartet
and the loop of a quadruplex structure with the quinacridine
moiety and the neomycin motif respectively.® The preferential
binding of NCQ to loop-containing quadruplexes as compared to
non-loop containing ones was evidenced. This result along with
the good quadruplex stabilization ability of the series (AT, =
14 °C) and its strong telomerase inhibitory activity (IC5,-TRAP =
200 nM) fully validates this ‘ditopic’ design. The efficiency of tri-
oxazole macrocycles (Scheme 1) originates probably in a similar

phenomenon, thanks to the three amino appendages located on
the same face of the macrocycle and putatively implicated in loop
and groove interactions.® Interestingly, these secondary interac-
tions raise the possibility of selectively stabilizing a particular type
of quadruplex-DNA. This is illustrated by the binding preference
of the tri-oxazole macrocycles for the quadruplex formed by the
c-kit sequence as compared to the human telomeric one. This
particular macrocyclic oligoamide scaffold has been very recently
confirmed as valuable for the design of efficient G-quadruplex
ligands by two independent studies.® Finally, Balasubramanian
and coworkers also succeeded very recently in targeting another
structural element of the quadruplex architecture, namely the
central cation channel, thus opening interesting perspectives as
for a ligand-mediated control of the quadruplex polymorphism.*
However, and as mentioned above, interactions of ligands with
peculiar quadruplex elements (i.e. loops, grooves, cation channel)
are still poorly investigated, suffering from the availability of firm
structural data.

Finally, an additional level of selectivity was very recently
reached, with the use of isoalloxazines as c-kit selective
quadruplex-ligand.® In this study, the duplex- vs. quadruplex-
selectivity was combined with a clear intra-quadruplex selectivity
(up to a 14-fold preference for the quadruplex formed by the c-
kit sequence as compared to the human telomeric one), thereby
opening an avenue to the design of a second generation of ligands
able to selectively alter the expression of a given gene.

N-Methylated aromatic G-quadruplex ligands

Beyond quaternization of amine side-chains via in situ protona-
tion, an alternative pathway was thoroughly exploited with the use
of N-methylated ligands i.e. quaternized on the aromatic ring ni-
trogens. The success of this design relies on the double advantage of
N-methylated aza-aromatic moieties, i.e. affording water solubility
without the need for cationic side-chains and increasing the -
stacking ability of the ligand thanks to the reduction of the electron
density of the aromatic part. TMPyP4 (Scheme 2) is the pivotal
example of this family of ligands. This tetracationic porphyrin has
been extensively studied by Hurley’s and co-workers;!*!74:19.21.64
TMPyP4 has been shown for example to have a high affinity for
G-quadruplex (AT,,, = 17 °C), to efficiently inhibit telomerase
(IC5-TRAP = 6 uM), but also to downregulate the expression
of oncogenes (such as c-myc or k-ras) and to convert anti-
parallel topologies to parallel forms of quadruplexes. Interestingly,
despite the fact that TMPyP4 soon became known to be poorly-
to non-selective for quadruplex-structure,® the interest for this
particular molecule has never declined, as can be seen by the
recent controversy over the nature of the porphyrin-quadruplex
complex. Indeed, the diverse binding modes of TMPyP4 include
intercalation between adjacent G-tetrads and stacking of the
porphyrin onto the external G-quartet (Fig. 5).°® Furthermore,
X-ray studies have described an unexpected alternative binding
mode based on external stacking onto the TTA nucleotides but
without any direct contact with G-quartets.*’

Several structurally-related ligands have been described over
the past years: the porphyrin TQMP® and the porphyrazine 3,4-
TMPyPz (Scheme 2)% are two examples of tetracationic macro-
cycles, which have been shown to bind efficiently to quadruplex-
DNA. In particular in the case of the porphyrazine derivative,
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RHPS4 Ethidium derivatives

PDC 360A Phen-DC;

Scheme 2 Selected cationic G-quadruplex ligands upon N-alkylation of aza-aromatic appendages (counter-ions are Cl- for TMPyP4, 3,4-TMPyPz and
Se2SAP, I~ for TQMP, ethidium derivatives and PDC 360A, McOSO;~ for RHPS4, and CF;SO;~ for Phen-DC;).

A

Fig. 5 Side- (A) and top-views (B) of the NMR structure of TMPyP4
complex with c-myc derived quadruplex-DNA Pu24I (PDB entry: 2A5R).

a 100-fold increase in affinity as compared to TMPyP4 has
been measured by SPR, but also a significant improvement of
the specific recognition of quadruplex-over duplex-DNA was ob-
served (>30-fold preference for quadruplex-DNA). Very recently,
TMPyP4-related porphyrins carrying 1 to 3 N-methylpyridinium
arms,” as well as structurally-related corroles™ have also been
described.

Finally, an important breakthrough in the porphyrin series
came with the design of a diselenosapphyrin Se2SAP (Scheme 2),
with an expanded porphyrin core.” This ligand was shown
to bind strongly and selectively to quadruplex-DNA (~50-fold
preference for quadruplex-over duplex-DNA, evaluated by SPR)
and to convert parallel (c-myc sequence) or anti-parallel (human
telomeric sequence) topologies to a mixed anti-parallel/parallel
hybrid structure. More importantly, this ligand was the first of
a promising series able to discriminate among the various forms
of the G-quadruplex-DNA. Nevertheless the very low-yielding
preparation of the Se2SAP may be a serious drawback for future
exploration of its biological potential.

Beyond the canonical macrocyclic pattern of porphyrins and
derivatives, several small molecules have been reported with quite
exceptional properties. Among the first was RHPS4 (Scheme 2),”
a N-methylated pentacyclic acridinium reported in 2000 by the
Stevens group. In vitro studies (IC5-TRAP = 330 nM) and

in cellulo investigations demonstrated the ability of this highly
condensed aromatic ligand to decrease telomere length and to act
in synergy with the classical anti-cancer agent Taxol. Recently,
RHPS4 has also been reported as an efficient telomere uncapping
agent, as well as a telomere binding proteins modulator.” Worth
mentioning is that RHPS4 is one of the rare ligands whose complex
with G-quadruplex-DNA has been solved by NMR (Fig. 6).”
As expected, the cationic molecule sandwiches the quadruplex-
structure thanks to strong stacking interactions between the ligand
and the two external G-quartets of the G-quadruplex.

Fig. 6 Side- (A) and top-views (B) of the NMR structure of RHPS4
complex with tetramolecular quadruplex-DNA (d[T,AG;T]), (PDB entry:
INZM).

In 2001, Mergny and co-workers reported on the use of ethidium
derivatives (Scheme 2) as G-quadruplex ligands.” The results
obtained in terms of G-quadruplex stabilization (AT,,, ~ 10 °C)
but mostly in terms of telomerase inhibition (IC5,-TRAP =47 nM)
and quadruplex- over duplex-selectivity were quite promising.
However, the well-known toxic and mutagenic properties of
ethidium bromide led these co-workers to develop a novel and
safer series of G-quadruplex ligands, derived from triazine.”” The
member of the series known as 12459 and identified by FRET-
melting screening was particularly interesting thanks to its ability
to stabilize selectively G-quadruplex (AT, = 8 °C) and to strongly
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inhibit telomerase activity (IC5,-TRAP = 130 nM). Nevertheless,
triazines were also rapidly superseded by the emergence of a
structurally-related bisquinolinium series containing a pyridodi-
carboxamide (PDC) core.”® The PDC series has shown quite
exceptional properties: the two leading compounds, 307A and
360A (Scheme 2), exhibit a high degree of quadruplex-stabilization
(AT,,, = 21 °C), an exquisite quadruplex-over duplex-selectivity
(>150-fold) and induce efficient inhibition of telomerase (ICs,-
TRAP = 300 nM). These results are particularly impressive with
regard to the structural simplicity of the series and its two-step
synthesis. These compounds have been subsequently shown to
induce delayed growth arrest and apoptosis in immortalized cell
lines.”® Remarkably, tritiated 360A has been shown to localize
preferentially at telomeric regions of chromosomes, thus providing
new evidence of quadruplex existence in a cellular context.” The
efficiency of PDC derivatives as G-quadruplex binders was also
demonstrated recently via their ability to induce the challenging
formation of tetramolecular quadruplexes and thus to act as
molecular chaperones.® Finally, a recent extension of this family of
ligands was achieved by the synthesis of phenanthroline analogues
Phen-DC (Scheme 2) that show a perfect geometrical match with
a G-quartet.®! Remarkably, the selectivity of the Phen-DC series
revealed to be higher than that of telomestatin (see below), thus
confirming the great potential of the bisquinolinium compounds,
which represent an ideal compromise between rapid synthetic
access and efficient target recognition.***!

Various other cationic aromatics have also been tested for their
ability to bind quadruplex-DNA. Most of these are, or are derived
from, well-known duplex-DNA binders such as the anti-tumor
agents diphenylcarbazoles (BVMC?* or uncharged analogue®)
and the bisintercalor ditercalinium.** Others are identified for
specific biological activities such as the antibiotic berberine (either
the 9-% or 13-substituted derivatives®) or the closely related
coralyne.®” A fluorenylium derivative, an oxidized derivative of
the vasodilatator papaverine, was also studied.®® Finally binding
of several fluorescent dyes (carbocyanines®**® and engineered
derivatives® and Hoechst 3358°") known as duplex minor groove-
binders have shown affinity for quadruplex-DNA. This suggests
that external stacking on G-tetrads is not the unique mode
for accommodating ligand and that groove interactions can be
performed with suitably shaped ligands. A recent report from
Wilson and coworkers highlights the use of bifuryl diamidine
derivatives (like DB832) as agents interacting with the grooves
of quadruplexes. In this latter case, the efficiency of the binding
process clearly demonstrates that groove recognition is a very
promising area that deserves further investigations.’'
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Metallo-organic G-quadruplex ligands

An alternative to the use of classical organic molecules is currently
emerging from the literature, with the use of metallo-organic
complexes. This class of ligands is highly interesting thanks to
their easy synthetic access and their very promising G-quadruplex
binding properties. This approach is based on the assumption
that the central metal centre could be positioned over the cation
channel of the quadruplex, thereby optimizing the stacking
interactions of the surrounding chelating agent with the accessible
G-quartet.®> Their cationic or highly polarized nature is also a
clear advantage to promote the association with the negatively
charged G-quadruplex-DNA.

The very first reported examples described the insertion of
a metal in the central cavity of TMPyP4,%*¢ and their use as
Cu(m)-** (Scheme 3), Ni(11)- or Mn(111)-complexes.** Mn-TMPyP4
deserves particular attention since it showed a ~10-fold preference
for quadruplex-over duplex-DNA, as evaluated by SPR, despite
modest telomerase inhibition (IC5,-TRAP = 26 uM).** Among
the subsequent examples of transition metal complexes like Ru(1r)-
. Fe(1)-, Zn(11)-%*7 or Pt(11)-complexes,”® Ni(ir)-salphen®* and
Mn(1m1)-porphyrin® appeared to stand amongst the most potent
reported G-quadruplex ligands (Scheme 3). Their performances
are indeed impressive both in terms of quadruplex-stabilization
(AT,,, = 33 °C for Ni(i1)) and quadruplex-selectivity that were
evaluated by FRET-melting assay and SPR. Also worth pointing
out is the spectacular 10000-fold quadruplex vs. duplex selectiv-
ity measured by SPR for the highly cationic Mn(i1)-porphyrin
complex. These compounds also display good level of telomerase
inhibition (IC5-TRAP = 120 and 580 nM for Ni(11) and Mn(111)-
complexes respectively). Finally very simple structures such as
Cu(m1) and Pt(1)-terpyridine complexes that can be obtained in
one-step or two-step processes have proved to be high-affinity and
highly selective G-quadruplex ligands (AT, ,, = 15 °C for Cu-ttpy,
selectivity ~22, Scheme 3).'° Importantly, this study highlighted
that the geometry of the metal centre is a key parameter governing
selectivity.

Lastly, the use of a metal moiety grafted in the periphery of
the central aromatic core of a G-quadruplex ligand has also been
reported for various purposes. Fe(11) terminated appendages have
been for example linked to a perylene or a naphthalene diimide
core, in the design of probes devoted to quadruplex-selective chem-
ical cleavage'™ or to electrochemical detection of immobilized
quadruplex-DNA.'* Pt(i1) complexes have also been exploited to
provide additional anchorage of a G-quadruplex binding motif
inside the DNA target. This work was stimulated by previous
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Scheme 3  Selected metallo-organinc G-quadruplex ligands (counter-ions are Cl~ for CaTMPyP4, Mn(111) porphyrin, and NO;~ for Pt-MPQ).
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investigations of Bombard and co-workers that demonstrated the
ability of terminal G-quartets to be platinated.'®® This approach
has led to the design of the hybrid compound Pt-MPQ (Scheme 3)
that interacts with quadruplex-DNA via a dual covalent-non-
covalent binding mode due to the concomitant presence of the
quinacridine unit and the platinum moiety.'™ This unprecedented
synergism between nt-stacking-directed association and a covalent
trapping mediated by a mono-functional Pt complex opens up
new perspectives for the development of novel quadruplex-binding
modes.

Neutral macrocyclic G-quadruplex ligands

Last but not least is the category of neutral ligands. This category is
not the largest one but it includes the paradigm for G-quadruplex
recognition namely telomestatin (Scheme 4). This natural molecule
has been isolated from Streptomyces annulatus in 2001 by Shin-
ya’s group'® and has been subsequently extensively studied since
it appears to be one of the most interesting G-quadruplex
ligands,4195:21:33:610.644,/,72.105106 Tndeed, this polyheteroaromatic 24-
membered ring greatly stabilizes G-quadruplex (AT, = 24 °C)
and appears as one of the most selective G-quadruplex ligands:
more than 70-fold, regardless of the evaluation technique used.
The initial strong enthusiasm for telomestatin was justified by its
complete absence of affinity for duplex-DNA due to its neutral
character combined with its cyclic shape. The interest in this
compound was also strongly stimulated by its exceptional activity
as telomerase inhibitor (IC5-TRAP = 5nM) even though some
discrepancies in this value have been uncovered in subsequent
studies. This efficiency is assumed to rely on a perfect shape
adaptation between the macrocycle and its probable target, a
G-quartet. Abundant biophysical and biological investigations
have been performed and showed that telomestatin induces and
greatly stabilizes G-quadruplex structures, even in salt-deficient
conditions. In addition it inhibits the proliferation of telomerase-
positive cells, via a modification of the conformation and of
the length of telomeres, and a dissociation of telomere-related
proteins from telomeres. Nevertheless, one major drawback is
that telomestatin is difficult to obtain. Its total synthesis has
been reported only recently, and the complexity of the proposed
pathway seems hardly compatible with large-scale preparation.'”’

Among the few reports of telomestatin-like G-quadruplex
ligands, two hexa-oxazole macrocyclic ligands have been inde-
pendently reported by Rice and coworkers'® and by Shin-ya,
Nagasawa and coworkers."” These bisamide macrocycles only
differ by the nature of the amino-acid used as building-block
for their synthesis (i.e. valine R = CH(CH,);) for HXDV or
serine (R = CH,OH, Scheme 4). HXDV for example has been
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Scheme 4 Neutral macrocyclic G-quadruplex-ligands.

found to greatly stabilize G-quadruplex structure (AT,,, = 17 °C),
without any significant action on duplex- or triplex-DNA, and
to have a high cytotoxicity against cancer cell lines. Very recent
studies of the HXDV association with a quadruplex-forming
sequence mimicking the human telomeric sequence confirmed its
binding mode (external stacking) and binding stoichiometry (two
molecules per quadruplex).!’® Interestingly, the high quadruplex-
selectivity of HXDV was demonstrated to originate in its particular
telomestatin-like concave shape.

Despite the fact that macrocyclic compounds like the mesopor-
phyrin IX NMM are known as very quadruplex-selective (coun-
terbalanced by a low affinity),5*!"! and despite the emergence of
structurally-related compounds like octaethylporphyrin or related
cyclo[n]pyrroles,'? these ligands do not display the exceptional
properties of telomestatin. This is why further examples of neutral
polyheterocyclic macrocycles of high affinity and selectivity for G-
quadruplex are impatiently expected, in order to better understand
the molecular basis underlying their association with the target.
Their binding mode, which is obviously purely driven by stacking
forces, albeit eventual H-bonding cannot be excluded, represents
also a unique feature of ligand—quadruplex interactions. Never-
theless one should be aware that the low (if any) water solubility
of this class of compounds combined with sophisticated synthetic
accesses might represent key issues for further developments.

Conclusions

In conclusion, targeting G-quadruplex-DNA represents a high sci-
entific challenge since this particular DNA arrangement is highly
polymorphic in nature and is weakly abundant as compared to
canonical duplex-DNA. Nonetheless, over the past decade, the G-
quadruplex ligand field has developed exponentially. A glimpse at
the advances made in the design and the synthesis of G-quadruplex
ligands leave us convinced that the development of compounds
able to discriminate not only G-quadruplex from duplex-DNA,
but between the various structures of G-quadruplexes is imminent.

In addition, results obtained quite convincingly pave the way
for the exploitation of G-quadruplex ligands as tools to evaluate
the therapeutic potential of telomeres and to help elucidate
the complex interrelations with the telomere-interacting proteins
such as telomerase and capping proteins. At the cellular level,
it is already clear that G-quadruplex ligands act selectively on
cancer cells and induce specific responses (telomere instability,
focused DNA damage) that are different from those of classical
duplex binders. Whether these effects result from the activation of
telomere-associated pathways remains to be fully demonstrated.
Overall research in the field of quadruplex ligands is getting more
and more exciting as knowledge increases and as new drugs acting
on DNA of cancer cells with a diminished toxicity are expected to
be discovered. In the future, G-quadruplex chemists and biologists
acting in conjunction, could very well provide new molecular
principles that may find applications both in molecular and cellular
biology and may contribute to the emergence of novel anti-cancer
therapies.
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T AT, ,, values indicated herein result from the FRET-melting assay per-
formed with a tagged oligonucleotide that mimics the human telomeric se-
quence (F21T (FAM-G;[T,AG;);- Tamra, with FAM: 6-carboxyfluorescein
and Tamra: 6-carboxy-tetramethylrhodamine). The assay has been per-
formed with 0.2 uM of DNA in presence of 1 uM of ligand. Cationic
conditions used are 50 mM potassium cacodylate pH 7.4 for BRACO-
19**® and Ni(m)-salphen,”? 60 mM potassium cacodylate pH 7.4 for
bis-triazole derivatives,”® 10 mM lithium cacodylate pH 7.2, 100 mM
NaCl for MMQ;,* Cu-ttpy,' TMPyP4,%> NCQ% and telomestatin,®®
10 mM sodium cacodylate pH 7.2, 100 mM LiCl for BOQ,,*" ethidium
derivatives,’ triazine 124597 and 360A.7® The AT, ,, value indicated for
HXDV has been evaluated via UV-melting experiments carried out with
4 uM of [T,AG;], and 8 uM in ligand, in 10 mM EPPS buffer pH 7.5,
50 mM KCI, 0.1 mM EDTA.
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The rates of radical generation, R;,, by two water solu-
ble initiators: 2,2'-azobis(2-methylpropionamidine) and 2,2'-
azobis[2-methyl- N-(2-hydroxyethyl)propionamide], and the
lipid soluble 2,2'-azobisisobutyronitrile were measured in an
SDS micellar system over a pH range of 4-10. Enhanced
values of R; at low pH are attributed to Coulombic repulsion
of protonated radicals.

In quantitative studies of the kinetics of lipid autoxidation a
constant rate of formation of initiating free radicals is required.!
This is usually provided by carbon-centered radicals thermally or
photochemically generated from azo compounds. In the presence
of oxygen, these radicals are rapidly converted to peroxyl radicals,
RO, and these attack a lipid molecule, LH:

RN=NR — R* — RO; (rate = R,) (€))

RO; + L-H — ROOH + L* (rate = R)) @

Reactions (1) and (2) are called the initiation steps of the
subsequent chain process. In the next step, the L* radical reacts at
a diffusion-controlled rate with O, to form a lipidperoxyl radical,
LO,, which abstracts hydrogen atom from another lipid molecule
to continue the chain.

L' +0, - LO: 3)

LO; + LH — LO,H + L’ (rate constant k) 4)

Reactions (3) and (4) constitute the chain propagation steps,
and lead to the formation of hydroperoxides, often in high yields.
Under 1 atmosphere air or oxygen and at 30 °C, reaction (4)
with a rate constant 31 M~! s7! for methyl linoleate? is the rate
determining step. The chain is terminated by the radical/radical
reaction:

2LO; — non-radical products (rate constant 2k) (®)
The rate of autoxidation is given by eqn (I).

d[0,]  d[LO:H] R

Rox = = k
dt dr "\ 2k,

(LH] @

Provided R; and [LH] are known, a measurement of R, yields
k,/(2k)'?, the oxidizability of LH at the reaction temperature.>*
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For many years, studies of autoxidation mechanisms and kinetics
were largely confined to homogeneous systems. Such processes
are now well understood. However, more recently an increasing
interest in biological systems has caused autoxidation research to
focus on heterogeneous systems where the lipids were dispersed
as micelles, liposomes, bilayers and other model membranes. The
kinetics of autoxidation in many of these heterogeneous systems
have been shown to follow the same rate law as for homogeneous
solutions.®

In heterogeneous systems, water-soluble initiators that give
charged radicals are generally employed. These radicals are
commonly assumed to mimic the natural radicals present in
biological systems. One of the most frequently used water-soluble
azo initiator is 2,2'-azobis(amidinepropane) dihydrochloride, ab-
breviated as ABAP (Chart 1), initially invented for aqueous
emulsion polymerization® and introduced for autoxidation studies
in 1984.7 At 37 °C and at pH 7, ABAP slowly decomposes and
in the presence of air a constant flux of water-soluble positively
charged peroxyl radicals is provided to initiate an autoxidation at
a constant rate over several hours.}

HN NH
N=N NC N=N CN
HoN NH,
)

ABAP (AAPH AIBN

0 0o
HO. OH
V\H)XN=N7<‘\H/\/
N

AMEP

Chart 1 Structures of initiators: neutral form of 2,2’-azobis(2-amidino-
propane) abbreviated ABAP or AAPH, 2,2-azobisisobutyronitrile
(AIBN) and 2,2'-azobis[2-methyl-N-(2-hydroxyethyl)propionamide] ab-
breviated as AMEP.

Knowing the rate of initiation is important in quantitative mea-
surements of the antioxidant activity of chain breaking antioxi-
dants. Recent studies on kinetic solvent effects have shown® that the
reactions of electron deficient radicals X* (LO," and 2.2'-diphenyl-
1-picrylhydrazyl, dpph’, which is isoelectronic with peroxyl) with
phenols (most of which are chain-breaking antioxidants) in
solvents that support phenol ionization can proceed via three
nonexclusive mechanisms.” In non-polar solvents hydrogen atom
transfer (HAT) and proton-coupled electron transfer (PCET)
operate. However, in polar, ionizing solvents a small (usually very
small) fraction of the phenol will be present as its anion and
this anion can reduce electron-deficient radicals by the sequen-
tial proton-loss electron transfer, SPLET, mechanism.® In polar
solvents all three mechanisms, HAT/PCET and SPLET can
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operate. The HAT/SPLET competition depends on [ArO~]/
[ArOH] and usually [ArO~] « [ArOH] and the overall rate of
the SPLET process will depend on the concentration of ionized
form of phenol.® The ability of phenols to break autoxidation
chains, expressed as the overall rate constant, k;,,, for the ArOH +
X process is one of the most important parameters characterizing
antioxidant activity. The SPLET mechanism can be much faster
than the HAT/PCET processes and its relative importance is
dependent on acid-base equilibria. Systematic studies on the
role of pH and acid-base equilibria on the chemistry of chain-
breaking antioxidants, and magnitude of k;,, would give valuable
information about the overall antioxidant activity of phenols in
non-homogeneous systems. However, for quantitative studies of
the role of pH on the kinetics of inhibited and non-inhibited autox-
idations, detailed information about initiation rates at various pH’s
is required. To our knowledge there are only three publications on
this subject. Ito' studied the rates of radical decomposition, &y,
and non-radical hydrolysis of ABAP at 60 °C and observed a
30% decrease of k; when the pH increased from 1 to 7, followed
by a 10% decrease from pH 7 to 10. At pH > 7 hydrolysis was
much faster than decomposition to radicals. Niki in his review
on free radical initiators as sources of water- or lipid-soluble
peroxyl radicals' claimed that the rate of ABAP decomposition
was dependent to only a minor extent on solvent and pH. He
supported that conclusion by experimental data on the rate of
methyl linoleate autoxidation in an aqueous dispersion initiated
by ABAP at 37 °C at pH’s from 3 to 9.2 Taking into account
these two reports, the third, more recent work by Hanlon and
Seybert' is surprising. These workers reported a strong increase
of the rate of peroxide formation during the autoxidation of methyl
linoleate in Triton X-100 micelles initiated with ABAP as the pH
was increased from 5 to 9. In the same work, measurements of
kqy as a function of pH gave almost the same results as had been
reported by Ito: k; at pH 7.5 was 40% lower than at pH 5.5.
These contradictory results, i.e., R, increases with pH whereas
k4 decreases, were assumed to be due to a reversible addition of
oxygen to the initiating carbon-centered amidinium radical and to
a decrease of pK, from 12 for parent ABAP molecule to 6.9 for
its radical.

The cage effect makes the efficiency of radical formation always
less than 1, commonly ca. 0.5. For this reason, the measurement
of initiator decomposition does not provide the rate of initiation
which can, however, be provided by the method of Boozer et al.™* In
this method, the duration of the induction period, 7;,4, is measured
(see Fig. 1) for an autoxidation inhibited by an antioxidant,
ArOH, having a known stoichiometric factor, » = the number
of peroxyl radicals trapped by each ArOH molecule. Both, a-
tocopherol and a synthetic analogue, 2,2,5,7,8-pentamethyl-6-
chromanol (PMHC) have n values = 2, and are frequently used in
such experiments. The value of R; can be calculated from eqn (I1),
where [ArOH], is the initial concentration of ArOH.

R; = n [ArOH]y /70 In

Listed in Table 1 are the results of our PMHC based mea-
surements of R; for the ABAP initiated autoxidation of methyl
linoleate in SDS emulsions.§ We chose SDS to study the effect of
pH because SDS micelles can be considered as a simple mimic

0.01 T T T T T
0 10 20 30 40 50 60 70 80
time /minutes

Fig. 1 Typical plots of oxygen uptake A[O,] x 10*/M during the
inhibited (8.6 uM PMHC) and uninhibited autoxidation of SDS emulsions
containing methyl linoleate at various pH 4-9, measured by an oxygen
Clark type electrode. Induction time, 7;,4, was defined as it is shown on the
plot. Concentration of ABAP was 10 mM in each experiment.

Table 1 Induction periods determined for autoxidation of methyl
linoleate emulsion (SDS) at 37 °C and various pH for three concentrations
of PMHC and calculated rates of initiation calculated [eqn (II)]. Values
Tina are averages from the number of measurements given in parentheses

[PMHC]*
4.3 8.6 17.3
pH 7’ Ry Tind” R Tina” R Mean R;¢
4 13.5(4) 10.1 26.8(6) 10.1 55.0(6) 10.1 10.1 £0.1
5 19.0 (4) 7.5 45.5(6) 6.3 89.7 (6) 6.4 6.81+0.3
6 33.6 (8) 4.3 66.5(6) 4.3 148.0(6) 3.9 42402
7 28.0 (5) 5.1 52.5(6) 5.5 104.8(6) 5.5 5.4+0.44
8 29.1(7) 49 62.5(6) 4.6 122.9(8) 4.7 47+0.2
9 29.0 (10) 49 594 (7 49 111.3(8) 5.2 5.0+0.3
10 29.3(5) 49 553(03) 5.2 99.5(3) 5.8 53+£0.5

“uM. * minutes. “nM s~'. 4 Values R, calculated for 10 mM ABAP at 37 °C
and pH 7.0 or 7.4 in various heterogeneous systems are: 13 nM s™' in
LDL,"”® 4.5 nM s~ in LDL," 5.8 nM s~! for 11.3 mM ABAP in LDL,"”
3.9 nM s™! in soybean PC liposomes,*® and 0.73 nM s~'(at 30 °C) in SDS
micelles of linoleic acid.”™

of the amphiphilic environment of a phospholipid bilayer. For all
three concentrations of PMHC consistent data were obtained: R,
decreases by a factor of about 2 from pH 4 to pH 6 and then is
reasonably constant up to pH 9.

Most literature data on R; for ABAP were made only at pH 7 or
7.4, our value R, for 10 mM ABAP at pH 7 is in good to reasonable
agreement with these data, see footnote d of Table 1. However, we
did find data at pH 7.2 and 11 which allowed us to calculate R;
values for 10 mM ABAP of 2.2 and 1.29 nMs™, respectively.'®
These last two R;, together with our own R; values and Ito’s
results,'® show that the rate of initiation by ABAP does not increase
with increasing pH. The decrease of 60% in R; from pH 4 to 6 may
be followed by a small increase in R; (10%) at higher pHs. Thus,
our results are in agreement with Hanlon and Seybert data on
ABAP decomposition rates (i.e. processes described by reaction
(1) as well as non-radical decomposition) but raise question about
the validity of their measurements of rates of peroxide formation
[reaction (2)].
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Table 2 Rates of non-inhibited autoxidation (R,,) of methyl linoleate in
SDS micelles initiated by 10 mM ABAP and rates of initiation (R;) at
various pH

Number of
pH determinations Ry, x 107/ M s! R x 10°/M s7!
4 22 3.0+0.2 1.5+0.2
5 22 28+03 1.2+0.3
6 30 2.94+0.2 1.3£0.2
7 22 42408 29+ 1.1
8 29 34403 1.8+0.3
9 30 5.6+0.8 51+14
10 14 6.0£0.6 57+1.1

Since the induction period method for determining in R; ** has
never been used over a wide pH range, it was necessary to validate
this method [i.e. of eqn (I1)] by comparison with other procedures
in case pH affects phenol stoichiometric factors. A second method
for determining in R; is based on the measured rates of oxygen
uptake for uninhibited autoxidations (see Fig. 1), eqn (I), which
transforms to eqn (III).

R, ’
r=(7mmm) (

The oxidizability, k,,/(2k,)"?, for methyl linoleate at 37 °C was
taken to be 0.033 (M s)~"? in SDS micelles,* and assumed to be pH
independent. In eqn (III) the effective [LH] in SDS micelles was
taken to be 0.24 M. q The results, R,, and R; rates at pH range 4-10
obtained by this method are presented in Table 2. The calculated
changes of initiation rate with pH are in rather poor agreement
with the phenol-based method of Boozer et al.** Specifically, the
uninhibited oxidation method does not yield maximum R; at pH 4
but rather at pH 9-10. Our results (Table 2) show 25% increase of
R, at pH 8 and 50% increase at pH 9 compared to R, at pH 6.
A similar increase of R, (ca. 25%) was observed by Mabrouk and
Dugan® for methyl linoleate emulsion oxidation at 50 °C when
the pH was increased from 6 to 8. We suggest that the calculated
R; at the higher pH’s arises because the oxidizability of the methyl
linoleate micelles is not constant—partial hydrolysis of methyl
linoleate occurs and the autoxidation of emulsion contaminated
by free fatty acid is slightly faster.

In order to exclude the influence of pH on the Clark-type
electrode employed in the inhibited and uninhibited oxidation
(methods 1 and 2), we monitored the loss of PMHC during initia-
tor decomposition in aerated SDS (method 3, see Supplementary
Data). Assuming that one molecule of PMHC reacts with two
peroxyls, the rate R, = R, was determined:'*?°

R = —2d[PMHC]/d¢ Iv)

Because lipid was not present in the SDS micelles, there is no
autoxidation, thus, pH effects on autoxidation rate are eliminated.
The plots of [PMHC] vs. time gave straight lines for ABAP as well
as for two other initiators, water-soluble AMEP and lipid soluble
AIBN (see Chart 1 and Supplementary Data), and from the rates
of PMHC loss [eqn (IV)] the values R; listed in Table 3 were
calculated.

The calculated changes in R; with pH by this procedure appear
to reflect the trends found by both the induction period method
and the uninhibited autoxidation method, that is, to the R; values
is significantly greater at low pH and at high pH than at neutral
pH (Fig. 2).

Table 3 Rates of effective generation of radicals (rates of initiation) by
two water soluble azo initiators: neutral AMEP, and cationic ABAP and
lipid soluble initiator AIBN at 37 °C in SDS emulsions at various pH.“The
error of measurements is 15%

R x 10°/M s7!

pH ABAP¢ AMEP* AIBN“
4 13.2 5.15 6.37

5 9.59 3.85 4.52

6 4.84 2.15 2.95

7 3.64 1.58 3.40

8 9.64 4.01 2.96

9 9.02 4.13 5.64
10 8.18 6.70 12.5

“The initial concentrations of ABAP, AMEP, and AIBN (and [PMHC], in
parentheses), were 4.81 (1.93) mM, 68.1 (2.00) mM, and 9.88 (1.70) mM,
respectively.

25
20 J method 1
T A method 2
® method 3
= 15

pH

Fig. 2 Comparison of rates of initiation measured by induction time
measurements (method 1, [ABAP] = 10 mM), uninhibited autoxidation
(method 2, [ABAP] = 10 mM), and PMHC loss (method 3, [ABAP] =
9.9 mM).

Fig. 3 presents data for all three initiator decompositions, using
method 3. The data obtained for AMEP can be compared for
pH 7 only: kg = 0.18 us™'(pH 7), and efficiency of cage escape
(e) is 0.1 thus, the rate of effective radical generation will be

16
14
- 12
'n
= 10
=
—~ 8
X 6
4
2
0 1 T T T T T
4 5 6 7 8 9 10
pH

Fig. 3 Comparison of the rates of generation of radicals by 4.8 mM
ABAP, 68 mM AMEP, and 9.9 mM AIBN at 37 °C in SDS emulsions at
various pH measured by HPLC (method 3).
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R, = 2ek,JRN=NR] =2 x 0.1 x 0.18 x107° s7'x 0.068 M =
2.5 nM s7!, in good agreement with 1.58 nM s~! in this work
(however, in the same work’® R; measured by tocopherol depletion
for LDL autoxidation in acrated PBS at pH 7.4 was 1.5 nM s~ for
43 mM AMEP). Unfortunately, we cannot compare our data for
AIBN decomposition because we did not find any literature data
for this initiator in a micellar system.

Hanlon and Seybert suggested,” that the large increase of the
rate of LOOH formation observed in their experiments at pH >
7 could be caused by poor ability of the positively charged ABAP
radicals to penetrate the micelles at pH < pK, = 6.9.| If the
explanation was valid, we should have observed a significant
increase of R; at the pH region 4-7 compared with R; at pH 7-10
because in our system SDS micelles are negatively charged and
Coulombic attraction between *RO," and SDS micelles should
operate. However, over all the pH range the parent molecules
of ABAP are also positively charged| and are attracted by
SDS. Therefore no dramatic increase/decrease of R; should be
observed, in perfect agreement with our experiment. It seems
that Hanlon and Seybert have not properly connected the rate
of initiation with the rate of hydroperoxide formation. [LOOH]
is not stoichiometrically connected with the amount of initiating
radicals. On the basis of the R; values (Table 1) and R, (Table 2)
we were able to calculate the kinetic chain length of autoxidation
v = R,/ R;, and v increases from 29 at pH 4 to 113 at pH 10 (see
Table S9). This means that one initiating radical leads to formation
of 29 (at pH 4) and 113 (at pH 10) molecules of hydroperoxide.
In ref. 13 Hanlon and Seybert also reported an inverse effect (i.e.
10-fold decrease of the rate of initiation) for negatively charged
4,4'-azobis(4-cyanopentanoic acid) for a pH increase from 4 to 7.
We suppose that this inverse effect can be explained by a weak
penetrating ability of this initiator and the radicals containing
carboxylate anion, however, at a higher pH a decrease of initiation
rate overlapped with an increase of the kinetic chain length, thus
a plateau of the rate of LOOH formation was observed in their
experiment.'

In conclusion, over the pH range of 5-8, which is of particular
interest to biochemists and food technologists, R; for ABAP can
be regarded as constant. At lower pH’s the bulk of our evidence
(Tables 1 and 3) suggest that R; is significantly greater than at
neutral pH. This result we tentatively attribute to additional
protonation of amidinium moieties of the ABAP, which could
enhance Coulombic repulsion of the generated carbon-centered
radicals thus leading to higher efficiency of cage escape (¢) and an
increase of R;. At high pH, one phenol-based method indicates
that R; is almost the same as for neutral pH (Table 1) while
the other indicates that it is larger (Table 3) as does the non-
phenol method (Table 2). Fortunately, these very high pH’s, as
well as the very low pH’s, are of little interests to free radical
biochemistry.
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Notes and references
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The quinone reductase enzyme NAD(P)H: quinone oxidoreductase 1 (NQO1) is a ubiquitous
flavoenzyme that catalyzes the two-electron reduction of quinones. This Perspective briefly reviews the
structure and mechanism, physiological role, and upregulation and induction of the enzyme, but
focuses on the synthesis of new heterocyclic quinones and their metabolism by recombinant human
NQOI. Thus a range of indolequinones, some of which are novel analogues of mitomycin C,
benzimidazolequinones, benzothiazolequinones and quinolinequinones have been prepared and
evaluated, leading to detailed knowledge of the structural requirements for efficient metabolism by the
enzyme. Potent mechanism-based inhibitors (suicide substrates) of NQO1 have also been developed.
These indolequinones irreversibly alkylate the protein, preventing its function both in standard enzyme
assays and also in cells. Some of these quinones are also potent inhibitors of growth of human
pancreatic cancer cells, suggesting a potential role for such compounds as therapeutic agents.

Introduction

One group of natural products that exhibit wide-ranging prop-
erties are the quinones. Even the simplest quinone, 1,4-
benzoquinone itself—originally isolated by oxidation of quinic
acid, a product of cinchona bark (hence the name quinone)—is
bioactive; it is produced in the defensive spray of the bombardier
beetle to ward off attackers. Not only do quinones constitute
a large group of natural pigments, although surprisingly their
contribution to natural colouring is relatively small, they par-
ticipate in a range of important biological redox processes. The
ubiquinones (coenzymes Q) 1 (n = 1-12) (Fig. 1) occur in virtually
all aerobic organisms from bacteria to higher plants and animals,
with nearly all vertebrates possessing ubiquinone-10 1 (n = 10).
The ubiquinones occur mainly in the mitochondria where they
play a major role in electron transport in the respiratory chain.
The closely related plastoquinones, for example plastoquinone-
9 2 (n =9), occur in the chloroplast of green plants where
they function in electron transport pathways in photosynthesis.
Likewise the naphthoquinone, phylloquinone 3 (vitamin K,)
also occurs in green plants and participates in photosynthetic
electron transport. The more recently discovered and structurally
different heterocyclic pyrroloquinoline quinone (coenzyme PQQ)
4 functions as a cofactor for various dehydrogenases, and may also
participate in electron transport processes.*

Our laboratory has been interested in the synthesis of quinone
natural products for about 25 years, starting with an early synthesis
of coenzyme PQQ 4.° This was followed by work on other naturally
occurring indolequinones murrayaquinones-A 5 and -B 6,%” and
BE10988 7., and more recently the benzoquinones primin 8,
pallasone-B 9, verapliquinones-A and -B 10, and panicein-A 11
(Fig. 2).?
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Fig. 1 Some naturally occurring quinones that participate in biological
redox processes.

Some naturally occurring quinones also have anticancer prop-
erties (Fig. 3), and doxorubicin 12, a member of the anthracycline
family, is widely used as a frontline chemotherapeutic agent.
However, it was another anticancer quinone, mitomycin C 13
(MMC), which captured our own attention in the mid-1980s.
Initially our interest was in developing new synthetic routes to the
pyrrolo[1,2-alindole ring system of the mitomycins, but inspired
by the contemporaneous work from the laboratories of Tomasz
and Nakanishi,’ Kohn" and Danishefsky,'? it became clear to
us that the mechanism of action of these anticancer quinones
was just as interesting as their synthesis. Mitomycin C 13 is the
archetypal bioreductive drug, a term coined to describe a range
of anticancer compounds that are inactive in their own right,
but upon metabolic reduction are transformed into a cytotoxic
species that can interact with biomolecules.'** In the case of MMC
13, reactive electrophilic centres are generated at C-1 and C-10
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Fig. 2 Some naturally occurring quinones synthesized in our laboratory.

leading to cross-linking of DNA as shown later in Scheme 3.
Hence bioreductive drugs such as MMC act as substrates for
one or more of the reductases present in most cells, with the
quinone suffering one-electron reduction to the semiquinone
radical or two-electron reduction to the hydroquinone. Such one-
or two-electron reductions would be catalyzed by, for example,
NADPH: cytochrome ¢ (P450) reductase or NAD(P)H: quinone
oxidoreductase 1 (NQO1) respectively. It is this second enzyme,
and its substrates and inhibitors, that forms the subject of this
Perspective, written from a personal point of view, with emphasis
on our work.

NAD(P)H: quinone oxidoreductase 1 (NQO1, QR1)

The enzyme NAD(P)H: quinone oxidoreductase 1 (NQO1) (EC
1.6.99.2), sometimes simply referred to as quinone reductase
1 (QR1), was initially named DT-diaphorase for its unusual
ability to use either NADH (originally designated DPNH) or
NADPH (TPNH), and was first isolated in 1958 by Lars Ernster."
NQOL1 is a ubiquitous flavoprotein and an obligate two-electron
reductase that can catalyze, with varying degrees of efficiency,
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Fig.3 Naturally occurring quinones with anticancer properties.

the reduction of quinones, quinone epoxides, aromatic nitro and
nitroso compounds, azo dyes and Cr(vi) compounds. It is closely
related to another flavoenzyme, NRH quinone oxidoreductase 2
(NQO?2) that also catalyzes the reductive metabolism of quinones,
although NQO?2 is not discussed in detail here.'®

NQOL has long been regarded as a chemoprotective enzyme
catalyzing the reduction and detoxification of exogenous quinones,
although paradoxically, as we have already seen, it is also involved
in the bioactivation of molecules such as MMC into toxic
DNA-damaging agents. It also participates in the metabolism of
endogenous quinones such as ubiquinone, and may be involved in
scavenging superoxide in cells. The enzyme is upregulated in many
tumours, and the recent discovery that it might be involved in
the stabilization of tumour suppressor protein p53 has heightened
interest. Hence the last decade has seen increased focus on this
quinone reductase, discovered 50 years ago, and the enzyme has
been the subject of a number of recent reviews," including
special issues of Free Radical Biology and Medicine (2000, 29,
201-383) in commemoration of Ernster’s original discovery, and of
Methods in Enzymology (2004, 382, 3-572). Notwithstanding these
excellent review articles, the key features of the enzyme NQO1 are
reiterated herein, although very much from an organic chemist’s
standpoint.

Structure and mechanism

NQOI1 has a molecular weight of about 60 kDa, and is a
homo-dimer of two interlocked monomers of 274 amino acids.
Each subunit contains a non-covalently bound molecule of flavin
adenine dinucleotide (FAD), and consists of two domains—
a catalytic domain (residues 1-220) and a smaller C-terminal
domain that forms part of the binding site for the hydrophilic
regions of NAD(P)H.?*2 The fold of the catalytic domain is similar
to that found in other flavoproteins. The structure of the human
protein has been solved by X-ray crystallography (Fig. 4).22* The
structures of the mouse (86% sequence identity to human) and rat

Fig. 4 X-Ray crystal structure of human NQOI1 dimer (PDB accession
code 1d4a). The non-covalently bound FAD is shown at both sites.**

(also 86% sequence identity to human; 94% sequence identity to
mouse) enzymes have also been solved.**

The active site of human NQO1 (hNQOI1) is located at the
interface of the two monomer units, and is a flexible 360 A3
pocket lined with aromatic residues. The catalytic site has three
regions: (i) the FAD binding site, (ii) a site near the C-terminus
where the hydrophilic adenine-ribose portion of NAD(P)H binds,
and (iii) the site occupied by the cofactor, the hydride donor
(NADH or NAD(P)H), or the substrate, the hydride acceptor.
The FAD prosthetic group is non-covalently, tightly bound and
does not come off the enzyme readily under native conditions.
The isoalloxazine moiety has extensive contact with the protein;
the hydrophilic rings of the isoalloxazine make hydrogen bonding
interactions with main chain NH groups and side chain hydroxyls
of Thr and Tyr which anchor this side of the flavin in place.
The hydrophobic dimethylbenzene ring of the FAD has the
methyl groups in a hydrophobic pocket, composed of the aliphatic
residues of the second monomer. The ribitol, phosphates and
adenine ring of FAD interact non-covalently with several loops
and helices, anchoring the FAD cofactor to the enzyme. The
structure of the active site containing the bound FAD is shown in
Fig. SA.

Information on the binding of the cofactor (NADH or
NADPH) comes from the structure of the rat enzyme with bound
NADP*.> NADP* has fewer specific interactions with the protein
than does FAD. The nicotinamide ring is in van der Waals contact
with the FAD and with the side chains of aromatic residues, and the
carboxamide makes hydrogen bonds to two tyrosine residues. As
already mentioned, the AMP part of the cofactor interacts mainly
with the C-terminal domain. The binding of substrates to hNQO1
was initially studied with duroquinone (2,3,5,6-tetramethyl-1,4-
benzoquinone).** The quinone is bound to the active site through
a series of contacts involving the flavin and several hydrophobic
and hydrophilic residues. The substrate is sandwiched between the
five aromatic residues and the central portion of the isoalloxazine
ring of FAD (Fig. 5B). The substrate binding site is highly flexible
and can accommodate a wide range of quinone substrates (¢.v.).

The fact that the cofactor and substrate occupy the same site is
consistent with the “ping-pong” mechanism of the enzyme that is
shared with other flavoproteins. In this mechanism, illustrated in
Schemes 1 and 2, NAD(P)H occupies the binding site and transfers
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(A)

(B)

Fig. 5 Active site of hNQO1 showing (A) the apo enzyme with the
bound FAD (PDB accession code 1d4a), and (B) the bound substrate
duroquinone (shown in cyan) with the substrate quinone ring stacked
above the isoalloxazine of the FAD (most of the surrounding residues
omitted) (PDB accession code 1dxo0).**

its hydride to FAD, the resulting NAD(P)+ leaves the site to be
replaced by the quinone substrate. Hydride transfer from FADH
results in reduction of the quinone, and finally the hydroquinone
departs to restart the catalytic cycle (Scheme 1). The details of the
hydride transfer steps are shown in Scheme 2.

QH, Enz NAD(P)H
Enz-QH, Enz-NAD(P)H
EnzH,-Q EnzH,-NAD(P)*
EnzH;, .
Q NAD(P)

Scheme 1 Ping-pong mechanism of NQOI.

There is a high level of conservation between NQOI1 and
NQO2, but the NQO2 protein is 43 amino acids shorter. The
overall structures of the enzymes are similar, although NQO2
lacks the C-terminal of hNQOI1. Both enzymes bind FAD in
similar ways but NQO2 fails in the binding of NAD(P)H due
to the loss of the C-terminus. Hence NQO2 uniquely uses
dihydronicotinamide riboside (NRH) as a hydride donor as
opposed to NAD(P)H. Nevertheless, in the presence of NRH,
NQO?2 is able to catalyze the two-electron reduction of quinones.
Unsurprisingly, due to differences in the protein structure—
the active site of NQO?2 is shorter and narrower than that for
NQOI, and therefore suitable substrates have to be relatively
short molecules with flat conformations—the two enzymes have a
different substrate profile. NQO?2 is of particular topical interest
with respect to the bioactivation of prodrug CB1954 [5-(aziridin-
1-yl)-2,4-dinitrobenzamide] into a bifunctional alkylating agent.
NQO2, in the presence of the non-biogenic cofactor NRH, can
perform the four-electron reduction of the 4-nitro group in CB1954
some 3000 times more efficiently than hNQO1. The role of NQO2
in bioreduction processes has been covered in recent reviews,?*
and is not discussed further here.

Physiological role of NQO1

Although originally thought to be involved in mitochondrial
electron transport,’® NQOI was subsequently shown not to be
a component of the respiratory chain. Likewise, its purported role
in vitamin K, metabolism was discounted when it was discovered
that the naphthoquinone-based vitamin 3 was not a substrate for
purified rat NQO1. However, the related quinones ubiquinones 1
(Fig. 1) and vitamin E quinone 16 (o-tocopherolquinone) (Fig. 8)
are reduced by the rat enzyme, suggesting a role for NQOI as
an antioxidant enzyme.*** NQOI is also a phase II detoxifying
enzyme, and protects cells from the damaging effects of reactive
species formed upon metabolism of exogenous quinones.***! On
the other hand, NQOI is also involved in the bioactivation of
anti-tumour quinones such as MMC into cytotoxic species, i.e.
it is also functioning as a toxification enzyme, prompting its
classification as a double-edged sword.” More recent studies
have suggested that NQO1 can stabilize the tumour suppressor
protein p53 either by inhibiting its degradation, or by a direct
protein—protein interaction.”®** Finally, it is noted that there are
two well-characterized polymorphisms in NQO1—NQO1*2 and
NQO1*3—both the result of single nucleotide changes. The more
prevalent NQO1*2 polymorphism, the occurrence of which varies
according to ethnic groups with frequencies of up to 22% in
some Asian populations, results in lack of reductase activity. One
possible consequence is that lack of NQO1 activity might increase
the risk of certain types of toxicity. For example, individuals with
the NQO1*2 allele are more susceptible to the toxic effects of
benzene metabolites.***

Upregulation and induction of NQO1

NQOIL is expressed at high levels in many solid tumours, and its
presence is readily detected by immunohistochemical staining.*
An example illustrating NQOI1 staining in human pancreatic
cancer cells is shown in Fig. 6A. The upregulation or over
expression of the enzyme in tumours compared to surrounding
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Scheme 2 Mechanism of the two-electron reduction of quinones by NQOI.

healthy tissue, as illustrated for non-small cell lung cancer cells in
Fig. 6B,* may be a result of several factors. Firstly it may give the
tumour cell some sort of advantage to have NQOI1 switched on
and expressed. Secondly, NQO1 may be part of a stress response
signalling system and tumour cells may be continually activated
and in a state of “stress”. A further explanation is that NQO1 is
only elevated in solid tumours (not leukaemias), and solid tumours
are most often derived from epithelial cells. Epithelial cells are one
of the cell types that normally contain NQO1 and hence it may
just reflect the cell of origin for the solid tumour.

NQOI1 gene expression is regulated by two elements, the
antioxidant response element and the xenobiotic response element
(also known as AhRE since it involves the aromatic hydrocarbon
receptor).?3” The expression of NQO1 can be induced by a number
of dietary and synthetic agents with a wide range of structural
diversity.®®* These include 1,2-dithiole-3-thiones such as D3T
and oltipraz; extracts of vegetables such as the flavanol quercetin
and the isothiocyanate sulforaphane; dietary antioxidants such as
tert-butylhydroxy-anisole (BHA); xenobiotics such as aromatic
hydrocarbons, azo dyes, diphenols, and dioxins (Fig. 7). D3T,
isolated from cruciferous vegetables, is a very effective inducer of
phase 2 enzymes such as NQO1 both in vitro and in vivo. The D3T
analogue oltipraz also induces NQOI1 activity. Isothiocyanates
are widely distributed in higher plants, especially cruciferous
vegetables, and sulforaphane, found in broccoli, is a very potent
inducer of NQOI1. Studies suggest that it might find use as a
chemopreventative agent.***

Quinone substrates for NQO1

Although NQOI can catalyze the two-electron reduction of a
broad range of substrates, as its name implies, its major group of
substrates are quinones. Its role in the metabolism of endogenous
quinones such as the ubiquinones 1 and a-tocopherolquinone 16
has already been discussed, as has the bioactivation of MMC 13.
However, the flexible nature of the active site can accommodate a
wide range of quinone substrates including the natural products
geldanamycin 14 and streptonigrin 15 (Fig. 3), the benzoquinones
AZQ,MeDZQand RH1 17, the naphthoquinone B-lapachone and
the indolequinone EO9 18 (Fig. 8). The aziridinylbenzoquinones
MeDZQ and RH1 17 are both excellent substrates for hNQOI,
and following reduction are activated into DNA cross-linking
agents; the required ring opening of the aziridines is presumably
easier in the hydroquinone than in the quinone.* RHI1 17 is
in clinical trials. Similarly, the indolequinone diol EO9 18 is
also a potential tri-functional alkylating agent after loss of
water from both the indole 3-carbinyl and vinylogous indole 2-
carbinyl positions, and aziridine ring opening.*® The compound
has recently re-entered phase I clinical trials.*

The mechanism of action of MMC and related mitosenes has
been widely studied, and the role of C-1 and C10 in the alkylation
and cross-linking of DNA, following one- or two-electron reduc-
tion of the quinone, established.*"*4*" An accepted mechanism
for the activation of MMC by NQO1 is shown in Scheme 3. Thus
two-electron reduction generates the hydroquinone followed by

This journal is © The Royal Society of Chemistry 2008

Org. Biomol. Chem., 2008, 6, 637-656 | 641





(B) 150 -

-

[=]

(=]
L

NQO1 activity (nmol/min/mg
protein)
3

H2222
H2216
H2218
H2505

g
e

Cell line

H1967
H2159
H2293
H2224

Fig. 6 (A) Confocal microscopy image of NQO1 immunostaining (red)
in human pancreatic adenocarcinoma cells (BxPc-3). The cell nucleus is
stained blue. Image is copyright David Siegel, and is used with permission.
(B) Elevated levels of NQOI in non-small cell lung cancer cells (red)
compared with surrounding normal tissue (blue).*

1,2-dithiole-3-thione
(D3T)

sulforaphane

quercetin

Fig.7 Structures of some inducers of hNQOI activity.

loss of the tertiary methoxy group, presumably assisted by the
indole nitrogen, and opening of the aziridine to form an elec-
trophile at C-1 capable of alkylating DNA, shown to be the N-2 of
guanine. After elimination of the carbamate group, again initiated
by the nitrogen lone pair of the indole ring, a second electrophile is

Me Me
OH
Me
Me
(0] Me Me Me Me
16 o-tocopherolquinone
(0] (0] OH

O  CO,Et
AN NH AN Me AN

NV Me I NV
17 RH1

HN N Me'
4 ;

|
EtO,C o
AZQ MeDZQ

(o} OH

N
0 Me
Me Me o
B-lapachone 18 EO9

Fig. 8 Substrates for reduction by hNQOI. Ubiquinone 1, MMC 13,
geldanamycin 14 and streptonigrin 15 are also substrates.

formed at C-10 that binds DNA once more, thereby completing the
cross-linking. It is the intervention of ‘normal’ indole reactivity,
which is suppressed in the quinone through delocalization into
the quinonoid vinylogous amide system, which leads to the loss of
the 3-indolyl carbinyl substituent and generation of the iminium
electrophile, which is key to this process. In fact, the restoration
of ‘normal’ indole reactivity following reduction of the quinone is
the single most important feature of the indolequinone anticancer
compounds discussed herein.

However, simply relating MMC cytotoxicity to NQO1 levels
is complicated by the fact that the MMC quinone is a relatively
poor substrate for hNQOI, is also bioactivated by one-electron
reductases, and hence may be influenced by hypoxia, and the
activation is also pH-dependent.

The above seminal studies on MMC formed the basis of our
initial foray into the field of bioreductively-activated quinones
some 20 years ago. Our first goal was to focus on the role of C-10
in the alkylation process by the design and synthesis of analogues
in which the electrophilicity at C-1 is reduced by the presence of a
cyclopropane in place of the aziridine. Such a cyclopropamitosene,
it was reasoned, could upon reductive activation followed by loss
of the carbamate, generate an electrophile at C-10 capable of
alkylating DNA. However, ionic ring opening of the cyclopropane
is very unlikely, although radical induced ring opening is an
alternative pathway (Scheme 4).%!

In order to test this hypothesis, a number of indolequinones,
with and without the cyclopropane ring, were required. The novel
cyclopropapyrrolo[1,2-alindole ring system was prepared by an
intramolecular cycloaddition as shown in Scheme 5. Allylation of
the indole-2-carbaldehyde 19 was followed by conversion of the
aldehyde into its tosyl hydrazone 20. Heating the sodium salt of
20 resulted in cycloaddition of the derived diazo compound to
give, after loss of nitrogen, the desired tetracycle 21. Introduction
of the C-10 carbon as an aldehyde group by Vilsmeier-Haack
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Scheme 4 Postulated activation cascade of unnatural cyclopropamitosenes.
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formylation was followed by conversion into the cyclopropami-
tosene quinone 22 by conventional steps (Scheme 5).*-' The 7-
methoxycyclopropamitosene 22 was converted into a range of 7-
substituted derivatives by reaction with amine nucleophiles, and
of these, the 7-aziridinyl compound proved the most interesting.

OBn OBn
MeO
MeO N 1. NaH, DMF e A /NNHTs
CHO
N 2. H,C=CHCH,Br N
H 3. TSNHNH,
19 20 L\;é
1. NaH, THF
2. PhCI, reflux
(o} 10__OCONH,

="

Scheme 5  Synthesis of cyclopropamitosenes.

The biological properties of the cyclopropamitosenes were
investigated in rodent cells. In air, the 7-aziridinyl compound
was 1000 times more toxic than the 7-methoxy analogue 22,
with MMC and EO9 showing intermediate levels of toxicity.
Under hypoxic conditions, there was no change in the level of
toxicity of the aziridine whereas the potency of 22 increased
34 fold. This result indicates that one-electron reduction may
contribute significantly to the toxicity of compound 22 under
anaerobic conditions. In contrast, the 7-aziridinyl compound
shows no additional toxicity under nitrogen and is far more
toxic in air than 22, which suggests O, independent two-electron
reductive activation (i.e. NQO1) may contribute significantly to
the toxicity of this compound. In fact, both cyclopropamitosenes
are substrates for NQO1, with the 7-aziridinyl compound giving
approximately three-fold faster rates. The compound was reduced
four times more rapidly than MMC but 140 fold less efficiently
than the related aziridinylindolequinone EO9 18.5

Having established that our novel cyclopropamitosenes pos-
sessed at least some of the relevant biological properties, simpler
quinones lacking the cyclopropane were prepared for comparison.
The corresponding mitosene 24 was prepared by two routes, firstly
using an intramolecular Wittig reaction of an ylide formed by
addition of the indole anion of 19 to vinylphosphonium bromide,
followed by elaboration to the quinone as before.®! Secondly, we
developed a novel radical cyclization reaction starting from the
3-iodopropylindole-3-carbaldehyde 25 (Scheme 6).5*%

Simple indolequinones 28 were also prepared, and the Nen-
itzescu synthesis employing 1,4-benzoquinone and aminoacrylates
proved a practical route to indoles 27, versatile intermediates to
a wide range of indolequinones 28 with the 3-carboxylate and 5-
methoxy groups serving as precursors to a range of functionality
(Scheme 7). We have also used the Hemetsberger indole
synthesis to good effect in the synthesis of indolequinones,**>*
including our aforementioned synthesis of coenzyme PQQ.> As
outlined in Scheme 7, condensation of a benzaldehyde with methyl

OBn OBn
NaH, THF MeO €0
19 N -
P
ZPPh; Br N N
23
Ha,
Pd-C

(0] R OBn
Y. MeO
\ e A\
N - N
O 24

j

OB cHo OB cHo
eO eO.
A\ A\ |
: S
26 25

Scheme 6 Synthesis of mitosenes.
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Y. COzMe
N heat

. N3 xylene m CO,Me

Scheme 7 Synthesis of indolequinones.

azidoacetate is followed by simple heating in xylene to deliver the
indole nucleus, subsequently elaborated to the indolequinone 28.

As with the cyclopropamitosenes, the cytotoxicity of the mi-
tosenes and indolequinones towards aerobic and hypoxic tumour
cells was determined, and in general, under aerobic conditions,
the cyclopropamitosenes were more toxic than the corresponding
mitosenes, which in turn were more toxic than simple 1,2-alkyl
indolequinones, with many of the compounds in each series
showing greater toxicity towards hypoxic cells.®® However, it was
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Fig. 9 Indolequinones studied for rate of metabolism by hNQOI.
the metabolism of the various quinones by hNQOI that interested

us most, and the large range of compounds studied is summarized
in Fig. 9.

In total, our biology collaborators—David Ross and David
Siegel (University of Colorado) and Howard Beall (University of
Montana)—have evaluated over 100 of our novel indolequinones
and mitosenes for their ability to act as a substrate for hANQOI,
allowing us to build up a comprehensive picture of the structural
requirements for a quinone to be an efficient substrate for
hINQO1.5%6 Some representative data are shown in Table 1; the
rates of metabolism are measured by using an HPLC method
capable of quantifying both NADH oxidation and quinone
reduction. Quinone reduction is usually reversible due to redox
cycling of the hydroquinone, so results (Table 1) are reported as
umol NADH oxidized min~ mg™" of NQO1 protein—the higher
the number, the faster the reduction rate. This HPLC method gives
average rates of reduction over a 30-40 minute period.

From the enzyme data, it was clear that substituents on the
quinone ring (7-position in 24, 5-position in 28) had a marked
effect on the rate of metabolism by hNQOI. In general those
compounds bearing amine substituents (other than aziridine)
were not substrates for the enzyme, either as a result of steric
effects (e.g. pyrrolidine or piperidine) or because such substituents
rendered the quinone more difficult to reduce by the donation of
their nitrogen lone pair into the quinone. This was evidenced by
electrochemical experiments: for example, for 28, R = CH,OH;
Eroox —1.28 for Y = OMe, —1.48 for Y = pyrrolidinyl (data
in V vs. ferrocene). Aziridines, on the other hand, because of
their inability to donate electron density into the quinone that
would require an unfavourable flattening of the nitrogen, have a
similar electronic effect to a methoxy group (28, R = CH,OH;
E.ux —1.26 V for Y = aziridinyl). Conversely, the indolequinones
that were among the easiest to reduce electrochemically were

Table 1 Metabolism of representative indolequinone and mitosenes by recombinant human NQO1

[¢] R3
Y.
\ RZ
N
\
o R
R! R? R* Y Metabolism/pmol min~' mg~' (NADH oxidation)
Me H CH,OH OMe 13.6 +3.5
Me Me H OMe 5.31+0.93
Me Me CH,OH OMe 1.254+0.03
Me H CHO OMe 8.78 + 1.91
Me Me CO,Et OMe 14.3 + 349
Me Me CH,OH NMe, 0.46 + 0.04
Me Me CH,0OH Piperidinyl 0.22 £ 0.06
Me Me CH,0H Aziridinyl 3.35+£0.65
Me Me CH,OAc OMe nd*
Me Me CH,0CONH, OMe nd*
n-Pr Me CH,OH OMe 1.30 +0.10
Ph Me CH,OH OMe 6.0+0.8
Me Ph CH,0OH OMe 11.0+ 0.9
Me 4-Ph-C4H, CH,OH OMe 5.40 +0.83
Me 2-Naphthyl CH,OH OMe 4.0+0.7
Me CH,OH Me OMe 2.49 +1.27
—(CH,)s— CH,OH OMe 4.80 +0.38
—(CH,);— CH,0OH Me-aziridinyl 2.224+0.41
—(CH,);— CH,0H Pyrrolidinyl 0.06 £ 0.02
—(CH,)5— CH,0CONH, OMe nd*

“No quinone metabolism detected; enzyme is deactivated.

This journal is © The Royal Society of Chemistry 2008

Org. Biomol. Chem., 2008, 6, 637-656 | 645





among the best substrates for hNQOI1. However, although the
ease of reduction is a factor, there was no overall correlation
between reduction potential and rate of metabolism by hNQOL.
The substituent at the indole 3-position (9-position in mitosene
24) also had a considerable effect on metabolism by hNQOI.
Compounds with an electron-withdrawing group at this position
were the best substrates for hNQO1 in both series, although the 3
(or 9)-unsubstituted compounds were also efficiently metabolized.
Within the 5-methoxyindolequinones, the rate of metabolism by
the enzyme decreased as the 3-substituent was altered in the
order: CO,Et > CHO > H > CH,0OH > CH; > CH,0CONH,.
The indolequinones and mitosenes bearing a leaving group at
the C-3 (or 9) position (e.g. carbamate) were generally much
poorer substrates for the enzyme, and in some cases caused
inactivation (g.v.). The enzyme can also accommodate some larger
substituents around the indolequinone nucleus. For example, the
2-phenylindolequinones 28 (R?* = Ph) were excellent substrates
for hNQOL, better than their corresponding 2-methyl derivatives.
Overall the structure-activity relationships for indolequinones
28 can be summarized as: large groups tolerated at R' and
R?; electron-withdrawing groups at R*® cause faster reduction
(CO,Et > Me) but CH,Y groups at R?, where Y is a good leaving
group, tend to deactivate the enzyme; amines such as piperidine
and pyrrolidine at R’ (but not aziridines) are poor substrates.>”**-¢*

The cytotoxicity of representative indolequinones and mi-
tosenes toward non-small cell lung cancer (NSCLC) cell lines was
also tested. Overall the toxicity in these cell lines was greatest
for the indolequinones that can potentially act as bifunctional
alkylating agents, namely those with an aziridine at C-5 (C-
7) and a CH,OH or CH,OCONH, at C-3 (C-9). Compounds
that could only function as monoalkylating agents were less
cytotoxic, whereas compounds that have no possible alkylating
centres were not toxic. In agreement with their ability to act
as efficient substrates for hNQOI, the aziridinyl quinones were
usually the most selective agents in each series, exhibiting much
greater toxicity toward the high hNQOI cells than to the hANQO1
deficient cells.™!

In order to obtain more information about the interaction of our
novel indolequinones with the enzyme, one of the indolequinones
28 (R' = Me, R? = Ph, R* = CH,0H, Y = 2-methylaziridinyl),
a compound known as ARHO019, was co-crystallized with the
protein, and the structure of its enzyme complex compared
with that of the benzoquinone RH1 17 and the indolequinone
EO9 18. RH1 and ARHO19 bind to hNQO1 with a similar
spatial arrangement such that the quinone atoms almost overlap.
Surprisingly ARHO019 and EO9, which are chemically very similar
indolequinones, bind to the enzyme in different orientations. In
ARHO019, both the N-1 and C-2 positions are oriented toward the
active site entrance with the large 2-phenyl group pointing towards
the outside of the active site pocket. The bound structures of the
three quinones are shown in Fig. 10.%

Although we now had a good understanding of the enzymatic
reduction of indolequinones, the range of heterocyclic quinones
remained rather small. Therefore in an attempt to widen the
group of NQOI substrates, and to probe further the active site
of the enzyme, we explored a new series of heterocyclic quinones
based on benzimidazole and benzothiazole. Both benzimidazole-
4,7-diones and benzothiazole-4,7-diones have been described
previously, and reported to have a range of biological properties.

A

& ‘%ﬁs o
f N CH,0H
ﬁ%} oy

ARHO19

Fig. 10 X-Ray crystal structure of active site of hNQO! with bound
quinones (shown in cyan): (A) RH1 (PDB accession code 1h66); (B) EO9
(PDB accession code 1gg5); (C) ARHO019 (PDB accession code 1h69).23
Protein side chain residues are shown in green; the carbon framework of
FAD is shown in yellow.

The benzimidazole quinones are better known, and pyrrolo[1,2-
albenzimidazoles such as 29 have been extensively investigated
by Skibo and co-workers as analogues of MMC (Fig. 11).64%
Benzimidazolequinone phosphorodiamidates 30 have also been
studied as potential prodrugs for bioreductive activation (g.v.).%
The most widely studied benzothiazolequinone is S5-undecyl-
6-hydroxybenzothiazole-4,7-dione (UHDBT) 31, an analogue
of ubiquinone that inhibits electron transport by binding to
cytochrome bc, .56

In order to make meaningful comparisons with the more widely
studied indolequinones, we elected to investigate relatively simple
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Fig. 11 Benzimidazole- and benzothiazole-quinones.

S-methoxybenzimidazolequinones. Thus the benzimidazole-
quinone 32 was prepared by a standard benzimidazole synthesis
starting from the corresponding o-phenylenediamine (Scheme 8).
The synthesis of the benzothiazolequinones 33 started with
commercially available 5-methoxy-2-methylbenzothiazole, and
proceeded by conventional elaboration of the quinone ring.®

0
MeO N
MeO\@NOZ \:
i N OH
NHMe Me
0 3
o]
MeO N MeO N
\>~Me —— \>_R
S S
0 33

Scheme 8 Synthesis of benzimidazole- and benzothiazole-quinones.

Table 2 Metabolism of benzimidazole and benzothiazole quinones by
recombinant human NQOI1

Metabolism/pmol min~' mg™!

Compound R (NADH oxidation)

32 — 435463
33 CH,OH 383 £8.0
33 Me 49.7+ 4.0

We next examined the ability of the new quinones to act as
substrates for hNQO1. The enzyme data show that the new
quinones are excellent substrates for hNQO1.% Reduction rates
for the benzimidazole- and benzothiazole-quinones were similar
(Table 2), but all of these new quinones were much better substrates
for hNQOI1 than the corresponding indolequinones described
above.

One of the best substrates for NQOL is the naturally occurring
antitumour antibiotic streptonigrin 15 (Fig. 3). Isolated from
Streptomyces flocculus almost 50 years ago, streptonigrin was
studied clinically in the 1960s and 1970s as an antitumour agent,
but its use was limited by reports of delayed myelotoxicity.
The mechanism of action is thought to involve hydroxyl radical
(HO-) production following reduction of the quinolinequinone

moiety and metal complexation, leading to DNA degradation.”
Streptonigrin is an excellent substrate for NQO1,”" and has been
shown to be selectively toxic to cancer cell lines with elevated
NQOI,™ although its facile two-electron reduction by NQO1 may
be independent from the hydroxyl radical production referred to
above. We therefore decided to extend our studies on heterocyclic
quinones, and examine the effects of functional group substitu-
tions on the metabolism of a range of novel quinolinequinones 35.
The main synthetic route involved the preparation of 2-chloro-6-
methoxyquinolinequinone 34 from 6-methoxy-5-nitroquinoline-
N-oxide as shown in Scheme 9, followed by palladium catalyzed
coupling with areneboronic acids or arylstannanes under typical
Suzuki or Stille reaction conditions to introduce a range of aryl
groups into the C-2 position, although we also employed strategies
based on the classical Friedlinder quinoline synthesis, and the
“double-Vilsmeier” reaction of acetanilides.”™

NO, NO,
MeO AN SOzC'z MeO AN
+_ 0, ~
'}‘ (69%) N cl
Oo_
1. Sn, HCI, EtOH
(63%)
2. Fremy's salt
(80%)
0 ArB(OH), 0
Pd(PPhg),
MeO N Na,CO;, DME ~ MeO N
7 or 7
N Ar ArSnMe; N cl
lo} Pd(PPh3),
35 dioxan 34

Scheme 9 Synthesis of quinolinequinones.

Although the metabolism of streptonigrin itself by hNQO1
has been investigated, there has been no similar study of
quinolinequinones in general. Therefore our work represented
the first detailed study of the metabolism of such quinones by
hNQOI. The rates of metabolism of the new quinolinequinones
by purified recombinant hANQO1 are shown in Table 3. In general,
the quinolinequinones were much better substrates for hNQO1
than related indolequinones, this greater ease of reduction being
borne out by the electrochemical data. Within the series of 6-
methoxy substituted quinones several trends are apparent from
the metabolism data (Table 3). For simple substituents at the
2-position, the rates of metabolism by hNQOI are R> = H ~
Me > Ph. For aromatic substituents at C-2, the compounds
possessing the smaller substituents are metabolized faster. Thus
the rate of reduction decreases dramatically for R? = Ph > 1-
naphthyl > 2-naphthyl > 4-biphenyl, with the last compound be-
ing a very poor substrate. Replacement of the C-6 methoxy group
by a more electron-releasing secondary amine deactivated the
quinolinequinone towards reduction, as observed throughout our
studies on indolequinones. In the 6-methoxyquinolinequinones
containing heteroaromatic groups, the 2-thienyl derivative is close
to the 2-phenyl compound in rate of metabolism, a result that is
perhaps not surprising given the similarity in electronic properties
of benzene and thiophene rings. However it is the pyridine
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Table 3 Metabolism of representative quinolinequinones by recombinant
human NQOI1

o
6
R N
~
N” "R?
O
Metabolism/pmol min~' mg™'

R? R® (NADH oxidation)
Streptonigrin — 474 £11.5

OMe 58.7+18.5
Me OMe 20.7 £ 3.7
Ph OMe 288 +7.9
4-Biphenyl OMe 4.75 £ 1.01
1-Naphthyl OMe 25.1£5.1
2-Naphthyl OMe 14.0£52
2-Pyridyl OMe 50.5 +10.6
5-Me-2-pyridyl OMe 45.7+13.4
3-Pyridyl OMe 61.9+8.6
4-Pyridyl OMe 66.1 +12.0
2-Thienyl OMe 321+£78
Ph Pyrrolidinyl 2.02£0.21
Ph Morpholinyl 1.40 £ 0.20

derivatives that are the best substrates, with the 2-, 3- and 4-
pyridyl compounds being better substrates than streptonigrin
itself. The reason for investigating such compounds was, of course,
the presence of a 2-pyridyl group in streptonigrin.

Cytotoxicity data were obtained for selected quinolinequinones.
In comparison to streptonigrin, all the synthetic analogues are
much less cytotoxic, since presumably they do not possess the
metal-binding features that lead, after reduction, to hydroxyl
radical production, and toxicity. As expected, quinones that
are good substrates for hNQOI1 are more toxic to the NQOI1
containing or expressing tumour cell lines than the NQO1 deficient
cell lines. Quinones such as the biphenyl and naphthyl derivatives
that are poor substrates show no selectivity or have no measurable
cytotoxicity.>™

Indolequinones as prodrugs: bioreductive drug delivery

As a result of their structural relationship to MMC, the indole-
quinones have been widely studied, particularly because of the
ability of 3-indolyl carbinyl substituents in such compounds to
undergo an elimination process upon either one-or two-electron
reductive activation. The resulting iminium species is then a
potential electrophile capable of DNA-alkylation or other cellular-
damaging events (Scheme 10). However, bioreductive drugs such
as indolequinones are also of interest since they could act as
reductively activated drug delivery vehicles by releasing a variety of
leaving groups X~ in a reductive environment. Thus they may have
secondary biological effects due to the eliminated molecule XH
(after protonation), in addition to the cytotoxic iminium derivative
formed on reduction and elimination (Scheme 10).

Hence a simple bioreductive drug delivery system can be
envisaged as outlined schematically in Scheme 11 for a quinone
prodrug molecule Q-X, where XH represents the free drug.
Although the concept is illustrated for a quinone, other reductively
activated prodrug molecules, notably aromatic nitro compounds

R3

Q X

RS e
\ RZ

R® N 0:

o K

Q Q-
effects

0, +2e %

electro-
philic
R3 R? centre
OH X
5
R \)
DR
R® N
on R
QH, iminium ion

(cytotoxic species)

Scheme 10 Elimination of leaving groups upon reductive activation of
indolequinones.

1e’/cyt P450
QX — - [QX]"
prodrug ; fast :
0, 0, - 0, Q* + XH
cytotoxic active
slow 2e/NQO1 effects drug

[a-x1*

Scheme 11 Reduction induced fragmentation of potential prodrugs Q-X.

have also been investigated.””” As discussed, a quinone Q-X
could be activated by one- or two-electron processes according
to which enzyme is involved. A one-electron reduction results in
the formation of a semiquinone radical anion in which rapid
re-oxidation (with simultaneous formation of superoxide) will
compete with fragmentation and loss of the X~ leaving group.
Hence such drug delivery mechanisms are only likely to operate
in regions of very low (or zero) oxygen concentration such as
the hypoxic (or anoxic) region of a solid tumour. Two-electron
reduction by NQOI1, however, leads to a hydroquinone that
would react more slowly with oxygen, and hence the desired
fragmentation to release the drug molecule XH (after protonation)
may be favoured. Hence, in principle, the reduction properties of
the quinone allows the targeting of two environments inherent in
tumours: the hypoxic regions of solid tumours, and tumours where
NQOL is upregulated.

However, it was important to understand the relative rates of
the processes outlined in Schemes 10 and 11, and therefore we
initiated a study of the elimination of various groups X from
a range of indolequinones. Initially the reductive activation was
carried out under chemical conditions using sodium dithionite as
reducing agent, and potassium ethyl xanthate as a thiol to trap the
intermediate iminium ion (Scheme 12). Elimination of a range of
leaving groups X (phenolates, carboxylates, thiophenolates) was
observed. Concurrent with the elimination of X, the formation
of the thiol trapped product 36 was also observed and was isolated
following oxidative work up in air. Blank experiments established
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Scheme 12 Elimination of various leaving groups upon reductive activa-
tion of indolequinones with trapping of the iminium ion with a thiol.

that 36 was not formed in the absence of the reducing agent, i.e.
no direct nucleophilic substitution occurs.**-

In a productive collaboration with Peter Wardman and Steven
Everett and their colleagues of the Gray Cancer Institute (Mount
Vernon Hospital, Middlesex), detailed physical chemical studies
using radiolytic reduction (pulse radiolysis) enabled the measure-
ment of various kinetic parameters pertaining to the processes
outlined in Scheme 11, and established that for indolequinones
with good leaving groups X, the elimination occurred from the
hydroquinone. Fragmentation of the semiquinone radical anion
is slow, and in the absence of oxygen, it most likely decays by
disproportionation to the hydroquinone plus quinone. In terms
of toxicity towards tumour cells, compounds with good leaving
groups were generally more cytotoxic, although the nature of the
R? substituent has a marked effect on potency. For compounds
with the same leaving group (X = OCOPh), potency decreases
as R? is changed from H to Me to cyclopropyl. In general, 2-
unsubstituted indolequinones were the most toxic.

In order to investigate the effects of substituents on the
indolequinone on the rate of elimination of potential drug
molecules, a series of indolequinones with the same leaving
group (4-nitrophenoxide) was prepared, and studied by pulse
radiolysis to provide detailed kinetic data. Product analysis
was carried out by HPLC following oxidative work up of the
radiolysis mixture, with products of reductive fragmentation of the
phenolic linker—4-nitrophenol and the hydroxyl- or isopropoxy-
methyl indolequinone (formed by addition of the solvents to the
intermediate iminium ion)—being readily identified (Scheme 13).

R, R¥:
(0] OAr [0} OH/OjPr
RS 1. irradiation RS
N R2 H,O/ iPrOH N\ R?
N\ 2. O,/HPLC N\
o R o K
+ ArOH

R', RZ as Figure 9; R® = H or Me
Ar = Ph, 4-NO,-CgHy, 2,4-(NOs),-CgHa, 2-MeO-5-NO,-CgHs,
2-MeO-4-NO,-CgHs, 2-CHO-4-NO,-CgHs,
3-CHO-4-NO,-CgHs, 2-F-4-NO,-CgHs

Scheme 13 Fragmentation of indolequinones on pulse radiolysis.

After reduction of the indolequinones to either the semiquinone
(Q) or hydroquinone (QH,), elimination of 4-nitrophenol oc-
curred. The half-lives of semiquinone (Q°~) radicals at [O,] = 5
umol dm3, typical of tumour hypoxia, were 7,, = 0.3-1.8 ms,
the higher values associated with higher reduction potentials. The

half-lives of the hydroquinone (QH,) were markedly longer (¢,,, =
8-102 min). Although the indolequinones were able to eliminate
4-nitrophenol with high efficiency, only the semiquinone (Q'")
radicals of the 3-indolylmethyl carbinyl substituted derivatives
(R¥ = Me) did so with sufficiently short half-lives to compete
with electron transfer to oxygen. In contrast, the elimination
of 4-nitrophenol from the hydroquinone (¢,, & 1.5-3.5 s) was
not inhibited even at normal tissue oxygen concentrations. The
semiquinone radical derived from the R¥ substituted analogue
(R' = Me, R? = Me, R = Me, Y = OMe) exhibited the fastest
rate of elimination of 4-nitrophenol (¢,,, & 2 ms) and was therefore
capable of competing against electron transfer to oxygen (¢,, ~
1.6 ms) at [O,] ~ 5 pumol dm~*. This study demonstrated that
by incorporating radical-stabilizing substituents (R*) such as a
simple alkyl group at the indolyl carbinyl position, it was possible
to control the rate of reductive fragmentation and target the leaving
group to hypoxic tissues.””

In a related study we also looked at the effect of pK, of the
phenolic leaving group on the rates of reductive elimination from
the (indol-3-yl)methyl position of indolequinones by pulse radiol-
ysis. The rate of reductive elimination of phenoxide anions from
the (indol-3-yl)methyl position of semiquinone radicals was de-
pendent upon this pK,, with a decrease in 3.8 pK units shortening
the half-life from 28 to 1.5 ms. Only 2,4-dinitrophenol (pK, = 3.9)
was eliminated from an unsubstituted (indol-3-yl)methyl position
at a rate that would compete with reoxidation of the radical by
oxygen. Substitution by methyl on the linker increased the rate
of elimination of the leaving group by a factor of ~12. Clearly
both lowering the pK, of the leaving group and incorporation
of a suitable radical stabilizing substituent at the indolyl carbinyl
position can have a dramatic effect on rates of elimination.®

The above studies on model drug molecules as leaving groups
have defined the physico-chemical parameters for a successful
indolequinone based bioreductive drug delivery strategy, although
we have yet to put this into practice with “real” anticancer drug
molecules. Nevertheless, some further progress has been made
recently. Thus Borch and co-workers have reported the elimination
of a cytotoxic phosphoramidate from the indolequinone 37 upon
reductive activation (Fig. 12),*# Tanabe et al. have shown
that S5-fluorodeoxyuridine is released from the indolequinone
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Fig. 12 Indolequinone based prodrug systems.
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conjugate 38 upon radiolytic reduction,®® and Threadgill and
co-workers have described an indolequinone 39 conjugated
with an isoquinoline—the 1-hydroxyisoquinolines (as the 1-
isoquinolone tautomers) released upon reductive activation are
potent inhibitors of poly-ADP-ribose polymerase (PARP) with
potential therapeutic applications.?*35

One particularly elegant application of indolequinones as
bioreductively activated prodrugs involves camptothecin, a nat-
urally occurring, potent inhibitor of DNA topoisomerase 1
(Topo 1) that can stabilize covalent binding of Topo 1 to DNA,
thereby resulting in irreversible and lethal strand breaks of
DNA during replication. However, the clinical application of
camptothecin itself in cancer treatment was suspended due to
its non-specific toxicity and negligible water solubility, although
new synthetic derivatives such as irinotecan (Camptosar®) and
topotecan (Hycamtin®) are now in clinical use. Zhang er al. have
developed a new class of water-soluble, bioreductively activated
indolequinone prodrugs of camptothecin such as CPT4 that are
subject to metabolism by cellular reductases, thereby releasing a
potent Topo 1 inhibitor. In the presence of NQO1 and NADH,
CPT4 was quickly reduced, thereby producing both the indole-
quinone iminium ion moiety, and compound 40, which fragments
chemically to release camptothecin as shown in Scheme 14.%

To date the focus had been the fragmentation of groups from
the (indol-3-yl)methyl position of indolequinones (Scheme 10),
notwithstanding the fact that in both MMC 13 and EO9 18
elimination from the (indol-2-yl)methyl position must also occur.
The role of 2-indolyl substituents in other indolequinones is
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HO
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Me oy
NMe

camptothecin

Scheme 14 Bioreductive activation of the prodrug CPT4 by NQOI1
resulting in release of camptothecin.

less clear, since relatively few studies have been reported. For
example, no elimination of a carboxylate leaving group—2-
acetoxybenzoate (aspirin)—occurred upon (one-electron) radi-
olytic reduction of the 2-substituted indolequinone 28 (R! =R* =
H, R? = CH,OCOAr, Y = OMe). On the other hand, the 3-
substituted analogue 28 (R' = R* = H, R* = CH,0COAr, Y =
OMe) underwent efficient fragmentation upon reduction.*” Sim-
ilar results were observed with indolequinone phosphoramidate
prodrugs: upon one-electron reduction, elimination from the 2-
substituted analogue of quinone 37 was slow in comparison to
37 itself (Fig. 12). In contrast, the phosphoramidate was rapidly
released from both the 2-and 3-substituted indolequinones upon
two-electron reduction suggesting that potential drug delivery
mechanisms from the indolequinone 2-position proceed better
from the hydroquinone QH,.%"# In order to investigate this
suggestion more fully, we investigated a series of indolequinones
bearing a range of substituents at the 2-position, and evaluated
both their fragmentation upon reduction and their metabolism by
NQOI.

Firstly, using pulse radiolysis physical chemical kinetic studies,
we demonstrated that reductive elimination of a good leaving
group such as 4-nitrophenoxide from the (indol-2-yl)methyl
position occurs most readily via the hydroquinone rather than the
semiquinone, but it is very significantly slower than elimination
from the (indol-3-yl)methyl position in an analogous compound
(unpublished data). Secondly, the enzyme data showed that such
indolequinones were generally quite poor substrates for hNQO1.
Interestingly, whilst in the 3-substituted series, compounds with
potential leaving groups, for example 28 (R?* = CH,0Ac) ap-
peared to inactivate the enzyme, in the 2-substituted series, such
compounds with leaving groups are substrates.®

Inhibitors of NQO1

A number of compounds are known to inhibit the activity of
NQOI1 by competing with NAD(P)H for binding to the enzyme
thereby preventing reduction of the FAD. These include a number
of flavones, coumarins, and the turmeric spice-derived curcumin,
but the most potent competitive inhibitor (K; = 1-10 nM) is
dicumarol 41 (Fig. 13).%% Dicumarol, an anticoagulant that
functions in a similar manner to warfarin, has used been used
as a competitive inhibitor in NQO1 assays for many years, and
has recently been co-crystallized with hNQO1 and the bound
complex studied by X-ray crystallography.®* The inhibitor stacks

OH O

chrysin
(5,7-dihydroxyflavone)

curcumin

Fig. 13 Competitive inhibitors of NQOI.
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parallel to the isoalloxazine ring of the FAD (Fig. 14A), and
is bound by a series of hydrophobic interactions and hydrogen
bonds to both monomer units of the protein. However, there are
potential disadvantages with dicumarol in that it is not selective
and can inhibit other enzymes in addition to NQOI. It can also be
extensively protein bound complicating its use in cellular assays.
Hence there was a need for a more efficient inhibitor of NQOI,
and in collaboration with David Ross (University of Colorado)
this is what we set out to look for.

OH OH
CLLLIO
0 00 o

—. dicumarol
=
- a ‘

o}
ES1340

Fig. 14 X-Ray crystal structure of active site of hNQO1 with bound
inhibitors (shown in cyan): (A) dicumarol (PDB accession code 2f10);*
(B) ES936 (PDB accession code 1kbq);*** (C) ES1340 (PDB accession
code 1kbo).?** Protein side chain residues are shown in green; the carbon
framework of FAD is shown in yellow.

Our efforts to develop efficient inhibitors of NQO1 started
with the observation, noted above, that indolequinones with a
good leaving group at the (indol-3-yl)methyl position tended to
inactivate the enzyme during the assays. We rationalized this on
the basis of NQOI activated reduction of the indolequinone (cf.
Scheme 10) that leads to an electrophilic iminium ion following
elimination of the leaving group in the hydroquinone. Since the
hydroquinone must be generated in the enzyme active site, if
it fragments quickly, then the iminium ion is also formed in
the active site and can alkylate nearby nucleophilic residues
leading to irreversible binding of the enzyme. This mechanism-
based (or suicide substrate) inhibition is outlined in Scheme 15.
Furthermore, the rates of elimination of various leaving groups
were available from our detailed kinetic studies described above.
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bound to indole

Scheme 15 Mechanism-based inhibition of NQO1 by indolequinones
bearing good leaving groups X at the (indol-3-yl)methyl position.

One compound that proved a particularly effective mechanism-
based inhibitor of hNQO1 was the indolequinone with a 4-
nitrophenoxide leaving group, a compound known as ES936 (28,
R' = R? = Me, R = CH,O0C,H,NO,, Y = OMe).**** ES936
inhibited hNQO1 in a time- and concentration-dependent manner,
and in agreement with its postulated role as mechanism-based
(suicide substrate) inhibitor, required the presence of cofactor
NADH, and therefore a catalytic turnover, for effective enzyme
inhibition. An important measure of mechanism based-enzyme
inhibitors is the partition ratio—the number of molecules released
from the active site in proportion to the number that remain
to inactivate the enzyme. The partition ratio for ES936 was
initially measured as 1.40 indicating that it is an extremely efficient
inactivator of the enzyme. Detailed information on the binding
of ES936 to the enzyme came from the co-crystal structure of
the enzyme complex (Fig. 14B). Interestingly, the orientation of
the ES936 in the active site is reversed relative to that of the
indolequinone substrates EO9 18 and ARHO019 (Fig. 10B and
10C). The nitro group is not an important factor in determining
the binding mode of ES936 since the phenoxy analogue lacking
the 4-nitro substituent (ES1340) binds in an identical manner
(Fig. 14C), although the compound is a very poor inhibitor of
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the enzyme (g.v.).* The comparison of the binding of ES936 with
that of dicumarol (Fig. 14A) has been discussed.®

The orientation of ES936 in the active site (Fig. 14B) shows
that the neighbouring nucleophilic residues are two tyrosines
(Tyr126’ and Tyr128’) and one histidine (His161), and hence one
would expect that if a reactive iminium species were generated
from ES936 in the active site, it would be one of these residues
that would be alkylated. Hence our next task was to ascertain
the site of covalent binding (if any) to the enzyme and prove
the original mechanism-based inhibition theory. The molecular
mass of the monomeric protein was measured by ESI mass
spectrometry as 30864 + 6 Da compared to a calculated value
of 30868.6 Da. After incubation with NADH and ES936, the
measured molecular mass increased to 31081 + 7. The difference
of 217 mass units is consistent with the proposed adduct (cf.
Scheme 15); alkylation with an ES936-derived iminium ion would
result in a theoretical increase of mass of 218 after reoxidation to
the quinone. Hence there is excellent evidence for the mechanism
outlined in Scheme 15. In order to determine the actual site
of binding, NQOI1 and the ES936-treated protein were both
digested using chymotrypsin, and the resulting fragment peptides
analyzed by LC-MS-MS (Fig. 15). Chromatography identified a
peptide (m/z = 734.2 Da) that was not present in the control
protein, and subsequent MS-MS analysis established that this
was a tetrapeptide of sequence AlaTyrThrTyr corresponding to
residues 125-128 of hNQOI1. Hence the likely site of covalent
bond formation to the protein is one of the two tyrosine residues
(Tyr126’ or Tyr128').*
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Fig. 15 ES-LC-MS analysis of chymotrypsin digests of control hNQO1
(top) and after incubation with ES936 (bottom). The adducted peptide
fragment is seen at m/z = 734.2.%°

Hence we had achieved our goal and developed an efficient
mechanism-based inhibitor of hNQO1. At 100 nM concentration,
ES936 inhibits >95% of NQOI activity in cells within 30 min,*
and since it is specific, appears to be a more useful biochemical
tool than dicumarol for use in routine NQOI1 assays. At this
point, our work on inhibitors of NQO1 was put on hold, only
to be reactivated in late 2003 following the report by Cullen
et al. that dicumarol inhibition of NQOI led to inhibition of
growth in pancreatic cancer cells.”* The authors also showed
that the dicumarol inhibition of NQOI1 caused increased intra-

cellular levels of superoxide, and proposed a novel mechanism
whereby NQOI inhibition leads to increased superoxide levels and
inhibition of growth of the malignant phenotype. Our biology
collaborators had already established that NQO1 can directly
scavenge superoxide, and in cells containing high levels of NQO1,
such as pancreatic tumour cells, scavenging of superoxide by
NQOI1 may compete with superoxide dismutase as an alternative
pathway for detoxification. Hence there was a mechanistic basis
for the possible beneficial effects of NQO!1 inhibitors in pancreatic
cancer, a disease that has one of the worst prognoses of all cancers.

Our first task, therefore, was to show that our potent NQO1
inhibitor ES936 had an effect in pancreatic cancer cell lines. Firstly
it was established that ES936 inhibited NQO1 activity in human
pancreatic cancer cells (MIA PaCa-2 and BxPc-3 lines) and in
a time-dependent manner. Secondly, ES936 was also effective in
inhibiting the growth of the same two cancer cell lines with ICs,
values of 100-365 nM, and finally it was shown that pancreatic
tumour xenografts in mice grew significantly slower following
treatment with ES936.% In separate experiments, it was also shown
that the cytotoxicity was independent of superoxide generation,
suggesting that NQOI1 inhibition and increased superoxide levels
may not be the only factors contributing to the mechanism of
action of ES936 in pancreatic cancer cells.

The initial biological data on ES936 encouraged us to undertake
amuch wider study of indolequinones, and hence establish whether
NQOI inhibition is a potential therapeutic approach to pancreatic
cancer. Hence we prepared a number of analogues of ES936
in which the 4-nitrophenoxy leaving group was replaced by a
range of other phenolic leaving groups. These were chosen to
explore both the effect of leaving group ability, as evidenced by
the pK, of the corresponding phenol, and the steric effects of
the 3-aryloxymethyl group. We were also conscious of the need
to identify possible alternative electron-withdrawing groups on
the phenolic moiety, since nitro groups are not without problems
in potential drug molecules due to their metabolism. Hence, for
example, the choice of the 2,4,6-trifluorophenoxy group, since
2,4,6-trifluorophenol has a similar pK, to 4-nitrophenol (7.5 and
7.2 respectively). We also investigated an isomeric series of NQO1
inhibitors based on the 6-methoxyindolequinone ring system.
Although this may appear a trivial change, the switch of the
electron-releasing methoxy group from the 5- to the 6-position
has an effect on the electronic properties of the quinone ring
system, and hence on the reductive elimination of the phenoxide
as required for NQO1 inhibition (¢f. Scheme 15). Hence it was by
no means obvious that such analogues would be potent inhibitors.

David Ross and colleagues at the University of Colorado
evaluated our new quinones as mechanism-based inhibitors of
NQOI (dependence on NADH and partition ratio), as inhibitors
of the enzyme in cells, and for their ability to inhibit the growth of
the human pancreatic MIA PaCa-2 tumour cell line.** In order to
illustrate these biological tests, we show the comparisons between
ES936 and its 6-methoxy analogue 43. As already mentioned,
a key feature of a mechanism-based enzyme inhibitor is the
requirement for a catalytic turnover, and hence the presence
of the cofactor, for effective inhibition. Therefore an essential
experiment is to measure NQOI1 activity after incubation with
the indolequinone in the presence and absence of the cofactor
NADH. The results are shown in Fig. 16A, and for both ES936
and 43 there is a clear dependence on the cofactor. The data for
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Fig. 16 Mechanism-based inhibition of hNQOI by the indolequinones ES936 and 43, and effects on growth of human pancreatic cancer cells.*
(A) Dependence on NADH. NQOI activity was assayed following the incubation of indolequinone (100 nM or 5 pM) with recombinant human NQO1
in the absence (red bars) and presence (blue bars) of 0.2 mM NADH. Incubations were performed for 5 min at 32 °C. Results are the mean =+ standard
deviations of three separate determinations. (B) Partition ratios for the inactivation of NQOI1. Indolequinones and recombinant human NQOI were
incubated in the presence of 0.2 mM NADH for 15 min, with defined molar ratios of indolequinone to enzyme (range 0.2 : 1 to 1250 : 1). (C) Inhibition of
NQOI catalytic activity in human pancreatic MIA PaCa-2 cells. Cells were treated with the indolequinones (ES936 and 43) at the indicated concentrations
in complete growth media for 1 h, after which the cells were harvested and NQOI catalytic activity was measured using the reduction of DCPIP. Results
are the mean (+ standard deviation) of three independent determinations. (D) Growth inhibition in the human pancreatic MIA PaCa-2 cancer cell line
measured using the MTT colourimetric assay. MIA PaCa-2 cells were treated with the appropriate indolequinone (6.25-3200 nM) in complete medium
for 4 h (Graph I) and 72 h (Graph II) time periods. The ICs, values were defined as the concentration of indolequinone that resulted in 50% reduction in
cell number compared to the DMSO treated control, determined from semi-log plots of percentage of control versus indolequinone concentration.

the corresponding hydroxymethyl compounds 42 and 44 are also (hydroxide) prevents the formation of the electrophilic iminium
shown; no enzyme inhibition is observed in the absence or presence ion (Scheme 15).

of NADH indicating that these compounds are not mechanism- The dependence of indolequinones ES936 and 43 on NADH for
based inhibitors of NQOI1. Presumably the poor leaving group inhibition was taken as preliminary evidence for mechanism-based
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inactivation. To compare the efficiency with which the indole-
quinones inactivated NQOI, their partition ratios were calculated
from plots of enzyme activity against molar ratio of inhibitor to
enzyme (Fig. 16B). As described previously, the partition ratio
for a mechanism-based inhibitor is the number of catalytic cycles
required to inactivate one molecule of enzyme, therefore the
lower the partition ratio, the more efficient the inhibitor. The
partition ratios for ES936 and 43 were 3.5 (remeasured) and
3.7, respectively, indicating that these indolequinones were both
efficient mechanism-based inhibitors with similar potency.

The next biological assay was to determine whether the partition
ratios for NQOI inhibition using purified recombinant human
NQOI reflected NQOI inhibition in cellular systems. The con-
centration dependences of NQOI inhibition following treatment
of human pancreatic MIA PaCa-2 cancer cells with compounds
ES936 and 43 were determined after 1 h. For both indolequinones,
greater than 95% of NQOI activity in the cells could be inhibited at
concentrations between 10-100 nM (Fig. 16C). Finally the ability
of ES936 and 43 to induce cytotoxicity was measured in MIA
PaCa-2 cells using the MTT growth inhibition assay. Although
it has been shown that greater than 95% inhibition of NQOI
occurs after a 1 hour exposure to indolequinones, MIA PaCa-
2 cells were treated with indolequinones for 4 hours in order to
maintain a prolonged period of NQO1 inhibition, since once these
mechanism-based inhibitors are removed, NQOI1 activity slowly
returns due to the synthesis of new NQOI protein. A longer
exposure period was also used (72 h) for comparative purposes.
The ICs, values are shown for both the 4 h and 72 h treatments with
the appropriate indolequinone. The growth inhibitory potency
of these compounds after 4 h and 72 h indicated that both
indolequinones were effective growth inhibitors in MIA PaCa-2
cells (IC5, < 640 nM) (Fig. 16D).

The above data show that notwithstanding the electronic effect
of the 5- or 6-methoxy group, the indolequinones ES936 and 43

are very similar biologically. Data for a larger range of quinones
are shown in Table 4. Within the series of analogues, there was
some correlation of the partition ratio with the leaving group
ability of the aryloxy group at the (indol-3-yl)methyl position, as
evidenced by the pK, of the corresponding phenol. This is nicely
illustrated by the series of fluorophenoxy compounds (entries
6-8), where the compounds become more potent inhibitors
as the pK, of the leaving group decreases as the degree of
fluorine substitution increases (4-fluorophenol pK, = 9.9; 2,4-
difluorophenol pK, = 8.7; 2,4,6-trifluorophenol pK, = 7.5). It is
noteworthy that a nitrophenolate leaving group is not essential
since the indolequinones bearing a 2.4,6-trifluorophenoxy group
(entries 8 and 9) are highly efficient inhibitors. Likewise, the
compounds with 4-hydroxypyridine (4-pyridone) leaving groups
were also efficient inhibitors of NQOI1 (entries 10 and 11).
Importantly, there was also a general relationship between the
partition ratio measured using purified NQO1 and the ability of
the indolequinones to inhibit NQOI in cells. Finally, it was shown
that the indolequinones inhibited the growth of human pancreatic
MIA PaCa-2 cancer cells. The complete range of indolequinones
tested exhibited ICs, values in the range ca. 0.1-9.5 uM (100—
9500 nM) with the 2-nitrophenyl, and the di- and tri-fluorophenyl
derivatives (entries 3, 4, 7-9) being among the most potent growth
inhibitors, and the pyridyloxy derivatives (entries 10 and 11) the
least effective. Hence it is clear that potent NQOI inhibitors
such as the pyridyloxy derivatives do not exhibit the highest
levels of cytotoxicity. Conversely, relatively poor inhibitors such as
the 4-trifluoromethylphenoxy compound (entry 5) demonstrated
more potent cell growth inhibition. Recently we have identified
indolequinones, which are even more potent inhibitors of cell
growth (ICs, 26-78 nM) but are not mechanism-based inhibitors
of NQOI1 at all. These data on a large set of indolequinones
demonstrate that NQOI inhibition does not correlate with growth
inhibitory activity, at least in the MIA PaCa-2 tumour cell line,

Table 4 Inhibition of recombinant human NQO1 by indolequinones, and inhibition of cell growth in the MIA PaCa-2 cell line

OAr

>90% Inhibition of NQOI in

Entry R? R® Ar Partition ratio MIA PaCa-2 cells*/nM 1C5, MIA PaCa-2 at 4 h/nM
ES936 OMe H 4-NO,-C¢H, 3.5 10-100 629 + 17
43 H OMe 4-NO,-C¢H, 3.7 10-100 638 £ 15
1 OMe H C¢H; 4000 nd 1385 4+ 24
2 H OMe C¢H; 3800 nd 4563 £ 26
3 OMe H 2-NO,-C¢H, 1.0 nd 345 £ 20
4 H OMe 2-NO,-C¢H, 1.0 10-100 3634+ 9
5 H OMe 4-CF;-C,H, 652 5000-10 000 496 + 3
6 H OMe 4-F-C¢H, >100000 500010 000 905 £ 25
7 H OMe 2,4-F,-C.H, 21.3 10-100 255+ 5
8 H OMe 2,4,6-F,-C¢H, 1.7 10-100 452 + 4
9 OMe H 2,4,6-F;-C¢H, 1.9 nd 427+ 5
10 OMe H 4-Pyridyl 1.3 nd 2007 + 16
11 H OMe 4-Pyridyl 0.9 10-100 2560 £ 7

“nd not determined.
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suggesting that targets in addition to NQOI1 need to be considered
to explain the potent activity of this series of indolequinones in
human pancreatic cancer cells.®* The search for these target(s) is
ongoing.

Future directions

In the mid 1980s we started a project in mainstream synthetic
organic chemistry aimed at developing new routes towards a
natural product, mitomycin C. Over the intervening 20 years,
the project has evolved considerably, and moved in directions
we could not have imagined. In this period, as well as pursuing
organic synthesis, we have collaborated with electrochemists,
physical organic chemists, biochemists, cell biologists and protein
crystallographers. Through these collaborations, we have been able
to increase significantly our knowledge of the quinone reductase
NQOI. Hence through this combination of synthetic chemistry
and biology, we have developed efficient substrates for, and
effective mechanism-based inhibitors of this fascinating enzyme.
What next? Clearly our original hypothesis that NQOI in-
hibitors would be useful against pancreatic cancer is not the whole
story—our most potent inhibitors of cell growth of human pancre-
atic cancer cell lines are not mechanism-based inhibitors of the en-
zyme, so another biological target(s) must be involved. A priority is
to find this biological target, and establish how it links to NQOI,
if at all. Even if it turns out that the inhibition of NQO1 plays
little role in pancreatic cancer, following this hypothesis has led us,
maybe fortuitously, to potent compounds that may have potential
as therapeutic agents. Hence we will continue to work on NQOI,
since new quinones and new roles for the enzyme are still being
discovered. For example, it has been discovered that the naturally
occurring quinone geldanamycin 14 (Fig. 3), a derivative of which
is in clinical trials as the first in class inhibitor of Hsp90 against
cancer, is a substrate for NQO1.%” Indeed, it appears that the hydro-
quinone may be more biologically active.** Given the potential
of Hsp90 inhibitors such as geldanamycin derivatives, not only in
cancer but also in neuro-degenerative diseases, it seems likely that
attention will continue to focus on the bioreduction of quinones.
Quinones are ubiquitous in Nature, and their properties are
wide-ranging. We hope that we have demonstrated herein that not
only do they provide challenges for synthetic organic chemists,
they also provide opportunities for biological investigations,
particularly their reduction by the intriguing enzyme NQOI.
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The synthesis of five fused-bicyclic medium-ring lactones carrying identical ring-fusion to that in the
polyether toxins is described using an enolate hydroxylation, intramolecular hydrosilation, Claisen

rearrangement sequence.

Introduction

The trans-fused polyether toxins, exemplified by the brevetoxins,
are a growing class of natural products of marine origin.' Their
diverse and potent biological activities coupled with their unprece-
dented molecular architectures have caught the imagination of the
synthetic organic chemistry community. The total synthesis of
brevetoxins A (1) and B (2) by Nicolaou** and co-workers stands
as a landmark in modern total synthesis. Since these ground-
breaking reports there have been a number of other total syntheses
of, and approaches to, the “ladder toxins” which are summarised
in a series of review articles.* Perhaps the greatest challenge for the
synthesis of these molecules involves the construction of the fused
medium-ring ethers, often embedded in the natural product core,
and a large number of elegant methods have been invented and
developed to synthesise these structural motifs. Our own approach
to the synthesis of medium-ring ethers involves the synthesis of
a medium-ring lactone via Claisen rearrangement of a ketene
acetal,>® and subsequent conversion of these lactones into the cor-
responding medium-ring ethers by a methylenation—hydrosilation
sequence,’ a strategy which we have successfully employed in the
total synthesis of (+)-laurencin® and (+)-obtusenyne.® Herein we
report the full details’ of the extension of this methodology to
the synthesis of five fused-bicyclic medium-ring lactones carrying
identical ring-fusion to that found in the polyether toxins.
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Strategy

Our strategy for the synthesis of fused bicyclic medium-ring
lactones is shown in Scheme 1. Thus, the first-generation mono-
cyclic medium-ring lactone 3 will be transformed into a 1,3-
diol 4 by a methylenation—hydrosilation sequence. Transformation
of the resultant 1,3-diol into a vinyl-substituted ketene acetal
5, via selenoxide elimination or carbonate methylenation," will
provide the desired fused bicyclic medium-ring lactone 6 after
Claisen rearrangement. The preparation of medium-ring lactones
by conversion of a selenide into a vinyl-substituted ketene acetal
followed by subsequent Claisen rearrangement was first reported
by Petrzilka' for the preparation of a ten-membered lactone and
subsequently developed by us,**"® and others,'*** for the synthesis
of a number of medium-ring ether and lactone-containing natural
products.

Results and discussion
Synthesis of three [6.6.0]-bicyclic lactones

The conversion of the medium-ring lactones 7, 8 and 9 into the cor-
responding [6.6.0]-bicyclic lactones was to follow a methylenation—
hydrosilation sequence which we had previously developed for the
synthesis of monocyclic medium-ring lactones.”” The first task
therefore involved the conversion of the medium-ring lactone into
the corresponding exo-cyclic enol ether. We have used both the
Tebbe reagent'®'” and Petasis reagent (dimethyltitanocene)®* to
effect this transformation,®* however, where possible, we favour
the use of the Petasis reagent for the methylenation of medium-
ring lactones because of its ease of preparation?® and extended
shelf-life.

Preparation of the [6.6.0]-bicyclic lactone 26

The lactone 7** was efficiently converted into the exo-cyclic enol
ether 10 on exposure to dimethyltitanocene®® (71%) and the BOM
protecting group was removed on treatment of 10 with LiDBB*
giving 11 (94%) (Scheme 2). In our synthesis of (+)-laurencin®
we had converted a similar eight-membered lactone (ent-7 with
TBPDS in place of TIPS) into the corresponding a-hydroxy enol
ether using a four step procedure: replacement of the BOM group
by a TMS ether (2 steps), methylenation of the lactone, removal
of the TMS group.

This journal is © The Royal Society of Chemistry 2008
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Scheme 1 Claisen rearrangement approach to bicyclic medium-ring
lactones.
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We have frequently found that in order to completely remove
the titanium residues from the methylenation of a medium-ring
lactone with dimethyltitanocene, it is necessary to perform at
least two chromatographic separations. The use of LiDBB to
cleave the BOM group in 10 also acts to reduce any titanium
residues remaining from the previous reaction, thereby facilitating
purification of the o-hydroxy enol ether 11. This enol ether was

|
TIPSO —Si
/ \

H
10 R = BOM
b E,11;R=H 12

readily converted into the silane 12 in readiness for the key
intramolecular hydrosilation reaction which would set the required
trans-stereochemistry of the ring fusion. We have previously
reported on the hydrosilation of a closely related silane (ent-12,
with TBDPS in place of TIPS)® using platinum bis(1,3-divinyl-

1,3,3-tetramethylsiloxane)* and had isolated the corresponding
diols in good yield (86%) but with poor diastereocontrol. More-
over, larger scale hydrosilation reactions under these conditions
had been capricious. We had also investigated the use of Wilkin-
son’s catalyst in the hydrosilation of the same substrate, which
had given the diols in low yield but with reasonable selectivity for
the trans-diol. We were pleased to find that exposure of the silane
12 to a catalytic quantity of (bicyclo[2.2.1]hepta-2,5-diene)[1,4-
(diphenylphosphino)butane]rhodium(1) tetrafluoroborate** fol-
lowed by Tamao-Fleming oxidation,* delivered the desired
trans-diol 13 as a single diastereomer in good yield. The stere-
ochemistry of the trans-diol 13 was assigned by comparison
with the spectroscopic data of a closely related trans-diol (ent-
13, with TBDPS instead of TIPS)® and was proven by X-ray
crystallography of a later intermediate. Monoprotection of the
secondary alcohol in the diol 13 was achieved using a two step
procedure. Exposure of the diol 13 to p-anisaldehyde and PPTS
under Dean-Stark conditions in benzene at reflux provided the
corresponding benzylidene acetal 14 in excellent yield (85%). The
'"H NMR coupling constant of the bridgehead protons H* and
H" (J., = 8.5 Hz) confirmed that they were disposed trans to
one another. Reduction of the benzylidene acetal 14 with DIBAL-
H* in dichloromethane and toluene provided the mono-protected
crystalline diol 15 in 80% yield. The advantages of using the robust

= TIPSO
13 14; J,p = 8.5 Hz 15; X = H, OH
16;R=0

Scheme 2 Synthesis of the aldehyde 16. Reagents and conditions: (a) Cp,TiMe,, toluene, reflux, 71%; (b) LIDBB, THF, —78 °C, 94%; (c) (Me,SiH),NH,
NH,Cl, 99%; (d) 3 mol% (bicyclo[2.2.1]hepta-2,5-diene)[1,4-bis(diphenylphosphino)butane]rhodium(1) tetrafluoroborate, THF, reflux, then H,0,, KOH,
THF, MeOH, 86%; (e) p-methoxybenzaldehyde, PPTS, benzene, reflux, 85%; (f) DIBAL-H, CH,Cl,, —50 — —30 °C, 80%; (g) IBX, Me,SO, RT. BOM =
benzyloxymethyl; TIPS = triisopropylsilyl; LIDBB = lithium di-fert-butylbiphenylide; IBX = o-iodoxybenzoic acid.
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TIPS group to protect the primary alcohol were again evident in
this transformation, as reduction of the corresponding TBDPS
protected acetal (ent-14, with TBDPS instead of TIPS)® with
DIBAL-H had resulted in extensive loss of the silicon protecting
group with the desired product being isolated in only 51% yield.
Recrystallisation of the alcohol 15 from hot hexane provided
crystals suitable for X-ray analysis (mp 121-121.5 °C).1 The X-
ray crystal structure established the relative stereochemistry of 152
and confirmed that the hydrosilation had occurred in the desired
sense to provide the trans-diol 13 (Fig. 1). The primary alcohol
in 15 was readily oxidised to the corresponding aldehyde 16 using
IBX.”

5 OTIPS

15

Fig.1 X-Ray crystal structure of the alcohol 15 showing 50% probability
ellipsoids.

The next stage in the synthetic plan involved the addition
of a vinylmetal to the aldehyde 16. Due to the possibility of
epimerisation at C-2 in 16, coupled with the possibility of elim-
ination to provide the corresponding o,f-unsaturated aldehyde,
it was deemed necessary to use a vinylmetal of low basicity. We
had previously used Imamoto’s organocerium reagents® to add
a vinyl unit to a base sensitive aldehyde?® and this procedure
proved to be successful with the aldehyde 16. Thus, exposure of the
aldehyde to a mixture of vinylmagnesium bromide and thoroughly
dried cerium(1r) chloride®! provided the desired allylic alcohols 17
and 18 as a 5 : 1 mixture of diastereomers (Scheme 3). The major
diastereomer 17 was readily crystallised from hot hexane and an
X-ray crystal structure established the relative stereochemistry®
(Fig. 2).1 The X-ray structure of 17 (mp 99-100 °C) shows
that the vinylmetal addition to the aldehyde 16 had occurred
in accord with both the polar Felkin—-Anh*** and Cornforth3**
models for the addition of nucleophiles to o-chiral aldehydes,
and not surprisingly, that the conformation of the medium-ring
was virtually identical to that of the primary alcohol 15 (Fig. 1).

Fig. 2 X-Ray crystal structure of the allylic alcohol 17 showing 50%
probability ellipsoids.

The next step required removal of the p-methoxybenzyl pro-
tecting group from 17. The use of standard reagents such as
DDQ or CAN to effect this transformation resulted in other
reaction pathways. Attempted removal of the PMB group from
the major diastereomer 17 using CAN resulted in isolation of the
diol 22 in 86% yield where the triisopropylsilyl group instead of
the PMB group had been removed.*” Similarly, exposure of the
allylic alcohol 17 to DDQ in wet dichloromethane did not result

1

HOQ
H TIPSO
HO
o !

of

PMBO

16 o}

H TIPSO

Scheme 3 Formation of the allylic alcohols 19 and 20. Reagents and
conditions. (a) CH,=CHMgBr, CeCl;, THF, —78 °C — RT, 17 74%, 18
15%; (b) DDQ, CH,Cl,, water, 78%; (c) CAN, MeCN, water, 86%; (d) TFA,
CH,Cl,, —20 °C, 90%. DDQ = 2,3-dichloro-5,6-dicyano-p-benzoquinone;
CAN = ammonium cerium(1v) nitrate; TFA = trifluoroacetic acid.

in removal of the PMB group, even after prolonged reaction times,
but instead resulted in oxidation of the PMB group to provide the
benzylidene acetal 21 (78%). Finally it was found that exposure of
either of the pure diastereomers 17 or 18, or a mixture of the two,
to a solution of TFA in dichloromethane at —20 °C resulted in
clean removal of the PMB group, with the diols 19 and 20 being
isolated in excellent yield (90%) (Scheme 3).

Either of the diastereomeric diols 19 or 20 could be readily
transformed into the corresponding selenoacetals on treatment
with phenylselanylacetaldehyde diethyl acetal and catalytic PPTS
in toluene at reflux (Scheme 4). The diol 19 provided the selenides
23 asa 13 : 1 mixture of diastereomers at the centre indicated. The
major diastercomer 23maj was assigned as having the PhSeCH,
group in the less sterically demanding equatorial position on the
basis of the upfield shift of the proton H* (J+ = 4.83) compared
with the corresponding proton in the minor diastereomer (0y =
5.27); axial protons on six-membered rings generally come into res-
onance at lower chemical shifts than the corresponding equatorial
protons (Fig. 3).*® The corresponding selenide 24 synthesised from
the diol 20 was isolated as a single diastereomer, presumably with
the PhSeCH, group in the thermodynamically more favourable
equatorial position.

Oxidation of the selenides (23 or 24) with sodium periodate
furnished the corresponding selenoxides, which on pyrolysis under
reflux in xylene in the presence of DBU, provided the desired
[6.6.0]-bicyclic lactone 26 in excellent yield. The stereochemistry
at the ring fusion was readily confirmed to be frans by 'H NMR
coupling constant analysis (Scheme 4, J,, = 9.2 Hz). It also
proved possible to synthesise the bicyclic lactone 26 from the
carbonate 25, which was prepared by exposure of the diol 19 to
triphosgene in dichloromethane.'* Treatment of the carbonate 25
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Fig. 3 Structures of the selenoacetals 23 and 24.

26; Jop = 9.2 Hz

o,
PhSe I

Scheme 4 Formation of the fused bicyclic lactone 26. Reagents and
conditions: (a) PhSeCH,CH(OEt),, PPTS, toluene, reflux, 90% from 19,
60% from 20; (b) NalO,, CH,Cl,, MeOH, water, 100%; (c) DBU, xylene,
reflux, 90% from 23 or 24; (d) (Cl;CO),CO, pyridine, Et;N, CH,Cl,,
—78 °C — RT, 89%; (¢) Cp,TiMe,, toluene, reflux, 63%. DBU =
1,8-diazabicyclo[5.4.0]lundec-7-ene.

with dimethyltitanocene in toluene at reflux'" provided the desired
bicyclic lactone 26 in 63% yield.

Having established an efficient method for the annulation of an
eight-membered lactone onto an existing medium-ring lactone, we
sought to verify the generality of the method with the synthesis of
a number of other bicyclic medium-ring lactones.

Preparation of the [6.6.0]-bicyclic lactone 40

The synthesis of the remaining [6.6.0]-bicyclic lactones followed
synthetic routes analogous to the one described above for the
synthesis of 26 (Scheme 5). Thus, the lactone 8" was converted
into the a-hydroxy lactone 27 in excellent yield and as a single
diastereomer, by oxidation of the derived potassium enolate with
the Davis oxaziridine.** The o-hydroxy lactone was protected,
methylenated, deprotected and silylated to give the dimethylsilane
31. Hydrosilation of the enol ether 31 using the same catalyst as for
the enol ether 12 delivered the diols (1.34: 1, 32 : 33) in reasonable
yield (57%). The poor diastereoselectivity in the formation of

34; Jyp=9.5Hz

35; Jyp=1.5Hz

Scheme 5 Elaboration of the lactone 8. Reagents and conditions: (a)
KHMDS, toluene, —78 °C then (&)-2-(phenylsulfonyl)-3-phenyloxa-
ziridine, then (4)-camphor-10-sulfonic acid, 91%; (b) Me;SiCl, Et;N,
THE, 99%; (¢) Cp,TiMe,, toluene, reflux, 2 h; (d) K,CO;, MeOH,
76% from 28; (e) (Me,SiH),NH, NH,Cl, 98%; (f) 3 mol% (bicy-
clo[2.2.1]hepta-2,5-diene)[1,4-bis(diphenylphosphino)butane]rhodium(1)
tetrafluoroborate, THF, reflux, then H,0,, KOH, THF, MeOH, 32 33%,
33 24%; (g) p-methoxybenzaldehyde, PPTS, benzene, reflux, 34 100%, 35
100%.

the diols 32 and 33 was disappointing. Attempts to improve the
proportion of the desired trans-diol 32 proved fruitless: conducting
the hydrosilation in the presence of tetramethyldisilazane (which
had previously been used to increase the proportion of trans-
diol)” merely increased the proportion of the undesired cis-diol 33,
and using platinum bis(1,3-divinyl-1,1,3,3-tetramethylsiloxane)?
gave the cis-diol 33 as the sole product after Tamao—Fleming
oxidation.**

Conversion of both diols 32 and 33 into the corresponding p-
methoxybenzylidene acetals 34 and 35 was readily achieved in
quantitative yields and the stereochemistry of the ring junctions
of the acetals 34 and 35 was determined using '"H NMR coupling
constant analysis (34, J,, = 9.5 Hz; 35, J,, = 1.5 Hz). The
trans-acetal 34 was elaborated to the [6.6.0]-bicyclic lactone 39
as illustrated in Scheme 6. Exposure of the acetal to DIBAL-
H delivered the primary alcohol 36*” which was readily oxidised
to the corresponding aldehyde 37 using IBX.* Exposure of the
aldehyde 37 to vinylmagnesium bromide gave a complex mixture
of degradation products. Disappointingly the use of the less basic
organocerium reagent only returned the alcohol 36. There is
some precedent for the reduction of carbonyl substrates with
certain organocerium reagents,* although in those examples, the
organocerium compound is more usually aliphatic and contains
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Scheme 6 Synthesis of the fused bicyclic lactone 40. Reagents and
conditions: (a) DIBAL-H, toluene, CH,Cl,, —78 — —5 °C, 90%; (b) IBX,
Me,SO, RT, 90%; (c) vinyl iodide, CrCl, (1% NiCl,), Me,SO, RT, 40%;
(d) TFA, CH,Cl,, —20 °C, 75%; (e) triphosgene, Et;N, pyridine, CH,Cl,,
=78 — —10 °C, 90%; (f) Cp,TiMe,, toluene, reflux, 46%.

B-hydrogens which can eliminate with release of hydride (the
reducing agent). This pathway is less likely for a vinylcerium
reagent, and reduction in these cases may occur via a single
electron transfer process.*® Addition of a vinyl nucleophile to the
aldehyde 37 was eventually achieved using the Nozaki-Hiyama—
Kishi reaction.*' Thus, exposure of a mixture of the aldehyde 37
and vinyl iodide to excess chromium(ir) chloride (1% nickel(1r)
chloride) in dimethylsulfoxide, provided the desired allylic alcohols
38 in 40% yield as a 2 : 1 mixture of diastereoisomers. The
stereochemistry of the diastercomers was assigned by 'H NMR
coupling constant analysis of later intermediates (the carbonates
39). The major diasterecomer has the (R)-stereochemistry at the
newly installed stereocentre, which is consistent with both the
polar Felkin—Anh*** and Cornforth* models for the addition of
nucleophiles to a-chiral aldehydes.

The allylic alcohols 38 were readily converted into the corre-
sponding cyclic carbonates 39 by deprotection (TFA) followed
by exposure of the resultant diols to triphosgene.* The relative
stereochemistry of the two carbonates 39 was determined by 'H
NMR coupling constant analysis (Fig. 4) which consequently
allowed the assignment of the relative stereochemistry of the allylic
alcohols 38. Exposure of the carbonates 39 to dimethyltitanocene
in toluene at reflux'! in the absence of light effected methylenation
of the carbonyl group and subsequent Claisen rearrangement to
afford the bicyclic lactone 40 in 46% yield. As before the ring-
fusion stereochemistry was confirmed to be trans by '"H NMR
coupling constant analysis (Scheme 6, J,, = 9.5 Hz).

a a
s ol
0= 0=\
Z b Hp

39maj; Jap = Jpe = 9.5 Hz 39min; J,p = 10.0 Hz, Jp, = 5.5 Hz

Fig. 4 Structures of the carbonates 39.

Preparation of the [6.6.0]-bicyclic lactone 54

The final [6.6.0]-bicyclic lactone was synthesised in an analogous
manner to the previous two, beginning from the lactone 9.
Formation of the potassium enolate of the lactone 9 (KHMDS)
in toluene followed by the addition of three equivalents of the
Davis oxaziridine* delivered the desired o-hydroxy lactone 41 in
88% yield as a 20 : 1 mixture of diastereomers as judged by 'H
NMR (Scheme 7). After extensive purification by repeated flash
chromatography the major diastereomeric o-hydroxy lactone 41
was isolated pure as a white crystalline solid (mp 102-104 °C). The
relative stereochemistry of the major diastereomer was proven by
X-ray crystal structure analysis and the X-ray structure is shown
in Fig. 5{ The o-hydroxy lactone 41 was converted into the
dimethylsilane 44 in readiness for the hydrosilation reaction.
Treatment of the silane 44 with the previously used cationic
rhodium catalyst followed by Tamao-Fleming oxidation?* de-
livered the corresponding diols 45 and 46 isolated as a 6.4 : 1
mixture of inseparable diastereomers. The mixture of diols was
readily converted into the corresponding p-methoxybenzylidene

HO—

OBn

47, Jp = 1.6 Hz

Scheme 7 Preparation of the diols 45 and 46. Reagents and conditions: (a) KHMDS, toluene, —78 °C then (+)-2-(phenylsulfonyl)-3-phenyloxaziridine,
then (&)-camphor-10-sulfonic acid, 88%; (b) Me;SiCl, Et;N, THF, 86%; (c) Cp,TiMe,, toluene, reflux, 98%; (d) K,CO;, MeOH, 87%; (e) (Me,SiH),NH,
NH,CI, 99%; (f) 3 mol% (bicyclo[2.2.1]hepta-2,5-diene)[1,4-bis(diphenylphosphino)butane]rhodium(1) tetrafluoroborate, THF, reflux, then H,O,, KOH,
THF, MeOH, 61%, 6.4 : 1 mixture of 45 : 46; (g) p-methoxybenzaldehyde, PPTS, benzene, reflux, 81% from mixture of 45 and 46.

This journal is © The Royal Society of Chemistry 2008

Org. Biomol. Chem., 2008, 6, 693702 | 697





Fig. 5 X-Ray crystal structure of the a-hydroxy lactone 41 showing
disorder in the benzyl group (50% probability ellipsoids).

acetals from which the major diastereomer 47 could be isolated in
81% yield.

The room temperature 'H NMR spectrum (400 MHz) of 47
contained a number of broad peaks, while the room temperature
BC NMR spectrum (100 MHz) of 47 was missing a number
of key resonances. This indicated that the acetal existed as an
interconverting mixture of conformers which were in intermediate
exchange on the NMR timescale. A number of spectra were taken
at varying temperatures (see ESI{) and the stereochemistry of
the bridgehead protons could be assigned as cis on the basis of
'H NMR (55 °C, CDCI,) coupling constant analysis (Scheme 7,
J.» = 1.6 Hz). The cis ring fusion in 47 was further verified by
the observation of a large '"H NMR nOe between these protons.
As before the p-methoxybenzylidene acetal 47 was cleaved with
DIBAL-H? and the released primary alcohol 48 was oxidised®
to the corresponding aldehyde 49 (Scheme 8). Addition of the
vinylcerium reagent® derived from vinylmagnesium bromide and
thoroughly dried cerium(i) chloride® to the aldehyde 49 gave
the allylic alcohols 50 as a 3 : 1 mixture of diastereomers. The p-
methoxybenzyl protecting group was then cleaved as before using
TFA. The resultant diols 51 were converted into the corresponding
selenoacetals 52 as a mixture of one major and two minor
diastereomers; the full stereochemistry of the selenoacetals was not
assigned. The selenoacetals 52 were oxidised to the corresponding
selenoxides, which were heated in xylene in the presence of DBU
to deliver the bicyclic lactone 54 in 60% yield. The diols 51 could
also be converted into the corresponding carbonates,* which on
heating with dimethyltitanocene" in toluene delivered the same
bicyclic lactone 54 in 47% yield. Akin to several intermediates

54; J,, =2.4Hz

OBn

E—

in the above synthetic sequence, the '"H NMR spectrum of 54
measured at 27 °C contained many broad unidentifiable peaks,
while the "C NMR spectrum was found to be missing several
carbon peaks. This problem was again easily solved by measuring
both spectra above 50 °C, affording mostly distinct sharp peaks in
the "H NMR spectrum and all of the expected carbon resonances
in the ®C NMR spectrum (see ESIT). The cis-ring fusion of 54
was confirmed by '"H NMR nOe and coupling constant analysis
(Scheme 8, J,, = 2.4 Hz).

Synthesis of the [7.6.0]-bicyclic lactones
Synthesis of the dilactone 63

The synthesis of the first of the two [7.6.0]-bicyclic lactones began
with the nine-membered lactone 55, a literature compound that
is readily available from 2-deoxy-D-ribose.'** Monodeprotection
of the lactone 55 using the conditions initially described by
Congreve® (HF-pyridine, pyridine, THF in glassware) proved
capricious. However, when the reaction was executed in a
polypropylene vessel a reproducibly high yield of the alcohol 56
could be obtained (80%) (Scheme 9). Oxidation of the alcohol
56 was readily achieved using the procedure of Swern et al.®® to
provide 57. For the next step in the synthetic sequence it was
necessary to introduce a vinylmetal equivalent which would react
chemoselectively with the aldehyde in the presence of the lactone,
and we elected to use the Nozaki-Hiyama-Kishi reaction* for
this purpose. Addition of vinyl bromide to the aldehyde 57 in
the presence of CrCl, containing 1% NiCl, provided the desired
allylicalcohols 58 and 59 as a 1 : 2 mixture of diastereomers. X-Ray
crystal structure analysis of later intermediates (the lactone 61 and
the carbonate 62) indicated that the addition of the vinylchromium
species onto the aldehyde 57 had occurred according to both the
polar Felkin—Anh*** and Cornforth* models. Vinyl iodide could
also be used in the above addition process with no detriment to
the yield.

Desilylation of the lactone 58 using HF-pyridine occurred in
reasonable yield to provide the nine-membered diol 60 (71%)
(Scheme 10). The quenching procedure for this reaction proved
to be important for the attainment of high yields of 60. Quenching

PMBO""

HO

Scheme 8 Synthesis of the bicyclic lactone 54. Reagents and conditions: (a) DIBAL-H, CH,Cl,, =78 — —5 °C, 97%; (b) IBX, Me,SO, RT, 100%; (c)
CH,=CHMgBr, CeCl;, THF, —78 °C — RT, 80%, 3 : 1 mixture of diastereomers; (d) TFA, CH,Cl,, —15 °C, 86%; (¢) PhSeCH,CH(OEL),, PPTS, toluene,
reflux, 97%; (f) NalO,, CH,Cl,, MeOH, water, 100%; (g) DBU, xylene, reflux, 60%; (h) triphosgene, Et;N, pyridine, CH,Cl,, =78 — —10 °C, 81%; (i)

Cp,TiMe,, toluene, reflux, 47%.
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Scheme 9 Synthesis of the allylic alcohols 58 and 59. Reagents and conditions. (a) HF -pyridine, pyridine, THF, 80%; (b) (COCI),, Me,SO, 55, —78 °C
then E;N, —78 °C — RT, 78%; (c) vinyl bromide, CrCl, (1% NiCl,), Me,SO, RT, 63%.

63; Jyp=7.5Hz

Scheme 10  Synthesis of the bicyclic dilactone 63. Reagents and conditions:
(a) HF -pyridine, pyridine, THF, 71%; (b) HF MeCN; (c) triphosgene, Et; N,
pyridine, CH,Cl,, —78 °C — RT, 78%; (d) Cp,TiMe,, toluene, reflux, 31%.

the reaction with either aqueous sodium bicarbonate or aqueous
hydrochloric acid resulted in the isolation of significant quantities
of the ten-membered lactone 61. However, quenching the reaction
with water followed by washing with aqueous copper(11) sulfate
provided solely the nine-membered diol 60 in acceptable yield.
When the deprotection of the silylether 58 was attempted with
aqueous HF in acetonitrile the ten-membered diol 61 was the sole
product.

The ten-membered diol 61 was isolated as a white crystalline
solid that provided crystals suitable for X-ray analysis after re-
crystallisation from hexane and ether (mp 112-114 °C). The X-ray
crystal structure (Fig. 6) established the relative stereochemistry
of 61% and confirmed that the addition of the vinylmetal species
to the aldehyde 57 had occurred in accord with both the polar
Felkin—Anh and Cornforth models.****} We have noted this ring
expansion previously,’** and it is likely driven by the release
of strain when moving from a nine-membered lactone to a ten-
membered lactone.* Due to the ease of this ring expansion,
the formation of the carbonate 62 was approached with some
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Fig. 6 X-Ray crystal structure of the lactone 61 showing 50% probability
ellipsoids.

concern. In the event, exposure of the diol 60 to triphosgene,
triethylamine and pyridine provided the desired carbonate 62
in good yield (78%). The carbonate 62 was isolated as a white
crystalline solid which was recrystallised from hexane (mp 126—
127 °C) and provided crystals suitable for X-ray analysis. The
X-ray crystal structure confirmed the relative stereochemistry of
62 (Fig. 7)® and established that no undesired ring expansion had
occurred under the reaction conditions.}

o~ "“f)"‘}/;’[’\";;

r 62

Fig. 7 X-Ray crystal structure of the carbonate 62 showing disorder in
the medium ring (50% probability ellipsoids).

Exposure of the carbonate 62 to dimethyltitanocene in toluene
at reflux" provided the dilactone 63 as a white crystalline solid
(31%, mp 109-111 °C). The mass-balance from this reaction
was made up of material possessing the [7.6.0]-bicyclic skeleton
with either one of the lactone carbonyl groups having been
competitively methylenated. Recrystallisation of the dilactone
63 from hot hexane provided crystals suitable for X-ray anal-
ysis which established the relative stereochemistry (Fig. 8).21
Attempted synthesis of the corresponding selenoacetals from
the nine-membered lactone 60 under our standard conditions
[PhSeCH,CH(OEt),, PPTS] resulted in the formation of a myriad
of products most probably due to translactonisation of 60 under
the reaction conditions and subsequent formation of acetals from
both the nine- and ten-membered lactones 60 and 61.

Fig. 8 X-Ray crystal structure of the dilactone 63 showing 50% proba-
bility ellipsoids.
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Synthesis of the [7.6.0]-bicyclic lactone 79

The second [7.6.0]-bicyclic lactone was synthesised beginning with
the related nine-membered lactone 64 prepared in a similar manner
from 2-deoxy-D-ribose."** The lactone 64 was converted into the
o-hydroxy lactone 65 by oxidation of the derived potassium enolate
with the Davis oxaziridine* to give the product 65 in good yield
as a single diastereomer (Scheme 11). The stereochemistry of
the newly introduced hydroxy group was confirmed on a later
intermediate and was in keeping with the selectivity observed for
the a-oxidation of a closely related nine-membered lactone which
we used in our recent synthesis of obtusenyne.” Surprisingly the
enolate oxidation was very sensitive to the nature of the protecting
groups on the hydroxy and hydroxymethyl groups adorning the
nine-membered lactone. The bis-TBDPS-protected lactone 55 was
completely unreactive under these reaction conditions whereas the
corresponding bis-TES-protected lactone (55 with TES in place of
TBDPS) was readily hydroxylated under the same conditions as

for the lactone 64.
o . a o ).
Q "OBn — RO@ "OBn
(¢] (¢]

OTBDPS OTBDPS
64 65 R=H
b E, 66. R = TMS
c o J. e o J.
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d 68: R=H
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Scheme 11 Synthesis of the diol 70. Reagents and conditions: (a)
KHMDS, toluene, —78 °C then (%)-2-(phenylsulfonyl)-3-phenyloxazi-
ridine, then (&)-camphor-10-sulfonic acid, 78%; (b) Me;SiCl, Et;N, THF,
87%; (c) Cp,TiMe,, toluene, reflux; (d) K,CO;, MeOH, 60% from 65;
(e) (Me,SiH),NH, NH,Cl, 100%; (f) 3 mol% (bicyclo[2.2.1]hepta-2,5-
diene)[1,4-bis(diphenylphosphino)butane]rhodium(1) tetrafluoroborate,
THEF, reflux, then H,0,, KOH, THF, MeOH, 61%; (g) HF-pyridine,
pyridine, THF, 97%; (h) H,, Pd/C, EtOH, 88%.

The o-hydroxy lactone 65 was converted into the silane
69 in readiness for the intramolecular hydrosilation reaction.
Exposure of the silane 69 to catalytic (bicyclo[2.2.1]hepta-2,5-
diene)[1,4(diphenylphosphino)butane]rhodium(r) tetrafluorobo-
rate followed by Tamao—Fleming oxidation®* gave the trans-diol
70 exclusively after oxidation as well as returning some of the
enol ether 68 (Scheme 11). All efforts to improve this yield have
so far failed. The enol ether 68 is most probably formed from

oxidative cross-coupling of the silane 69 with loss of dihydrogen
followed by deprotection of the so formed disilane on work up; a
known side reaction in hydrosilation reactions.* The structure of
the diol 70 was established by using the latent C, symmetry of the
molecule. Deprotection of the silyl group in 70, giving 71, followed
by hydrogenolysis of the benzyl group and hydrogenation of the
alkene provided the tetrol 72 in excellent yield. The *C NMR
spectrum of 72 contained only five resonances indicating that it
was either C, or Cs-symmetric. However, the tetrol 72 had a non-
zero optical rotation {[a]? +26 (¢ 0.05 in EtOH)} and therefore
must be C,-symmetric having the structure indicated. The diol
70 was converted into the corresponding p-methoxybenzylidene
acetal 73, which was reduced with DIBAL-H* to provide the
desired primary alcohol 74 in low yield (45%) along with the diol
corresponding to loss of the silyl group from 74 (Scheme 12). This
side reaction has been noted in other systems® and may be avoided
by the use of the TIPS protecting group (see above). The primary
alcohol 74 was oxidised (IBX)* to the corresponding aldehyde
75 and addition of vinylmagnesium bromide provided the allylic
alcohols 76 as a 6 : 1 mixture of diastereomers in excellent yield.
Deprotection of the mixture of diastereomers with TFA provided
a separable mixture of diols 77 (88%). The major diastereomer
was converted into the selenides 78 which were oxidised with
sodium periodate to the corresponding selenoxides. Pyrolysis of
the selenoxides in toluene at reflux provided the bicyclic lactone 79
in good yield. The stereochemistry across the ring fusion was once
again confirmed as being trans by "H NMR coupling constant
analysis (Scheme 12, J,, = 9.3 Hz).

76; R = PMB
77;R=H

79; Jap =9.3 Hz

Scheme 12 Synthesis of the bicyclic lactone 79. Reagents and conditions:
(a) p-methoxybenzaldehyde, PPTS, benzene, reflux, 80%; (b) DIBAL-H,
CH,Cl,, —78 — =30 °C, 45%; (c) IBX, Me,SO, RT, 100%; (d)
CH,=CHMgBr, THF, 0 °C, 94%, 6 : 1 mixture of diastereomers; (¢) TFA,
CH,Cl,, —20 °C, 88%; (f) PhSeCH,CH(OEt),, PPTS, toluene, reflux, 91%;
(g) NalO,, CH,Cl,, MeOH, water; (h) DBU, toluene, reflux, 73% from 77.
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Discussion

The general procedure for the annulation of an eight-membered
lactone onto a medium-ring lactone follows an enolate oxidation,
hydrosilation, Claisen rearrangement route. During the course of
these studies and in the synthesis of both (+)-obtusenyne® and
(+)-laurencin® we have investigated the intramolecular hydrosila-
tion of a number of medium-ring exo-cyclic enol ethers. Due to
the complexity of the systems, we are currently unable to predict
with any certainty what the diastereoselectivity of this process
will be. Nevertheless, it is generally the case that either the cis-
or the trans diol can be selected as the major product from the
reaction after screening a number of catalysts and reaction cond-
itions.

The annulated medium-ring lactones are all formed by Claisen
rearrangement of the corresponding ketene acetals, which, in turn,
are prepared by selenoxide elimination or methylenation of a cyclic
carbonate. We,'"' and others,** have previously demonstrated
that it is possible to perform chemoselective methylenations of
carbonyl groups using titanium-based reagents. The yields for
the synthesis of the bicyclic lactones via methylenation of a
carbonate and subsequent Claisen rearrangement, and for the
formation of monocyclic medium-ring lactones via an analogous
route, demonstrate that methylenation of a cyclic carbonate with
dimethyltitanocene is frequently faster than methylenation of an
ester’® or a medium-ring lactone. The methylenation of carbonyl
groups with the Petasis reagent has been demonstrated to occur
via formation of a titanium carbene.* The chemoselectivity
observed in the preferential methylenation of a six- or seven-
membered ring cyclic carbonate over an acetate or medium-ring
lactone, may relate to the nucleophilicity of the lone pairs of the
carbonyl group oxygen atom, which presumably coordinate to the
titanium carbene to initiate the methylenation process. Wiberg
and Waldron® have studied the basicities of a number of esters
and lactones as well as that of diethyl carbonate. Furthermore,
they have shown that the rate of reaction of a set of carbonyl com-
pounds with triethyloxonium tetrafluoroborate follows the order:
valerolactone (fastest), butyrolactone, diethyl carbonate and ethyl
acetate (slowest), which mirrors the basicities of these compounds
towards triethyloxonium tetrafluoroborate.” They conclude that
(E)-esters are more basic than (Z)-esters from dipole-dipole
interaction arguments. From their work it is reasonable to assume
that six- and seven-membered cyclic carbonates would be more
basic than diethyl carbonate. Huisgen and Ott> have reported that
eight- and nine-membered lactones exist as an equilibrium mixture
of (Z)- and (E)-forms whereas ten-membered lactones adopt the
(Z)-configuration; a search of the Cambridge Crystallographic
Data Centre (CCDC) confirms that eight- and nine-membered lac-
tones can exist in either (E)- or (Z)-forms whereas ten-membered
lactones invariably adopt the (Z)-form. Since diethyl carbonate
is more basic than (Z)-esters® the chemoselective methylenation
of a carbonate in the presence of an enol-acetate is readily
accounted for. The chemoselectivity in the methylenation of a
carbonate in the presence of a medium-ring lactone may be related
to the (E) : (Z)-conformer ratio of the lactone, and may therefore
account for the moderate yields sometimes encountered in the
formation of medium-ring lactones derived from methylenation
and subsequent Claisen rearrangement of the corresponding cyclic
carbonates.

Conclusion

We have developed a procedure for the annulation of an eight-
membered lactone onto an existing medium-ring lactone which
utilises an enolate oxidation, enol ether hydrosilation, Claisen
rearrangement sequence. The preparation of five fused-bicyclic
medium-ring lactones containing the precise structural features
present in the medium-ring fused polyether segments of brevetoxin
A and ciguatoxin has been achieved.
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Density functional theory has been used to model the reaction of OH with L-phenylalanine, as a free
molecule and in the Gly-Phe-Gly peptide. The influence of the environment has been investigated using
water and benzene as models for polar and non-polar surroundings, in addition to gas phase
calculations. Different paths of reaction have been considered, involving H abstractions and addition
reactions, with global contributions to the overall reaction around 10% and 90% respectively when Phe
is in its free form. The ortho-adducts (o-tyrosine) were found to be the major products of the Phe + OH
reaction, for all the modeled environments and especially in water solutions. The reactivity of
phenylalanine towards OH radical attacks is predicted to be higher in its peptidic form, compared to
the free molecule. The peptidic environment also changes the sites’ reactivity, and for the

Gly-Phe-Gly + OH reaction H abstraction becomes the major path of reaction. The good agreement
found between the calculated and the available experimental data supports the methodology used in

this work, as well as the data reported here for the first time.

Introduction

The reactions of biological molecules with free radicals, espe-
cially when the latter are reactive oxygen species (ROS), are
assumed to cause several diseases like cancer,! cardiovascular
disorders,? and atherosclerosis.* In addition, most of the amino
acids and their derivative synthesis have been based on ionic
procedures in the past, but recently the realization that radical
reactions can be performed with a high degree of regio- and
stereocontrol*® has contributed to the increased interest in this
kind of reaction. The ROS ('0,, 0,7, H,O,", and "‘OH) are
formed in vast quantities in each cell, as a result of normal
oxygen metabolism. The most reactive ROS is the OH radical,
and it can be formed intracellularly by a Fenton-type reaction,
by Haber—Weiss recombination, via water radiolysis, or by other
radicals created from enzyme reactions.”** OH radicals can also
be produced by ultraviolet and ionizing radiation.’* Due to its
abundance and high reactivity the hydroxyl radical (OH) was
chosen for this study. The exposure of proteins to hydroxyl radicals,
or to the combination of them with the superoxide anion radical,
causes gross structural modifications. Such modified proteins can
undergo spontaneous fragmentation or can exhibit a substantial
increase in their proteolytic susceptibility.'®

Phenylalanine (F, Phe, C,H,;NO,) is an essential a-amino acid.
As its name suggests it is a derivative of alanine with a phenyl
substituent on the B carbon, and has been classified as nonpolar
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calculations for Ra and Roa reaction paths; colour versions of article
figures. See DOI: 10.1039/b716024k

because of the hydrophobic nature of the benzyl side chain.
Phenylalanine plays a key role in the biosynthesis of other amino
acids and some neurotransmitters. It is the most commonly found
aromatic amino acid in proteins and enzymes with a molar ratio
of 3.5 percent compared to the other amino acids, about double
the amount of any other aromatic amino acid. Accordingly, its
susceptibility to damage by ROS species is of great interest.
It has been proposed that Phe20 in B-amyloid (BA) plays a
role in the oxidative damage associated with Alzheimer’s disease
through long distance electron transfer (ET)."* Even though the
ET mechanism was recently refused, it has been proven that
when Phe20 is replaced by alanine, oxidation and mitochondrial
functions are affected to a lesser extent.” This finding might
be explained by direct reactions of ROS with Phe in BA. As
a free molecule, Phe enters human bodies through the intake
of the widely used artificial sweetener aspartame, which releases
Phe when hydrolyzed.'® This process leads to a sharp increase
in plasma phenylalanine, which is assumed to be converted into
para-tyrosine by phenylalanine hydroxylase. However its reaction
with OH radicals can also lead to the non-natural isomers ortho-
and meta-tyrosine, which are considered biomarkers of oxidative
damage as free or protein-bounded amino acids."”

As well as other biological molecules,®" Phe is vulnerable to
oxidative damage. Since the site of the initial attack can determine
the outcoming products, it is relevant to know what are the
most reactive sites and in what proportion the initial oxidation
products are expected to be formed. It has been reported that o-
carbon-centered radicals are most likely to occur for the aliphatic
amino acids and their derivatives.? For aromatic amino acids, on
the other hand, adduct formation is expected to contribute to
the overall reaction to a significant extent.?’?” However, to our
best knowledge, there are no previous studies providing detailed
comparisons of the contributions of the different pathways to the
overall Phe + OH reaction. There is also a lack of knowledge
about the transition structures and the mechanism, and about the
influence of the polarity of the environment on the rate coefficients.
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Therefore, the objective of this work is to provide quantitative
information about the mechanism and kinetics of this reaction,
which can be considered as the very first step in the oxidative
damage of Phe. It is also our purpose to propose branching ratios
for the different channels of reaction. In addition the OH reaction
with phenylalanine in the peptide Gly-Phe-Gly has also been
studied to mimic the peptidic environment, as well as the influence
of the solvent polarity using water and benzene as models for polar
and non-polar surroundings.

Computational details

Electronic structure calculations have been performed with the
Gaussian 03%® program. Full geometry optimizations and fre-
quency calculations were carried out for all the stationary points
using the B3LYP hybrid HF-density functional and the 6-
311G(d,p) basis set. The energies of all the stationary points
were improved by single point calculations at the B3LYP/Aug-
cc-pvTZ level of theory. This functional has been chosen based on
its previously described success to study systems of similar size and
structures to those modeled in the present work.” Thermodynamic
corrections at 298 K were included in the calculation of relative
energies. Restricted calculations were used for closed shell systems
and unrestricted ones for open shell systems. Local minima and
transition states were identified by the number of imaginary
frequencies (NIMAG =0 or 1, respectively). In addition, the vibra-
tional modes with imaginary frequencies were inspected using the
GaussView* program, and it was confirmed that they do connect
the corresponding reactants and products. For selected paths of
reaction, involving free Phe, Intrinsic Reaction Coordinate (IRC)
calculations were carried out at the B3LYP/6-311G(d,p) level of
theory and it was corroborated that the transition states properly
connect reactants and products. Two of these IRCs, one for an
addition channel and another one for an abstraction channel,
have been provided as supplementary information (Figures Sl
and S27).

The stationary points were first modeled in gas phase (vacuum),
and solvent effects were included a posteriori by single point cal-
culations using the polarizable continuum model, specifically the
integral-equation-formalism (IEF-PCM)?*" at the B3LYP/Aug-cc-
pvTZ level of theory, with water and benzene as solvents for polar
and non-polar environments, respectively. In PCM calculations,
the choice of the solute cavity is important because the computed
energies and properties strongly depend on the cavity size. For
the addition reaction channels the cavity was computed using the
simple united atom topological model (UAO), which is the default
option in Gaussian 03. In this model hydrogen atoms have no
individual sphere but are included in the same sphere of the heavy
atom they are bonded to, which rules out its use for H abstraction
reactions. Therefore, for the abstraction channels atomic radii from
the universal force field were used (RADII = UFF), in which case
hydrogens are assigned individual spheres (explicit hydrogens).
Radii for extra spheres added to smooth the cavity were set to
have a minimum value of 0.5 A (RMIN = 0.5), and the overlap
index between interlocking spheres was set to 0.8 (OFAC = 0.8).
A similar approach, using different solute cavities for addition and
abstraction reactions involving OH radicals, has been previously
used with success.*

The rate constants (k) were calculated using Conventional
Transition State Theory (TST)**™* and 1 M standard state as:

kyT
k=0

e—AG# JRT (1)

where ky and /4 are the Boltzman and Planck constants, AG” is
the Gibbs free energy of activation, and ¢ represents the reaction
path degeneracy, accounting for the number of equivalent reaction
paths. Tunneling factors are not included since they were found to
be negligible in all cases.

Results and discussion

The different reactive sites that have been studied in the present
work are schematically represented in Fig. 1. The letters a, b, i, o,
m, and p stand for *OH attacks on alpha, beta, ipso, ortho, meta and
para sites, respectively. The two first correspond to H abstraction
reactions and all the rest to "OH additions to the ring. For the
addition channels, and due to the internal rotation around the
C,—C; axis, the sites 0 and o’ (77 and m') are equivalent and there
are four different sites for the addition to take place. However,
if we take the phenyl ring as a reference plane, the transition
states (TS) involved in the OH radical attack to any of these sites
can show syn or anti structures with respect to the amino acid
end. Since the energies of these two forms can significantly differ,
eight transition structures have been considered in this work, and
the reaction paths have been named accordingly (Fig. 1). It also
should be noted that for ortho and meta additions, the anti and
syn transition states lead to different products since a new chiral
center is formed. Accordingly, and since phenylalanine has been
modeled in its S form which correspond to the biologically-active
enantiomer (L species), the syn—ortho TS leads to an RS product,
while an SS adduct is formed through the anti-ortho TS. In the
same way paths Rms and Rma are involved the formation of S
and RS meta adducts, respectively.

The optimized geometries of the transition states (TS) involved
in all the modeled reaction paths are shown in Fig. 2 (and Cartesian
coordinates are reported as supplementary information in Table
S17). As this figure shows, for the addition channels the anti-TSs
were found to be earlier than the syn-TSs. Among the anti-TSs,
leading to ortho *OH addition was found to be the earliest one,
while among the syn-TSs the earliest one is that corresponding
to the ipso addition. However, all the O-- - C distances are very
similar, around 2.0 A, suggesting that all the addition channels
should have similar heats of reaction. For H abstraction channels,
the alpha TS was found to be significantly earlier than the beta
TS, with the O --- H (C - - - H) distance larger (shorter) by 0.23 A
(0.07 A), suggesting that alpha abstraction products should be
lower in energy compared to beta abstraction products.

The values of the Gibbs free energies of reaction (AG,,) and
barriers (AG,,”) at 298.15 K for the different reaction paths
involved in the Phe + OH gas phase reaction are reported
in Table 1. As the values in this table show, all the channels
are predicted to be exergonic. In addition, the energy releases
associated with the adduct formation are smaller, with Gibbs free
energies of reaction more than 20 kcal mol~' higher, than those of
the abstraction paths. The largest exergonicity was found for the
alpha abstraction. The reaction barriers range from 7.5 to 13.8 kcal
mol~'. As the geometries of the transition states suggested
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Fig. 1 Schematic representation of the studied paths of reaction, based on the transition state structures.

Table 1 Gibbs free energies of reaction (AG,,) and barriers (AG,”) at
298.15 K, all in kcal mol™', for the modeled channels of the Phe + OH gas
phase reaction

AG,* AGy,
Ra 7.90 —44.67
Rb 9.92 —29.80
Ria 9.81 —1.63
Ris 13.84 —1.63
Roa 7.67 —-3.96
Ros 10.29 —3.04
Rma 8.48 —2.80
Rms 8.50 —-2.71
Rpa 8.41 —3.59
Rps 7.50 -3.59

the barrier for channel Ra is lower than that of channel Rb, by
about 2 kcal mol™', indicating that OH hydrogen abstractions
mainly occur from alpha sites, in the gas phase. For the ortho
addition the barrier corresponding to the anti-TS is lower than
that of syn channel by 2.6 kcal mol~!, suggesting that ortho adducts
should be formed almost exclusively as SS isomers. For the meta
additions, on the other hand, the syn and anti barriers are of similar
magnitude and the RS and SS adducts are expected to occur in
similar proportions.

Up to this point, all the reported energies correspond to the
gas phase, using a standard state of 1 atm, as calculated from
the Gaussian program outputs. However, for reactions in solution
the reference state has been changed from 1 atm to 1 M and
the solvent cage effects have been included according to the
corrections proposed by Okuno,* taking into account the free
volume theory.*” These corrections are in good agreement with
those independently obtained by Ardura er al.*® and have been

successfully used by other authors.?** The expression used to
correct the Gibbs free energy is:

AG® = AG®™ — RT{In[n10*2] — (n — 1)} )

where n represents the total of reactant moles. According to eqn
(2), the cage effects in solution cause AG*! to decrease by 2.54 kcal
mol™" for bimolecular reactions, at 298 K, with respect to AG**.
Thislowering is expected since the cage effects of the solvent reduce
the entropy loss associated with any addition reaction or transition
state formation, in reactions with molecularity equal to or larger
than two. Therefore, if the translational degrees of freedom in
solution are treated as in the gas phase, the cost associated with
their loss when two or more molecules form a complex system
in solution is overestimated, and consequently these processes are
kinetically over-penalized in solution leading to rate constants that
are artificially underestimated.

The Gibbs free energies of reaction (AG,,) and barriers (AG,,™)
at 298.15 K, for the modeled channels of the Phe + OH reaction
in solution, with water and benzene as solvents, are shown in
Table 2. Comparing the values in this table with those in Table 1, it
is evident that the presence of a solvent increases the exergonicity
of all the reaction paths. The reaction barriers were found to be
systematically higher in the gas phase than in solution and the
lowest barriers for all the studied paths were those modeled with
benzene as solvent. For the abstraction channels the presence of
the polar solvent inverts the site reactivity, i.e. the barriers for
abstractions from the beta site become lower than those for alpha
abstractions. For the addition channels, on the other hand, the
relative barrier heights involving anti and syn TSs in solution retain
the same order as in gas phase. However, for meta adducts the
difference between AG,,”(Rma) and AG,,”*(Rms) is significantly
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Fig. 2 Fully optimized geometries of the Phe + OH transition states.

Table 2 Gibbs free energies of reaction (AG,,) and barriers (AG,,™) at
298.15 K, all in kcal mol™!, for the modeled channels of Phe + OH reaction
in water and benzene solutions

Water Benzene

AG,* AG, AG,* AG,
Ra 6.95 —44.72 5.25 —45.03
RbH 5.72 —30.80 5.65 —30.18
Ria 7.73 —2.96 6.71 —4.23
Ris 12.23 —2.96 10.27 —4.23
Roa 4.73 =5.11 4.23 —6.71
Ros 9.19 —1.83 6.78 —-5.28
Rma 6.07 —4.38 5.21 —6.26
Rms 7.12 —4.06 5.59 —5.89
Rpa 5.36 —5.87 4.94 —7.22
Rps 5.28 —5.87 4.21 —-7.22

larger in solution than in gas phase, especially in water, which
suggests that in this solvent a larger proportion of the RS adduct
should be present.

In order to illustrate the relevance of the entropy for the studied
paths, values of the —TAS term have also been included as
supplementary information (Tabla S2)t for reactions in solution
and in the gas phase. As these values show, the entropy changes
involved in the studied addition products and in all transition

Table 3 Overall rate constants (L mol~' s™') at 298.15 K, and branching
ratios (I") for the modeled channels of the Phe + OH reaction

Gas Water Benzene
Kos 1.96 x 10° 7.14 x 10° 2.13 x 10"
Iy, 0.125 0.007 0.041
Iy 0.008 0.111 0.042
Iri 0.005 0.002 0.004
Iy 0.000 0.000 0.000
Iy 0.372 0.589 0.464
Iy, 0.004 0.000 0.006
I'roa 0.094 0.062 0.089
Ty 0.091 0.010 0.047
Iy, 0.053 0.102 0.070
Irps 0.248 0.117 0.238

states are relatively large and they must be taken into account. In
addition it seems relevant to notice that entropy loss in the gas
phase is larger than in solution, as expected.

The branching ratios (I") of the different modeled paths of
reaction are reported in Table 3, together with the values of
the overall rate constants at 298 K. The branching ratios were
calculated as:

kpalh
koveml]

in such way that the rate constant for each path can be easily
obtained from the values in Table 3 by multiplying the overall
rate constant by the corresponding I” value. The rate constant for
the Phe + OH reaction in aqueous solution has been previously
reported by different authors,* with an average value of 6.7 x
10° L mol~' s~' and the individual values ranging from 6.5 t0 6.9 x
10° L mol™' s™'. The agreement of the rate constant calculated in
this work with these previous reports is excellent, with only about
7% error. In addition, Solar* estimated that, in water solution,
50%, 14% and 30% of the reaction products correspond to ortho,
meta and para adducts (tyrosines), respectively. The calculated
values are 59%, 7% and 22%, which are also in line with the
experimental data. The agreement between the calculated and the
available experimental data supports the methodology used in this
work, as well as the data reported here for the first time.

The percentage contributions of the different channels (100 x
I') to the overall rate constant have been plotted in Fig. 3
to help visualizing the abundant data obtained. Analyzing the
results reported in Table 3 or Fig. 2, it can be easily seen that
regardless of the polarity of the environment the formation of
ipso-adducts can be neglected since the corresponding paths of
reaction contribute to the overall rate constant by less than 1%
in all the cases. This result is in line with previous calculations
on toluene + OH reaction. For this system 3% ipso addition
has been reported,®® which is very similar to our result for Phe.
For xylenes + OH reactions, on the other hand, the calculated
barriers associated with ipso additions are similar in height to
those involving additions to other sites of the ring.** However,
for p-xylene branching ratios of 80% and 20% have been recently
proposed for ortho and ipso additions, respectively.*® The main
products of the OH + Phe reaction are the ortho-adducts (o-
tyrosine) in all the modeled media, and as the polarity of the
environment increases, so does the extent to which the ortho-
adduct are formed: 38%, 47% and 59% in gas phase, benzene
and water solution, respectively. In addition the ortho-adducts

Fp;\lh = (3)
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are expected to be formed almost exclusively as SS enantiomers
since more than 98% of these products are predicted to be formed
through the anti-TS structure. On the other hand the extent to
which meta adducts are formed decreases from gas phase (18%)
to benzene (13%) to water solution (7%). The environment also
seems to influence the proportion of RS and SS meta adducts;
while in the gas phase both are predicted to be formed to similar
extent, in water the RS enantiomer is expected to be much more
likely to occur. The finding that the extent of OH adduct formation
in the Phe reaction follows the order ortho > para > meta > ipso is
in line with what has been reported for toluene + OH reactions.?®”
The contribution of H abstractions to the overall reaction does
not significantly vary with the environment, ranging from 8%
to 13%. On the other hand the site reactivity of H abstraction
channels seems to be very sensitive to the environment. In the gas
phase about 94% of the total H abstractions are predicted to occur
from alpha sites, in benzene solution alpha and beta abstractions
are predicted to be equally likely to occur, and in water solution
only 6% of the H abstractions are predicted to involve alpha H.
In addition to the *OH reaction with phenylalanine as a free
molecule, the OH reaction with the peptide glycine-phenylalanine-
glycine (GFG) has also been modeled to mimic the influence
of the peptidic environment on the reactivity of phenylalanine
towards the OH radical. The peptide has been modeled in B-sheet
conformation, since it corresponds to the structure of B-amyloid,
obviously in solution.*’ Tt should be noticed that the same structure
has been used in gas phase and solvent-based calculations, since
geometry optimizations were performed only in the gas phase. This
also means that the B-sheet structure is, at least, a local minimum
in the gas phase. According to the fully optimized geometry of
the peptide, the accessibility to one of the ring faces is highly
hindered by the backbone. Therefore, additions through anti-TSs
are the only ones that have been considered and based on the
results discussed above for free Phe the formation of ipso-adducts
has been ignored. The structures of the transition states are shown

in Fig. 4, where the most relevant geometrical parameters have
been explicitly included. The Cartesian coordinates are reported
as supplementary information in Table S3.t
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Fig. 4 Fully optimized geometries of GFG + OH transition states.

The Gibbs free energies of reaction (AG,,) and barriers (AG,,™)
at 298.15 K, for the modeled channels of the GFG + *OH reaction
in gas phase and in solution, with water and benzene as solvents,
are shown in Table 4. All the reaction channels were found
to be exergonic with AG values similar to those involving free
phenylalanine. On the other hand the reaction barriers of "*OH +
GFG are smaller than those of "“OH + Phe for abstraction channels
and para additions, while for the ortho additions they increase
by more than 3 kcal mol~'. Changes in entropy have also been
reported as supplementary information (Table S4)t, and similar
trends to those previously discussed for the free form of Phe are
found.

The overall rate constants at 298 K and the branching ratios
(I) of the different modeled paths of the GFG + OH reaction are
reported in Table 5. Comparing the values in this table with those
in Table 3, it can be easily seen that the presence of the peptidic
environment significantly increases the overall rate constants. The
reaction of Phe with OH becomes about 2 and 9 times faster in
water and benzene, respectively, with this amino acid in a peptidic
environment. In addition, and analogously to what was found
for free phenylalanine, the presence of solvents also causes an

Table 4 Gibbs free energies of reaction (AG) and barriers (AG”) in kcal
mol~!, for the modeled channels of the GFG + OH reaction in gas phase
and in water and benzene solutions

Gas phase Water Benzene

AG* AG AG* AG AG* AG
Alpha 520 —34.92 4.18 —35.71 2.32 —21.82
Beta 6.29 —29.42 4.50 —32.02 3.24 —30.30
ortho 10.74 —1.09 8.62 —2.76 7.45 —3.81
meta 9.36 -3.10 6.99 —3.85 5.73 —6.14
para 8.06 —3.66 4.40 —5.40 3.41 -7.12
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Table 5 Overall rate constants (L mol™' s7') at 298.15 K, and branching
ratios (I”) for the modeled channels of the GFG + OH reaction in gas
phase, and in water and benzene solutions

Gas phase Water Benzene
Kaog 3.09 x 10" 1.54 x 10" 1.96 x 10"
Iy 0.752 0.347 0.627
Iy 0.240 0.405 0.268
Iy, 0.000 0.000 0.000
Ty 0.001 0.006 0.004
Iy, 0.006 0.242 0.101

increment of the GFG + OH rate constant and the fastest process
occurs in benzene, i.e. in non-polar solution. It could be important
to notice that the values in Table 5 represent upper limits of kag,
since TST is expected to overestimate these values. Due to the
size of the studied system, variational TST would be extremely
expensive and we have decided to use conventional TST instead,
since this approach is expected to reproduce correctly the trends
on sites’ reactivity.

The increase in the overall rate coefficient caused by the
peptidic environment is essentially caused by the significant
increment of the alpha site reactivity. Analyzing the structure of
the corresponding transition states it can be seen that in both cases
there is a stabilizing intra-molecular hydrogen bond interaction,
between the H atom in the OH radical and one of the oxygen
atoms in the other reactant. For free Phe this interaction involves
the hydroxylic oxygen in the carboxylic group, while in the GFG
peptide it involves a carbonyl oxygen from the backbone. The
H .- - O distances for these H bonds are 1.99 and 2.31 A for GFG
and Phe, respectively, indicating that there is a stronger interaction
in the peptide, leading to a lower barrier. To find an explanation
for this higher strength the atomic charges on both O atoms were
analyzed in the reactants, and it was found that the charge on the
O in the peptide is significantly more negative (—0.92) than in the
free molecule (—0.48), which explains the stronger interaction with
the H atom in the OH radical (+0.24). While these intra-molecular
H bond interactions are viable in the TSs of the Phe + OH reaction
for both abstraction and addition channels, they only seem to be
viable in GFG for the abstraction channels. This implies lower
barriers for the abstraction paths (in GFG) and might explain
why they become the main channels in the peptide.

The presence of the peptidic environment does not only increase
the overall reactivity of phenylalanine toward OH radicals, but also
changes the relative reactivity of the different sites of reaction.
When phenylalanine is modeled in the GFG tri-peptide the
contributions of ortho additions to the overall reaction become
negligible. The percentage contribution of H abstractions to the
overall reaction is predicted to be around 88% and 74% in benzene
and water solutions, respectively, when phenylalanine is in the
GFG peptide. In addition alpha abstractions are the processes
most likely to occur, in non-polar environments, while in water
beta H abstraction is predicted to be slightly favored. Since the
difference in reactivity for H abstractions from alpha and beta
sites was found to be rather small in water it is expected that both
kinds of products are formed to significant extent. Among the
addition reactions, only those leading to para-adduct formation
are predicted to significantly contribute to the overall reaction. In
general the obtained data for GFG suggest that the higher the
polarity of the solvent the wider the product distribution.

Conclusions

Different paths of reaction have been considered, involving H
abstractions from and OH additions to phenylalanine in its free
form and as part of the GFG peptide. The global contributions of
H abstractions to the overall reaction were found to be around 10%
and 80% when F is in its free form and in GFG, respectively. The
ortho-adducts (o-tyrosine) were found to be the major products
of the F + OH reaction, for all the modeled environments and
especially in water solutions. The reactivity of phenylalanine
towards OH radical attacks is predicted to be higher in its
peptidic form, compared to the free molecule. The presence of the
peptidic environment was found to strongly influence the relative
site reactivity of phenylalanine, and H abstraction reactions are
predicted to be the main channels of reaction for F in the GFG
peptide. The good agreement found between the calculated and
the available experimental data supports the methodology used in
this work, as well as the data reported here for the first time.
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During studies directed towards the discovery of nitrile hydrolysing enzymes from thermophiles,
vanillin aldoxime was incubated with the thermophilic organism, Geobacillus sp. DDS012 isolated from
Italian rye grass (Lolium multiflorum) silage. The predominant product was a dihydro-dimer, which
could only be characterised by LC-MS. This was initially imagined to be the product of cycloaddition
of vanillin aldoxime with the corresponding nitrile oxide, but preparation of the supposed adduct and
model studies excluded this possibility. The rate constant for the second order dimerisation of
4-0-acetyl vanillin nitrile oxide was measured (1.21 x 10~* M~' s7!,0.413 M, 25 °C) and the *C-NMR
signal for the nitrile oxide carbon was observed (5 34.4, br. t 'JBC,"*N circa 50 Hz). Treatment of
vanillin aldoxime with potassium persulfate and iron sulfate gave material with the same LC-MS
properties as the natural product, which is therefore identified as 5,5-dehydro-di-(vanillin aldoxime) 1d

formed by phenolic oxidative coupling.

Introduction

There are two classes of enzymes, which hydrolyse nitriles 2.9
Nitrilases (EC 3.5.5.1) hydrolyse nitriles directly to carboxylic
acids 4 without forming free amide intermediates, whereas nitrile
hydratases (EC 4.2.1.84) give the amide 3. Almost invariably, the
amide 3 so formed is hydrolysed to the carboxylic acid 4 by a
co-expressed amidase (EC 3.5.1.4)." In microbiological studies
prospecting for nitrile hydrolysis activity, nitrile hydratases are
found far more commonly than nitrilases. This appears to be a
consequence of limited genetic capability, because in a survey of
150 sequenced bacterial genomes, only ten were found to harbour
nitrilase genes.”
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The hydrolysis of nitriles to amides and carboxylic acids requires
vigorous conditions with strong acids or bases and separation
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of the product from spent reagent is expensive. Consequently
there has been much interest in developing enzymatic methods
for nitrile hydrolysis, which proceed under mild conditions.®* The
most notable success is the Nitto process for the hydrolysis of
acrylonitrile to acrylamide by R. rhodochrous J1 whole cells, which
contain a nitrile hydratase that can constitute up to 50% of the
soluble protein in the cell. The productivity is greater than 7 Kg
of acrylamide per g of dry cells and production is currently circa
30000 tons per annum.*

Screening of more than six hundred biotope specific environ-
mental DNA libraries yielded 137 characterised nitrilases. The ac-
tivity of a few has been optimised for synthetic applications by site-
directed saturation mutagenesis, but it remains to be demonstrated
how many will be useful synthetically.® Screening of environmental
samples for nitrile hydrolysis activity with representative nitriles is
a powerful selection strategy, which avoids the necessity to develop
expensive high speed screening techniques. Unfortunately, nitriles
are almost invariably toxic to whole cells reducing the chances
of inducing nitrile hydrolysis activity by feeding experiments. We
have employed the strategy of feeding aldoximes 1, which undergo
in situ dehydration to nitriles, catalysed by aldoxime dehydratase.®
Our intention is to reduce the nitrile concentration below the toxic
threshold” and moreover aldoximes are generally more soluble
than nitriles in aqueous media. A survey of 975 micro-organisms
has shown that aldoxime dehydratase activity is almost invariably
linked to nitrile hydrolysis activity.® We have adopted vanillin
aldoxime 1b as the standard substrate for screening for nitrilases,
because the hydroxyl and methoxy groups confer extra solubility,
and at least thus far, aromatic nitriles have been found to be the
preferred substrates for most nitrilases.

Using enzymes from thermophilic species in biocatalysis confers
considerable benefits.*'° The solubility of hydrophobic substrates
and rates of diffusion increase as temperature increases and
because mesophilic species cannot tolerate high temperatures,
it is easier to prevent contamination in whole cell biotransfor-
mations. Most thermophilic organisms have been isolated from
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geothermally heated environments in exotic locations, such as hot
springs and deep sea vents, but many of these are now covered
by strict licenses for bioprospecting. However under favourable
conditions, comparable temperatures are generated by the aerobic
decomposition of plant materials in more mundane processes such
as composting and ensilaging.

During composting a succession of microorganisms'' partici-
pate in decomposition as the temperature rises to a maximum of
65-82 °C. At the lower end of this range (65-69 °C), Geobacillus
(previous synonym Bacillus) stearothermophilus strains (which are
obligate thermophiles) frequently predominate,'>'* and above this
temperature (70-75 °C) Thermus thermophilus strains (e.g. HBS,
facultative thermophiles) and several thermophilic Bacillus sp.**™
are found in high numbers.”® Although many other species have
identified,' there is currently much debate over the virtues of
different methods (e.g. culture, 16S rDNA, chemical markers ezc.)
for determining decomposition-significant microbial populations,
rather than those which are amenable to easy identification.”

Composting differs from ensilaging by being predominantly
aerobic, consequently much of the plant material is lost as
carbon dioxide. It is also strongly affected by scale; as the weight
of biomass increases, anoxic regions develop at the bottom of
the compost pile, which results in the emergence of different
microbial populations. Composts also tend to be composed of
heterogeneous material at different stages of decomposition. Even
in the laboratory, where dog food is the preferred substrate,
composting is subject to considerable variation in microbial
populations and rates of degradation.” In contrast, silage is
generally composed of a single plant species, which is harvested
at a specific stage of maturity and immediately ensilaged, with
controlled water content.

Silage is manufactured from crops such as grass, maize, oats,
barley, peas, corn or alfalfa (water content 55-70%), which
are compressed (in a silo, clamp or bags) to exclude atmo-
spheric oxygen and allowed to undergo anaerobic fermentation
by indigenous, epiphytic microorganisms at 20-35 °C. These
are frequently augmented in modern agricultural practice, by
inocula of Lactobacillus, Pediococcus and Enterococcus sp.*** to
improve reliability and reproducibility. Initially a burst of aerobic
decomposition occurs, but when the oxygen in the spaces between
the crop is exhausted, anaerobic fermentation commences. In the
early stages, sugars are converted to acetic, propionic or butyric
acids and in the later stages to lactic acid. The pH drops to around
4, which prevents further degradation, and allows silage to be
stored for feeding to cud-chewing animals such as cattle and sheep.

If silage is exposed to air®! then yeast, fungi and bacteria cause
aerobic decomposition.?? If this occurs in bulk silage, (e.g. due to
leaks in the container), particularly if it too dry (25-45% water)
the temperature rises excessively. 70 °C is considered to be an
indication of danger, 82 °C the onset of charring and 93 °C* will
cause severe losses of material and fire.

We have investigated aerobically decomposing silage as a source
of thermophilic micro-organisms with nitrile hydrolysis activity.®
Surprisingly, silage has rarely been investigated for thermophilic
organisms. The first thermophile was isolated by Miquel from the
waters of the Seine in 1879, and it was demonstrated that the
self heating of hay was due to microorganisms in 1907.** Silage
was recommended as a good source of thermophiles in 1919,
and a review in 1921 reported four previous studies in which
thermophilic bacteria growing at 60 °C or above were isolated from
silage or hay,* but subsequently the area has been largely fallow.
Nearly fifty years later, thermophilic “ Bacillus caldotenax” and “B.
caldovelox” strains were isolated from silage and used as a source
of novel bacteriophages.””* Around the same time Thermoactino-
myces candidus (synonym T. vulgaris) a thermophilic actinomycete
(Top 50 °C), was first isolated from an air-conditioner duct, but
was subsequently found in moldy silage dust. The proteolytic
antigens from this species® and others® are probably one of
the causes of hypersensitivity pneumonitis (e.g. farmers’ lung,
humidifier fever). More recently, Enterococcus faecalis K-4, was
isolated from grass silage in Thailand. Essentially identical cell
growth occurred in the range 30-45 °C, but was greatly reduced
at 50 °C and maximal amounts of a bacteriocin (an antibacterial
peptide) were produced at 43-45 °C.3' By the usual definitions,
both of these species are on the cusp of the temperature range
between mesophiles (10-47 °C) and thermophiles (40-68 °C).*

Results and discussion
1. Microbiology and biotransformation

Italian rye grass silage samples were incubated on four different
media (Thermus 878; Difco nutrient broth, Castenholz, Luria-
Bertani) at 70 °C in an orbital shaker for 24 hours. Aliquots
from enrichment cultures were serially diluted and streaked on
Thermus 878 agar plates to give 156 colonies with dissimilar colony
morphology, which were isolated as pure cultures. Of these, 17
cultures were selected for further investigation on the basis of
colony morphological diversity. All the species were Gram positive
or Gram variable rods, except for one which was a Gram variable
coccid (DDS016) and all produced acid from glucose, fructose
and mannose as assessed by reduction in pH. Carbohydrate
assimilation profiles (API 50 CHB, bioMérieux, France) and 16S
rDNA analysis indicated that all the species could be putatively
assigned to the genus Geobacillus (formerly Bacillus group 5).%
All were obligate thermophiles (65 °C), except for one (DDS011)
which also grew at 37 °C. Sixteen of the isolates were capable of
growth as measured by increase in turbidity (OD 600 nm, 24 h)
on ammonium chloride or vanillin aldoxime 1b as sole sources of
nitrogen, and one (DDS014) was only capable of slow growth on
ammonium chloride. For all the other isolates, vanillin aldoxime

* These seemingly overly precise values are a consequence of conversion
from Fahrenheit to Celsius; 180 °F = 82 °C, 200 °F =93 °C.
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1b as sole source of nitrogen caused a significant increase in growth
yield (p < 0.001) compared to the control (succinic acid), but 35—
50% less than ammonium chloride (p < 0.01).

The ability of each of the seventeen isolates to transform vanillin
aldoxime 1b, was monitored by HPLC-UV at 254 nm. Traces of
hydrolysis products were formed (see below), but the predominant
product was a new, unknown compound (later shown to be the
dehydro-dimer 1d) that did not match any of the standards. The
degree of transformation was quantified from the UV response of
the dehydro-dimer 1d, relative to that of the initial concentration
of vanillin aldoxime 1b (5 mM). At 24 hours, conversion of vanillin
aldoxime to the unknown was a minimum of 11% (DDS017) with
the remainder in the range 21 to 54%. At 48 hours, the degree of
conversion was evenly distributed in the range 49 to 96% for all
seventeen isolates. Even DDS014 which was completely incapable
of growth on vanillin aldoxime 1b alone, nevertheless was capable
of forming the dehydro-dimer 1d, albeit at the lower end of the
range observed (24 h, 25%; 48 h 56%). We were not able to repeat
the HPLC-UV measurements after the dehydro-dimer 1d was
correctly identified. Moreover, the UV spectra of the dehydro-
dimer 1d in methanol showed a disproportionately increased
adsorption at 230-240 nm as the concentration increased, however
the maximum which was in the range 260-270 nm (¢ circa 25 000)
was about twice that of vanillin aldoxime 1b (270 nm, 12 920).
Consequently, the percentage conversions reported above are a
rough but fair measure of the conversion of vanillin aldoxime 1b.

Isolate DDS012 had average activity at 24 hours (31%), but
had the highest activity at 48 hours and was selected for further
investigation. When vanillin aldoxime 1b was incubated with heat-
killed DDSO012 cells no transformation occurred. DDS012 grew
on vanillin aldoxime 1b as sole source of nitrogen in the range
1-10 mM, with an optimum of 5 mM (0.0312 doubling h™"). Slow
growth occurred in the control which lacked vanillin aldoxime
(0.0125 doubling h~') but 25 or 50 mM vanillin aldoxime
inhibited virtually all growth (0.002 doubling h™'). The general
bacteriological properties of DDS012 are fairly typical of the
group as a whole; it is a Gram positive, small curved rod, with no
spores and an obligate thermophile/facultative hyperthermophile.
The best species match for carbohydrate assimilation profile (API
50 CHB) was Bacillus firmus (ID% 94.4, T-index 0.61) and by
16S rDNA, Geobacillus thermodenitrificans OHT-1 (97% sequence
similarity, Genbank Accession number EF426762). However the
type stain of G. thermodenitrificans is able to produce acids from all
the sugars tested, but DDS012 was unable to utilise the pentoses:
arabinose, ribose, and xylose, the disaccharides: cellobiose and
lactose, or galactose and inositol.

As the name of the genus implies, Geobacillus is frequently found
in soil samples. G. thermodenitrificans®* is closely related to G.
stearothermophilus which is more commonly isolated from warm
composts and comparable niches. The strain G. thermodenitrificans
OHT-1 has been isolated from horse manure compost under
aerobic conditions at 60 °C* and G. thermodenitrificans CBG-
A1, was selected on the basis of L-arabinose isomerase activity at
60 °C from Korean compost.*

2. Analysis of biotransformation products

The biotransformation of vanillin aldoxime 1b by DDS012, as
described above was reinvestigated in more detail. Up to 7.5 h

the rate of transformation of 5 mM vanillin aldoxime 1b, was
0.35 mM h™! mg™! of dry cells, but thereafter sharply declined to
24 hours and was complete at 48 hours. After 60 hours, no traces
of any compounds were detected by HPLC-UV (254 nm). At 24 h,
vanillin aldoxime 1b (5 mM) was converted by isolate DDS012
to a mixture containing traces of vanillin nitrile 2b, vanillamide
3b, vanillinic acid 4b and vanillin 5b, plus a new component 1d
with a HPLC retention time which did not match any of the
standards or conceivable impurities. The vanillin derivatives 2b—5b
were identified by HPLC-QTOF-MS (ESI+) by comparison with
commercial samples except for vallinamide 3b.

There is only one reported synthesis of vallinamide 3b via a
five step sequence; in which vanillin 5b was converted to the
aldoxime 1b, O-acetylated and dehydrated to give the 4-O-acetyl
nitrile 2¢. Cleavage of the O-acetyl group gave vanillin nitrile 2b
and electrophilic addition of butanol in hydrogen chloride gave
the butyl amidoester hydrochloride salt 6b, which was finally
pyrolysed at 170 °C to give vanillamide 3b in a reported 95%
yield.’” We repeated this procedure, but found that addition to
the nitrile was difficult to achieve in good yield and that the
pyrolysis gave no more than a trace of impure product. The
obvious synthesis by treating vanillic acid chloride with ammonia
is reported to fail,*” plausibly due to 1,6-elimination of HCI to
give a 1,4-quinoketene. We found that a convenient procedure
was the DCC mediated coupling of vanillic acid 4b with N-
hydroxysuccinimide in DMF. The adduct was soluble whereas
most of the DCU precipitated and was removed by filtration. The
concentrated solution was then added to concentrated ammonia
from which vanillamide 3b precipitated and was recrystallised to
high purity from ethanol in 69% yield.

The predominant component 1d gave peaks in the mass
spectrum at m/z 333 (M + H), 355 (M + Na). Analysis of the
accurate mass measurement of the ion at m/z 333 gave seven
possible formulae (10 ppm), from which the best fit and most
plausible corresponded to (2 x vanillin aldoxime — 2H), i.e. a
dehydro-dimer. The functional groups attached to the vanillin ring,
could yield many compounds fitting this formula, from reactions
such as cycloaddition, peroxide formation or phenolic oxidative
coupling. Given that we were seeking new nitrile hydrolysis
activity and we were aware of the well precedented dehydration
of aldoximes to nitriles by micro-organisms,*® we reasoned that
the aldoxime 1b would undergo dehydration to the nitrile 2b and
oxidation to the nitrile oxide 8b. Nitrile oxides are well known
to undergo cyclodimerisation, which in the current case would
give the cycloadducts 9b—11b, which in turn could be reduced to
the dehydro-dimers 12b—16b. However under abiotic conditions
the rate of cyclodimerisation of nitrile oxides is slow and hence
the biotic equivalent would require high local concentrations or
catalysis of a bimolecular reaction of two highly reactive species.
An apparently better alternative was the cycloaddition of nitrile
oxide 8b to the aldoxime 1b to give dehydro-dimer cycloadducts
12b-16b directly. Such cycloadditions are unknown in Nature and
rare in abiotic synthetic chemistry, but this proposal was more
plausible, because it required the reaction of the highly reactive
nitrile oxide 8b with the more stable aldoxime 1b, which at least in
the early stages of the process would be present in high excess.

Aromatic nitrile oxides 8 most commonly cyclodimerise to
give 3,4-diaryl-1,2,5-oxadiazol-2-oxides 9, but 3,5-diaryl-1,2,4-
oxadiazol-4-oxides 10 are occasionally found as byproducts.
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Whereas in the presence of nucleophiles (e.g. pyridine®* or

trimethylamine®’), addition, cycloaddition, elimination gives 3,6-
diaryl-[1,4,2,5]dioxadiazines 11 or tricyclic derivatives.** To fur-
ther increase the chemical diversity; dimerisation of benzonitrile
oxide 8a in the presence of excess boron trifluoride gives 3,6-
diphenyl-[1,4,2,5]dioxadiazines 11a, but with only half an equiv-
alent of BF;; 3,5-diaryl-1,2,4-oxadiazol-4-oxides 10a,** whereas
with boron trifluoride etherate, both of these products are formed
plus the isocyanate.*

As far as we are aware there has only been one report of the
cycloaddition of a nitrile oxide to oximes. Benzonitrile oxide 8a
underwent addition to two aldoximes and two ketoximes catalysed
by boron trifluoride etherate to give 4-hydroxy-4,5-dihydro-1,2,4-
oxadiazoles 12,% although clearly there are other possibilities 13—
16. Of these latter four ring systems, the sole isolated example is 3-
chloro-3,4-diphenyl-3 H-furazan-2-ol* (¢f. 15), although another
example may be a minor component of a tautomeric mixture.*’

Most of this work was reported before the advent of high
field NMR and some structures for the adducts have been
controversial.** Faced with this melange of possible structures
and a paucity of reliable NMR data, we took prudent refuge on
the safer ground of initial model studies.

3. Cycloaddition of phenyl derivatives

Chlorination of (Z)-benzaldoxime 1a* with N-chlorosuccimide
in THF yielded the oximyl chloride 7a (82% yield), which could
be stored in the freezer for several weeks without decomposition.
Treatment of the oximyl chloride 7a with aqueous sodium bi-
carbonate gave 3,4-diphenyl-1,2,5-oxadiazol-2-oxide 9a, whereas
treatment with triethylamine and pyridine gave 3,6-diphenyl-
[1,4,2,5]-dioxazine 11a as reported previously.®® The “C-NMR
data for 3,4-diphenyl-1,2,5-oxadiazol-2-oxide 9a in DMSO-d,
was identical to partial data reported previously (d. 114.5, 3-C;
dc 156.6, 4-C).%! Virtually nothing could be deduced from the
"H-NMR spectrum, because of overlap, however in deuterated
chloroform, virtually all the signals could be assigned. The key
NMR data for 3,6-diphenyl-[1,4,2,5]-dioxazine 11a (5. 162.7, 1-

C; 125.6, 2-C) were reassuringly close to that for 3,6-di(2-pyridyl)-
1,4,2,5-dioxadiazine (0 160.63, 1-C)** and more relevantly for
3,6-di(4-tolyl)-1,4,2,5-dioxadiazine (0. 162.8, 1-C), although only
this shift was reported with no supporting data.**

Ph4<g 5}47

aq Na;CO, EtsN, pyr.
(65 % yield) (40 % yield)

“OH 7a

i) ag Na,CO4
i) PhAC(H)=NOH 1a
(30 % yield)

}—N
P“ 12a
To give some assurance that we were truly preparing the nitrile
oxide-aldoxime adduct, a split experiment was devised. Treatment
of oximyl chloride 7a with aqueous sodium bicarbonate as before,
gave a diethyl ether solution of nitrile oxide 8a which was divided
into two. One portion was allowed to stand at room temperature
and gave 3,4-diphenyl-1,2,5-oxadiazol-2-oxide 9a as the sole
product after 20 h by "H-NMR spectrometry and was isolated
in 58% yield. The other portion was added to (Z£)-benzaldoxime
1a but otherwise treated in an identical way. The crude reaction
mixture containing the nitrile oxide—aldoxime adduct 12a, dimer
9a and other products was separated by column chromatogra-
phy. Crystallisation yielded 3,5-diphenyl[1,2,4]oxadiazol-4-0l 12a
(32%), which was unstable in deuterated chloroform. However the
adduct was perfectly stable in deuterated benzene and the NMR
spectra were fully assignable. The NMR chemical shifts for 5-C/H
(On 6.08, 0 101.7, C4Dg) were poorly predicted by chemical shift
increment models (0 5.64, 5 84.1, CDCl,;) even allowing for the
solvent difference. The key signal validating the assignment was
a BC-'H-"J-correlation signal between 5-H and 3-C (5. 159.2;
C¢Dy). The mass spectrum (EI+) showed no molecular ion, but
a strong M—H,O peak, consistent with in situ dehydration to 3,3-
diphenyl-1,2,4-oxadiazole 17a.%*

4. Cycloaddition of vanillin derivatives

4-0O-Acetyl vanillyl nitrile oxide 8¢ proved to be very difficult to
handle. After considerable experimentation we found that addition
of the oximyl chloride 7¢ to a vigorously stirred sodium carbonate
solution, rapid work-up and dissolution in deuterated benzene
allowed us to obtain NMR spectra of the nitrile oxide 8¢ which
slowly dimerised to the dimer 9¢ at ambient temperature. In the
first 12 h we were able to detect the *C-NMR signal for the
nitrile oxide carbon at d. 34.4, which appeared as a very broad
triplet with peak heights in the ratio 1 : 1.6 : 1 and a coupling
of circa 50 Hz ('JBC,"*N). Coupling to “N should yield three
equally intense, but broad lines due to “N nuclear quadrupole
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relaxation, however the extreme line broadening causes the height
of the central line to be increased by overlap with the outer
lines. Our results are comparable to those of reported for “N-
2,4,6-trimethylbenzo- (0. 34.9,% d, 'J-"C,N 77.5 + 0.5 Hz,
in CD,ClL,*®), 2.4,6-trinitrobenzo- (Jc 28.93%7), aceto- (dc 35.6,
br t, —51 °C%) tert-butylaceto- (0c 42.2, br t, > 50 Hz*) and
triphenylmethylaceto-(d 38.4, br®) nitrile oxides in CDCI;. The
chemical shift of the “nitrile oxide” carbon is best rationalised as
the iminyl carbanion canonical form 8c-II rather than the nitrile
oxide 8c-1.

OAc OAc OAc
OCH;, OCH; OCH;
Na,COs
E120 - o
NZ el I |
o i
¢ | °0 Bel O 8c-l
AcO, OAc
CH30 O Q OCH,
R n
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0 ~o” 9¢c
(CH30)3P
AcO, OAc
CH;0 O Q OCH;
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07 8¢

ortho-Disubstituted nitrile oxides are frequently sufficiently
stable that they can be isolated and analysed, however the case
in hand lacks this steric barrier which tempted us to determine the
rate constant for dimerisation. The method of preparation does
not allow an accurate measure of the start time, consequently this
was estimated and used as an additional data point. Fortuitously,
the single O-methyl group of the nitrile oxide was easily distin-
guishable from the two of the dimer by '"H-NMR and there was
no overlap with other signals, consequently integration of these
signals enabled a relatively accurate measure of the composition
of the reaction mixture. Six data points were measured over a
molar composition range; 84 : 16 to 15 : 85 for nitrile oxide 8c :
dimer 9¢ over 60.75 h, which were analysed by plotting 1/[nitrile
oxide] vs. time, with the assumption of second order dimerisation
kinetics (Fig. 1). The rate constant from linear regression was
0434 M h'or1.21 x 10* M~ s! (R* = 0.976) for a solution
which was initially 0.413 M (95% C¢Ds, 5% THF wt/wt). The
initial half life was calculated to be 5.6 h, and the curve fit to
the data indicated a value around 4.8 h (for 66 : 33, 8c : 9¢). In
the initial stages the conversion is very rapid and the effect of
the poorly estimated starting time has maximum effect. After a

total of 380.07 h (15.8 days) the reaction mixture consisted almost
entirely of dimer 9c, plus traces of unidentified impurities (circa
2%) and nitrile oxide 8c. Ignoring the impurities, the ratio of
nitrile oxide 8c to dimer 9¢ was 2.8 : 97.2, which corresponds
to 5.86 mM nitrile oxide 8c. Remarkably, the predicted value
from the rate equation was 5.93 mM an error of just 1.2%. In
the sole prior report of the kinetics of dimerisation of nitrile
oxides, rate constants were measured for benzonitrile oxide and
four monosubstituted derivatives, Values ranged from 2.37 (p-
methoxy) through 6.78 (p-chloro) to 8.53 (m-chloro) x 10> M~ s™!
at 40 °C in carbon tetrachloride, which is appreciably higher than
the value we measured (0.121 x 10 M~' s7! at circa 25 °C),
even allowing for the temperature difference. At 25 °C the rate
constant for the dimerisation of p-chlorobenzonitrile oxide in
carbon tetrachloride was 1.81 x 10> M~' s~! but in chloroform
only 0.177 x 10~ M~ s7'. Hence dimerisation rates in carbon
tetrachloride are up to ten times faster than in other solvents.*
No data was reported for benzene or even a comparable solvent,
so no sensible comparison can be made between the two sets of
data. However by using the data for p-chlorobenzonitrile oxide in
chloroform at 25 °C and at 40 °C in carbon tetrachloride, the rate
constant for the dimerisation of 4-O-acetyl-vanillin nitrile oxide
in carbon tetrachloride at 40 °C is estimated to be circa 4.6 x
1073 M~! s7! which is in satisfactory agreement with the prior
data. The structure of the dimer 9¢ was determined from NMR
spectra and by reduction with neat trimethylphosphite at reflux to
yield the symmetrical product; 3,4-diaryl-1,2,5-oxadiazole 18c.
The cycloaddition of 4-O-acetyl vanillyl nitrile oxide 8¢ with 4-
O-acetyl vanillin aldoxime 1¢ proved to be very difficult and despite
testing a range of reaction conditions, only barely acceptable
results were finally achieved. Initially, 4-O-acetyl vanillyl oximyl
chloride 7c was treated with saturated sodium carbonate in diethyl
ether. Workup gave a solution of nitrile oxide 8¢ which was
added to a 1 : 1 mixture of 4-O-acetyl vanillin aldoxime 1c¢ and
boron trifluoride etherate according to the literature method.*
An aliquot of the nitrile oxide solution showed a 75 : 25 mixture
of nitrile oxide 8¢ to dimer 9¢ by '"H-NMR. This measurement
indicates that the solution contained essentially pure nitrile oxide
with little or no dimer, because the time taken to prepare and run
the NMR spectrum, allows time for dimerisation. After two hours
the reaction consisted of a 50 : 50 mixture of nitrile oxide 8¢
and the aldoxime 1c¢, which became a 23 : 77 mixture of dimer
9¢ and aldoxime 1c after 60 hours. In a control reaction a 1 : 1
mixture of 4-0O-acetyl vanillin aldoxime 1¢ and boron trifluoride
etherate in diethyl ether was stirred for 48 hours and the aldoxime
1c was recovered in quantitative yield. Reverting to the conditions
used for the phenyl nitrile oxide 8a and benzaldoxime 1a were
equally unrewarding. The oximyl chloride 7¢ was treated with
sodium carbonate in THF and the nitrile oxide solution added
to 1.5 equivalents of aldoxime 1c¢ in dichloromethane. '"H-NMR
monitoring of aliquots showed a 21 : 79 mixture of nitrile oxide 8c :
aldoxime 1c after 2.5 hours and a 13 : 87 ratio after 23.5 hours and
after workup a 7 : 93 ratio. Curiously, no dimer 9¢ was observed at
any stage in this reaction. In an attempt to mimic the conditions of
the successful dimerisation of nitrile oxide 8¢, essentially the same
reaction was conducted in deuterated benzene. After 2 hours a 'H-
NMR spectrum of an aliquot showed a 9 : 13 : 78 ratio of nitrile
oxide 8c : dimer 9c¢ : aldoxime 1¢, which became an 18 : 82 ratio of
dimer 9c¢ : aldoxime 1c¢ after 17 hours. Preparation of scrupulously
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dry nitrile oxide from ethereal solutions, whilst working quickly to
avoid dimerisation is difficult. Consequently, we decided to prepare
the nitrile oxide 8c and react it with the aldoxime 1¢ in chloroform,
which is easier to dry. The crude '"H-NMR revealed a new down
field singlet and column chromatography gave the desired adduct
12¢ in 10% yield. The connectivity of the heterocyclic ring was
established from NMR spectra in which C-1,J. 101.1 was attached
to a hydrogen at d; 6.07 with a 3J-*C—'H coupling to a carbon
at dc 159.2 (C-11). Deacetylation with sodium tert-butoxide in
methanol gave the imagined natural product 12b in a miserable
28% yield after column chromatography. The NMR spectroscopic
data for C-1/H-1 and C-9 (C4Dg dy 6.23; ¢ 101.7; 159.6) were
essentially identical to that of the acetylated precursor and we

OCHj,4
OAc
N
HO”
Cl 7c
i)aq N32CO3, CHCJS
ii) OCH4
AcO.
(?H
N
H
(10 % yield)
OCHj; OCHj,3
R'O ?H OR'
) N
1 VAR
O—N ¢

+BuONa, GH;0H,
19 h (28 % yield)

12c R'= Ac
12bR'=H :l

Nitrile oxide and dimer conversion, % units.

also obtained a second set of NMR data in DMSO-d, to make
absolutely certain that the structure was rigorously assigned.
When this material was analysed by HPLC-QTOF-MS (ESI+),
the retention time was identical to that of the natural product,
but the mass spectrum was quite different. The natural product
1d showed a high abundance precursor ion (M + H, m/z 333.1)
plus a series of product ions of diminishing abundance down to
m/z 212.1, due to small losses (H,O, CH;OH etc.), whereas the
supposed natural product, showed an almost negligible precursor
ion, two high abundance product ions at m/z 168.1 (plausibly
protonated vanillin aldoxime 1b + H*) and 135.1 and some weaker
ions in between (Fig. 2).

5. Phenolic oxidative coupling

At this stage we reassessed the mass spectrum data for the natural
dehydro-dimer and the circumstantial evidence surrounding its
formation. Firstly, the mass spectrum of the heterocyclic dehydro-
dimer 12b clearly showed cleavage of the heterocyclic ring yet the
mass spectrum of the natural product 1d showed only progressive
losses of small fragments, consistent with a single carbon chain.
Secondly the natural dehydro-dimer was only formed with vanillin
aldoxime 1b and no analogous compound was formed from
2,3-dimethoxy- or 2,4-dimethoxybenzaldoxime indicating that
the free phenol substituent of vanillin aldoxime was crucial for
dimerisation formation. Finally, formation of the dimer was
always attended by formation of a yellow pigment, with an
apparently high e-value, because the colour was strong even at high
dilution. Again this could not be isolated, but the yellow colour
was reminiscent of quinones formed by an oxidative process.
Taken together, this admittedly tenuous evidence suggested that
the dehydro-dimer was the product of phenolic oxidative coupling.

Phenol oxidative coupling of vanillin 5¢ is a well known
process and indeed dehydro-divanillin 5d is a commercial product.
It was first prepared in 1916 using potassium persulfate and
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catalytic ferrous sulfate in almost quantitative yield (97%°),
but repetition of this procedure has been less fruitful (22%% &
86%°). Other procedures have used ferric chloride-hexahydrate
(57%%), TEMPO derived oxoammonium salts (85%°%) or [(diace-
toxy)iodo]benzene (56%°). The kinetics of octacyanotungstate(v)
ion mediated oxidation in alkaline solution (80%) are first order
in vanillin anion and [W(CN)]*~.% It has also been prepared by
the Ullman coupling of 5-bromovanillin with copper powder in
anhydrous DMF, but no yield was reported.® Biotransformation
based methods are discussed below.

For our own satisfaction we performed the phenolic oxidative
coupling of vanillin with; potassium persulfate and iron sulfate®
and achieved a moderate yield of dehydrodivanillin 5d (47%,
identical to commercial material), plus recovered vanillin 1d

(23%). Formation of the dialdoxime 1d was extremely slow, using
hydroxylamine and sodium acetate. Nevertheless after 7 days at
50 °C, 40% conversion was determined by 'H-NMR and the
dehydro-dimer 1d was isolated (33% yield). Alternatively treatment
of vanillin aldoxime 1b with potassium persulfate and catalytic
ferrous sulfate gave a good yield of crude product 1d (71%), which
was hugely eroded by washing/crystallisation to give material of
high purity (19%). The dehydodimer 1d produced by each route
was identical and identical to the natural product by HPLC-MS,
on the basis of retention time, accurate mass measurement and
mass spectral fragmentation patterns.

One of the reasons that we initially discounted phenolic
oxidative coupling as a route to a dehydro-dimer 1d was that
we were unable to find an example of this reaction for aryl
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oximes in the literature. It appeared reasonable that the aldoxime
would be become oxidised either to a nitro-compound or some
intermediate oxidation state. However careful reading revealed
that Erdtman had reported that the dehydro-dimer 1d could be
prepared by potassium persulfate and iron sulfate coupling of
vanillin aldoxime 1b. The product was not isolated (and hence
does not appear in the databases) but was immediately acetylated
and dehydrated to the acetylated nitrile 4,4'-di-O-acetyl-2d.% This
appears to be the only reported case of phenolic oxidative coupling
of an aryl oxime. However in recent syntheses of spiroisoxazole
sponge metabolites, homobenzylic aldoximes have been used to
capture phenolic radicals and thereby yield spiro-1,2-isoxazolinyl-
monoquinones.”

H_ __.C
H (0]
K,S,04, FeSO, O OH
OCH
H,0, acetone, 72 h CH,0 3
CH;0 o
OH 5b
0 H 5d
@ o a5 3
He = LI HsN—OH CI°
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K,S,0,, FeSO, O OH
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CH30 S
4
HO
“NTTH 1d
Ac,0

C=N
4,4'-di-O-acetyl-2d

The abiotic preparative work described here clearly shows that
vanillin 5b and vanillin aldoxime 1b react in comparable ways
when subjected to the standard conditions for phenolic oxidative
coupling. Vanillin 5b is easily oxidised to dehydro-divanillin 5d
by hydrogen peroxide catalysed by soybean peroxidase (1-15%),”
or in better yield by horseradish peroxidase, (97%,” 88%7%), even
in UHT milk!™ Dehydro-divanillin 5d has been frequently used
as a lignin mimic” and indeed it is a product of the action
of the wood degrading enzyme; laccase on 3,3'-dimethoxy-5,5'-
dimethyl-biphenyl-2,2"-diol (0.1-0.2%).” Dehydro-divanillin 5d
is cleaved to vanillin Sb by the anaerobic recombinant FE7
which was created by protoplast fusion of Fusobacterium varium

and Enterococcusfaecium” and dehydro-divanillinic acid 4d to 5-
carboxyvanillate by the soil bacterium Pseudomonas paucimobilis
SYK-6.7%7

16S rDNA data indicated that isolate DDS012 was related to
Geobacillus thermodenitrificans OHT-1. The closest related species
for which full genetic data is available is G. stearothermophilus.
This was originally reported to express a novel peroxidase from
the perd gene® but after sequencing errors in the gene were
corrected, it is now termed Catalase 1.8' This is a member of
Class I of the superfamily of heme containing plant, fungal
and bacterial peroxidases, which consists of bacterial catalases
with broad spectrum peroxidase activity. Despite high catalase
activity, they have minimal sequence homology with typical heme
containing monofunctional catalases, but have high sequence
homology to plant ascorbate peroxidase and fungal cytochrome
¢ peroxidase.®? Catalase I has the interesting property that upon
heating to 70 °C for ten minutes it undergoes a conformation
change to a form with higher catalase activity, which only reverts
to the lower temperature form after denaturation, refolding and
reconstitution with heme.®® Clearly, Catalase Iis an ideal candidate
for catalysing the oxidative dimerisation of vanillin aldoxime
1b at high temperatures. Perforce the benefit of this process to
the organism is open to many interpretations, but we imagine
that conversion to the highly insoluble dehydro-dimer 1d may
constitute detoxification by sequestration. Moreover consumption
of peroxide is beneficial to all aerobic organisms, but particularly
for thermophiles.
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Novel 7-N-(B-alanyl)aminophenoxazin-3-one salts 27a—d have been synthesized and tested as
chromogenic substrates for B-alanyl aminopeptidase, which is present in Pseudomonas aeruginosa, the
most common respiratory pathogen in patients with cystic fibrosis. The biological results show that
7-N-(B-alanyl)amino-1-pentylphenoxazin-3-one trifluoroacetate salt 27a is a chromogenic substrate for
this bacterium, with a low degree of diffusion in nutrient media for growing bacterial cultures and a
bright red colour, making it easily distinguishable from the agar background.

Techniques for the detection and differentiation of different species
of bacteria often utilize the action of bacterial enzymes on
chromogenic or fluorogenic substrates'—liberating coloured or
fluorescent products, respectively. Such substrates are of particular
interest as they allow the rapid and accurate detection of bacteria,
since these tests may be performed on the primary isolation media,
thus avoiding time-consuming isolation procedures prior to the
bacterial identification step.

We wish to report here the preparation and testing of chro-
mogenic phenoxazinone substrates for B-alanyl aminopeptidase.
B-Alanyl aminopeptidase has been detected in Pseudomonas sp.,*
while alanyl aminopeptidase is a periplasmic aminopeptidase
present in significant quantities in Pseudomonas aeruginosa,’
the most common respiratory pathogen in patients with cystic
fibrosis.* P. aeruginosa is also responsible for 28% of the cases
of bacteremia in patients receiving organ transplants® and causes
urinary tract infections and a variety of systemic infections in
patients with severe burns,® and in cancer and AIDS patients
who are immunosuppressed.”® It has been shown that in such
patients as few as 10-100 cells of Pseudomonas aeruginosa can
lead to gut colonization by this Gram-negative aerobic bacterium,’
which is naturally resistant to many antibiotics."™! Although
classical microbiological techniques for the detection and iden-
tification of P. aeruginosa are satisfactory in many situations,
methods for the rapid detection of this bacterium are still under
investigation. For example, P. aeruginosa identification using
a disk of phenanthroline and 9-chloro-9-[4-(dimethylamino)]-
9,10-dihydro-10-phenylacridine hydrochloride (PC disk) has been

“Pharmacy, Chemistry and Biomedical Sciences, University of Sunderland,
Sunderland, SR1 3SD, U.K.. E-mail: paul groundwater@sunderland.ac.uk;
Fax: +44(0)191 515 3405; Tel: +44(0)191 515 2600

*Department of Microbiology, Freeman Hospital, Newcastle upon Tyne,
NE7 7DN UK. E-mail: john.perry@nuth.northy.nhs.uk; Fax: +44(0)191
2231224, Tel: +44(0)191 284 3111 x 26691

‘R & D Microbiology, bioMerieux, 3 Route del Port Michaud, 28 390
La Balme-les-Grottes, France. E-mail: sylvain.orenga@eu.biomerieux.com;
Fax: +33 (0)474 952 632; Tel: +33 (0)474 952 543

ASchool of Applied Sciences, Ellison Place, Northumbria University, New-
castle upon Tyne, NEI1 8ST, UK.

T Electronic supplementary information (ESI) available: Experimental
details. See DOI: 10.1039/b716978g

reported and compared to a monoclonal antibody detection
method."

Phenoxazinones are the chromophores in a number of synthetic
dyestuffs and natural coloured matters and the phenoxazinone
chromophore has been found in a number of mould metabolites
and other natural products. The actinomycins®® are a group of
antibiotics produced by Streptomyces species, which are very
toxic but some of which show chemotherapeutic activity in
certain neoplastic diseases. The actinomycins contain a 2-amino-
4,6-dimethylphenoxazin-3(3 H)one-1,9-dicarboxylic acid nucleus
1 bound via peptide links at the carboxyl groups to pentapeptide
side chains. Compounds with different amino acid sequences in
the peptide chains have been isolated, e.g. actinomycin A, and
synthesised, as have their analogues.'

COpeptide COpeptide
9 1
N NH
8 O 2 2
7 5
6 O 2 (0]
CH3 CHs3

Results and discussion

7-Amino-1-pentylphenoxazin-3-one (1-pentylresorufamine [PRF])
6a can be prepared by nitrosation of 3-acetamidophenol 2,
condensation of the resulting 2-nitroso-5-acetamidophenol 3
with olivetol 4 and acidic hydrolysis of amide 5 using 85%
H,SO,, Scheme 1 (steps a—c)," or by the reaction of 1,4-
dichlorobenzoquinonediimine 8, generated in situ by the oxidative
chlorination of p-phenylenediamine 7," with olivetol 4,"* Scheme 1
(step d). The overall yield and purity of the resorufamines 6
prepared via these routes is poor, so that these methods are not
suitable for multi-gram syntheses or the preparation of a range
of derivatives, and an alternative route to these phenoxazinones
is thus required. In particular, the route from the diimine leads
to the production of chlorinated derivatives, e.g. the 2-chloro-1-
pentyl derivative 6b, which are difficult to separate from the desired
I-pentylresorufamine 6a.
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Similar heterocyclic systems 10 have previously been synthesised
by Bird and Latif's via the reductive cyclisation of 3-hydroxy-
2-nitrodiphenyl ethers 9, Scheme 2, but the preparation of
resorufamines by this method was unsuccessful. An alternative
route was therefore investigated, involving the reduction of a
dinitrodihydroxydiaryl ether 14, which can be prepared via the
coupling of 2,5-dinitrofluorobenzene 11 with suitably substituted
phenols 12, Scheme 3, prepared via a sequence of reactions in-
volving; methylation of a hydroquinone, formylation and Baeyer—

Villiger oxidation.
R4 R4
T Rs— P
(6} OH [0} (6}
R2 RZ
9 10

Ry, Ry, Ry = H, Cl, Me, OH, or CO,Me

R3

Scheme 2 Reagents and conditions: [a] Zn, NH,Cl, H,O, DME, 40 °C.

Alkylation of hydroquinones 15a—d and monomethyl ether
15e with methyl iodide was carried out using an adaptation
of the method of Michman et al' and the yields of the
corresponding dimethyl ethers 16a—e were excellent (82-99%),
Scheme 4. The introduction of the hydroxyl group onto the
aromatic ring, to form the phenols 12, was then accomplished
via the Baeyer—Villiger oxidation of the corresponding benzalde-
hydes 17, which were prepared using the Duff reaction,’® with

NO, OMe NO, OMe
O QO
)
F HO R, 0 R,
NO, OMe NO, OMe
1 12a-c 13aR,;=R,=Me, Rz =H

bR;=R;=R;=Me
¢R;=Bul, R,=Rz=H

b l
NO, OH
Ra R4
o) R,
NO, OH

14aR,=R,=Me, Ry = H
bR;=R,=R;=Me

C l
Ry
N Ry
L
H,N 0 o)
Ra

6cRi=Ry=Me, R;=H
dR; =R, =R; = Me
Scheme3  Reagents and conditions: [a] NaH, DMF, 40 °C; [b] BBr;, DCM,
—78 °C; [c] 5% Pd-on-C, MeOH then air/silica.

hexamine (hexamethylenetetramine) as the formylating agent, in
refluxing trifluoroacetic acid. No product was isolated from the
attempted formylation of the tert-butyl substituted hydroquinone
ethers 16a,d,e, Scheme 3, presumably due to the cumulative
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Scheme 4  Reagents and conditions: [a] NaH, Mel, DMF, 40 °C, 1 h; [b]

hexamine, TFA, reflux; [c] i, MMPP, MeOH; ii, NaOH then HCI.

steric hindrance of the bulky terz-butyl and methoxy groups.
Baeyer—Villiger oxidation of aldehydes 17a,b with magnesium
monoperoxyphthalate (MMPP), followed by the hydrolysis of the
formate esters, gave the corresponding phenols 12a,b, Scheme 4.

A similar steric effect was observed during ortho-lithiation of
ether 16a with n-BuLi in THF at —78 °C. The anion initially
formed reacts with triisopropyl borate to give the corresponding
arylboronic ester 18, hydrolysis of which, under acidic conditions,
afforded boronic acid 19, which was oxidised with 27% H,O, to
form phenol 12¢ in a total yield of 41%, Scheme 5.

The next step in the preparation of the diaryl ethers is
the nucleophilic aromatic substitution of the fluorine in 2,5-

dinitrofluorobenzene 11 and this proceeded smoothly to give the
ethers 13a—c in good yields, as shown in Scheme 3. Cleavage
of the methoxyaryl ethers 13 was carried out under standard
conditions, with BBr; in DCM at —78 °C, and the resulting
hydroquinones 14a,b were subjected to further transformation
without purification, Scheme 3.

The final stage in the preparation of aminophenoxazinones
6¢ and 6d, involved the reduction of the nitro groups in ethers
14a.,b with palladium-on-carbon under hydrogen (1 atm.), fol-
lowed by aerial oxidation and subsequent cyclization on work-
up/chromatography on silica.

The reduction of the nitro groups in the ethers 14 leads to the
formation of the diamine 20a, which can exist as a zwitterion
20b. This zwitterion undergoes oxidation by molecular oxygen,"
involving the autoxidation of the dianion, Scheme 6, in a process
similar to the autoxidation of duroquinone dianion 24, Scheme 7.
By analogy, this process would be expected to be autocatalytic,

Ry Ra Ry
©) o @ &)
NH, HO Ry NH; O Ry NH; O Ry
© .
HoN OH H3N o HoN (e}
2 o % o 2 o
R3 R3 R3

20a 20b 21
R
R, Ry s )
NH R
N Ri NH; 0 R 2 1
B
QUL S d
H,N 0 o HoN o ° 2 o
R
Rs R3 3
6 23 22

Scheme 6
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to be accelerated by the quinone, and to proceed at a rate which
is independent of oxygen pressure. The addition of an oxygen-
transfer catalyst, salcomine 25, did not influence the rate, thus
confirming that this is an autocatalytic oxidation. According to
this mechanism, the semiquinone 21 formed in the first step
undergoes attack by a hydroxyperoxide radical, resulting in the
formation of a biradical 22. Such biradicals readily self-terminate
through the formation of a quinone 23. In a slightly acidic medium,
in this case due to the presence of the silica, this quinone undergoes
intramolecular cyclization to the resorufamine 6, Scheme 6.

25

For the biological tests, the aminophenoxazinones 6a—d were
coupled to Boc-B-Ala-OH using N,N’-diisopropylcarbodiimide
as the coupling reagent, affording the protected monopeptides
26, Scheme 8. The Boc group was then removed under standard
conditions (TFA in DCM) to give the corresponding trifluoroac-
etate salts 27. It should be noted that the nucleophilicity of the
amino group in phenoxazinones 6 is very low and coupling by
this method is impossible without reduction prior to the coupling,
Scheme 8. In a similar manner, 7-N-(L-Ala)aminophenoxazinones
29a,b were prepared by the coupling of the aminophenaxozinones
6a—d with Boc-L-Ala-OH to give the carbamates 28a,b, Scheme 9,
followed by deprotection.

Compounds 27a—d are weakly coloured as the amino lone-
pair is no longer available for conjugation through the system
to the carbonyl group at the 3-position. These compounds
were tested for their activity to act as a substrate for the
enzyme, B-alanyl aminopeptidase, which is present in significant
amounts in Pseudomonas aeruginosa. B-Alanyl aminopeptidase
cleaves these chromatogenic substances to release the coloured 7-
aminophenoxazinones 6 and one of the advantages of this test is
the simple visual interpretation of the results, which can be carried
out without the use of any specialized instrumentation.

7-Amino-1-pentyl-3 H-phenoxazin-3-one (1-pentylresorufamine
[PRF]) 6a, which is produced by the B-alanyl aminopeptidase
hydrolysis of the 7-N-(B-alanyl)amino derivative 27a (B-Ala-
PRF), was shown to be a very good chromophore, having a
low degree of diffusion in nutrient media for growing bacterial
cultures and a bright red colour, making it easily distinguishable
from a pale yellow agar background. Fig. 1 shows the results
obtained after 24 hours incubation using 7-N-(f-alanyl)amino-1-
pentylphenoxazin-3-one (-Ala-PRF) 27a, 7-N-(B-alanyl)amino-
1,2-dimethyl-(B-Ala-diMRF) 27¢ and 7-N-(B-alanyl)amino-1,2.4-
trimethyl-3 H-phenoxazin-3-one (-Ala-triMRF) 27d trifluoroac-
etate salts at a concentration of 50 mg 1! in the presence of
Pseudomonas aeruginosa, Burkholderia cepacia, and Escherichia
coli. The selectivity of these substrates for P. aeruginosa is clearly
shown by the absence of the red colour in the case of Escherichia
coli, Fig. 1, and Pseudomonas fluorescens, Fig. 2, which do not have
B-alanyl aminopeptidase and so cannot release the chromogen.
Burkholderia cepacia strains may exhibit f-alanyl aminopeptidase

Rz RZ Rz
N R N R
—_— —_—
Boc /\)L /\)k
HoN 0 [¢] N N 0 [0] HaN N 0 0
H H ® H
R3 R3 © R3
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b Ry =Cl, R, = n-pentyl
¢R;=R;=Me,R;=H
dRy=R;=R3z=Me

26a Ry = H, R, = n-pentyl
b Ry =Cl, R, = n-pentyl
¢cRy=R;=Me,R3=H
dRy=R;=R3z=Me

CF;CO;
27a R4 = H, Ry = n-pentyl
b R =Cl, R, = n-pentyl
cR{=R;=Me, R3=H
dR;=R;=R3=Me

Scheme 8 Reagents and conditions: [a] 5% Pd-on-C, DMF, N-'Boc-B-alanine, HOBt, DIC, DCM; [b] TFA.
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28a R1 =H, R, = n-pentyl
b Ry =ClI, Ry = n-pentyl
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b Ry =Cl, R, = n-pentyl

Scheme 9  Reagents and conditions: [a] 5% Pd-on-C, DMF, N-'Boc-L-alanine, HOBt, DIC, DCM; [b] TFA.
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Fig. 1 Incubation of 7-N-(B-alanyl)amino-1-pentylphenoxazin-3-one
(B-Ala-PRF) 27a, 7-N-(B-alanyl)amino-1,2-dimethyl-(-Ala-diMRF)
27¢ and  7-N-(B-alanyl)amino-1,2,4-trimethyl-3 H-phenoxazin-3-one
(B-Ala-triMRF) 27d trifluoroacetate salts, at a concentration of 50 mg
17!, for 24 hours, with Pseudomonas aeruginosa, Burkholderia cepacia,
and Escherichia coli. In each photograph, the Pseudomonas aeruginosa
plates are top left and bottom left, Burkholderia cepacia top right, and
Escherichia coli bottom right.

activity (see data in Table 1) and the presence of a weak red
colouration indicates some enzymatic activity for this strain.
In contrast, the L-Ala derivative 29a is hydrolyzed by all the
Gram-negative bacteria tested, Table 2, including Escherichia coli
(NCTC 10418), thus suggesting that B-alanyl aminopeptidase is
responsible for the specific hydrolysis of the B-Ala analogue 27a.
Another requirement of a test substrate is that it should localise
to the bacterial cells, aiding the visualisation of colonies. Fig. 1
also highlights the importance of lipophilic substituents on the

Table 1 Assessment of B-Ala-pentylresorufamines 27a,b (50 mg 17') as
substrates for non-fermenting bacteria (% of strains with positive response
due to p-alanyl aminopeptidase activity)

Species No. of strains ~ 27a 27b
Burkholderia cepacia 34 47 26
Burkholderia gladioli 6 0 83
Other Burkholderia sp. 9 33 44
Pseudomonas aeruginosa 74 99 73
Other Pseudomonas sp. 17 41 24
Pandorea sp. 8 25 25
Ralstonia picketti 4 50 50
Other Ralstonia sp. 16 19 13
Sphingobacterium spiritivorum 1 0 0
Stenotrophomonas maltophilia 2 0 0
Acinetobacter sp. 7 0 14
Brevindumonas sp. 2 0 0
Chryseobacterium meningosepticum 1 0 100
Moraxella sp. 3 67 33
Oligella sp. 1 100 0

Table 2 Detection of L-alanyl aminopeptidase activity via the hydrolysis
of L-Ala-pentylresorufamine 29a (50 mg 17!). Positive results are indicated
by a purple colour, and + and — signify the growth or inhibition of growth
of the bacteria, respectively

Species Growth Colour
Escherichia coli NCTC 10418 + Purple
Klebsiella pneumoniae NCTC 10896 + Purple
Salmonella hadar + Purple
Proteus mirabilis NCTC 10975 + Purple
Providencia rettgeri NCTC 7475 + Purple
Pseudomonas aeruginosa NCTC 10662 + Purple
Staphylococcus aureus NCTC 6571 — No colour
Listeria monocytogenes NCTC 11994 - No colour
Streptococcus pyogenes NCTC 8306 - No colour

chromogen for good localisation. The dimethyl substitution in 6¢
(generated by the hydrolysis of 27¢) is not sufficient to localise
this chromogen and the colour is seen to be diffused across
the medium. The trimethyl substituted 7-aminophenoxazin-3-one
6d (from 27d) is visibly localised, although not as efficiently as
the pentyl-substituted derivative (B-Ala-PRF) 6a. The increased
lipophilicity of the substituted chromogens aids in the retention of
the colour in the cell wall of the bacterium and also results in an
increase in the hydrophobic properties, which prevents the spread
of chromogen into the medium. The same is true with an increase
in length of the alkyl chain (as in the case of B-Ala-PRF 6a), Fig. 1.

The data in Table 1 shows that B-Ala-PRF 27a can be used
to distinguish between P. aeruginosa and other non-fermenting
bacteria, since B-alanyl aminopeptidase activity is present in all P,
aeruginosa strains but not in Burkholderia gladioli, Acinetobacter
sp., Stenotrophomonas maltophilia, Brevindumonas sp. or Chry-
seobacterium meningosepticum. The detection of 99% of strains
using the pentyl derivative 27a as a test substrate for the detection
of P aeruginosa is vitally important as a recent study of 1225
isolates from cystic fibrosis patients from 31 centres in the U.K.
showed that, although cross-infection by transmissable strains
does occur, at least 72% of patients harboured strains with unique
genotypes.?

It has therefore been established that compounds 27a,c,d are
sensitive, effective and specific for the detection of Pseudomonas
aeruginosa, but in the case of 27¢, spreading of the colour of
the chromogen 6¢ from the colonies into the medium prevents
it from being used as a diagnostic tool on agar plates (it
could, however, be used in solution-based tests). In addition, 7-
N-(B-alanyl)amino-1-pentylphenoxazin-3-one (B-Ala-PRF) 27a,
like the L-Ala derivative 29a, inhibited the growth of Gram-
positive bacteria, e.g. Staphylococcus aureus, Enterococcus faecalis,

\§

-I Pseudomonas fluorescens

Pseudomonas aeruginosa

Fig. 2 Incubation of 7-N-(B-alanyl)amino-1,2-dimethylpentylphenoxazin-3-one (B-Ala-diMRF) 27¢ trifluoroacetate salt, at a concentration of 50 mg
17!, for 18 hours, with Pseudomonas aeruginosa and Pseudomonas fluorescens. From left, dishes 1-4 Pseudomonas aeruginosa and dish 5 Pseudomonas

fluorescens.
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Table 3 Impact of 7-N-(B-alanyl)amino-1-pentylphenoxazin-3-one 27a
(50 mg 17') in Columbia agar medium on growth and colour of colonies of
different strains of bacteria after 24 hours of incubation. Positive results are
indicated by a purple colour, and + and — signify the growth or inhibition
of growth of the bacteria, respectively

Species Growth Colour
Escherichia coli + No colour
Klebsiella pneumoniae + No colour
Proteus mirabilis + No colour
Pseudomonas aeruginosa + Red
Pseudomonas fluorescens + No colour
Burkholderia cepacia + Red
Staphylococcus aureus - No colour
Streptococcus pyogenes - No colour
Enterococcus faecalis - No colour
Listeria monocytogenes — No colour
Candida albicans No colour

Listeriamonocytogenes, and Streptococcus pyogenes, Table 3, when
incorporated into Columbia agar at 50 mg1~', and this suppression
of the growth of Gram-positive bacteria in the presence of Gram-
negative bacteria is a useful additional property when developing
a selective means for the detection of Pseudomonas aeruginosa.

These B-Ala-resorufamines 27 represent some of the first
chromogenic substrates which can be used directly in culture media
to differentiate bacterial colonies based upon the detection of B-
alanyl aminopeptidase activity.

Experimental

General

Melting points were determined on a Gallenkamp apparatus
and are uncorrected. Elemental analyses were performed on an
Exeter Analytical CE-440 Elemental Analyzer. IR spectra were
recorded on a Perkin-Elmer 1600 series FTIR spectrophotometer.
'"H NMR spectra were acquired on a Bruker AVANCE 300 at
300 MHz or AVANCE 500 at 500 MHz. Coupling constants are
given in Hz and all chemical shifts are relative to the chemical
shift of the residual non-deuterated solvent. *C NMR spectra
were obtained on the Bruker AVANCE 300 at 75 MHz. Low
resolution electrospray mass spectra were obtained on a Bruker
Esquire 3000+ and high resolution spectra on a Bruker APEX II
FT mass spectrometer. Thin layer chromatography was performed
on Merck silica gel 60F,s,. All solvents were purified according
to standard procedures. Diethyl ether and tetrahydrofuran were
freshly distilled over sodium wire with a trace of benzophenone.
Fisons silica gel 60 (35-70 micron) was used for wet flash
chromatography. The samples were applied in liquid form or were
pre-adsorbed onto silica 60 (35-70 micron). Experimental and
spectroscopic data are given for one example of each synthetic
method; data for the other compounds included in this work are
reported in the ESI accompanying this paper. ¥

General procedure for the preparation of dimethoxybenzenes
16a—e"

In a dry 2-necked round bottom flask equipped with a condenser,
a magnetic stirring bar and a calcium chloride guard tube, the
hydroquinone 15 (1 equiv.) was dissolved in dry DMF (50 ml)
and NaH (2.2 equiv., 60% dispersion in oil) was added in small

portions. After the base had been added and the evolution of
H, had ceased, methyl iodide (4 equiv.) was added dropwise over
15-20 min. When the addition was finished, the reaction mixture
was stirred at 40 °C for 2 hours. Brine (200 ml) was added to the
flask and the resulting mixture was extracted with diethyl ether
(3 x 50 ml). The combined organic layers were washed with water
(2 x 50 ml) and dried over MgSO,. The solvent was evaporated
under reduced pressure and the residue was subjected to column
chromatography.

2-tert-Butyl-1,4-dimethoxybenzene 16a

Prepared from 2-tert-butylhydroquinone 15a (2.90 g, 17.5 mmol)
and purified by column chromatography using petroleum ether
(60-80 °C)—diethyl ether (95 : 5) as eluent; yellow oil (3.35 g,
99%) (lit.”” bp 240 °C/50 mm Hg) (found: M*, 194.1301. Calc.
for C,H;30,: M, 194.1316); 4 (300 MHz; CDCl;) 1.40 (9H, s,
C(CH;),), 3.80 (3H, s, OCH,), 3.83 (3H, s, OCHs;), 6.72 (1H, dd,
J =8.8 Hz and J = 3.1 Hz, H-5), 6.84 (1H, d, J = 8.8 Hz, H-6),
6.93 (1H, d, J = 3.1 Hz, H-3); é. (75 MHz; CDCl;) 30.1 (CH;,
C(CH;)s), 35.3 (quat., C(CHj;);), 56.0 (CH;, OCH,), 56.0 (CH;,
OCH,), 110.3 (CH, C-5), 112.8 (CH, C-6), 114.7 (CH, C-3), 140.3
(quat., C-2), 153.4 (quat., C-1 or C-4), 153.7 (quat., C-4 or C-1).

1,4-Dimethoxy-2,3-dimethylbenzene 16b

Prepared from 2,3-dimethylhydroquinone 15b (1.96 g, 14.2 mmol)
and purified by column chromatography using petroleum ether
(60-80 °C)—diethyl ether (95 : 5) as eluent; white solid (2.27 g,
80%); mp 75-76 °C (lit.** mp 73-74 °C); Jy (300 MHz; CDCl;)
2.09 (6H, s, 2 x CH;), 3.70 (6H, s, 2 x OCH,), 6.58 (2H, s, 2 x
ArH); dc (75 MHz; CDClL,) 12.4 (CH,, 2 x ArCHj;), 56.5 (CH;,
2 x OCHj;), 108.4 (2 x CH), 127.1 (2 x quat.), 152.4 (2 x quat.).

Formylation of dimethoxybenzenes via the Duff reaction

The dimethoxybenzene (1 equiv.) was dissolved in TFA (20 ml) and
hexamine (1.05 equiv.) was added to the resulting solution. The
reaction mixture was refluxed under dry conditions for 2 hours.
The TFA was evaporated under reduced pressure, the residue was
dissolved in ether (100 ml) and the organic solution was washed
with water (3 x 50 ml) and then dried over MgSO,. The solvent was
evaporated and the residue subjected to column chromatography,
eluting with petroleum ether (60-80 °C)-diethyl ether (80 : 20).

2,5-Dimethoxy-3,4-dimethylbenzaldehyde 17a

Prepared from 1,4-dimethoxy-2,3-dimethylbenzene 16b (2.270 g,
13.7 mmol). 2,5-Dimethoxy-3,4-dimethylbenzaldehyde 17a was
isolated as a white solid (1.18 g, 44%); mp 61-62 °C (lit.2
mp 67.5-68.5 °C) (found: MH*, 195.1019. Calc. for C,;;H;50;:
MH, 195.1016); vy (KBr)/cm™" 1685 (C=0), 1595 (C=C); du
(300 MHz; CDCl;) 2.26 (3H, s, CH;), 2.29 (3H, s, CHj;), 3.83
(3H, s, OCH,), 3.85 (3H, s, OCH,), 7.16 (1H, s, H-6), 10.38 (1H, s,
CHO); d¢ (75 MHz; CDCl;) 12.5 (CHj), 13.3 (CHj;), 56.1 (OCH,),
64.2 (OCH,), 105.4 (CH, C-6), 127.0 (quat., C-1), 132.3 (quat., C-
3), 135.8 (quat., C-4), 154.7 (quat., C-2), 156.9 (quat., C-5), 190.4
(CHO).
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2,5-Dimethoxy-3,4,6-trimethylbenzaldehyde 17b

Prepared from 1,4-dimethoxy-2,3,5-trimethylbenzene  16¢
(2.274 g, 12.6 mmol). 2,5-Dimethoxy-3,4,6-trimethylbenzaldehyde
17b was isolated as a yellow solid (1.21 g, 46%); mp 65-66 °C
(lit.2 mp 80 °C) (found: MH*, 209.1176. Calc. for C,H;Os:
MH, 209.1172); v, (KBr)/cm™' 1685 (C=0), 1586 (C=C), 1255
(C-0); 0y (500 MHz; CDCl;) 2.23 (3H, s, CH;), 2.31 (3H, s, CHs;),
2.53 (3H, s, CHs;), 3.70 (3H, s, OCH5;), 3.82 (3H, s, OCH,), 10.47
(1H, s, CHO); 6. (125 MHz; CDCl;) 12.5 (CH;), 13.3 (CHa),
14.2 (CH,), 60.7 (OCH,), 63.8 (OCHy;), 126.0 (quat., C-1), 129.7
(quat., C-3), 132.1 (quat., C-6), 140.2 (quat., C-4), 153.6 (quat.,
C-2), 160.0 (quat., C-5), 194.9 (CHO).

2,5-Dimethoxy-3,4-dimethylphenol 12a

Prepared from 3,4-dimethyl-2,5-dimethoxybenzaldehyde 17a
(1.126 g, 5.8 mmol). Using light petroleum (60-80 °C)-diethyl
ether (60 : 40) as eluent, 2,5-dimethoxy-3,4-dimethylphenol 12a
was isolated as a yellow solid (0.239 g, 23%), mp 69-71 °C (lit.**
mp 70-71 °C) (found: C, 65.9; H, 7.7. C,,H,,0; requires C, 65.9;
H, 7.7%); Vpay (film)/cm™" 3263 (OH), 1598 (C=C), 1261 (C-0);
Jx (300 MHz; CDClL,) 2.09 (3H, s, CH;), 2.22 (3H, s, CH,), 3.74
(3H, s, OCH;), 3.78 (3H, s, OCH,;), 4.74 (1H, br s, OH), 6.44
(1H, s, H-6); . (75 MHz; CDCl;) 11.7 (CH;), 13.0 (CH;), 56.1
(OCH,;), 61.4 (OCH,), 97.0 (CH, C-6), 117.4 (quat., C-4), 130.6
(quat., C-3), 139.5 (quat., C-2), 147.1 (quat., C-1), 154.7 (quat.,
C-5); m/z 183 (MH").

2,5-Dimethoxy-3,4,6-trimethylphenol 12b

Prepared from 2,5-dimethoxy-3.,4,6-trimethylbenzaldehyde 17b
(1.205 g, 5.8 mmol). Using light petroleum (60-80 °C)-diethyl
ether (75 : 25) as eluent, 2,5-dimethoxy-3,4,6-trimethylphenol 12b
was isolated as a white solid (0.856 g, 75%) mp 105-106 °C,
(found: C, 67.4; H, 8.2. C,,H,s0; requires C, 67.3; H, 8.2%); vy,
(KBr)/cm™' 3401 (OH), 1265 (C-0); dy (300 MHz; CDCI;) 2.18
(3H,s,CH;), 2.23 (6H,s,2 x CH;),3.71 (3H, s, OCH,), 3.77 (3H, s,
OCH,), 5.71 (1H, br s, OH); d. (75 MHz; CDCl;) 9.1 (CH,), 12.0
(CH,), 12.5 (CH,), 60.2 (OCH3), 60.9 (OCH3), 115.0 (quat.), 121.0
(quat.), 126.8 (quat.), 141.7 (quat.), 145.3 (quat.), 153.4 (quat.).

Preparation of 4-tert-butyl-2,5-dimethoxyphenol 12¢

In a flame-dried flask, 2-fert-butyl-1,4 dimethoxybenzene 16a
(2.27 g, 11.7mmol) was dissolved in dry THF (30 ml), the resulting
solution was cooled to —78 °C and a solution of BuLi (2.82 M
in hexanes, 5.0 ml, 14.0 mmol) was added dropwise. After the
addition was complete, the reaction mixture was allowed to warm
to room temperature, stirred for 15 min at this temperature and
cooled again to —78 °C. Triisopropyl borate (3.2 ml, 0.01402 mol)
was introduced dropwise and the reaction mixture was left to stir
at room temperature. After 12 hours the reaction mixture was
quenched with 10% NH,Cl solution (50 ml) and water (50 ml) and
extracted with diethyl ether (3 x 50 ml). The combined organic
layers were washed with brine (50 ml) and dried over MgSO,. The
solvent was evaporated under reduced pressure, the residue was
dissolved in THF (10 ml) and aqueous H,0, (27% w/v, 5 ml) was
added. The emulsion was stirred at room temperature for 30 min.
Water (100 ml) was added and the mixture was extracted with

diethyl ether (3 x 50 ml), and dried over MgSO,. The solvent was
removed under vacuum and the residue was purified by column
chromatography using light petroleum (60-80 °C)-ethyl acetate
(80 : 20) as eluent to give the title compound 12¢ as a white solid
(1.010 g, 41%), mp 46-47 °C (lit.** mp 54-55 °C); vypa(film)/cm™
3542, 3433 (OH), 1600 (C=C); dy (300 MHz; CDCl;) 1.22 (9H, s,
C(CH,),), 3.61 (3H, s, OCH,), 3.71 (3H, s, OCH;), 6.43 (1H, s,
H-6), 6.70 (1H, s, H-3); 5 (75 MHz; CDCl;) 30.6 (CH;, C(CHy,)5),
34.9 (quat., C(CHj;)s), 56.1 (OCH;), 57.3 (OCH3;), 100.9 (CH, C-
6),111.2(CH, C-3), 130.1 (quat., C-4), 139.9 (quat.), 144.6 (quat.),
153.6 (quat.).

General preparation of biaryl ethers 13a—c

The appropriate phenol (1 equiv.) was dissolved in dry DMF (10
ml) and NaH (60% dispersion in oil; 1.1 equiv.) was added in small
portions. After the evolution of gas was complete, the resulting
solution of the sodium phenolate was stirred at room temperature
for 15 min. A solution of 2,5-dinitrofluorobenzene 11 (1 equiv.)
in dry THF (5 ml) was then added dropwise to the flask and the
reaction mixture was stirred for 2 hours. Finally, the contents of
the flask were poured into water (50 ml), extracted with ether (3 x
20 ml) and the combined organic layers were dried over MgSO,.
The solvent was removed under reduced pressure and the residue
was subjected to column chromatography on silica.

1-(2',5'-Dinitrophenoxy)-3,4-dimethyl-2,5-dimethoxybenzene 13a

Prepared from 2,5-dinitrofluorobenzene 11 (0.293 g, 1.6 mmol)
and 2,5-dimethoxy-3,4-dimethylphenol 12a (0.287 g, 1.6 mmol).
Purified using light petroleum (60-80 °C)-ethyl acetate (85 :
15) as eluent to give 1-(2',5-dinitrophenoxy)-3,4-dimethyl-2,5-
dimethoxybenzene 13a as an orange solid (0.415 g, 76%); mp
135-136 °C; (found: MH*, 349.1030. Calc. for C,;H,;N,O,: MH,
349.1017); ve (KBr)/cm™ 1551, 1346 (NO,), 1246 (C-O); oy
(300 MHz; CDCl;) 2.10 (3H, s, CH;), 2.17 (3H, s, CH,), 3.58
(3H, s, OCHs;), 3.71 (3H, s, OCH,), 6.49 (1H, s, H-6), 7.52 (1H, d,
J=2.2Hz, H-6),7.84 (1H, dd, J = 8.8 Hz and 2.2 Hz, H-4), 7.93
(1H, d, J = 8.8 Hz, H-3"); o (75 MHz; CDCl;) 12.4 (CH,), 13.0
(CH,), 56.3 (OCH,), 61.7 (OCH,;), 102.6 (CH, C-6), 112.8 (CH,
C-6'), 116.7 (CH, C-4), 125.5 (quat.), 126.4 (CH, C-3'), 133.7
(quat.), 143.1 (quat.), 143.6 (quat.), 150.8 (quat.), 152.6 (quat.),
154.8 (quat.).

General procedure for preparation of 7-aminophenoxazin-3-ones
6c,d

The dihydroxydiaryl ether (1.3 mmol) was dissolved in methanol
(5 ml) and 5% Pd/C (10% w/w) was added to the solution. The
reaction mixture was stirred at room temperature in a hydrogena-
tor under a hydrogen atmosphere for 4 hours. Sufficient silica to
adsorb the residue for the subsequent column chromatography
was added to the flask, and the mixture was stirred vigorously
for a further 4 hours in air. When the oxidation was complete,
the solvent was removed and the residue was subjected to column
chromatography on silica eluting with light petroleum (60-80 °C)—
ethyl acetate (50 : 50 to 0 : 100) then with ethyl acetate—-methanol
(90 : 10).
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7-Amino-1,2-dimethylphenoxazin-3-one 6¢

Prepared from 1-(2',5-dinitrophenoxy)-3,4-dimethyl-2,5-dime-
thoxybenzene 13a (0.266 g, 0.76 mmol) in a one-pot reaction.
7-Amino-1,2-dimethylphenoxazin-3-one 6¢ was obtained as a
brown-red solid (0.125 g, 68%); mp > 270 °C; v,,, (KBr)/cm™
3315, 3201 (NH,), 1600 (C=0), 1545 (C=C); d4 (300 MHz;
DMSO-dy) 2.02 (3H, s, CH;), 2.33 (3H, s, CH;), 6.10 (1H, s,
H-4), 6.47 (1H, d, J = 2.3 Hz, H-6), 6.67 (1H, dd, J = 8.8 and
Hz, H-8), 6.73 (2H, s, NH,), 7.48 (1H, d, J = 8.8 Hz, H-9); Jc
(75 MHz; DMSO-d;) 13.3 (CH;), 13.5 (CH;), 98.0 (CH, C-6),
104.4 (CH, C-4), 113.8 (CH, C-8), 125.9 (quat., C-7), 132.6 (CH,
C-9),136.7 (quat.), 138.1 (quat.), 141.0 (quat.), 147.0 (quat., C-9a),
150.3 (quat., C-4a), 155.3 (quat., C-5a), 184.4 (quat., C-3).

7-Amino-1,2,4-trimethylphenoxazin-3-one 6d

1-(2,5 - Dinitrophenoxy)-3.4,6- trimethyl - 2,5-dihydroxybenzene
14b was prepared from 1-(2',5'-dinitrophenoxy)-3,4,6-trimethyl-
2,5-dimethoxybenzene 13b (0.626 g, 1.73 mmol), using light
petroleum (60-80 °C)—diethyl ether (70 : 30) as eluent, and isolated
as an orange solid (0.435 g, 75%); mp 180-181 °C; (found: MH*,
255.1129. Cale. for C;sH;sN,0,: MH, 255.1128); vy, (KBr)/cm™
3490 (NH, and OH), 1606 (C=0), 1591 (C=C); oy (300 MHz;
DMSO-d,) 1.98 (3H, s, CH;), 2.11 (3H, s, CH;), 2.14 (3H, s, CH3;),
7.23 (1H, d, J = 2.3 Hz, H-¢), 7.94 (1H, br s, OH), 7.99 (1H,
dd, J = 8.9 and 2.3 Hz, H-4), 8.28 (1H, d, J = 8.9 Hz, H-3),
8.38 (1H, br s, OH); J. (75 MHz; DMSO-d,) 10.6 (CH;), 13.3
(CH,), 13.7 (CH;), 111.0 (CH), 116.4 (quat.), 117.4 (quat.), 124.1
(quat.), 124.2 (quat.), 127.7 (CH), 137.6 (quat.), 140.7 (quat.),
143.3 (quat.), 146.9 (quat.), 150.9 (quat.), 152.0 (quat.).

1-(2',5'-Dinitrophenoxy)-3.4,6-trimethyl-2,5-dihydroxybenzene
14b (0.435 g, 1.30 mmol) was then treated as described above to
give 7-amino-1,2,4-trimethylphenoxazin-3-one 6d as a brown-red
solid (0.237 g, 72%); mp > 270 °C; v, (KBr)/cm™" 3320, 3211
(NH,), 1610 (C=C); 6y (300 MHz; DMSO-d,) 1.96 (3H, s, CH5;),
2.04 (3H, s, CH;), 2.31 (3H, s, CH,), 6.49 (1H, d, J = 2.3 Hz,
H-6), 6.60 (2H, br s, NH,), 6.63 (1H, dd, J/ = 8.7 and 2.3 Hz,
H-8), 7.44 (1H, d, J = 8.7 Hz, H-9); d. (75 MHz; DMSO-d,)
8.5 (CH,), 13.3 (CH,), 13.6 (CH,), 98.2 (CH, C-6), 111.9 (quat.,
C-4), 113.3 (CH, C-8), 125.4 (quat., C-7), 132.3 (CH, C-9), 136.0
(quat.), 137.1 (quat.), 141.3 (quat.), 146.4 (quat., C-9a), 147.2
(quat., C-4a), 154.8 (quat., C-5a), 184.1 (quat., C-3).

7-N-(N-'Boc-g-alanyl)amino-1-pentylphenoxazin-3-one 26a and
7-N-(N-'Boc-p-alanyl)amino-2-chloro-1-pentylphenoxazin-3-one
26b

Acetic acid (30%, 200 ml) was added dropwise, with stirring,
to a solution in which sodium borohydride (4-6 g) and sodium
hydroxide (0.2 g) were dissolved in water (200 ml). The hydrogen
gas produced was passed into a three-necked flask in which a
mixture of 7-amino-1-pentylphenoxazin-3-one 6a and 7-amino-
2-chloro-1-pentylphenoxazin-3-one 6b™ (0.564 g) was dissolved
in dry DMF (15 ml), and the solution was diluted with dry
THF (15 ml). 5% Pd/C (0.2 g) was added and hydrogen gas was
bubbled slowly through the solution for 1 hour after the reduction
appeared to be complete, as evidenced by the replacement of
the purple colour of the solution by a weak grey-green colour.
In a separate flask, N-'Boc-B-alanine (0.756 g, 4.0 mmol) and

N-methylmorpholine (0.408 g, 4.0 mmol) were dissolved in dry
THF (10 ml), the solution was cooled to —20 °C and isobutyl
chloroformate (0.56 ml, 4.0 mmol) was added with stirring. The
mixture was stirred at —20 °C for a further 30 min, after which
time the mixture was introduced into the reduced resorufamine
solution at —10 °C with the continued passage of hydrogen gas.
After 15 min, hydrogen was no longer admitted, the system
was sealed and the reaction mixture was stirred overnight at
room temperature. The reaction mixture was filtered and solvent
was evaporated under reduced pressure, the residual solid was
dissolved in DCM (50 ml), filtered, and the DCM solution
washed with NaHCO; (5%, 2 x 50 ml) and water (50 ml). The
organic phase was dried (MgSO,), filtered and concentrated to
afford a residue consisting of two products, which was purified
by column chromatography on silica, eluting with petrol-ethyl
acetate (6 : 4), to give 7-N-(N-'Boc-B-alanyl)amino-2-chloro-
I-pentylphenoxazin-3-one 26b (as the first spot) as an orange
solid (0.12 g) mp 226-227 °C; (found: MH", 488.1942. Calc. for
C,sH;, CIN;O; MH, 488.1945); v« (KBr)/cm™' 3388 (NH), 3269
(NH), 1699 (C=0), 1603 (C=0), 1577 (C=C); oy (300 MHz,
DMSO0-d¢) 0.89 (3H, t, J = 6.8 Hz, 5-CH,), 1.38 (13H, m, 3'-CH,,
4-CH,, C(CH,)), 1.59 (2H, m, 2’-CH,), 2.56 (2H, t, J = 6.8 Hz,
NHCH,CH,CO), 3.00 (2H, m, 1'-CH,), 3.25 (2H, q, J = 6.8 Hz,
NHCH,CH,CO), 6.40 (1H, s, H-4), 6.93 (1H, d, J = 4.95 Hz,
NH), 7.52 (1H, d, J = 8.4 Hz, H-8), 7.79 (1H, d, J = 8.2 Hz,
H-9), 7.93 (1H, s, H-6), 10.60 (1H, br, ArNH); d. (75.5 MHz,
DMSO0-d,) 14.6 (CH;, C-5), 22.6 (CH,, C-4), 28.4 (CH,, C-2)),
28.5 (CH,, C-1"), 29.1 (3 x CH;), 32.0 (CH,, C-3), 37.1 (CH,),
37.9 (CH,), 78.55 (quat.), 105.3 (CH, C-4), 108.2 (CH, C-6), 117.5
(CH, C-8), 129.6 (quat., C-7), 131.9 (CH, C-9), 136.7 (quat., C-2),
142.9 (quat., C-1), 143.65 (quat., C-9a), 144.5 (quat., C-5a), 145.1
(quat., C-10a), 149.6 (quat., C-4a), 156.4 (C=0), 171.4 (C=0),
187.8 (C=0, C-3).
7-N-(N-'Boc-B-alanyl)amino-1-pentylphenoxazin-3-one  26a
(second spot) was obtained as an orange solid (0.11 g) mp
212.5-214.0 °C; (found: MH*, 454.2330. Calc. for C,sH;;,N;Os:
MH, 454.2334); v, (KBr)/cm™' 3379 (NH), 3265 (NH), 1703
(C=0), 1647 (C=0), 1612 (C=0), 1591 (C=C); dy (300 MHz,
CD;0OD) 0.96 (3H, t, J = 7.0 Hz, 5-CH;), 1.29-1.44 (15H,
m, 2’-CH,, 3'-CH,, 4-CH,, C(CH,),), 2.63 (2H, t, J = 6.6 Hz,
NHCH,CH,CO), 2.91 (2H, t, J/ = 8.0 Hz, 1'-CH,), 3.43 2H, t, J
= 6.7 Hz, NHCH,CH,CO), 6.26 (1H, d, J = 2.1 Hz, H-4), 6.68
(1H, d, J = 2.1 Hz, H-2), 7.50 (1H, dd, J = 8.7 and 2.3 Hz, H-8),
7.81 (1H, d, J = 8.8 Hz, H-9), 8.01 (1H, d, J = 2.1 Hz, H-6); J.
(75.5 MHz, CD;0D) 14.4 (CH;, C-5), 22.85 (CH,, C-4), 28.8
(C(CH;)s), 29.1 (CH,, C-2)), 30.0 (CH,, C-1"), 32.0 (CH,, C-3),
37.1 (CH,), 37.9 (CH,), 78.55 (quat.), 106.25 (CH, C-4), 106.4
(CH, C-6), 116.7 (CH, C-8), 129.75 (quat., C-7), 131.3 (CH, C-9),
131.75 (CH, C-2), 142.4 (quat., C-1), 144.9 (quat., C-9a), 146.8
(quat., C-5a), 147.65 (quat., C-10a), 150.4 (quat., C-4a), 157.3
(carbamate C=0), 172.25 (amide C=0), 184.7 (C=0, C-3).

General procedure for the peptide coupling of
7-aminophenoxazin-3-ones 6c¢,d

The 7-aminophenoxazin-3-one 6¢,d (0.4 mmol) was dissolved in
dry DMF (5 ml) and 5% Pd/C (0.010 g) was added to the solution.
The flask was placed in a hydrogenator at room temperature and
an atmosphere of hydrogen was maintained while the reaction
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mixture was stirred for 1 hour. The completion of the reduction
was indicated by the replacement of the deep purple colour of
the solution by a greyish-green colour. In a separate flask, N-
‘Boc-B-alanine (0.089 g, 0.47 mmol), HOBt (0.072 g, 0.47 mmol),
and DIC (0.07 ml, 0.47 mmol) were dissolved in dry DCM
(5 ml) and the resulting mixture was stirred at room temperature
for 1 hour. After this period, the contents of the second flask
were introduced into the first flask (which contained the reduced
form of 7-aminophenoxazin-3-one) via syringe, under an inert
atmosphere. The mixture was stirred for a further 20 hours at
room temperature then filtered through celite and the solvent
evaporated under reduced pressure. The residue was redissolved
in ethyl acetate (20 ml), the organic layer was washed with 1 M
HCI (20 ml), 10% Na,CO; (20 ml) and water (20 ml). The organic
solution was dried over MgSQO,, filtered and evaporated under
reduced pressure to give a residue, which was purified by column
chromatography using light petroleum (60-80 °C)—ethyl acetate
(30 : 70) as eluent.

7-N-(N-'Butoxycarbonyl-$-alanyl)amino-1,2-dimethylphenoxazin-
3-one 26¢

Prepared from 7-amino-1,2-dimethylphenoxazin-3-one 6¢
(0.110 g, 0.4578 mmol). 7-N-(N-'Butoxycarbonyl-f-alanyl)amino-
1,2-dimethylphenoxazin-3-one 26¢ was obtained as a brown-red
solid (0.104 g, 55%); mp 222-223 °C (decomp.); (found: MH*,
412.1871. Calc. for C,,H,N;O5: MH, 412.1867); v,y (KBr)/cm™"
3341, 3272 (NH), 1705, 1689 (C=0), 1616 (C=C), 1253 (C-0);
oy (300 MHz; DMSO-d;) 1.38 (9H, s, C(CH.),), 2.06 (3H, s,
CH,), 2.36 (3H, s, CH;), 2.53-2.55 (2H, m, H-2'), 3.22-3.28 (2H,
m, H-3'), 6.22 (1H, s, H-4), 6.88 (1H, br s, NH), 7.48 (1H, dd, J =
8.7 and 2.0 Hz, H-8), 7.75 (1H, d, J = 8.7 Hz, H-9), 7.87 (1H, d,
J = 2.0 Hz, H-6), 10.47 (1H, s, ArNH); o (75 MHz; DMSO-d,)
13.4 (CH;), 13.5 (CH,), 29.1 (CH;, C(CH;)), 37.3 (CH,, C-3),
37.9 (CH,, C-2), 78.5 (quat., C(CH,);), 103.8, (CH), 105.5 (CH,
C-4), 117.0 (CH, C-8), 129.4 (quat., C-7), 131.3 (CH, C-9), 138.4
(quat.), 139.0 (quat.), 143.7 (quat.), 144.9 (quat.), 147.0 (quat.,
C-4a), 150.0 (quat.), 156.3 (quat., carbamate C=0), 171.2 (quat.,
amide C=0), 185.1 (quat., C-3).

7-N-(N-"Butoxycarbonyl-p-alanyl)amino-1,2,4-
trimethylphenoxazin-3-one 26d

Prepared from 7-amino-1,2,4-trimethylphenoxazin-3-one 6d
(0.100 g, 0.39 mmol). 7-N-(N-'Butoxycarbonyl-B-alanyl)amino-
1,2,4-trimethylphenoxazin-3-one 26d was obtained as an orange
solid (0.113 g, 68%); mp 215-216 °C; (found: MH*,426.2025. Calc.
for C,;HysOsN;: MH, 426.2023); v, (KBr)/cm™' 3341 (NH), 1704
(C=0), 1686 (C=0), 1616 (C=C), 1250 (C-0); oy (500 MHz;
DMSO-d;) 1.39 (9H, s, C(CH,);), 1.98 (3H, s, CH,), 2.05 (3H, s,
CH,), 2.31 (3H, s, CH;), 2.55 (2H, t, J/ = 7.0 Hz, H-2'), 3.24-3.28
(2H, m, H-3), 6.92 (1H, t, J = 5.2 Hz, NH), 7.37 (1H, dd, J =
8.7 and 2.1 Hz, H-8), 7.68 (1H, d, J = 8.7 Hz, H-9), 7.91 (1H, d,
J = 2.1 Hz, H-6), 10.43 (1H, s, ArNH); J. (125 MHz; DMSO-
ds) 8.5 (CH,), 13.3 (CHs), 13.7 (CH,;), 29.1 (CH;, C(CHa),), 37.2
(CH,, C-3), 37.9 (CH,, C-2'), 78.5 (quat., C(CH;)), 105.6 (CH,
C-6), 113.1 (quat., C-4), 116.6 (CH, C-8), 129.0 (quat., C-7), 131.0
(CH, C-9), 137.4 (quat.), 138.3 (quat.), 143.3 (quat., C-9a), 145.2

(quat., C-5a), 146.0 (quat., C-4a), 146.8 (quat., C-4a), 156.2 (quat.,
carbamate C=0), 171.1 (quat., amide C=0), 184.7 (quat., C-3).

Deprotection of N-'butoxycarbonyl group

The corresponding N-‘butoxycarbonyl protected compound 26
(0.2 mmol) was dissolved in dry DCM (3 ml) and TFA (1 ml) or
neat TFA (2 ml) was added to the solution. The reaction mixture
was stirred at room temperature until completion of reaction (as
indicated by TLC). The solvent and excess of TFA were evaporated
under reduced pressure and the residue was purified by column
chromatography on silica, using a gradient eluent starting with
light petroleum (60-80 °C)-ethyl acetate (50 : 50 to 0 : 100) and,
finally, ethyl acetate-methanol (90 : 10).

7-N-(p-Alanyl)amino-1-pentylphenoxazin-3-one trifluoroacetate
salt 27a

Prepared from 7-N-(N-'Boc-f-alanyl)amino-1-pentylphenoxazin-
3-one 26a (80 mg, 0.18 mmol) and TFA (2 ml). After work-up, 7-N-
(B-alanyl)amino-1-pentylphenoxazin-3-one trifluoroacetate salt
27a was obtained as a brown solid (80 mg, 97%) mp 215-216 °C;
(found: M*, 354.1798. Calc. for C,)H,,N;O05: M, 354.1812); v
(KBr)/cm™" 3448, 3259 (NH), 1678 (C=0), 1647 (C=0), 1612
(C=0), 1250 (C-0); oy (300 MHz, DMSO-d;) 0.89 (3H, t, J =
6.9 Hz, 5-CHs), 1.16 (4H, m, 3-CH,, 4-CH,), 1.62 (2H, m, 2'-
CH.,), 2.77 (4H, m, I'-CH,,CH,), 3.13 (2H, m, CH,), 6.19 (1H, d,
J=14Hz H-4),6.59 (1H, d, J = 1.4 Hz, H-2), 7.50 (1H, d, J =
8.6 Hz, H-8), 7.8 (1H, d, J/ = 8.7 Hz, H-9), 7.9 (4H, br, H-6, NH;*),
10.82 (1H, br, ArNH); d. (75.5 MHz, DMSO-d;) 14.7 (CH;, C-5),
22.7 (CH,, C-4), 29.1 (CH,, C-2), 29.8 (CH,, C-1"), 31.8 (CH,, C-
3, 34.5 (CH,), 35.5 (CH,), 105.6 (4-CH), 106.0 (CH, C-6), 117.1
(CH, C-8), 122.6 (CH, C-9), 129.4 (quat., C-7), 131.7 (CH, C-2),
143.8 (quat., C-1), 145.2 (quat., C-9a), 146.7 (quat., C-5a), 147.4
(quat., C-10a), 150.85 (quat., C-4a), 170.2 (C=0), 185.9 (C=0,
C-3).

7-N-(p-Alanyl)amino-2-chloro-1-pentylphenoxazin-3-one
trifluoroacetate salt 27b

Prepared from 7-N-(N-'Boc-B-alanyl)amino-2-chloro-1-pentyl-
phenoxazin-3-one 26b (80 mg, 0.18 mmol) and TFA (2 ml). Af-
ter work-up, 7-N-(B-alanyl)amino-2-chloro-1-pentylphenoxazin-
3-one trifluoroacetate salt 27b was obtained as a brown solid
(80 mg, 97%) mp 220-221 °C; (found: M*, 388.1422. Calc. for
CyH,;CIN;O;5: M, 388.1422); v, (KBr)/cm™" 3454, 3265 (NH),
1678 (C=0), 1601 (C=0), 1577 (C=C), 1252 (C-0);dy (300 MHz,
DMSO0-dy) 0.89 (3H, m, 5-CH,;), 1.38 (4H, m, 3'-CH,, 4-CH,),
1.59 (2H, m, 2’-CH,), 2.81 (2H, m, CH,), 3.00 (I'-CH,), 3.14 (2H,
m, CH,), 6.42 (1H, s, H-4), 7.55 (1H, d, J = 7.9 Hz, H-8), 7.82
(1H, d, J = 8.4 Hz, H-9), 7.93 (4H, br, H-6, NH;*), 10.85 (1H, br,
ArNH); 6¢ (75.5 MHz, DMSO-d,) 14.6 (CH,;, C-5'), 22.6 (CH,,
C-4), 28.4 (CH,, C-2)), 29.8 (CH,, C-1"), 32.0 (CH,, C-3), 34.6
(CH,), 35.5 (CH,), 105.4 (CH, C-4), 105.5 (CH, C-6), 117.5 (CH,
C-8), 129.7 (quat., C-7), 132.0 (CH, C-9), 136.8 (quat., C-2), 143.7
(quat., C-1), 144.4 (quat., C-9a), 144.85 (quat., C-5a), 145.1 (quat.,
C-10a), 150.8 (quat., C-4a), 169.8 (C=0), 177.8 (C=0, C-3).
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7-N-(p-Alanyl)amino-1,2-dimethylphenoxazin-3-one
trifluoroacetate salt 27¢c

Prepared from 7-N-(N-'Boc-B-alanyl)amino-1,2-dimethylpheno-
xazin-3-one 26¢ (0.047 g, 0.1138 mmol), dry DCM (3 ml) and
TFA (1 ml). 7-N-(B-Alanyl)amino-1,2-dimethylphenoxazin-3-one
trifluoroacetate salt 27¢ was isolated as a red solid (0.046 g, 95%)
mp 191-192 °C; (found: M*, 312.1338. Calc. for C,;H3sN;0;: M,
312.1343); v, (KBr)/cm™ 3274, 3192, 3111 (NH), 1676 (C=0),
1592 (C=C), 1254 (C-0); dy (300 MHz, CD,OD) 2.01 (3H, s,
CH;), 2.29 (3H, s, CH;), 2.78 (2H, t, J = 6.2 Hz, H-2'), 3.20-3.22
(2H, m, H-3), 6.03 (1H, s, H-4), 7.27 (1H, dd, J = 8.7 and 2.2 Hz,
H-8), 7.55 (1H, d, J = 8.7 Hz, H-9), 7.80 (1H, d, J = 2.2 Hz,
H-6); 6 (125 MHz; CD;0D) 11.8 (CH3), 12.0 (CHj;), 33.1 (CH,),
35.6 (CH,), 104.8 (CH, C-4), 105.8 (CH, C-6), 116.6 (CH, C-8),
129.8 (quat., C-7), 130.8 (CH, C-9), 139.0 (quat.), 139.3 (quat.),
142.8 (quat.), 144.7 (quat.), 146.6 (quat., C-4a), 150.0 (quat.), 169.9
(quat., amide C=0), 186.4 (quat., C-3).

7-N-(p-Alanyl)amino-1,2,4-trimethylphenoxazin-3-one
trifluoroacetate salt 27d

Prepared from 7-N-(N-'Boc-B-alanyl)amino-1,2,4-trimethylphe-
noxazin-3-one 26d (0.081 g, 0.1897 mmol). 7-N-(B-Alanyl)amino-
1,2,4-trimethylphenoxazin-3-one trifluoroacetate salt 27d was iso-
lated as a red solid (0.080 g, 96%) mp 217-219 °C (decomp.);
(found: M*, 326.1506. Calc. for C,sHyN;O;: M, 326.1499); v,
(KBr)/cm™" 3328, 3108 (NH), 1701 (C=0), 1686 (C=0), 1578
(C=0), 1207 (C-0); 4, (300 MHz; DMSO-d;) 1.96 (3H, s, CH}),
2.04 (3H, s, CH;), 2.30 (3H, s, CH3), 2.76-2.81 (2H, m, H-2),
3.11-3.16 (2H, m, H-3'), 7.38 (1H, dd, J = 8.7 and 2.2 Hz, H-3),
7.69 (1H, d, J = 8.7 Hz, H-9), 7.86 (3H, br s, NH,"), 7.88 (1H, d,
J = 2.2 Hz, H-6), 10.69 (1H, s, ArNH); . (75 MHz; DMSO-d,)
7.6 (CHs), 12.4 (CH;), 12.8 (CHs;), 33.5 (CH,), 34.7 (CH,), 104.9
(CH, C-6), 112.3 (quat., C-4), 115.7 (CH, C-8), 128.3 (quat., C-7),
130.2 (CH, C-9), 136.5 (quat.), 137.5 (quat.), 142.0 (quat.), 144.3
(quat.), 145.1 (quat., C-4a), 146.2 (quat., C-10a), 169.1 (quat.,
amide C=0), 183.9 (quat., C-3).

7-N-(L-Alanyl)amino-1-pentylphenoxazin-3-one trifluoroacetate
salt 29a

Prepared from 7-N-(N-'Boc-L-alanyl)amino-1-pentylphenoxazin-
3-one 28a (80 mg, 0.18 mmol) and TFA (2 cm?®). After work-
up, 7-N-(L-alanyl)amino-1-pentylphenoxazin-3-one trifluoroac-
etate salt 29a was obtained as a brown solid (80 mg, 97%) mp
168-170 °C; (found: C, 56.5; H, 5.15; N, 9.0. C,,HF;N;0;
requires C, 56.5; H, 5.2; N, 9.0%) (found: M*, 354.1809. Calc.
for C,HyuN;O;: M, 354.1812); [a]® +145° (¢ 0.06, MeOH); vy,
(KBr)/cm™' 3452 (NH), 3276 (NH), 1682 (C=0), 1645 (C=0),
1585 (C=C), 1250 (C-0O); éy4 (300 MHz, CD,0D) 0.84 (3H, t, J
= 6.9 Hz, 5-CH,), 1.31 (4H, m, 3-CH,, 4-CH,), 1.55 3H, d, J
= 7.05 Hz, ala-CHj;), 1.58 (2H, m, 2'-CH,), 2.76 (2H, m, 1’-CH,),
4.05 (1H, m, CH,), 6.09 (1H, d, J = 2.1 Hz, H-4), 6.53 (1H, d, J
= 2.1 Hz, H-3), 7.41 (1H, dd, J = 8.7 and 2.2 Hz, H-8), 7.68 (1H,
d,J =8.7Hz, H-9), 7.83 (1H, d, J/ = 2.2 Hz, H-6); . (75.5 MHz,
CD;0D) 13.2 (5-CH,), 16.4 (ala-CHj;), 22.35 (4-CH,), 29.1 (2-
CH,), 29.7 (I'-CH,), 31.7 (3-CH,), 50.2 (CH), 105.4 (CH, C-4),
106.4 (CH, C-6), 117.2 (CH, C-8), 130.2 (quat., C-7), 131.1 (CH,
C-9), 131.3 (CH, C-2), 142.75 (quat., C-1), 145.1 (quat., C-9a),

146.7 (quat., C-5a), 148.5 (quat., C-10a), 151.05 (quat., C-4a),
168.9 (C=0), 187.3 (C=0, C-3).

7-N-(L-Alanyl)amino-2-chloro-1-pentylphenoxazin-3-one
trifluoroacetate salt 29b

Prepared from 7-N-(N-'Boc-L-alanyl)amino-2-chloro-1-pentyl-
phenoxazin-3-one 28b (0.10 g, 0.21 mmol) and TFA (2 cm?). Af-
ter work-up, 7-N-(L-alanyl)amino-2-chloro-1-pentylphenoxazin-
3-one trifluoroacetate salt 29b was obtained as a brown solid
(0.095 g, 92%) mp >290 °C; (HRMS found: M*, 388.1422. Calc.
for CHy;CIN;O;: M, 388.1422), [a]d +100° (¢ 0.07, MeOH); vy
(KBr)/cm™ 3452 (NH), 3276 (NH), 1682 (C=0), 1645 (C=0),
1583 (C=C), 1250 (C-0); dx (300 MHz, CD,0OD) 0.85 (3H, t,
J = 6.8 Hz, 5-CH;), 1.31 (4H, m, 3-CH,, 4-CH,), 1.47 (2H,
m, 2’-CH,), 1.56 (3H, d, J = 6.8 Hz, ala-CHj;), 2.98 (2H, m, 1’-
CH,), 4.05 (1H, q, J = 6.9 Hz, CH,), 6.17 (1H, s, H-4), 7.36
(1H, d, J = 7.6 Hz, H-8), 7.64 (1H, d, J = 8.7 Hz, H-9), 7.89
(1H, s, H-6); dc (75.5 MHz, CD;0D) 13.3 (5-CH,;), 16.4 (ala-
CH,), 22.4 (4-CH,), 28.0 (2-CH,), 28.2 (I'-CH,), 32.0 (3-CH,),
50.2 (CH), 104.85 (CH, C-4), 106.0 (CH, C-6), 117.3 (CH, C-
8), 130.1 (quat., C-7), 131.4 (CH, C-9), 136.8 (quat., C-2), 143.3
(quat., C-1), 144.0 (quat., C-9a), 144.8 (quat., C-5a), 144.9 (quat.,
C-10a), 150.2 (quat., C-4a), 169.0 (C=0), 178.8 (C=0, C-3).

Columbia agar solution preparation

Gram-positive and Gram-negative bacteria were cultured on
Columbia agar. 1 Litre of Columbia agar was prepared as follows;
Columbia agar (41 g) was dissolved by boiling in distilled water
(11). The solution was then autoclaved at 116 °C for 10 min and
left to cool at 50 °C.

Media preparation

The substrates to be tested were initially dissolved in DMSO or
distilled water to give solutions of 10 mg ml™'. The substrate
solutions were incorporated into Columbia agar solution (200 ml)
and added to sterile plates to give final concentrations of 50 mg
I"!. Columbia agar alone was used as a growth control. Solidified
plates were surface dried in a warm air cabinet for 5 min.

Bacterial suspension preparation

Bacterial strains were obtained from the National Collection of
Type Cultures (NCTC), Colindale, U.K., the American Type Cul-
ture Collection (ATCC), Cockeysville, USA, or were isolated from
clinical samples (wild strains) at the Microbiology Department of
the Freeman Hospital, Newcastle-upon-Tyne, U.K.

McFarland tubes were labelled with numbers corresponding to
the bacterial code on the plates. Sterile distilled water (2 ml) was
added to each tube. Each bacterium was inoculated into the tube
using a sterile loop. A densitometer was used to adjust the turbidity
to 0.5 McFarland units (1.5 x 10* organisms per ml).

Multipoint inoculation

Each bacterial suspension (200 pl) was pipetted into the corre-
sponding tubes of a multipoint inoculator. Each set of plates
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received 1 ul of bacterial suspension, giving 1.5 x 10° organisms
per spot on each inoculation. Twenty strains were inoculated per
plate and the plates were incubated for 24 and 48 hours at 30 °C,
and 24 and 48 hours at 37 °C.

Activity determination

The activity of the test substrates was determined by the develop-
ment of red, pink, purple or orange colonies after incubation. The
control plate was first taken for each substrate tested and examined
for growth and colour. Each test plate was then compared to the
control and the presence of red, pink, purple or orange colour
was considered as positive evidence for the hydrolysis of the
substrate by alanyl aminopeptidase; no colour or a pale yellow
was considered as negative.
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Synthesis of 1,2,3-triazole and 1,2,3,4-tetrazole-fused glycosides and
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Various 1,2,3-triazole and 1,2,3,4-tetrazole fused multi-cyclic compounds were synthesized from
carbohydrate derived azido-alkyne and azido-cyanide substrates. The acid sensitive
1,2-O-isopropylidene group of the furanosyl sugar was utilized for diversification to glycosides and
nucleosides under Fischer glycosidation and Vorbruggen’s conditions, respectively.

In the post-genomic era, small molecules are anticipated to play
interesting roles in elucidating and understanding biosynthetic
pathways.! Typically, biological screening by high-throughput
techniques involves testing large collections of small molecule
libraries that are arrayed into micro titer plates.? In this regard,
combinatorial ways of synthesizing small molecules facilitated the
synthesis of large numbers of compounds using either solution or
solid phase methods.* A recent chemo-informative data mining
study to address lacunae in drug discovery programs showed
drastic differences between compounds from natural sources,
semi-synthetic, combinatorial and drug classes under various
descriptors such as molecular weight, number of chiral centers,
number of oxygen atoms, number of nitrogen atoms etc.* For
example, several compounds from the natural products class
revealed that natural products have greater numbers of oxygen
atoms and chiral centers than the corresponding combinatorial
products thereby highlighting the significance of synthesizing
small molecules that are chiral, oxygen-rich and multi-cyclic for
enhanced efficiency in the identification of hit molecules.*

We recently hypothesized that structurally, stereochemically and
skeletally diverse small molecules® can be synthesized from carbo-
hydrate precursors using various metal mediated reactions such as
the Pauson—Khand reaction, enyne metathesis, cycloaddition and
Au-mediated cyclization.® Our search for efficient and versatile
reactions converged on Huisgen’s 1,3-dipolar cycloaddition” not
only due to the efficiency but also the enticing presence of 1,2,3-
triazole and 1,2,3,4-tetrazole moieties in various small molecule in-
hibitors (Fig. 1) exhibiting a broad spectrum of biological activity®
including anti-HIV,* anti-allergic,® anti-bacterial,® herbicidal,®
fungicidal® and anti-haemagglutination activity.®

1,2,3-Triazoles can be conveniently synthesized from azido-
alkynes as regioisomeric mixtures of 1,4- and 1,5-substituted
triazoles adopting Huisgen’s 1,3-dipolar cycloaddition reaction
conditions.” Under this premise, we envisaged that triazole and
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i Electronic supplementary information (ESI) available: General ex-
perimental details and 'H, *C and DEPT NMR spectra. See DOI:
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Fig. 1 Representative examples of small molecule inhibitors with a
1,2,3-triazole and 1,2,3,4-tetrazole moiety.

tetrazole-fused oxygen-rich small molecules® can be synthe-
sized by an intramolecular 1,3-dipolar cycloaddition of azido-
alkyne/nitrile bearing monosaccharides.* As part of a major
research program on utilization of carbohydrate-based scaffolds
for the synthesis of structurally diverse, chiral, oxygen-rich and
polycyclic small molecules,® we became interested in the synthesis
of 1,2,3-triazole and 1,2,3,4-tetrazole fused glycosides and nucleo-
sides. Thus, forward synthetic analysis revealed an intramolecular
Huisgen reaction’ on carbohydrate-derived azido-alkyne and
azido-nitrile as a key step that would give access to 1,2,3-triazole
and 1,2,3,4-tetrazole-fused scaffolds, respectively, embedded with
an acid sensitive 1,2-O-isopropylidene group that can be further
extrapolated to corresponding glycosides and nucleosides. In this
full Article [preliminary report: ref. 6a], we report the efficient
synthesis of 1,2,3-triazole and 1,2,3,4-tetrazole fused glycosides
and nucleosides via an intramolecular 1,3-dipolar cycloaddition of
carbohydrate derivatives, which are accessible from aldopentoses.

To commence our investigation, the carbohydrate-derived azido
substrate for the intramolecular 1,3-dipolar cycloaddition was
prepared by an Sy2 displacement reaction of the corresponding
tosylate with NaN;.** For example, xylofuranosyl diol 1 was
reacted with p-toluenesulfonyl chloride in the presence of pyridine
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at 0 °C for 10 h in order to obtain the 5-OTs derivative (2) in
91% yield, which was then treated with NaN; in DMF at 90 °C
to give 1,2-O-isopropylidene-5-azido-5-deoxy-xylofuranose (3) in
95% yield. The lone 3-OH group of azide 3 was converted to azido-
alkyne 4 and azido-cyanide 5 by reacting with propargyl bromide—
NaH and chloroacetonitrile-NaH respectively (Scheme 1).1

O e T

HO 0O HO O~
—C =\ J —e . N A
\o 4(‘)OA< \_J\’o 6()%<
o o
g NN .
L

16
o ok
5

N.
f N“ N

/6
o o
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Scheme 1 Synthesis of 1,2,3-triazole and 1,2,3,4-tetrazole containing
tetracyclic compounds. Reagents: (a) p-TsCl, pyridine, 0 °C-rt, 10 h, 91%;
(b) NaN;, DMF, 90 °C, 8 h, 95%; (c) NaH, propargyl bromide, DMF,
0 °C-rt, 2 h, 93%; (d) NaH, CICH,CN, DMF, 0 °C-rt, 3 h, 65%; (e)
toluene, 120 °C, 2 h, 95%; (f) toluene, 140 °C, 24 h, 55%.

The crucial 1,3-dipolar cycloaddition reaction was performed
by heating a toluene solution of the azido-alkyne 4 to 100 °C
for 2 h and the resultant 1,2,3-triazole product (6) precipitated
out as a white solid upon cooling to room temperature. In the
'H NMR spectrum of compound 6, the olefinic proton was
identified at  7.49 ppm as a singlet and the anomeric proton
was observed at 5.77 (d, J = 3.9 Hz). Furthermore, the *C
NMR spectrum of 6 revealed two olefinic carbons at ¢ 134.8 and
132.1 ppm and all other resonances were in complete agreement
with the assigned structure.’ During our investigation, formation
of compound 6 was reported by Tripathi et al. starting from a
similar starting material.® The spectral data of Tripathi et al. did
not correlate with our data. Meanwhile, the tetracyclic compound
6 was crystallized by slow evaporation from light petroleum (60—
80 °C) and CH,Cl,.* The single crystal X-ray structure confirmed
the structural authenticity and relative stereochemistry of the
1,2,3-triazole fused tetracyclic compound 6.5%!

Alternatively, azide 3 was treated with chloroacetonitrile-NaH
to obtain azido-cyanide 5 in 65% yield. In the IR spectrum of
compound 5, the stretches corresponding to -CN and —N; were
identified at 2254 and 2104 cm™', respectively, along with all other
NMR spectral data in complete agreement with the assigned
structure. The critical cycloaddition reaction was carried out by
heating a solution of azido-cyanide 5 in toluene at 140 °C for 24 h.
In the '"H NMR spectrum of 1,2,3,4-tetrazole fused tetracyclic
compound 7, resonances corresponding to the anomeric proton
were observed at § 5.90 (d, J = 3.61 Hz); the *C NMR spectrum
revealed an olefinic carbon atd 154.6 ppm and the DEPT spectrum
confirmed that the olefinic carbon was quaternary.’ Tetrazole 7
was crystallized by slow evaporation of a chloroform solution and
was subjected to X-ray structure determination and as evident
from the ORTEP diagram, the structural as well as the relative
stereochemical authenticity was confirmed (Fig. 2).1%11

Furthermore, we envisioned that the 1,2-O-isopropylidene
group of the tetracyclic compounds 6 and 7 could be utilized

Fig. 2 ORTEP diagram of compound 7. Ellipsoids are drawn at 50%
probability. ORTEP diagram of compound 12c. Ellipsoids are drawn at
50% probability.

for introducing diversity leading to the synthesis of glycosides
and nucleosides. Glycosides can be synthesized stereoselectively
yet we opted for the non-diastercoselective glycosylation in the
presence of mineral acid since the diastereomeric products add to
the stereochemical diversity of the resulting library."?
Accordingly, 1,2,3-triazole- and 1,2,3,4-tetrazole-fused tetra-
cyclic compounds were treated with isopropyl, allyl and homo-
propargyl alcohols in the presence of a catalytic amount of sulfuric
acid at 70-80 °C for 4-8 h to obtain a, B-glycosides (8a, 8b, 8¢,
9a, 9b and 9¢) which were easily separated by simple column
chromatography except for 9¢ (Scheme 2). The ratio of o, B was

o N o OR
. ROH,14-Dioxane N /\5_7'—, + N° \N/\Sj
: ! /Rt Ty »
X,@ Cone. H;S04 (cat) X’&o oH X’&,o OH
o i
X=CH 8 X=CH
7 X=N 8 X=N
Entry C;Trzck;l::d X R :xa:tﬁio Time (h)  Yield (%)
1 ga  CH i~ 1:2 6 8
5 8b CH N 2:3 8 76
3 8¢ CH 3/\/// 1:2 8 80
4 9a N §_< 23 5 %0
5 9b N N 1:2 4 93
6 % N s/\/// 1:3 4 95

Scheme 2 Synthesis of 1,2,3-triazole and 1,2,3,4-tetrazole fused

glycosides.
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calculated by integrating characteristic signals in the '"H NMR
spectrum and thoroughly confirmed by means of '"H and *C NMR
spectral data. In the *C NMR spectrum, anomeric carbons were
observed at 6 106-108 ppm for 1,2-trans (B-) glycosides and at &
99-101 ppm for 1,2-cis (0-) glycosides.*

Further stereoselective synthesis of nucleosides from tetracyclic
compounds 6 and 7 was achieved by adopting Vorbriiggen’s
protocol.”® Thus, initially, the 1,2-O-isopropylidene group of 6 and
7 was cleaved using a catalytic amount of concentrated sulfuric
acid in the presence of H,O to obtain a diol and subsequently
acetylated in the presence of acetic anhydride and pyridine to
get the diacetate (10 and 11), which was then subjected to
Vorbriiggen’s conditions (HMDS-TMSCI-TfOH in CH;CN) by
treating with nucleobases such as uracil, thymine, N°-benzoyl
adenine and 6-chloro-2-amino purine to obtain B-configured
nucleosides (12a, 12b, 12¢, 12d and 13a, 13b, 13¢, 13d) in moderate
yields (Scheme 3). The structures of all the nucleosides were
thoroughly confirmed by 'H, *C NMR and other spectroscopic
techniques. Furthermore, an acetonitrile solution of nucleoside
12¢ was subjected to slow evaporation in order to get single crystals
for X-ray structure analysis. The molecular structure of 12¢ was
unambiguously confirmed (ORTEP diagram, Fig. 3) as well as the
relative stereochemistry of the C-1 position.*!*

1. Conc. HpS0, (cat.) o o B

- Dioxane-H,0, 60 °C N \N/\S_?,AOAC Nucleobase, HMDS N"N‘N
" 27A%,0, pyridine x=_ ¢ TIOH, CHoCN, THSCI 5=
rt O OAc rt.-85°C O OAc
10 X=CH 12 X=CH
11 X=N 13 X=N
Compound Time Overall
Entry Number X B inh % Yield
cl
1 12a CH NSN 8 45
¢ g
N7">N">NH,
NHBz
2 12b CH NN 8 40
< 1y
NN
o
3 12¢ CH {NH 8 50
nSo
4 12d CH HsC e 10 35
N""0
cl
5 13a N N SN 7 35
<« 1
NT>N" NH,
NHBz
6 13b N NN 10 45
< )
NTN
o
7 13¢ N fLNH 8 45
nSo
o
8 13d N HaC\E‘LNH 8 38
nSo

Scheme 3 Synthesis of 1,2,3-triazole and 1,2,3,4-tetrazole fused
nucleosides.

In conclusion, we have investigated the 1,3-dipolar cycload-
dition of azido-alkynes and azido-nitriles in an intramolecular
fashion to develop routes for various 1,2,3-triazole and 1,2,3,4-

Fig. 3 ORTEP diagram of compound 12¢. Ellipsoids are drawn at 50%
probability.

tetrazole fused glycosides and nucleosides in an efficient manner.
We anticipate that the heterocycle-sugar hybrid molecules will
have interesting biological activities reminiscent of the existing
triazole and tetrazole class of compounds.

Experimental section
General experimental procedure for 1,3-dipolar cycloaddition

A solution of azido-alkyne or azido-nitrile (1 mmol) in 10 mL
of toluene was heated to 100 °C for 1,2,3-triazole formation and
140 °C for 1,2,3,4-tetrazole formation for an appropriate length
of time and cooled to room temperature. The separated solid was
filtered off and crystallized by a slow evaporation technique.

General experimental procedure for the synthesis of glycosides

To a solution of compound 6 or 7 (2 mmol), anhydrous 1,4-dioxane
(10 mL) and ROH (4 mmol) was added a catalytic amount of conc.
H,SO, and the solution was heated to 70 °C until TLC analysis
confirmed the disappearance of starting material (typically 4—
8 h). The reaction mixture was then neutralized by addition of
saturated aq. NaHCO; solution, diluted with water and extracted
with ethyl acetate. The organic layer was washed with water
(2 x 25 mL), brine solution (1 x 25 mL), dried over anhydrous
Na,S0,, concentrated in vacuo and subjected to silica gel column
chromatography to afford a- and B-glycosides.

General experimental procedure for the nucleoside synthesis

To a solution of diacetate (2 mmol) and nucleobase (2 mmol) in
anhydrous acetonitrile (15 mL) were added HMDS (2.4 mmol),
chlorotrimethylsilane (2.8 mmol) and triflic acid (2.4 mmol)
consecutively under an argon atmosphere. The reaction mixture
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was stirred at room temperature for 30 min and refluxed under
argon for the specified time. The reaction mixture was then cooled
to room temperature, diluted with ethyl acetate (200 mL), washed
with a saturated solution of ag. NaHCO; (25 mL), water (2 x
25 mL) and brine solution (25 mL). The aqueous layer was
extracted with ethyl acetate (2 x 25 mL), combined organic
extracts were dried over anhydrous Na,SO, and concentrated in
vacuo to obtain a crude residue which was purified by silica gel
column chromatography using ethyl acetate and light petroleum
as the mobile phase.

Compound characterization data of compound 4.

0)

4

[a]o (CHCI;, ¢ 1.04) = —44.32°; IR (cm™') = 3282, 2102; '"H NMR
(CDCl;,200.13MHz):0 1.30,1.48 (6 H,25),2.48(1H,t,J2.4Hz),
3.51 (2H,dt, J6.8,12.6 Hz), 4.07 (1 H, d, J 3.3 Hz), 422 (2 H,
t,J2.7Hz),4.30 (1 H,m),4.62 (1 H,d, J 3.8 Hz),5.89 (1 H,d, J
3.8 Hz); "C NMR (CDCl;, 50.32 MHz): ¢ 26.2, 26.7, 49.2, 57.4,
75.4, 78.6, 78.7, 81.2, 82.0, 105.0, 111.9; CHN Anal. (Calcd for
C H;sN;O4 as C, 52.17; H, 5.97; N, 16.59). Found C, 52.57; H,
6.39; N, 16.82%.

Compound characterization data of compound 5.

0
N /6
AN 0

5

Mp 208 °C; [a]p, (CHCI;, ¢ 1.01) = —83.17°; IR (cm™') = 2254,
2104; '"HNMR (CDCl;, 200.13 MHz): 6 1.33,1.51 (6 H, 2 5), 3.54
(2H,ddd,J6.7,12.5,19.1 Hz),4.05(1 H,d, J 3.3),4.30-4.41 (3H,
m), 4.65 (1 H, d, J 3.8), 5.93 (1 H, d, J 3.8); "C NMR (CDCl,,
50.32 MHz): 6 26.1, 26.6, 48.7, 55.5, 78.1, 81.4, 83.3, 104.9, 112.3,
127.5; CHN Anal. (Calcd for C,(H;,N,O, as C, 47.24; H, 5.55; N,
22.04). Found C, 47.59; H, 6.04; N, 22.28%.

Compound characterization data of compound 6.

Mp 200 °C; [a]p (CHCl,, ¢ 1.28) = —7.31°; IR (cm™"): 1461, 1379;
'"H NMR (CDCl;, 200 MHz): 6 1.27, 1.46 (6 H, 2 s), 4.22 (1 H,
d, J2.1Hz),439 (1 H,m),449 (1 H,d, J 3.6 Hz), 458 (1 H,
d, J 147 Hz), 4.69 (1 H, dd, J 15.2, 24 Hz), 492 (1 H, d, J
14.7 Hz), 5.11 (1 H, dd, J 5.6, 15.5 Hz), 5.77 (1 H, d, J 3.6 Hz),
7.49 (1 H, s); *C NMR (CDCl;, 50 MHz): 6 26.0, 26.6, 48.00, 60.6,
74.2,83.8,84.4,104.7,111.9, 132.1, 134.8; CHN Anal. (Calcd for
C, H;sN;O, as C, 52.17; H, 5.97; N, 16.59). Found C, 51.97; H,
5.46; N, 16.67%.

Compound characterization data of compound 7.
0.
N”N N /\SJ:
N= ‘0
N/K,O o_l<

7

Mp 208 °C; [a], (CHCL, ¢ 1.16) = —12.24°; '"H NMR (CDCl,
200.13 MHz): 6 1.33,1.51 (6 H, 25), 4.28 (1 H, d, J 2.8 Hz), 4.61
(1 H, dd, J 3.2, 6.2 Hz), 4.65 (1 H, d, J 3.8 Hz), 4.79 (1 H, dd,
J 3.4, 14.6 Hz), 5.03 (1 H, dd, J 14.8, 6.2 Hz), 5.06 (2 H, ABq,
J 15.8 Hz), 5.90 (1 H, d, J 3.6 Hz); *C NMR [DMSO-d,, 50.32
MHz): 5 26.1,26.6,46.4,59.4,72.9,83.4,84.0,104.1, 111.4, 154.6;
CHN Anal. (Caled for C,\H;4,N,O, as C, 47.24; H, 5.55; N, 22.04).
Found C, 47.44; H, 5.74; N, 22.38%.

Compound characterization data of compound 8aao.

N. o
NN .
EgsN

8aa

Mp = 110 °C; [a]p (CHCL, ¢ 1.09) = +52.84°; 'H NMR (CDCl,,
200.13 MHz): 6 1.11 3H, d, J 6.3 Hz), 1.16 3 H, d, J 6.3 Hz),
2.91 (1 H, bs), 3.92 (1 H, ddd, J 6.2, 12.4, 18.6 Hz), 4.11 (2 H, m),
4.45 (2 H, m), 4.78 (1 H, dd, J 3.8, 13.0 Hz), 4.92 (2 H, ABq, J
16.0 Hz), 5.07 (1 H, d, J 3.9 Hz), 7.39 (1 H, s); *C NMR (CDCl,,
50.32 MHz): 6 21.7, 23.3, 48.5, 64.0, 71.0, 75.1, 76.8, 86.6, 99.3,
130.6, 134.1; CHN Anal. (Caled for C,;H;;N;0, as C, 51.76; H,
6.71; N, 16.46). Found C, 52.09; H, 6.97; N, 16.10%.

Compound characterization data of compound 8ap.

Mp =92-94°C;[a]p, (CHCl;, ¢ 1.22) = —86.39°; '"HNMR (CDCl;,
200.13 MHz): 6 1.12 (3 H, d, J 6.3 Hz), 1.15(3H, d, J 6.3 Hz),
2.75 (1 H, bs), 3.88 (1 H, m), 4.08 (1 H, d, J 5.7 Hz), 4.27 (1 H,
s), 4.71 (3 H, m), 4.94 (2 H, Abq, J 16.0 Hz), 5.02 (1 H, bs), 7.38
(1 H, s); *C NMR (CDCl,, 50.32 MHz): 6 21.3, 23.2, 49.6, 64.4,
70.0, 78.7, 80.8, 86.8, 106.5, 130.2, 134.1; CHN Anal. (Calcd for
C, H;;N;0, as C, 51.76; H, 6.71; N, 16.46). Found C, 51.51; H,
6.39; N, 16.25%.

Compound characterization data of compound 8ba.

O OH
8ba

[alo (CHCL,, ¢ 1.11) = +43.24°; '"H NMR (CDCl;, 200.13 MHz):
0 2.50 (1 H, bs), 3.72 (1 H, m), 4.03-4.35 (4 H, m), 4.35-4.94 (3 H,
m), 5.07 (1 H,d, J 44 Hz), 5.15-5.36 (3 H, m), 5.91 (1 H, m), 7.45
(1 H, s); "C NMR (CDCl;, 50.32 MHz): § 48.4, 63.9, 68.8, 75.1,
76.7, 86.3, 100.0, 117.8, 130.5, 133.2, 134.1; CHN Anal. (Calcd
for C;,H;sN;0, as C, 52.17; H, 5.97; N, 16.59). Found C, 52.67; H,
6.08; N, 15.98%.
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Compound characterization data of compound 8bp.

8bp

Mp = 110 °C; [a], (CHCL, ¢ 1.17) = —79.83°; 'H NMR (CDCl,,
200.13 MHz): 6 3.29 (2 H, m), 3.92-4.28 (3 H, m), 4.40 (1 H, s),
4.52-4.96 (3 H, m), 5.06 (1 H, s), 5.10-5.45 (3 H, m), 5.90 (1 H, m),
7.43 (1 H, s); *C NMR (CDCl,, 50.32 MHz): § 49.5, 64.5, 68.5,
79.2, 80.8, 86.8, 107.5, 117.6, 130.3, 133.6, 134.0; CHN Anal.
(Caled for C,,H;sN,0, as C, 52.17; H, 5.97; N, 16.59). Found C,
51.94; H, 6.30; N, 16.69%.

Compound characterization data of compound 8ca.

Nog~°
N@ o/
O OH
8ca
[a]lo (CHCI;, ¢ 1.02) = +43.53°; IR (cm™') = 3292; '"H NMR
(CDCl;, 200.13 MHz): 6 1.95 (1 H, t, J 2.6 Hz), 2.31 (1 H, bs),
247 (2 H, dt, J 2.6, 6.5 Hz), 3.64 (1 H, m), 3.85 (1 H, m), 4.20
(2 H, m), 4.48-4.90 (3 H, m), 4.96 (2 H, ABq, J 15.7 Hz), 5.04
(1H,d,J=4.2Hz),7.42(1 H, s); *CNMR (CDCl;, 50.32 MHz):
0 19.8, 48.5, 64.1, 66.4, 69.8, 75.4, 77.0, 80.6, 86.4, 101.0, 130.7,
134.1; CHN Anal. (Calcd for C,,H,sN;0, as C, 54.33; H, 5.70; N,
15.84). Found C, 54.57; H, 5.98; N, 15.41%.

Compound characterization data of compound 8cp.

[alo (CHCI;, ¢ 1.07) = —67.85°; IR (cm™') = 3286; 'H NMR
(CDCl,, 200.13 MHz): 6 1.96 (1 H, t, J 2.6 Hz), 2.45 2 H, dt, J
2.8, 6.8 Hz), 3.52-3.90 (3 H, m), 4.01-4.25 (1 H, m), 4.37 (1 H,
s), 4.50-4.91 (3 H, m), 498 (2 H, ABq, J 15.8 Hz), 5.02 (1 H, s),
7.40 (1 H, s); *C NMR (CDCl,, 50.32 MHz): § 19.7, 49.5, 64.6,
66.2, 69.7, 75.4, 79.4, 80.8, 86.7, 108.6, 130.4, 134.0; CHN Anal.
(Calcd for C,H5sN;0, as C, 54.33; H, 5.70; N, 15.84). Found C,
52.98; H, 6.18; N, 16.31%.

Compound characterization data of compound 9aa.

N. 0
N,, N/\Sj‘—_
- /o<
N !
/k,o OH

9an

[a]o (CHCL,, ¢ 1.05) = +86.28°; '"H NMR (CDCl,, 200.13 MHz):
0120 (3 H,d,J6.2Hz), 1.23 (3H, d, J 6.3 Hz), 2.31 (1 H, bs),
3.81-4.26 (3 H, m), 4.52 (2 H, m), 4.72-5.02 (1 H, m), 5.15 (1 H,
d,J3.9Hz), 521 (2H, ABq, J 16.8 Hz); *C NMR (CDCl;, 50.32
MHz): 6 21.8, 23.4, 47.1, 65.2, 71.4, 75.2, 76.9, 87.2, 99.2, 152.7;
CHN Anal. (Calcd for C,,H,N,O, as C, 46.87; H, 6.29; N, 21.86).
Found C, 46.51; H, 5.98; N, 22.33%.

Compound characterization data of compound 9ap.

,N\N/\Sz;—<

N

N= -

’&o OH
9aP

[a]lo (CHCI;, ¢ 1.24) = —100.00°; '"H NMR (CDCl;, 200.13 MHz):
01.15(3H,d,J6.3Hz),1.21 (3H,d, J 6.2 Hz), 3.23 (1 H, bs),
395(1H,m),4.23(1 H,m),4.37(1 H,s),4.72(2H, m),4.82 (1 H,
m), 5.10 (1 H, s), 5.19 (2 H, ABq, J 16.7 Hz); *C NMR (CDCl;,
50.32 MHz): 6 21.4, 23.3, 48.1, 63.4, 70.5, 78.7, 81.1, 87.5, 106.5,
152.7; CHN Anal. (Calcd for C,,H(N,O, as C, 46.87; H, 6.29; N,
21.86). Found C, 47.20; H, 6.50; N, 22.14%.

Compound characterization data of compound 9ba.

N O.
N” N . —
L Jo/

9ba

[a]o (CH,OH, ¢ 1.21) = +71.24°; "H NMR (CDCl,, 200.13 MHz):
52.98 (1 H, bs), 3.98 (1 H, m), 4.13-4.28 (3 H, m), 4.32-4.57 2 H,
m), 4.77-4.95 (2 H, m), 5.00 (1 H, m), 5.07-5.45 (3 H, m), 5.65—
5.95 (1 H, m); *C NMR (CDCl,, 50.32 MHz): § 46.9, 64.9, 68.8,
75.0, 76.7, 86.6, 99.7, 118.1, 133.1, 152.7. CHN Anal. (Calcd for
CHuN,O, as C, 47.24; H, 5.55; N, 22.04). Found C, 47.78; H,
5.19; N, 21.65%.

Compound characterization data of compound 9bp.

9bp

[a]o (CH;OH, ¢ 1.05) = —86.25°; '"H NMR (CDCl,, 200.13 MHz):
52.63 (1 H, bs), 3.95-4.01 (1 H, m), 4.22 (2 H, m), 4.42 (1 H, ),
4.50-4.82 (2 H, m), 4.79-5.08 (2 H, m), 5.03 (1 H, s), 5.15-5.50
(3 H, m), 5.75-5.98 (1 H, m); "C NMR (CDCl,, 125.76 MHz): §
479, 65.4, 68.6, 79.2, 80.8, 87.4, 107.3, 118.0, 133.2, 152.7. CHN
Anal. (Calcd for C,iH;,N,0, as C,47.24; H, 5.55; N, 22.04). Found
C, 47.66; H, 5.94; N, 22.47%.

Compound characterization data of compound 9c (inseparable
mixture of 9ca, 9cf).

O OH
9calP

IR (cm™') = 3306, 3016, 2930; '"H NMR (CDCl;, 200.13 MHz): &
2.01 (1 H, m), 2.43-2.58 (2 H, m), 3.01 (1 H, m), 3.55-3.96 (2 H,
m), 4.20 (1 H, m), 4.41-4.95 (2 H, m), 4.70-5.15 (4 H, m), 5.38—
5.52 (1 H, m); ®*C NMR (CDCl,, 125.76 MHz): 6 19.6, 19.7, 46.9,
47.8, 64.8, 65.2, 66.2, 66.3, 69.7, 69.8, 75.1, 76.8, 79.1, 80.6, 80.8,
80.9, 86.4,87.2,100.7, 108.4, 152.7, 152.8. CHN Anal. (Calcd for
C, HuN,O, as C, 49.62; H, 5.30; N, 21.04). Found C, 48.96; H,
5.82; N, 21.65%.
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Compound characterization data of compound 10.

O
N N. N OAc

10

'"H NMR (CDCl;, 200.13 MHz): 6 2.03, 2.05, 2.08,2.09 (6 H, 4 ),
4.39-5.02 (5 H, m), 5.21-5.34 (2 H, m), 6.10-6.49 (1 H, m), 7.42,
7.44 (1 H, 2 s); *C NMR (CDCl;, 50.32 MHz): 6 20.4, 20.7, 20.9,
21.1,48.2, 49.0, 64.6, 64.9, 76.2, 76.4, 80.8, 81.5, 82.4, 82.4, 83.5,
93.3, 99.3, 130.7, 133.8, 169.2, 169.3, 169.4, 169.8. CHN Anal.
(Calcd for C,HsN;O; as C, 48.48; H, 5.09; N, 14.14). Found C,
47.95; H, 5.65; N, 13.86%.

Compound characterization data for compound 11.

0.
N N. N OAc

\N{S_?W
O OAc

1"

'H NMR (CDCly, 200.13 MHz): 6 2.09, 2.13,2.14, 2.15 (6 H, 4 s),
4.39 (1 H, m), 4.48-4.75 (2 H, m), 4.78-5.10 (2 H, m), 5.20-5.63
(2 H, m), 6.21-6.52 (1 H, m); *C NMR (CDCl,, 50.32 MHz):
J 20.3, 20.6, 20.7, 21.0, 46.6, 47.3, 65.3, 65.8, 75.8, 76.1, 80.6,
81.5,82.6,84.4,92.8,99.2, 152.1, 152.3, 168.9, 169.0, 169.3, 169.7.
CHN Anal. (Caled for C,, H,,N,O; as C, 44.30; H, 4.73; N, 18.79).
Found C, 43.86; H, 5.05; N, 19.16%.

Compound characterization data of compound 12a.
NH;,
N,

cl
NIZNY
&1
N N/)\
o

N N/\SJ'

\/&o BAc

12a

Mp = 200 °C; [a]p (CHCL,, ¢ 1.13) = +28.14°; IR (em™') = 1741,
1755; '"H NMR (CD,OD + CDCI, (1 : 9), 200.13 MHz): § 2.19
(3H,s),4.52-4.60 (4 H, m), 4.98 (2 H, ABq, J 15.0 Hz), 4.99 (1 H,
dd, J 2.0, 15.5 Hz), 5.27-5.40 2 H, m), 6.08 (1 H, d, J 1.4 Hz),
747 (1 H, s), 7.69 (1 H, s); *C NMR (CD,OD + CDCL (1 : 9),
50.32 MHz): 6 20.6, 48.2, 60.5, 76.9, 81.2, 83.3, 87.3, 124.3, 132.7,
136.3, 140.8, 151.3, 153.7, 160.4, 170.2; CHN Anal. (Calcd for
C,sH,sCIN,O, as C, 44.29; H, 3.71; C1, 8.72; N, 27.55). Found C,
43.88; H, 3.53; N, 26.99%.

Compound characterization data of compound 12b.

NHBz
«: [ Nj‘
N"N\N/\ﬁ
\—#K}O 6Ac
12b

Mp = 130 °C; [a], (CH,OH, ¢ 1.315) = —3.05°; 'H NMR (CDCl,,
200.13 MHz): 6 2.20 (3 H, s), 4.45 (1 H, dd, J 0.9, 2.5 Hz), 4.56
(2H,m), 4.89 (1 H, dd, J 2.6, 14.9 Hz), 4.95 2 H, ABq, J 14.9 Hz),
5.30 (1 H, dd, J 5.8, 15.2 Hz), 5.48 (1 H, t, J/ 1.3 Hz), 6.34 (1 H. d,
J 1.4Hz),7.45-7.62 (3 H, m), 7.65 (1 H, s), 7.80 (1 H, 5), 7.96-8.08
(2 H, m), 8.77 (1 H, s); *C NMR (CDCl,, 50.32 MHz): 6 20.7,

47.8, 60.9, 76.8, 80.9, 83.0, 87.0, 122.8, 127.9-128.8, 132.5, 132.8,
133.5, 134.6, 141.0, 149.6, 151.5, 152.7, 165.1, 169.2. CHN Anal.
(Calcd for C,,Hy N3Oy as C, 55.46; H, 4.23; N, 23.52). Found C,
55.96; H, 4.70; N, 23.45%.

Compound characterization data of compound 12c.

0
fLNH
o no
N.
N“ N
\’ko OAc
12c

Mp =225°C;[a]p, (CH;0H, ¢ 1.18) = +72.88°; '"HNMR (CDCI; +
DMSO-d, (9: 1),200.13 MHz): 6 2.50 (3 H, s), 4.76 (2 H, s), 5.24
(2 H, ABq, J 149 Hz), 5.27 (1 H, dd, J 1.0, 14.9 Hz), 5.44 (1 H,
s), 5.68 (1 H, m), 5.80 (1 H, d), 6.31 (1 H,d, J 1.3 Hz), 7.04 (1 H,
d, J 8.2 Hz), 8.01 (1 H, s), 11.02 (1 H, s); *C NMR (CDCl; +
DMSO-d, (9: 1), 50.32 MHz): 6 19.4, 46.2, 58.3, 74.5, 79.4, 81.1,
86.5, 100.8, 131.2, 135.0, 137.7, 149.1, 162.1, 167.7. CHN Anal.
(Caled for C,HsN;O, as C, 48.14; H, 4.33; N, 20.05). Found C,
48.05; H, 4.38; N, 19.79%.

Compound characterization data of compound 12d.

HsC

[
N"~0
N"N\N/\ﬁ
\&o 6Ac
12d

Mp = 180 °C; [a], (CH,OH, ¢ 1.68) = +6.19°; 'H NMR [DMSO-
dq, 200.13 MHz): 6 1.53 (3 H, s), 2.07 3 H, s), 4.28-4.52 (1 H,
m), 4.65-4.82 (1 H, m), 4.87-5.05 (3 H, m), 5.24 (1 H, dd, J 4.7,
15.9 Hz), 5.75 (1 H, d, J 0.9 Hz), 6.29 (1 H, d, J 1.0 Hz), 7.61 (1 H,
s), 7.85 (1H, s), 11.17 (1 H, s); *C NMR (CDCl, + DMSO-d, (9
: 1), 50.32 MHz): 6 12.5, 20.8, 47.4, 59.0, 75.9, 80.7, 82.0, 87.6,
109.2, 132.7, 134.9, 136.6, 150.4, 163.9, 169.5. CHN Anal. (Calcd
for C,sH,;N;0O, as C, 49.59; H, 4.72; N, 19.28). Found C, 48.97; H,
4.87; N, 18.97%.

Compound characterization data of compound 13a.
NH,
N,

cl
N- Ay
o
N N/)\
o

N= -

’K»o OAc

13a

Mp = 170 °C (decomposed); [a]p, (CH;OH, ¢ 1.60) = —11.00°;
"HNMR (CD;0D + CDCI; (1:9),200.13 MHz): 6 2.17 (3 H, s),
4.72 (4 H, m), 5.00 (1 H, m), 5.25 (1 H, dd, J 6.1, 14.5 Hz), 5.28
(2H, ABq, J 15.8 Hz), 5.80 (1 H, m), 6.08 (1 H, d, J 3.5 Hz), 7.82
(1 H, s); ®*C NMR (CD;0OD + CDCI, (1 :9), 50.32 MHz): 6 20.4,
46.3, 63.0, 75.4, 78.2, 82.3, 85.2, 120.0, 127.4, 150.1, 153.6, 159.8,
159.9, 169.2; CHN Anal. (Calcd for C,;H,,CIN,O, as C, 41.24; H,
3.46; Cl, 8.69; N, 30.91). Found C, 41.15; H, 3.52; Cl, 7.99;
N, 30.94%.
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Compound characterization data for compound 13b.
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[a]o (CH;0H, ¢ 1.06) = —12.45°; "H NMR (CD;0OD + CDCI; (1 :
9),200.13 MHz): 6 2.18 3 H, 5), 4.70 (2 H, m), 5.05 (1 H, dd, J 3.0,
15.0Hz),5.28 (2H, ABq,J 15.7Hz),5.29 (1 H,dd, J 6.3, 14.9 Hz),
574 (1 H,t,J 2.5Hz),6.33 (1H,d, J 2.7 Hz), 7.50-7.75 (4 H, m),
8.07 2 H, m), 8.12 (1 H, s), 8.73 (1 H, s); *C NMR (CD;OD +
CDCI, (1:9),50.32 MHz): 6 18.8, 45.6,60.9, 75.6,79.3, 82.4, 85.9,
127.3-127.8, 131.9, 141.2, 151.0, 151.5, 153.2, 169.0. CHN Anal.
(Calcd for C, HyN,Os as C, 52.83; H, 4.01; N, 26.40). Found C,
52.76; H, 4.10; N, 26.35%.

Compound characterization data of compound 13c.
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Mp = 126 °C; [a], (CH,OH, ¢ 1.10) = +13.27°; 'H NMR (CDOD,
200.13 MHz): § 2.13 (3 H, s), 4.53 (1 H, m), 4.61 (1 H, m), 4.96
5.08 (2 H, m), 5.14-5.40 (3 H, m), 5.58 (1 H, d, J 8.1 Hz), 5.95
(1H,d,J 2.8 Hz), 7.10 (1 H, d, J 8.2 Hz); "C NMR (CD,0D +
CDCI, (1:9), 50.32 MHz): 6 18.7, 45.3, 60.3, 74.5, 79.4, 82.1, 87.0,
101.43, 139.2, 149.7, 153.3, 163.4, 169.0; CHN Anal. (Calcd for
CH,,N,Os as C, 44.68; H, 4.18; N, 23.99). Found C, 44.68; H,
4.18; N, 23.85%.

Compound characterization data of compound 13d.
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Mp = 123 °C; [a], (CH,OH, ¢ 1.14) = +4.38°; '"H NMR (CDCl, +
DMSO-d, (9: 1), 200.13 MHz): 6 1.73 (3 H, s), 2.14 3 H, 5), 4.30—
4.65 (2 H, m), 4.82-5.45 (5 H, m), 5.97 (1 H, d, J 3.0 Hz), 6.72
(1H,d,J 1.1 Hz), 11.16 (1 H, m); *C NMR (CD,0D + CDCl,
(1:9), 50.32 MHz): 6 12.6, 20.7, 47.4, 61.9, 76.6, 81.4, 84.1, 89.1,
111.8, 136.5, 151.9, 155.5, 165.9, 171.0. CHN Anal. (Calcd for
C,H\sN(Os as C, 46.16; H, 4.43; N, 23.07). Found C, 46.10; H,
4.33; N, 23.15%.
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We have compared endo- and exo-type protease reactions and characterized the enzymatic reaction
mechanisms by determining all kinetic parameters (ko,, kom, Keais Ka = Ko/ ko, and K, = (kog +

kea)/ ko) by following the mass change of the formation and the decay of the enzyme-substrate (ES)
complex (k,, and k), and the formation of the product (k.,) on a 27 MHz quartz-crystal microbalance
in aqueous solutions. The K, value was nearly equal to the K, value for the endo-type protease
(subtilisin and a-chymotrypsin); however, in the case of exo-type protease (carboxypeptidase P), the K,

value was quite different from the K, value, due to k., > kqp.

Introduction

In general, enzyme reactions have been kinetically studied by using
the Michaelis—-Menten equation (steady-state kinetics), in which
the concentration of the enzyme-substrate (ES) complex has been
hypothesized to be nearly constant during the reaction, because
of the relative difficulty of measuring the concentration of the
ES complex (eqn (1))."* The reaction rate was simply obtained
from the initial rate (v,) of the product increase by the Michaelis—
Menten equation (eqn (2)). From eqn (2), only k., and K, values
can be obtained, where K, is a complex value containing k.., ko,
and k. If the formation and decay of the ES complex could be
followed directly during the reaction (transient kinetics), all kinetic
values (such as k., k.., and k) could be separately obtained and
more detailed enzymatic reaction mechanisms could be discussed.

E+S —’<—f ES . E4+P (1)
keu[EL[S]o kow + kea

= ———— where K,=—— 2

0 [S]() + Km kon ( )

Proteases are popular enzymes, and the hydrolysis kinetics of
these enzymes have been studied from the initial rate (v,) of
product increase according to the Michaelis—-Menten equation.**
In protease reactions, simple substrates such as di- or oligo-
peptides have been used in order to avoid effects resulting from
the complex tertiary structures of substrates.>® In this paper, we
show that all kinetic parameters (k. ko,, and k) for both endo-
and exo-type protease reactions can be obtained quantitatively by
using a protein-immobilized 27 MHz quartz-crystal microbalance
(QCM), because the formation and decay of the ES complex, and
the formation of the product, can be followed as mass changes on
the QCM (Fig. 1).

QCMs are known to provide very sensitive mass-measuring
devices in aqueous solutions, and their resonance frequency has
been proved to decrease linearly upon the increase of mass on

Department of Biomolecular Engineering and Frontier Collaborative Re-
search Centre, Tokyo Institute of Technology, B-53, 4259 Nagatsuta-cho,
Midori-ku, Yokohama, 226-8501, Japan. E-mail: yokahata@bio.titech.
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Fig. 1 Schematic illustrations of enzymatic hydrolyses of (A) glu-
coamylase catalyzed by endo-type subtilisin or o-chymotrypsin and (B)
myoglobin catalyzed by exo-type carboxypeptidase P (CPP) on a 27 MHz
QCM (AFFINIX Q4). ko, ko, and k., are the kinetic parameters obtained
in this work.

the QCM electrode at a nanogram level.”® Although detection
of an ES complex on a plate using QCM and/or atomic force
microscopy (AFM) has been performed previously, the results
were not analyzed kinetically.” Recently, we have reported kinetic
analyses for bi-substrate reactions of various enzymes, in which
an enzyme binds onto the first substrate on a QCM plate (a
preliminary ES complex) and the catalytic rate constant (k)
can be obtained from the initial rate (v,) upon the addition of
the second substrate.’ In the case of single-substrate reactions, a
curve-fitting method based on deconvolution of the formation of
the ES complex and the reduction of substrate on a QCM plate was
used. In this study, we applied a curve-fitting method based on a

This journal is © The Royal Society of Chemistry 2008
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differential equation related to time for single-substrate reactions
in protease hydrolysis reactions as a new and general approach.
Thus, we could follow and analyse kinetically the time courses of
the formation of the ES complex (k,,) as a frequency decrease (a
mass increase), the decay of the ES complex (k.;) as a frequency
increase (a mass decrease), and the formation of the product (k)
as a frequency increase (a mass decrease).

We chose the site-directed hydrolysis of glucoamylase as a
substrate catalyzed by subtilisin (from Bacillus licheniformis, EC
3.4.21.62, MW: 27 kDa) or a-chymotrypsin (from Bos taurus, EC
3.4.21.1, MW: 25 kDa) as endo-protease reactions. Glucoamylase
contains two large domains and a flexible hydrophobic linker,
which is a catalytic hydrolysis site for endo-type serine proteases'
As an exo-type serine protease reaction, we chose myoglobin as a
substrate containing only a-helix structures and no S-S linkage,
and carboxypeptidase P (CPP from Penicillium janthinellun, EC
3.4.16.1, MW: 51 kDa) as an exo-type enzyme that hydrolyzes
from the C-terminus of proteins.™

Results and discussion

AFFINIX Q4 was used as a QCM instrument (Initium Co. Ltd),
having four 0.5 mL cells each equipped with a 27 MHz QCM
plate at the bottom, a stirring bar, and a temperature-controlling
system (see Fig. 1)."%!' Calibrations of the 27 MHz QCM in
aqueous solutions are described in the Experimental, and 1 Hz of
frequency decrease was calibrated to be equivalent to an increase
of 0.30 and 0.48 ng cm™? of myoglobin and glucoamylase in
aqueous solution, respectively. Glucoamylase (from Aspergillus
niger) was directly immobilized on the activated carboxyl groups of
3,3'-dithiodipropionic acid activated with N-hydroxysuccinimide
on the QCM gold surface.!™ The immobilized amount was
maintained at 210 & 20 ng cm~ (3.1 & 0.3 pmol cm™), indicating
almost 65% coverage of the QCM electrode. One amino group
of myoglobin (from equine heart) was biotinylated with biotin-
(AC;5),Sulfo-OSu, and anchored on an avidin-immobilized QCM
plate according to a previous report.* The immobilized amount of
biotinylated myoglobin was maintained at 60 + 5 ng cm=2 (3.5 +
0.3 pmol cm™2), indicating almost 30% surface coverage of the
QCM celectrode.

Fig. 2 shows typical frequency changes as a function of
time of the glucoamylase- or myoglobin-immobilized QCM,
responding to the addition of endo-type proteases of subtilisin
(2.0 uM), a-chymotrypsin (2.0 uM), or an exo-type protease of
CPP (3.2 uM) in aqueous solutions. When the enzymes were
added to the protein-immobilized QCMs, frequencies decreased
(i.e. the masses increased) at first due to the binding of enzymes
to protein substrates. Then frequencies gradually increased (i.e.
the masses decreased) due to hydrolysis of the substrates on the
QCMs, and then they reached constant values. Both exo- and
endo-type hydrolyses showed similar time courses of frequency
changes. In the case of glucoamylase hydrolysis by subtilisin or
a-chymotrypsin, ca. 100 ng cm= of substrates was hydrolyzed;
almost one half of the immobilized amount (210 + 20 ng cm™2)
(Fig. 2A). This was confirmed by gel-electrophoresis, showing
that glucoamylase was hydrolyzed at Val470, near the middle of
the linker between 50 kDa and 18 kDa domains.”> Given the
50% hydrolysis on the QCM plate, it is reasonable to assume
complete hydrolysis, since two domains are immobilized with

(A) Immobilized Amount
4‘09;:\5 Glucoamylase F;;ZOO
200 Subtilisin or s
B a-Chymotrypsin 1-100 S
o
N 150 9 ©
I E o
-~ Q0 ~
% 100 o
=
-
50 -5 g
1]
-50
Time /min
(B

Immobilized Amount

200 CPP —--60
A Myoglobin A

D)

AF/Hz

(-2.1/0.62) Am

Am/ ng em2

A&

(C)
100}
N 50+
T
OF-
= 20 40 60
Time /s

Fig. 2 (A) Typical time courses of frequency changes of the glucoamy-
lase-immobilized QCM, responding to the addition of endo-type proteases
of (a) subtilisin and (b) a-chymotrypsin (20 mM Tris-HCl, pH 7.4,
200 mM NaCl, 1 mM CaCl, at 25 °C, [glucoamylase] = 210 ng cm™>
(3.1 pmol cm~2) on the QCM, [subtilisin] or [a-chymotrypsin] = 2.0 uM in
the solution). (B) Time courses of frequency changes of the myoglobin-im-
mobilized QCM via biotin—avidin linkage, responding to the addition
of exo-type proteases of (a) CPP or (b) CPP inactivated with AEBSF
(4-(2-aminoethyl)benzenesulfonyl fluoride), and frequency changes of (c)
the avidin-immobilized QCM, responding to the addition of CPP (50 mM
citrate buffer, pH 3.7, 200 mM NaCl at 25 °C, [myoglobin] = 60 ng cm~>
(3.5 pmol cm~?) on the QCM, [CPP] or [inactivated CPP] = 3.2 uM). (C)
(a) The theoretical time dependence of [ES] (AFgs), (b) the theoretical time
dependence of [P] (AF;), and (c) (AFgs — AFp) as a dotted line (eqn 3 in
the text), and (d) the experimental curve (a) of Fig. 2A enlarged at the
initial part.

random orientations on the QCM. When a-chymotrypsin was
injected, a smaller frequency decrease (mass increase) and a slower
subsequent frequency increase (mass decrease) were observed than
in the case of subtilisin. This suggests that a-chymotrypsin has a
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lower substrate binding ability and a slower hydrolysis rate than
that of subtilisin.

In the case of the myoglobin hydrolysis by exo-CPP, only 30%
of the substrate was hydrolyzed, indicating that the hydrolysis
from the C-terminus is not completed even for simple myoglobin
containing only a-helices and no S-S linkage (Fig. 2B). When the
active Ser-OH group of CPP was inactivated covalently with 4-(2-
aminoethyl)benzenesulfonyl fluoride (AEBSF), only the binding
process (the initial frequency decrease) was observed and then the
frequency did not increase (the hydrolysis did not occur) (curve b
in Fig. 2B). When CPP was injected onto the avidin-immobilized
QCM, the frequency hardly changed (curve c in Fig. 2B). These
results clearly indicate that only active CPP can hydrolyze from
the C-terminus of myoglobin containing only a-helices and no S-S
linkage, and not avidin having S-S linkages and -sheet structures,
under this reaction conditions.

In the ladle-shaped curve of Fig. 2A, showing a simple one-site
hydrolysis of glucoamylase by subtilisin or a-chymotrypsin, the
time dependence of AF reflects simply the time course of eqn (1),
and is shown by the difference between the formation of the ES
complex (AFgs) and the catalytic hydrolysis (the formation of the
product, AF;) (eqn (3)), where MW and MW, are the molecular
weights of the enzyme and the released product, respectively.
Concentrations of ES and P at the time ¢ are shown in eqn (4)
and eqn (5), respectively.

AF = AFgs — AF, = —MW¢[ES] — (—-MW,;[P)]) 3)
[ES]=Z(e™ —e™) 4)
l—e® 11—
Pl =k Z - 5
[P] = ke ( e % ) )
where
¥ = A—JA*—4B v — A+ VA* — 4B 7 kon[Elo[S]o
N 2 T 2 T Y-x

A= kon[E]() + kof‘f + kcals B= konkcal[E]()

The curves (a), (b), and (c) in Fig. 2C are fitted curves of
AFgs, AFp, and AF calculated from eqns (3)—(5), respectively. The
experimental curve (d) of the glucoamylase hydrolysis by subtilisin
was fitted well by the theoretical curve (c). The kinetic parameters
ofky, =(130£0.9) x 10° M~ s7!, koy =0.20 £0.05s7, and k,, =
0.08 £ 0.007 s™' were obtained by curve-fitting methods, and the
results are summarized in Table 1, together with the calculated

Ky =ky/ky, and K, = (kog + kea)/ ko (from eqn 2) values. When
the amount of immobilized glucoamylase substrate on the QCM
was changed in the range 110-300 ng cm~2 and the concentration
of subtilisin was changed from 1.0 to 4.0 M, none of the kinetic
parameters (ko,, ko5, and k., ) changed within +10% experimental
error. Kinetic parameters for the glucoamylase hydrolysis by o-
chymotrypsin (1.0-4.0 uM) were obtained by a similar manner,
and are summarized in Table 1.

In the case of multiple hydrolyses from the C-terminus of
myoglobin by CPP, the time dependence of the hydrolysis is
shown by eqns (3)—(5), in a manner similar to that for the endo-
hydrolysis of one site. The theoretical curve was consistent with
the experimental curve with the same success to Fig. 2C. The
obtained k., value shows the single step of the hydrolysis and
the real k., value of multiple attacks by the exo-type enzyme is
given by k., = nk./, where n is a turnover number of enzymes
for one binding. The turnover number was calculated to be n =
51 from 30% of the hydrolysis amount (20 ng cm~?) relative to
the immobilized amount (60 ng cm~?) and the number of amino
acids in myoglobin (156 aa) (153 x (20/60)). The obtained kinetic
parameters are summarized in Table 1. When the amount of
immobilized myoglobin substrate on the QCM was varied over the
range 20-120 ng cm~? and the concentration of CPP was changed
from 1.0 to 4.0 uM, none of the kinetic parameters (k,,, kor, and
k) changed within £10% experimental error. The myoglobin
hydrolysis was also carried out in the bulk solution by changing
substrate concentrations ([myoglobin] = 25-100 uM, [CPP] =
1 uM, 50 mM citrate buffer, pH 3.7, 200 mM NacCl, at 25 °C), in
which the produced amino acids were followed by absorptions at
570 nm using conventional ninhydrin reactions.”® The k., and K,
values were obtained according to the Michaelis—Menten equation
(eqn (2)), and the results are summarized in Table 1.

In the endo-type hydrolysis of glucoamylase, subtilisin showed
10 times larger apparent activity (ke /K, =36 x 10* M~ s7') than
a-chymotrypsin (k. /K, = 3.1 x 10° M~' s7") (see Table 1), which
is consistent with apparent curves (a) and (b) in Fig. 2A. This is
explained by subtilisin having a large k,, value (130 x 10° M~'s™")
compared to that of a-chymotrypsin (19 x 10* M~' s7"), although
the other kinetic parameters (k. and k) were almost the same.
In the exo-type hydrolysis of myoglobin by carboxypeptidase P
(CPP) in the bulk solution, only k., and K,, values could be
obtained, and these values were relatively consistent with the k.,
and K, values (calculated from (k.; + k. )/k..) Obtained by the
QCM method.

Table 1 Kinetic parameters of the endo-type hydrolysis of glucoamylase by subtilisin or a-chymotrypsin and the exo-type hydrolysis of myoglobin by

CPP*
Substrates Enzymes koo/10° M1 st kog/s™! K/10°M K, </100°° M key/s™' (ko/Kyn)?/10° M~ 57!
Glucoamylase  Subtilisin (endo-type)* 130 0.2 (1.5) (2.2) 0.08 (36)
o-Chymotrypsin (endo-type)® 19 0.2 (11) (13) 0.04 3.1
Myoglobin CPP (exo-type) 10 0.2 (20) (130) 1.1 (8.5)
CPP in the bulk solution® — — — (100) 0.3 (3.0

@ All kinetic parameters contain 4+10% experimental error. Calculated values are shown in parentheses. * Calculated from K, = k/k,,. ¢ Calculated from
K, = (kg + kew)/ ko by eqn 2. ¥ Apparent second-order rate constant. ¢ 20 mM Tris-HCI, pH 7.4, 200 mM NaCl, 1 mM CacCl, at 25 °C, [glucoamylase] =
210 ng cm™ (3.1 pmol cm~?) on the QCM, [subtilisin] or [o-chymotrypsin] = 1.0-4.0 uM. /50 mM citrate buffer, pH 3.7, 200 mM NacCl at 25 °C,
[myoglobin] = 60 ng cm~2 (3.5 pmol cm~2) on the QCM, [CPP] = 1.0-4.0 uM. ¢ Hydrolysis of myoglobin (25-100 uM) by CPP (0.5 uM) was carried out
in aqueous solutions (50 mM citrate buffer, pH 3.7, 200 mM NacCl at 25 °C) by changing the substrate concentration, and k., and K, were obtained by

the Michaelis—Menten equation (eqn 2).
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In Michaelis-Menten kinetics, the K, value describes the
dissociation constant only when k. > k., (eqn (2)). In the endo-
type hydrolysis of glucoamylase by subtilisin, the value of k. =
0.2 s7! was larger than k., = 0.08 s7!, and the calculated value of
K, =2.2 x 107° M was relatively close to Ky = 1.5 x 107° M (see
Table 1). For the a-chymotrypsin catalysis, the value of K, = 13 x
10~¢ M was also close to the value of K4 = 11 x 107° M. In the
exo-type hydrolysis of myoglobin by CPP, however, the calculated
value of K, = 130 x 10~ M was quite different from Ky = 20 x
10~¢ M. This is due to ko = 1.1 s7' > ky = 0.2 s7', and the
value of K, =~ k. /k.,, from eqn (2) does not therefore equal
K, = ky/k.,. Thus, in the case of the exo-type hydrolysis of
myoglobin by CPP, the value of K, = 100 x 10~° M obtained from
Michaelis—-Menten kinetics in the bulk solution does not reflect the
dissociation constant (K,), and the K, value obtained directly from
kow/ ko, by the QCM method reflects the real dissociation constant.
Therefore, it is important to grasp all kinetic parameters such as
Kon»> ko, K4, and k. on one device in enzyme reactions.

Although it is difficult to compare the difference between exo-
and endo-proteases due to different reaction conditions (pH 7.4
for endo-type subtilisin and pH 3.7 for exo-type CPP), it is useful
to compare their kinetic parameters to each other. The value of
ke = 1.1 57! for the exo-type CPP was larger than k., = 0.08 s~! for
the endo-type subtilisin, and the value of k,, = 130 x 10> M~! s7!
for the endo-type subtilisin was larger than k,, = 10 x 10° M~ 57!
for the exo-type CPP, but the values of k. were the same for
both enzymes (0.2 s!) (see Table 1). This suggests that the endo-
type enzyme quickly finds the specific hydrolysis site of substrates
(large k.,) and then slowly hydrolyzes the specific site (small k.,
and large k). In contrast, the exo-type enzyme does not find
the terminus of the non-specific substrate quickly (small k,,),
and should hydrolyze the terminal unit quickly and continuously
before the release from the substrate (large k., and small k). The
larger k., value of the exo-type protease may be explained by the
faster release of monomeric amino acids from the substrate. Thus,
if ke» ko, and kg for enzyme reactions could be obtained, we
could determine more precisely the reaction mechanisms of exo-
or endo-type enzymes.

Conclusions

In conclusion, the QCM technique will become a new tool to
obtain kinetic parameters of proteases, because all steps of the
formation and decay of the ES complex and the catalytic hydrolysis
reaction can be directly observed as mass changes on a nanogram
level. This technique could also be useful for finding effective
inhibitors of proteases.

Experimental
Reagents

Subtilisin (from Bacillus licheniformis, EC 3.4.21.62, MW:
27 kDa), o-chymotrypsin (from Bos taurus, EC 3.4.21.1, MW:
25 kDa), glucoamylase (from Aspergillus niger, MW: 68 kDa),
and myoglobin (from equine heart, 17 kDa) were purchased from
Sigma-Aldrich Japan (Tokyo, Japan). Carboxypeptidase P (from
Penicillium janthinellum, EC 3.4.16.1, MW: 51 kDa) was purchased
from TaKaRa Bio Inc. (Shiga, Japan). Biotin-(ACs),Sulfo-OSu

and 1-ethyl-3-[3-(dimethylamino)propyl]carbodiimide (EDC)
were purchased from Dojindo Co. (Kumamoto, Japan). N-Hydro-
xysuccinimide (NHS) was purchased from Wako Pure Chemical
Industries, Ltd (Osaka, Japan). All other reagents were purchased
from Nacalai Tesque Co. (Kyoto, Japan) and used without further
purification.

Biotinylation of myoglobin

Myoglobin (60 uM) was treated with biotin-(AC;),Sulfo-OSu
(30 uM) in 200 pL of a buffer solution (10 mM HEPES, pH 8.0,
200 mM NaCl) for 30 min at room temperature.** After addition of
Tris buffer (250 mM Tris-HCI, pH 7.4) to quench the reaction, the
solution was dialyzed to remove unreacted biotin compounds in
a buffer solution (20 mM HEPES, pH 7.4, 200 mM NaCl). It was
confirmed by MALDI TOF-MS (AXIMA CFR, Shimadzu, Co.
Ltd, Kyoto) that one biotin group had reacted with an amino
group of myoglobin (biotinylated myoglobin: M* = 17404.4;
native myoglobin: M* = 16951.3).

JOL
HN NH
Na*0~ E { i
a il N -0 0
0 { 0
2

biotin-(ACs)2Sulfo-OSu

Immobilization of substrate proteins on the QCM plate

Glucoamylase was covalently immobilized on a 27 MHz QCM
plate as follows (amine coupling method).® 3,3'-Dithiodipropionic
acid was immobilized on a cleaned bare Au clectrode, and then
carboxylic acids were activated as N-hydroxysuccinimidyl esters
on the surface. Glucoamylase was treated with activated esters by
placing aqueous solutions on the QCM plate.

An avidin-immobilized QCM plate was also prepared by the
same amine coupling method. A biotinylated myoglobin was
anchored on an avidin-immobilized QCM plate according to a
previous report.™

QCM setup and calibration in aqueous solutions

AFFINIX Q4 was used as a QCM instrument (Initium Co. Ltd,
Tokyo, Japan: http://initium2000.com), having four 0.5 mL cells
equipped with a 27 MHz QCM plate (8.7 mm diameter quartz
plate, with a 5.7 mm? Au electrode) at the bottom of each cell,
a stirring bar and a temperature controlling system. Sauerbrey’s
equation (eqn (6)) was used for the AT-cut shear mode QCM in
the air phase,

26, Am (6)
A /Pty
where AF,; is the measured frequency change in the air phase (in
Hz), F, the fundamental frequency of the quartz crystal prior to
a mass change (27 x 10° Hz), Am the mass change (in g), 4 the
electrode area (5.7 mm?), p, the density of quartz (2.65 g cm™),
and u, the shear modulus of quartz (2.95 x 10" dyn cm™?). In
the air phase, a 0.62 ng cm~? mass increase per 1 Hz of frequency
decrease is expected. However, when QCM is employed for binding

AFair = -
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of biomolecules in aqueous solutions, one must consider effects of
hydration and/or viscoelasticity of biomolecules (eqn (7)).

AFwater ZFE
- —Am
AF, A/plly

We therefore directly calibrated the relationship between AF
and AF,;, of glucoamylase and myoglobin substrates at different
immobilization amounts on a QCM plate. There was a good linear
correlation between AF.,.. and AF,;, (Am), with a slope of 1.3 £+
0.2 and 2.1 £ 0.2 for glucoamylase and myoglobin, respectively.
Thus, frequency decreases (AF,.) due to the immobilization of
proteins were 1.3-2.1 times larger than those in the air phase
(AF ), because hydrodynamic water vibrates with proteins. We
assumed that the enzyme, bound to the substrate, vibrates with
the same hydrodynamic water ratio to the substrate on the
QCM plate. Therefore, AF .../ AF,, values for the combination
of glucoamylase and subtilisin (or a-chymotrypsin) or myoglobin
and CPP were determined to be 1.3 &+ 0.2 or 2.1 &+ 0.2,
respectively, and the factors of Sauerbrey’s equation (eqn (7))
were obtained as 1.3/0.62 = —2.1 Hz for every increase of
1 ng ecm™ (+0.48 ng cm™ for every decrease of 1 Hz) for
the glucoamylase hydrolysis, and 2.1/0.62 = —3.4 Hz for every
increase of 1 ngcm~2 (+0.30 ng cm~2 for every decrease of 1 Hz) for
the myoglobin hydrolysis in aqueous solution (see vertical axes of
Fig. 2).

The noise level of the 27 MHz QCM was +1 Hz in buffer
solutions at 25 °C, and the standard deviation of the frequency
was £2 Hz over 1 h in buffer solutions at 25 °C. A sensitivity
of 0.30-0.48 ng cm~? per —1 Hz is sufficiently large to sense the
binding of enzymes.

AFW&][&I’ = (7)

Enzyme reactions on the QCM plate

A glucoamylase- or myoglobin-immobilized QCM cell was filled
with 0.5 mL assay buffer (20 mM Tris-HCI, pH 7.4, 200 mM
NaCl, 1 mM CaCl, for subtilisin and a-chymotrypsin; 50 mM
citrate buffer, pH 3.7, 200 mM NaCl for CPP) until the resonance
frequency was held constant (&1 Hz over 30 min) at 25 °C. Fre-
quency changes in response to the addition of the enzyme were
followed with time. The solution was vigorously stirred to avoid

any effect from the slow diffusion of enzymes. The stirring did not
affect the stability and magnitude of frequency changes.

Hydrolysis of myoglobin in the bulk solution

Hydrolyses of myoglobin (25-100 uM) catalyzed by CPP (1 uM)
were carried out in 50 mM citrate buffer, pH 3.7, 200 mM NaCl at
25 °C. The amount of the produced amino acid was determined
by the colorimetric ninhydrin test at 570 nm."
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Reaction of 6-acetyl-7-(2-dimethylaminovinyl)pyrazolo[1,5-a]pyrimidine 1 with 1,3- and
1,4-bisnucleophiles has been investigated; obtainment of new polycyclic heterocyclic derivatives is
reported. A convenient procedure leading to new pyrazolo[1,5-a]quinazolines is described; a modest
bioactivity of these compounds against two human tumor cell lines was also ascertained.

Introduction

Fused heterocyclic compounds such as pyrazolo[1,5-a]pyrimidine
and its derivatives are known to possess pharmacological activity
and anxiolytic properties.! Our research group has been involved
for a long time in the chemistry of pyrazolo[l,5-a]pyrimidines
with the aim of synthesizing new tricyclic systems as novel
selective GABAA al receptor agonists or benzodiazepine receptor
(BZR) ligands."* We have previously reported on the reactivity of
compounds of type 1 towards some nucleophiles like ammonia,*
hydroxylamine,® and hydrazine® to give pyrazolo[1,5-a]pyrido[3,4-
e]pyrimidines A, pyrazolo[1l,5-a]pyrido[3,4-e]pyrimidine-7-oxides
B, and 6-(pyrazol-3'-yl)pyrazolo[1,5-a]pyrimidines C, respectively
(see Fig. 1).

Following these results we decided to investigate the behaviour
of compound 1 towards various 1,3- and 1,4-bisnucleophiles in an
effort to expand the scope of the above reaction.

Results and discussion

When the dimethylaminovinyl derivative 1 was allowed to react
with 1,3-bisnucleophiles in glacial acetic acid in the presence
of sodium acetate a complex mixture of products is obtained.
Thus, we carried out the reaction in diglyme with the 1,3-
bisnucleophile as free base. The reaction always afforded an unique
product with moderate (ca. 60%) yields, except for when using S-
methylthiourea. In this case the final product was obtained in low
yield (18%) only when using a large excess of the reagent.
Although no intermediates have been isolated, it is possible to
suggest that the reaction might proceed through compound D
via two alternative pathways (Scheme 1): while route a should
give rise to the pyrazolopyrimido[1,3]diazocine system E, route »
rationalizes the formation of the isomeric compounds 2-5 through
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Fig.1 Reactivity of 1 with ammonia, hydroxylamine and hydrazine.

a nucleophilic attack of the NH group on the electron poor C-7 of
the pyrimidine ring. In order to resolve this point with the aim to
attribute the right structure to the reaction products, we examined
the NMR spectra of the obtained compounds. 2D NMR spectra
(gHSQC and gHMBC) show C-H connectivities that hold true
for structures E and 2-5. Thus, to distinguish between the two
types of compound we performed some NOE experiments. To
this end, we started assigning the pyrimidine and pyrazolo[1,5-
alpyrimidine proton signals on the basis of gHSQC and gHMBC
experiments. Then, we noticed (using, for reference, compound 4)
that irradiation of the singlet at 6 8.7 ppm (attributed to H-5 of
the unknown product) leads to a significant enhancement of the
proton resonating atd 7.32 ppm that appears as a doublet. Because
at the same time no NOE is observed on the methyl group, we may
attribute this signal to H-5 of structures 2-5. This attribution
was then confirmed by irradiation of the singlet at 6 2.97 ppm
(7-Me in structure 4 or 6-Me in the corresponding structure E)
obtaining a significant enhancement only on the proton appearing
as a doublet and that cannot be attributed to H-10 of structure E.
These experimental data hold true for compounds 2-5. Thus, we

This journal is © The Royal Society of Chemistry 2008

Org. Biomol. Chem., 2008, 6, 739-744 | 739





N
—< 7 + H diglyme
N—N = H NJ\R
I 2 120 °C
=
N(Me),
1 R=NH,, NMe,, Me, SMe B

R \
Neny N

2 R=NH,

56%

3 R=NMe, 63% -
4 R=Me
5 R=SMe

54%
18%

'h 7
N
WN N\(R _%
" an -~ N
T = S
0

(S
Py

Scheme 1

established the pyrimidin-4-yl nature of compounds arising from
the reaction of 1 with 1,3-bisnucleophiles, excluding the formation
of the 1,3-diazocine ring system.

Following these results and being interested in new heterocycle-
substituted pyrazolo[1,5-a]pyrimidines, we turned our attention to
the reactivity of 1 with 1,4-bisnucleophiles. The reaction of 1 with
e.g. ethane-1,2-diamine could give rise to a 1,4-diazepine system
linked to position 6 of the pyrazolo[l,5-a]pyrimidine moiety
according to that observed for 1,3-bisnucleophiles (Scheme 2,
structure F). Reaction of compound 1 with ethane-1,2-diamine
in acetic acid solution afforded a crude, mainly containing two

\N\ _(Y
\ \

products (ca. 2.5 : 1); work-up of this mixture (see Experimental)
allowed us to isolate compounds 6 and 7. The structure of the
predominant compound 7 was derived as follows: first of all,
the "H NMR spectrum clearly shows the presence of a terminal
C,»H, group (two doublets at J 4.66 and 3.96 ppm with a geminal
coupling constant of 3.4 Hz), then the gHMBC spectrum contains
two diagnostic correlations: (a) the carbon atom resonating at ¢
140.0 ppm, that cannot be assigned to a C=N, is connected to
the C,;, protons and to those of a NCH, group, (b) the resonance
at 0 170.0 ppm, clearly attributable to the C=0 of the acetyl
group, is connected to the exchangeable proton signal atd 8.0 ppm

N N
~N ﬁ\
N = N\ _N__~ N

NN F i N~ a N~ z 3
) 0>b
) \ 0 7 NN
N F “Ac
N(Me), a 8
1 L INH, —
b
N
N NI _
N/N / | N = H
N _H
x> N \/\’T‘
Ac
6 7

Scheme 2 Reagents and conditions: (i) ethane-1,2-diamine, AcOH, reflux, then NaOH, rt.
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(NH) (Fig. 2). Moreover, the existence of a strong NOE effect
between H-5 and only one of the C,,,, protons confirms the assigned
pyrazolo[1,5-a]pyrido[3,4-e]pyrimidine structure and allows the
exclusion of the formation of the 1,4-diazepine ring (Scheme 2,
route a). Similarly, reaction of compound 1 with ethanolamine
in the same experimental conditions gives rise to compound 8
(Scheme 3) whose structure was once again established by NMR
experiments.

N N _H*/
N ( -N =
// N = H

~N_o
N % H
= N%N’H NN
|
H L~ Ac
H
o7
gHMBC NOE

Fig. 2 Significant correlations in the gHMBC spectrum and NOE effect
in compound 7.

Scheme 3  Reagents and conditions: (i) ethanolamine, AcOH, reflux, then
NaOH, rt, 85%; (ii) n-propylamine, AcOH, reflux, then NaOH, rt, 81%.

Thus, both ethane-1,2-diamine and ethanolamine do not react
as 1,4-bisnucleophiles and to confirm this behaviour we carried out
the reaction with n-propylamine. As expected, compound 1 reacts
with this nucleophile in glacial acetic acid to give compound 9 in
81% yield.

A careful examination of the NMR spectra of the products
originating from the reaction of 1 with ethane-1,2-diamine in
glacial acetic acid gave evidence of the presence of a very small
quantity of an heteroaromatic side product in the 'H NMR
spectrum of the separated, unpurified, compound 6. In particular
we noticed that the unknown compound possesses only one methyl
group and showed, besides the signals of H-3 and H-5 of the
pyrazolopyrimidine system, a clear pattern of three contiguous
aromatic protons.

On this basis, we tentatively attributed a pyrazolo[l,5-
alquinazoline structure to this product that could arise from loss
of dimethylamine owing to the attack by the enolic form of the
acetyl group. To confirm this hypothesis compound 1 was refluxed
in an acetic buffer solution to give, after separation, the expected

2-methylpyrazolo[1,5-a]quinazolin-6-ol 11 together with a minor
amount of the corresponding 6-amino derivative 10 (Scheme 4).
Compounds 12 and 13 showed an analogous reactivity, originating
the corresponding derivatives. This procedure allowed us to obtain
new pyrazoloquinazolines functionalized at position 6, starting
from a suitable 6-acetyl-7-(2-dimethylaminovinyl)pyrazolo[1,5-
alpyrimidine, thus opening a new synthetic pathway to the
pyrazolo[1,5-a]quinazoline system.
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17 R'=H R2=Ph 46%

Scheme 4

In the light of the reported biological properties of some
pyrazolo[1,5-a]quinazolines,”® we evaluated the antiproliferative
activity of the new compounds. The cytotoxicity of compounds
10, 11, and 14-17, was investigated on two cell lines of human
tumor such as Jurkat (human lymphoblastoid leukaemia) and
MCF-7 (human breast adenocarcinoma). Table 1 shows the extent
of cell survival expressed as ICs, which is the concentration,
expressed in uM, which induces 50% inhibition of cell growth, after

Table 1 Antiproliferative activity of tested compounds against two
human tumor cell lines

1C5)/uM* of cell lines

Compound Jurkat MCF-7

10 >50 >50

11 36.3+6.2 >50

14 >50 >50

15 35.54+9.8 424+ 6.5
16 18.54+6.2 31.24+43
17 >50 >50

“ICs, concentration of the compound required to inhibit the cellular
growth by 50% after 72 hours of drug exposure, as determined by the
MTT assay as described in the Experimental. Values are expressed as
mean + SEM of three experiments.
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incubation for 72 h. The results indicate that these compounds
present a modest reduction of the cell growth: the 6-dimethylamino
derivative 16 is the most active compound. From a structure—
activity relationship point of view the presence of a phenyl group
in position 3 seems to be important for the activity in the series of
compounds bearing the dimethylamino group (compounds 10, 14,
and 16) since its presence strongly increases the antiproliferative
activity.

On the contrary, the same substitution in the series of com-
pounds bearing the OH group in position 6 (11, 15, and 17) reduces
the activity.

Conclusions

To summarise, we described the reactivity of 6-acetyl-7-(2-
dimethylaminovinyl)pyrazolo[1,5-a]pyrimidine 1 with 1,3- and
1,4-bisnucleophiles, showing that no pyrazolopyrimido[l,3]-
diazocines or 2,3-dihydro-1H-1,4-diazepin-5-yl 6-substituted
pyrazolo[1,5-a]pyrimidines can be obtained, and the reactions
give rise to the new 6-pyrimidin-4-ylpyrazolo[1,5-a]pyrimidine sys-
tem or to 6-methylidenepyrazolo[1,5-a]pyrido[3,4-e]pyrimidines,
respectively. Furthermore, from the same starting materials, we
established a general synthetic procedure for the obtainment of
variously substituted pyrazolo[1,5-a]quinazolines whose bioactiv-
ity has been tested against two cell lines of human tumor.

Experimental
General

Melting points were taken on a Biichi 510 apparatus and are
uncorrected. IR spectra were obtained with a Perkin-Elmer 881
spectrophotometer after dispersion in KBr. Elemental analysis
were obtained with Elemental Analyzer Perkin-Elmer 240C
apparatus. Mass spectra were registered with a Carlo Erba
QMD 1000 instrument at 70 eV. Compounds 1, 12 and 13
were obtained as reported in the literature.*® Silica gel plates
(Merck F,5,) and silica gel 60 (Merck 230-400 mesh) were used
for analytical TLC and for column chromatography, respectively.
Solvents were removed under reduced pressure. All 1D and 2D
NMR experiments were performed on a Varian Mercuryplus-
400 spectrometer (399.95 MHz for 'H, 100.57 MHz for "*C),
with a 5 mm indirect detection probe equipped with a gradient
coil, at 298 K. Chemical shifts (6 in ppm) were referenced to
the solvent CDCI, (7.26 for 'H and 77.00 ppm for *C NMR) or
DMSO-d; (2.50 for "H and 39.50 ppm for *C NMR). All coupling
constants are in Hz. Assignments are made using 'H, *C, DEPT
and NOESY 1D experiments and gHSQC, gHMBC, gHMQC,
and gCOSY 2D experiments. All pulse sequences were used as
provided by Varian and processing was done using standard
Varian methods. "H NMR spectra were acquired using 4.6 kHz
spectral width with 32k data points (4.5 ps 90° pulse width,
0.28 Hz/point digital resolution).

General procedure for the synthesis of compounds 2-5

A solution of 1-{7-[(E)-2-(dimethylamino)ethenyl]-2-methyl-
pyrazolo[1,5-a]pyrimidin-6-yl}ethanone 1 (245 mg, 1 mmol) in
diglyme (8 mL) containing sodium methoxide (64.8 mg, 1.2
mmol) and guanidine nitrate (146.5 mg, 1.2 mmol) or 1,1-

dimethylguanidine sulfate (163.3 mg, 0.6 mmol) or acetamidine
hydrochloride (113.4 mg, 1.2 mmol) or S-methylthiourea sulfate
(167.0 mg, 0.6 mmol) was heated for 4 h at 120 °C. After cooling,
the precipitate was filtered, washed with water and crystallised.

4-(2,7-Dimethylpyrazolo[1,5-a]pyrimidin-6-yl)pyrimidin-2-amine 2

Colourless crystals, mp 148-149 °C (from isopropanol); dy
(400 MHz, CDCl;) 8.55 (1 H, s, 5-H), 8.40 (1 H, d, °*J = 5.0 Hz,
6-H), 6.81 (1 H, d, °J = 5.0 Hz, 5-H), 6.53 (1 H, s, 3-H), 5.24
(2 H, br s, NH,), 2.96 (3 H, s, 7-CH,), 2.56 (3 H, s, 2-CHj;); d¢
(100.58 MHz, CDCl;) 163.0 (s, C-2' and C-4), 158.8 (d, C-6)),
156.0 (s, C-2), 148.9 (s, C-3a), 148.8 (d, C-5), 144.95 (s, C-7), 117.8
(s, C-6), 111.75 (d, C-5), 96.9 (d, C-3), 15.1 (q, 7-CHy;), 14.8 (q,
2-CH;); m/z (EI) 240 (M*), 225, 198, 120; v, (KBr)/cm™" 3423,
1601, 1456, 1254. Anal. found: C, 60.1; H, 4.9; N, 35.1%. Calc. for
CH;Ng: C, 60,0; H, 5.0; N, 35.0%.

4-(2,7-Dimethylpyrazolo[1,5-a]pyrimidin-6-yl)-N,N-
dimethylpyrimidin-2-amine 3

Colourless crystals, mp 218-219 °C (from ethanol); dy (400 MHz,
CDCl;) 8.59 (1 H, s, 5-H), 8.41 (1 H, d, *J = 5.0 Hz, 6-H), 6.66 (1
H, d,*J = 5.0 Hz, 5-H), 6.52 (1 H, s, 3-H), 3.24[6 H, s, N(CHs),],
2.99 (3H,s, 7-CH,), 2.56 (3 H, s, 2-CHs); 5 (100.58 MHz, CDCl;)
162.2 (s, C-2'), 162.0 (s, C-4'), 158.1 (d, C-6'), 155.7 (s, C-2), 149.2
(d, C-5), 148.9 (s, C-3a), 145.0 (s, C-7), 118.5 (s, C-6), 108.7 (d,
C-5), 96.7 (d, C-3), 37.05 [q, N(CH,),], 15.1 (q, 7-CH,), 14.8 (q,
2-CH,); m/z (EI) 268 (M*), 253, 239, 224, 210; v,,,.(KBr)/cm™!
2932, 1611, 1600, 1407. Anal. found: C, 62.6; H, 6.1; N, 31.4%.
Calc. for C,H(N¢: C, 62.7; H, 6.0; N, 31.3%.

2,7-Dimethyl-6-(2-methylpyrimidin-4-yl)pyrazolo[1,5-
alpyrimidine 4

Colourless crystals, mp 168-169 °C (from ethanol); oy (400 MHz,
CDCl;) 8.74 (1 H,d,*J =52 Hz, 6-H), 8.57 (1 H, s, 5-H), 7.32 (1
H, d,*J = 5.2 Hz, 5-H), 6.54 (1 H, s, 3-H), 2.97 (3 H, s, 7-CH,;),
2.82(3H,s,2-CH;),2.56 (3 H, s, 2-CHj;); 6 (100.58 MHz, CDCl;)
168.5 (s, C-2)), 161.7 (s, C-4), 157.4 (d, C-6'), 156.0 (s, C-2), 148.7
(s, C-3a), 148.8 (d, C-5), 144.1 (s, C-7), 118.0 (d, C-5"), 117.35 (s, C-
6),96.9 (d, C-3),26.2(q, 2-CH;), 14.9 (q, 7-CHj;), 14.8 (q, 2-CHs);
m/z (EI) 239 (M*), 238, 224, 211, 197, 170; v, (KBr)/cm™" 2928,
1610, 1576, 1557, 1254. Anal. found: C, 65.1; H, 5.3; N, 29.4%.
Calc. for C;;H;;N;5: C, 65.25; H, 5.5; N, 29.3%.

2,7-Dimethyl-6-[2-(methylsulfanyl)pyrimidin-4-yl|pyrazolo|[1,5-
alpyrimidine 5

Yellow needles, mp 167-168 °C (from ethanol); dy (400 MHz,
CDCl,)8.63 (1 H,d,*J =5.1 Hz, 6-H), 8.60 (1 H, s, 5-H), 7.18 (1
H, d,*J = 5.1 Hz, 5-H), 6.56 (1 H, s, 3-H), 3.00 (3 H, s, 7-CH,),
2.62(3H,s,S-CH,), 2.57 (3H, s, 2-CHs;); o (100.58 MHz, CDCl;)
172.65 (s, C-2'), 161.4 (s, C-4'), 156.9 (d, C-6'), 155.8 (s, C-2), 148.3
(s, C-3a), 148.15 (d, C-5), 144.9 (s, C-7), 115.3 (d, C-5), 116.5 (s,
C-6), 96.6 (d, C-3), 14.9 (q, CH;), 14.8 (q, CH;), 14.7 (q, CH;);
m/z (EI) 271 (M"), 256, 224, 197; v (KBr)/cm~" 3030, 2924,
1600, 1490. Anal. found: C, 60.5; H, 5.8; N, 24.5; S, 6.4%. Calc.
for C3H;5N;S: C, 60.6; H, 5.7; N, 24.45; S, 6.2%.
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Reaction of 1 with ethane-1,2-diamine

To a solution of compound 1 (245 mg, 1 mmol) in acetic acid
(10 mL) was added ethane-1,2-diamine (72.10 mg, 1.2 mmol) and
the mixture was heated under reflux for 3 h, after which it was
cooled, diluted with water (30 mL) and extracted exhaustively with
ethyl acetate. The combined organic extracts were dried (MgSQO,),
filtered and concentrated under reduced pressure to give a solid
resulting in a mixture of compounds 6 (25%) and 10 (traces).
An analytical sample of 2,6-dimethylpyrazolo[1,5-a]pyrido[3,4-
e]pyrimidine 6 was obtained by crystallisation: colourless crystals,
mp 163-164 °C (from ethanol).* The remaining acidic aqueous
solution was made alkaline (pH 13) with solid NaOH, and
extracted with ethyl acetate. The combined organic extracts were
dried (MgSO,), filtered and concentrated under reduced pressure
to give N-[2-(2-methyl-6-methylidenepyrazolo[1,5-a]pyrido[3,4-
e]pyrimidin-7(6 H)-yl)ethyl]acetamide 7: yield 54%; red crystals,
mp 175-176 °C (from ethyl acetate); oy (400 MHz, DMSO-d,)
8.63 (1 H, s, 5-H), 8.03 (1 H, t, *J = 6.0 Hz, NH), 7.18 (1 H, d,
3J =7.6 Hz, 8-H), 6.36 (1 H, s, 3-H), 5.99 (1 H, d, *J = 7.6 Hz,
9-H), 4.66 (1 H, d,*J =3.4Hz, C,,H),3.96 (1 H,d,*J =34 Hz,
C,»H), 3.59 (2 H, m, 2-CH,), 3.31 (2 H, m, I'-CH,), 2.37 3 H, s,
2-CH,), 1.79 (3 H, s, COCH,;); d. (100.58 MHz, DMSO-d) 170.2
(s, CO), 154.5 (s, C-2), 148.3 (s, C-3a), 147.5 (d, C-8), 145.5 (d,
C-5), 140.1 (s, C-6/C-9a), 140.0 (s, C-9a/C-6), 107.2 (s, C-5a),
96.3 (d, C-3), 87.1 (d, C-9), 77.1 (t, CynH,), 51.7 (t, C-2), 34.9 (¢,
C-1), 23.0 (g, COCH,), 14.8 (q, 2-CH;); m/z (EI) 283 (M*), 225,
198; Vi (KBr)/cm™" 3287, 1596, 1548, 1435, 1347. Anal. found:
C 63.8, H 6.2, N, 24.6%. Calc. for C,sH;N;O: C, 63.6, H 6.05, N
24.7%.

2-(2-Methyl-6-methylidene-6,7-dihydropyrazolo[1,5-a]pyrido[3,4-
e|pyrimidine)ethanol 8

This compound was obtained from compound 1 with
ethanolamine as described for 7. Red crystals, mp 155-156 °C
(from ethyl acetate); oy (400 MHz, DMSO-d,) 8.62 (1 H, s, 5-H),
7.25(1H,d,*J =7.6 Hz, 8-H), 6.35(1 H, s, 3-H), 5.98 (1 H, d,*J
=7.6Hz,9-H),4.92(1 H,t,0H),4.62(1 H,d,*J =3.0 Hz, C,H),
3.81 (1 H, d,*J = 3.0 Hz, C,,H), 3.66-3.58 (4 H, m, I'-CH, and
2'-CH,), 2.37 (3 H, s, 2-CH,); . (100.58 MHz, DMSO-d;) 154.5
(C-2), 148.3 (C-3a), 148.2 (C-8), 145.5 (C-5), 140.4 (C-6), 140.2
(C-9a), 107.0 (C-5a), 96.2 (C-3), 86.5 (C-9), 76.8 (C,»H,), 56.0
(C-2)),54.9 (C-1), 14.8 (2-CH,); m/z (EI) 242 (M*), 227, 198, 183;
Vmax (KBr)/cm™ 3500-3000, 1637, 1556, 1525, 1347, 1123. Anal.
found: C, 64.6; H, 6.0; N, 23.0%. Calc. for C;;H,N,O: C, 64.45;
H, 5.8; N, 23.1%.

2-Methyl-6-methylidene-7-propyl-6,7-dihydropyrazolo[1,5-
alpyrido|3,4-¢|pyrimidine 9

This compound was obtained from compound 1 with »n-
propylamine as described for 7. Red crystals, mp 125-126 °C (from
ethyl acetate); oy (400 MHz, DMSO-d,) 8.62 (1 H, s, 5-H), 7.35
(1 H, d, *J = 7.5 Hz, 8-H), 6.35 (1 H, s, 3-H), 5.99 (1 H, d, *J
= 7.5 Hz, 9-H), 4.64 (1 H, d, *J = 3.0 Hz, C,,,H), 3.81 (1 H, d,
2J = 3.0 Hz, C,H), 3.50 (2 H, m, I'-CH,), 2.37 (3 H, s, 2-CHy;),
1.65 (2 H, m, 2-CH,), 0.89 (3 H, s, 3-CHs;); o (100.58 MHz,
DMSO-d¢) 154.5 (s, C-2), 148.3 (s, C-3a), 147.4 (d, C-8), 145.5
(d, C-5), 140.2 (s, C-6/C-9a), 140.0 (s, C-9a/C-6), 107.0 (s, C-5a),

96.3 (d, C-3), 86.7 (d, C-9), 77.0 (t, C,nH,), 54.0 (t, C-1"), 18.9 (t,
C-2), 14.8 (q, 2-CH,), 11.2 (q, 2-CH;); m/z (EI) 240 (M*), 225,
198; v (KBr)/cm™" 1640, 1553, 1522, 1341, 1126. Anal. found:
C, 70.2; H, 6.5; N, 23.5%. Calc. for C,;H(N,: C, 70.0; H, 6.7; N,
23.3%.

Treatment of compounds 1, 12 and 13 with AcOH-AcONa

The dimethylaminovinyl derivative (1 mmol) was heated under
reflux in glacial acetic acid (10 mL) containing anhydrous
sodium acetate (393.8 mg, 4.8 mmol) for 4 h. After cooling,
the solution was diluted with water (30 mL) and extracted
exhaustively with ethyl acetate. The combined organic extracts
were dried (MgSO,), filtered and concentrated under reduced
pressure to give a solid. The obtained material resulted in a
mixture of N,N-dimethylpyrazolo[1,5-a]quinazolin-6-amine and
pyrazolo[1,5-a]quinazolin-6-o0l derivatives that were separated by
flash chromatography (CH,Cl,-MeOH = 20 : 1, as eluent).

N,N ,2-Trimethylpyrazolo[1,5-a]quinazolin-6-amine 10

First running band starting from 1: yellow needles, mp 104-105°C
(from ethanol); oy (400 MHz, CDCl;)9.15 (1 H, s, 5-H), 7.98-7.69
(2 H, m, 8-H and 9-H), 6.98 (1 H, dd, *J = 8.0 Hz, *J = 0.8 Hz, 7-
H), 6.54 (1 H, s, 3-H), 2.99 [6 H, s, N(CH,),], 2.55 (3 H, s, 2-CH,);
dc (100.58 MHz, CDCl;) 153.4 (s, C-6), 152.7 (s, C-2), 149.1 (d,
C-5), 146.2 (s, C-3a), 137.5 (s, C-9a), 134.3 (d, C-8), 112.9 (d, C-7),
112.0 (s, C-5a), 107.8 (d, C-9), 98.6 (d, C-3), 45.6 [q, N(CH,),],
14.6 (q, 2-CH,); m/z (EI) 226 (M*), 210, 184, 112; v,,,,(KBr)/cm™!
2864, 1594, 1487, 1430. Anal. found: C, 69.2; H, 6.1; N, 24.85%.
Calc. for C3H4,N,: C, 69.0; H, 6.2; N, 24.8%.

2-Methylpyrazolo[1,5-a]quinazoline-6-ol 11

Second running band starting from 1: yellow needles, mp 272-
273 °C (from ethanol); oy (400 MHz, DMSO-d,) 11.16 (1 H, brs,
OH), 9.09 (1 H, s, 5-H), 7.76-7.63 (2 H, m, 8-H and 9-H), 6.92
(1 H,dd,*J =8.0Hz *J = 1.2 Hz, 7-H), 6.59 (1 H, s, 3-H), 2.43
(3 H, s, 2-CH,); d¢ (100.58 MHz, DMSO-d,) 156.9 (s, C-6), 152.3
(s, C-2), 147.4 (d, C-5), 146.4 (s, C-3a), 136.6 (s, C-9a), 136.2 (d,
C-8), 110.2 (d, C-7), 108.6 (s, C-5a), 104.25 (d, C-9), 98.9 (d, C-3),
14.8 (q, 2-CH;); m/z (EI) 199 (M*), 198, 146, 76; v,,,(KBr)/cm™'
3100-2000, 1595, 1480. Anal. found: C, 66.5; H, 4.65; N, 21.0%.
Calc. for C,,HyN;0: C, 66.3; H, 4.55; N, 21.1%.

N,N-Dimethyl-2-phenylpyrazolo[1,5-a]quinazolin-6-amine 14

First running band starting from 12: yellow needles, mp 120—
121 °C (from ethanol); 6y (400 MHz, CDCl;) 9.22 (1 H, s, 5-H),
8.08-8.03 (2 H, m, 2’-H), 8.14 (1 H, d, *J = 8.0 Hz, 9-H), 7.75 (1
H, pt, °*J = 8.0 Hz, 8-H), 7.51-7.45 (2 H, m, 3’-H), 7.42-7.36 (1
H, m, 4-H), 7.08 (1 H, s, 3-H), 7.04 (1 H, dd, °J = 8.0 Hz, 7-H),
3.03 [6 H, s, N(CH,),]; dc (100.58 MHz, CDCl;) 154.5 (s, C-2),
153.2 (s, C-6), 148.5 (d, C-5), 145.1 (s, C-3a), 137.8 (s, C-9a), 135.3
(d, C-8), 132.9 (s, C-1), 128.8 (d, C-3 and C-4), 126.4 (d, C-2)),
113.6 (d, C-7), 111.6 (s, C-5a), 108.3 (d, C-9), 95.7 (d, C-3), 45.7
[q, N(CH5;),]; m/z (EI) 288 (M*), 144, 77; v, (KBr)/cm™' 2839,
1605, 1594, 1469, 1321. Anal. found: C, 75.2; H, 5.7; N, 19.5%.
Calc. for C,sH4N,: C, 75.0; H, 5.6; N, 19.4%.
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2-Phenylpyrazolo|1,5-a]quinazoline-6-ol 15

Second running band starting from 12: yellow needles, mp 299-
300 °C (from ethanol); 4 (400 MHz, DMSO-d;) 11.20 (1 H, brs,
OH), 9.15 (1 H, s, H-5), 8.12-8.02 (2 H, m, 2'-H), 7.85-7.74 (2
H, m, 8-H and 9-H), 7.55-7.44 (2 H, m, 3-H), 7.44-7.36 (1 H,
m, 4-H), 6.98 (1 H, dd, °*J = 7.6 Hz, “*J = 1.0 Hz, 7-H), 7.30
(1 H, s, 3-H); 5 (100.58 MHz, DMSO-d,) 157.0 (s, C-6), 153.5
(s, C-2), 148.0 (d, C-5), 147.0 (s, C-3a), 136.7 (s, C-9a), 136.4 (d,
C-8), 133.1 (s, C-1"), 129.3 (d, C-3'), 129.2 (d, C-4), 126.4 (d, C-2)),
110.8 (d, C-7), 109.0 (s, C-5a), 104.5 (d, C-9), 96.6 (d, C-3); m/z
(E1) 261 (M*), 232, 130, 103, 77; Vo (KBr)/cm~' 3100-2000, 1621,
1465, 1372, 1307. Anal. found: C, 73.6; H, 4.2; N, 16.2%. Calc. for
C,H,;;N;0: C, 73.55; H, 4.2; N, 16.1%.

N,N-Dimethyl-3-phenylpyrazolo[1,5-a]quinazolin-6-amine 16

First running band starting from 13: yellow needles; mp 115-
116 °C (ethanol); dy4 (400 MHz, CDCl;) 9.35 (1 H, s, 5-H), 8.38
(1 H,s,2-H), 8.10 (1 H, d, °J = 8.4 Hz, 9-H), 8.08-8.04 (2 H, m,
2'-H), 7.76 (1 H, pt, *J = 8.4 Hz, 8-H), 7.51-7.44 (2 H, m, 3-H),
7.33-7.27 (1 H, m, 4-H), 7.09 (1 H, d, *J = 8.4 Hz, 7-H), 3.06 [6
H, s, N(CH;),]; d¢ (100.58 MHz, CDCl;) 152.95 (s, C-6), 149.25
(d, C-5), 141.8 (s, C-3a), 140.7 (d, C-2), 137.8 (s, C-9a), 134.55
(d, C-8), 132.2 (s, C-1"), 128.8 (d, C-3'), 126.65 (d, C-2'), 126.4 (d,
C-4), 113.6 (d, C-7), 113.1 (s, C-3), 112.3 (s, C-5a), 108.05 (d, C-
9), 45.6 [q, N(CHa),]; m/z (EI) 288 (M*), 144, 77; v,,,,(KBr)/cm™"
2840, 1595, 1538, 1420. Anal. found: C, 74.8; H, 5.7; N, 19.3%.
Calc. for C;sH N, : C, 75.0; H, 5.6; N, 19.4%.

3-Phenylpyrazolo|1,5-a]quinazoline-6-o0l 17

Second running band starting from 13: yellow needles, mp
>300 °C (from ethanol); d,; (400 MHz; DMSO-d,) 11.30 (1 H,
br s, OH), 9.24 (1 H, s, 5-H), 8.66 (1 H, s, 2-H), 8.18-8.12 (2 H,
m, 2-H), 7.84-7.74 (2 H, m, 8-H and 9-H), 7.50-7.48 (2 H, m,
3-H), 7.29-7.21 (1 H, m, 4-H), 7.01 (1 H, d, °J = 7.5 Hz, 7-H);
dc (100.58 MHz, DMSO-d¢) 157.0 (s, C-6), 148.1 (d, C-5), 141.9
(s, C-3a), 141.2 (d, C-2), 137.0 (s, C-9a), 136.6 (d, C-8), 132.4 (s,
C-1'), 129.1 (d, C-3), 126.7 (d, C-4), 126.55 (d, C-2'), 112.3 (s,
C-3), 111.0 (d, C-7), 109.1 (s, C-5a), 104.5 (d, C-9); m/z (EI) 261
(M), 205, 117, 102; v, (KBr)/em™' 3100-2000, 1620, 1604, 1473,
1298. Anal. found: C, 73.4; H, 4.3; N, 16.2%. Calc. for C,sH,;N;O:
C, 73.5; H, 4.2; N, 16.1%.

Growth inhibitory activity

Human lymphoblastoid leukaemia cells (Jurkat) were grown in
RPMI-1640 medium, (Sigma Co., MO, USA) human breast

adenocarcinoma (MCF-7) were grown in DMEM medium (Sigma
Co.,MO, USA), all supplemented with 115 units mL~" of penicillin
G (Invitrogen, Milano, Italy), 115 pg mL~" streptomycin (Invitro-
gen, Milano, Italy) and 10% fetal calf serum (Invitrogen, Milano,
Italy). Individual wells of a 96-well tissue culture microtiter plate
were inoculated with 100 pL of complete medium containing
8 x 10° Jurkat cells or 5 x 10° MCF-7 cells. The plates were
incubated at 37 °C in a humidified 5% incubator for 18 h prior
to the experiments. After medium removal, 100 uL of the drug
solution, dissolved in DMSO and diluted with complete medium,
were added to each well and incubated at 37 °C for 72 h. Cell
viability was assayed by the MTT [3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl tetrazolium bromide] test as described previously.*
Cell growth at each drug concentration was expressed as a
percentage of untreated controls and the concentration resulting in
50% (ICsy) growth inhibition was determined by linear regression
analysis.

Acknowledgements

The authors wish to thank MIUR for financial support and Ente
Cassa di Risparmio di Firenze, Italy, for granting a 400 MHz
NMR spectrometer. Mrs Brunella Innocenti and Mr Maurizio
Passaponti (Dipartimento di Chimica Organica “Ugo Schiff”,
Universita di Firenze) are acknowledged for technical assistance.

Notes and references

1 S. Selleri, F. Bruni, C. Costagli, A. Costanzo, G. Guerrini, G. Ciciani,
P. Gratteri, F. Besnad, B. Costa, M. Montali, C. Martini, J. Fohlin,
G. De Siena and P. Malmberg Aiello, J. Med. Chem., 2005, 48, 6756~
6760.

2 S. Selleri, F. Bruni, C. Costagli, A. Costanzo, G. Guerrini, G. Ciciani,
P. Gratteri, C. Bonaccini, P. Malmberg Aiello, F. Besnard, S. Renard,
B. Costa and C. Martini, J. Med. Chem., 2003, 46, 310-313.

3 S. Selleri, F. Bruni, C. Costagli, A. Costanzo, G. Guerrini, G. Ciciani,
B. Costa and C. Martini, Bioorg. Med. Chem., 1999, 7, 2705-2711.

4 F. Bruni, S. Chimichi, B. Cosimelli, A. Costanzo, G. Guerrini and S.
Selleri, Heterocycles, 1990, 31, 1141-1149.

5 F. Bruni, S. Chimichi, B. Cosimelli, A. Costanzo, G. Guerrini and S.
Selleri, Heterocycles, 1990, 31, 1635-1640.

6 S. Chimichi, B. Cosimelli, F. Bruni, S. Selleri, A. Costanzo, G. Guerrini
and G. Valle, J. Chem. Soc., Perkin Trans. 2, 1994, 1657-1660.

7 S. M. Siddiqi, X-d. Ji, N. Melman, M. E. Olah, R. Jain, P. Evans, M.
Glashofer, W. L. Padgett, L. A. Cohen, J. W. Daly, G. L. Stiles and
K. A. Jacobson, Nucleosides Nucleotides, 1996, 15, 693-718.

8 S. Schenone, F. Manetti and M. Botta, Curr. Pharm. Des., 2007, 13,
2118-2128.

9 F. Bruni, B. Cosimelli, A. Costanzo, G. Guerrini and S. Selleri,
Heterocycles, 1993, 36, 87-99.

10 G. Viola, L. Facciolo, M. Canton, F. Di Lisa, S. Dall’Acqua, D. Vedaldi,
O. Tabarrini, A. Fravolini and V. Cecchetti, Toxicol. in Vitro, 2004, 18,
581-594.

744 | Org. Biomol. Chem., 2008, 6, 739-744

This journal is © The Royal Society of Chemistry 2008






PAPER

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

Double cascade reactions based on the Barbas dienamine platform: highly
stereoselective synthesis of functionalized cyclohexanes for cardiovascular

agents

Dhevalapally B. Ramachary,* Y. Vijayendar Reddy and B. Veda Prakash

Received 23rd November 2007, Accepted 29th November 2007
First published as an Advance Article on the web 9th January 2008
DOI: 10.1039/b718122a

The amino acid proline catalyzed the three- and five-component cascade olefination—Diels—
Alder—epimerization and olefination—Diels—Alder—epimerization—olefination-hydrogenation reactions
of readily available precursors enones 1a—i, arylaldehydes 2a—k, alkyl cyanoacetates 3a—e and Hantzsch
ester 9 to furnish highly substituted prochiral 1-cyano-4-oxo-2,6-diaryl-cyclohexanecarboxylic acid
alkyl esters 6 and 1-cyano-4-(cyano-alkoxycarbonyl-methyl)-2,6-diaryl-cyclohexanecarboxylic acid
alkyl esters 10 in a highly diastereoselective fashion with excellent yields. Prochiral cis-isomers 6 are
excellent starting materials for the synthesis of cardiovascular agents and hypnotic active products.

Introduction

The construction of suitably functionalized cyclohexane frame-
works plays a central role in many natural product syntheses.'
Although the Diels—Alder reaction is among the most powerful
tools for generating such carbocycles,” it is often difficult to form
systems that are highly congested or possess substitute arrays
that are incompatible with the reaction.®* A number of alter-
native methods for synthesizing cyclohexanes have arisen from
catalytic approaches, such as the base-catalyzed Michael-aldol,
Michael-Mannich and Michael-Michael reactions,* transition-
metal-catalyzed ring-closing metathesis (RCM)* followed by hy-
drogenation, and cycloisomerization reactions.® In contradistinc-
tion to the widespread use of these intramolecular processes,
intermolecular counterparts for catalytic cyclohexane synthesis
are less well developed.”

Nucleophilic amine catalysis or organocatalysis has emerged re-
cently as an efficient means of generating carbo- and heterocycles.®
In particular, Barbas three-component [4 + 2] cycloaddition® to
form functionalized cyclohexanes from 4-substituted-3-buten-2-
ones, aldehydes and Meldrum’s acid or 1,3-indandione under
proline-catalysis has been applied in the syntheses of several cis-
spirane products.’ Nevertheless, proline-catalysis has not been uti-
lized previously for the formation of functionalized cyclohexanes
from (E)-2-cyano-3-aryl-acrylic acid alkyl esters as dienophiles in
Diels—Alder chemistry. Building upon our proline-catalyzed regio-
selective synthesis of (E)-2-cyano-3-aryl-acrylic acid alkyl esters,'
we reasoned that it might be possible to use as dienophiles in [4 + 2]
cycloaddition reaction. Herein, we disclose the facile synthesis of
cyclohexanes 5/6 and 10 via proline-catalyzed cascade annulations
from simple substrates (Scheme 1).

As part of our program to engineer novel organocatalytic cas-
cade or multi-component reactions,' herein we report the highly
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T Electronic supplementary information (ESI) available: Experimental
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regio- and diastereoselective direct organocatalytic cascade ole-
fination-Diels—Alder—epimerization,  olefination-Diels—Alder—
epimerization—olefination-hydrogenation and olefination—Diels—
Alder—epimerization—olefination—hydrogenation—trans-esterfica-
tion reactions that provide highly substituted prochiral 1-cyano-4-
0x0-2,6-diaryl-cyclohexanecarboxylic acid alkyl esters 5/6
and 1-cyano-4-(cyano-alkoxycarbonyl-methyl)-2,6-diaryl-cyclo-
hexanecarboxylic acid alkyl esters 10 from commercially available
4-substituted-3-buten-2-ones 1a—i, aldehydes 2a—k and CH-acids,
cyano-acetic acid alkyl esters 3a—e using in situ generated
(E)-2-cyano-3-aryl-acrylic acid alkyl esters 12 as dienophiles and
Barbas dienamines 13 (2-amino-1,3-butadienes)’ as diene sources
(Scheme 1). Highly functionalized cyclohexanes 5/6 and 10 are
attractive intermediates in the synthesis of natural products,
and in materials chemistry and are excellent starting materials
for the synthesis of cardiovascular agents and hypnotic active
products.!

In our reaction we envisioned that the amino acid proline, 4,
would catalyze the cascade regio-selective olefination reaction of
aldehyde 2 with CH-acids (alkyl cyanoacetates) 3 to provide (E)-
2-cyano-3-aryl-acrylic acid alkyl esters 12 via iminium-catalysis,
which would then undergo a concerted [4 + 2] cycloaddition with
2-amino-1,3-butadienes 13 (Barbas dienamine) generated in situ
from enone 1 and proline 4 to form substituted 1-cyano-4-oxo-
2,6-diaryl-cyclohexanecarboxylic acid alkyl esters 5 and 6 in a
diastereoselective manner. Novel epimerization at the f-position
to carbonyl of the minor diastereomer frans-isomer 5 to the
more stable cis-isomer 6 could occur under the same reaction
conditions as shown in Scheme 1. Further treatment of cis-isomer
6 with CH-acids 3 and Hantzsch ester 9 would generate the highly
functionalized cyclohexanes 10 in one-pot as shown in Scheme 1.
The cascade olefination—Diels—Alder—epimerization, olefination—
Diels—-Alder—epimerization—olefination-hydrogenation and ole-
fination—Diels—Alder—epimerization—olefination-hydrogenation—
trans-esterfication reaction sequences would then generate a
quaternary center with formation of three new carbon-carbon
c bonds, and four new carbon—carbon ¢ bonds/two carbon—
hydrogen bonds respectively via organocatalysis.

This journal is © The Royal Society of Chemistry 2008
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Scheme 1 Development of organocatalytic cascade reactions based on the Barbas dienamine platform.

Results and discussion

We initiated our investigation by seeking a viable proline 4
catalyst for the cascade [4 + 2] annulation of the enone la,
benzaldehyde 2a and methyl cyanoacetate 3a to provide the
cyclohexanone 6aa (Table 1). We were pleased to find that the
three-component reaction of trans-4-phenyl-3-buten-2-one 1la,
benzaldehyde 2a and methyl cyanoacetate 3a with a catalytic
amount of L-proline 4 in methanol at ambient temperature for

30 h furnished Diels—Alder products Saa and 6aa in 76% yield
with prochiral cis-isomer 6aa as the major isomer with only 9%
de (Table 1, entry 1)."* The same reaction albeit with an extended
reaction time furnished cis-isomer 6aa with 33% de in 78% yield
(Table 1, entry 2). The minor diastereomer, trans-isomer 5aa, was
effectively epimerized to the thermodynamically stable cis-isomer
6aa under prolonged reaction times via proline catalysis. The
stereochemistry of products Saa and 6aa was established by NMR
analysis.

Table 1 Effect of solvent on the direct amino acid catalyzed cascade O-DA-E reaction of 1a, 2a and 3a*

L-Proline/4 Ph Ph
o] + br. N (20 mol%) CN . CN
gy T POHO TN coMe — Neome *° “co,Me
1a 2a 3a (0.5 M) Ph 5aa Ph 6aa
Minor Isomer Major Isomer

Entry Solvent (0.5 M) Temperature (7)/°C Time/h Products Yield? (%) dec (%)

1 MeOH 25 30 Saa, 6aa 76 9

2 MeOH 25 96 5aa, 6aa 78 33

3 EtOH 25 96 5aa, 6aa 75 53

44 EtOH 70 72 6aa 80 99

5 DMSO 25 6 5aa, 6aa 80 26

6 DMSO 25 72 6aa 85 99

74 DMSO 50 =25 24 —48 6aa 80 99

8 DMF 25 24 Saa, 6aa 77 26

9 DMF 25 72 5aa, 6aa 75 26
10 NMP 25 24 Saa, 6aa 76 -50
11 NMP 25 72 Saa, 6aa 75 -20
12 THF 25 168 Saa, 6aa <5 —
13 CH;CN 25 36 5aa, 6aa 60 0
14 CHCl, 25 72 5aa, 6aa 73 33
15 C,H;CH, 25 120 Saa, 6aa 65 0
16 CH,Cl, 25 120 5aa, 6aa 68 20
17 [bmim]Br 25 72 5aa, 6aa 80 44
18 [bmim]BF, 25 72 5aa, 6aa 71 0

“ Amino acid 4 (0.1 mmol), benzylidene acetone 1a (1 mmol), benzaldehyde 2a (0.5 mmol) and CH-acid 3a (0.5 mmol) in solvent (1 mL) were stirred
at ambient temperature for 6 to 120 h. * Yield refers to the column purified product. ¢ Diastereomeric excesses determined by using 'H and “C NMR
analysis on isolated products. ¢ All reactants (1a, 2a and 3a) were used in the same equivalents.
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In the three-component cascade olefination—Diels—Alder—
epimerization (O-DA-E) reaction of enone la, benzaldehyde 2a
and methyl cyanoacetate 3a catalyzed directly by L-proline 4, we
found that the solvent (dielectric constant) and temperature had a
significant effect on reaction rates, yields and de’s (Table 1). Our
studies revealed that the cascade O—-DA-E reaction catalyzed by L-
proline produces products Saa and 6aa in moderate yields and poor
selectivity in aprotic non-polar solvents (Table 1, entries 12-16)
and with excellent yields and selectivity in protic/polar solvents
(Table 1, entries 4-7). But interestingly, the cascade O-DA-E
reaction in polar solvents like DMF and NMP looks different
compared to DMSO as shown in Table 1, entries 8—11. The same
cascade reaction in the ionic liquids [bmim]Br and [bmim]BF,
catalyzed by L-proline provided the cascade product cis-isomer
6aa with 44% de and 0% de in good yield, respectively (Table 1,
entry 17 and 18). Interestingly, under proline catalysis, the cascade
O-DA-E reaction worked well in EtOH and DMSO solvents and
the optimal conditions involved mixing equimolar amounts of
enone la, aldehyde 2a and CH-acid 3a in ethanol with heating to
70 °C for 72 h to furnish cis-isomer 6aa as a single diastereomer
in 80% yield (Table 1, entry 4) or mixing equimolar amounts of
1a, 2a and 3a in DMSO with heating to 50 °C for 24 h and 25 °C
for 48 h to furnish cis-isomer 6aa as a single diastereomer in 80%
yield (Table 1, entry 7).

After this preliminary understanding, we proceeded to investi-
gate the scope and limitations of the cascade O—-DA-E reaction
of 1a and 2a with a range of active CH-acids 3a—e under proline-
catalysis in DMSO (Table 2). As shown in Table 2, acyclic CH-
acids 3a—e furnished the expected cascade products 6aa—ae in good
yields with 99% de, but ethyl cyanoacetate 3b has only furnished
cascade product 6ab in 92% yield with 77% de.

We generated a useful library of cascade O-DA-E products
6 under proline-catalysis. The results in Table 3 demonstrate the
broad scope of this green methodology covering a structurally
diverse group of less reactive ketones la—i, aldehydes 2a—k and
CH-acids 3a—e with many of the yields and de’s obtained being
very good, or indeed better than previously published reactions
starting from the divinyl ketones and CH-acids via double Michael
reactions.”® Each of the targeted prochiral cis-isomers 6 were
obtained as single diastereomers in excellent yields. Prochiral cis-
isomers 6bba—iia were generated in very good yields with aromatics
bearing either electron withdrawing or electron donating groups
in the para position as shown in Table 3. The prochiral hetero
aromatic cis-isomer 6iia was synthesized in 90% yield with 0% de
under the reaction conditions (Table 3).

Proline-catalyzed cascade O-DA-E reaction of trans-4-(4-nitro-
phenyl)-3-buten-2-one 1b, 4-nitrobenzaldehyde 2b and methyl
cyanoacetate 3a furnished the cascade esters cis-6bba/trans-5bba
in 80% yield with 50% de of 6bba (Table 3, entry 1). Interestingly,
the cascade reaction of 1¢, 2¢ and 3a furnished the esters Scca/6cca
in 86% yield with 0% de. Cascade O-DA-E reactions produced
cyclohexanone products 6dda, 6eea, 6ffa, 6gga, 6aha and 6aja in
very good yields with 99% de as shown in Table 3. The proline-
catalyzed O-DA-E reaction of 1a, 2b and 3b furnished the non-
symmetrical cis-isomer 6abb in 75% yield with 82% de and 14% ee
as shown in Table 3. Non-symmetrical cis-isomers 6aha, 6aja and
6aka are also generated using cascade O-DA-E reaction in very
good yields with good de’s as shown in Table 3. Cascade trans-
isomers of 5bba, 5cca, Shha and 5iia were epimerized to the cis-

Table 2 Effect of CH-acids 3 on the direct amino acid catalyzed cascade
O-DA-E reaction of 1a, 2a and 3a—e*

L-Proline 4 Ph
o) (20 mol%) CN
M+ PrcHO +NC"COR ———» O
Ph DMSO TO.R
1a 2a 3a-e (0.5 M) Ph 6
RT, 72 h
Entry Products Yield® (%) de (%)
1 Ph 6aa 85 99
-y
O ~, O
II/ ~
Ph O
2 Ph 6ab 92 77
CN
[0} v""“/OV
Ph O
3 Ph 6ac 76 99
CN
o] e}
oﬁ ~X
Ph O
4 Ph 6ad 80 99
CN
Ao~
M
Ph O
5 6ae 85 99

Ph
CN
o WO\/ Ph
Ph O

“ Amino acid 4 (0.1 mmol), benzylidene acetone 1a (1 mmol), benzaldehyde
2a (0.5 mmol) and CH-acids 3a—e (0.5 mmol) in DMSO (1 mL) were
stirred at 25 °C for 72 h. ® Yield refers to the column purified product.
¢ Diastereomeric excesses determined by using 'H and *C NMR analysis
on isolated products.

isomers 6bba, 6cca, 6hha and 6iia under proline-catalysis in very
good yields with complete conversion at 25 °C for 48 h (Table 4).

With pharmaceutical and material applications in mind,
we extended the three-component cascade O-DA-E reac-
tions into a novel double cascade proline-catalyzed five-
component olefination—Diels—Alder-epimerization—olefination—
hydrogenation (O-DA-E-O-H) reaction of enones 1, aldehydes
2, CH-acids 3, and Hantzsch ester 9 with various CH-acids 3a—e
in one-pot (Table 5). A library of double cascade products 10 as
shown in Table 5 are furnished in good yields with 99% de under
proline-catalysis at 25 °C for 96 h. Interestingly, proline-catalyzed
double cascade reaction of 1a, 2a, 3a (2 equiv.) and 9 in EtOH at
70 °C for 96 h furnished the product 10aaab in 60% yield with
99% de via olefination-Diels—Alder—epimerization—olefination—
hydrogenation—trans-esterfication (O-DA-E-O-H-TE) reaction
sequence. The structure and regiochemistry of double cascade
products 10 were confirmed by X-ray structural analysis on 10aaee
as shown in Fig. 1.}

1 CCDC reference number 664436 for 10aaee. For crystallographic data
in CIF or other electronic format see DOI: 10.1039/b718122a
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Table 3 Chemically diverse libraries of cascade O-DA-E products 6*:¢

L-Proline 4 Ar
0 e (20 mol%) cN
M + ArCHO + NC” COR ——» 0O
Ar DMSO TOoR
1a-i 2b-k 3a-b Q.5M) Ar 6
RT,72h
NO,
0 .
N ~ ’ﬁ/o\\
O\
02N
6bba 6cca 6dda
Yield: 80% Yield: 86% Yield: 75%
de: 50% de: 0% de: 99%
/\\\
N N
O O
6eea 6ffa 6gga
Yield: 80% Yield: 80% Yield: 75%
OH de:99% OMe de:99% \/O de: 99%
/ N
N //“/ ~ 2 O\/
O 0
Giia
. 6abb
Yield: 909
teld: 90% Yield: 75%
6hha de: 0% -
S de: 82%
Yield: 85% ce: 14%
de: 50% '
N CN N
(O II/O\ O
6aha 6aja 6aka
Yield: 90% Yield: 80% Yield: 85%
Br de: 99% de: 99% de: 78%

“Yield refers to the column purified product. ® Diastereomeric excesses
determined by using 'H and *C NMR analysis on isolated products. ¢ Ee
determined by HPLC analysis.

Prochiral cis-isomers 6 are excellent starting materials for the
synthesis of cardiovascular agents and hypnotic active products;"
and highly functionalized cyclohexanes 10 could serve as suitable
synthons for the synthesis of useful materials with different
properties.

Table 4 Direct proline-catalyzed epimerization of trans-isomers of O-DA
products 54

Ar L-Proline 4 Ar
CN (20 mol%) CN
(e} \ —> O
/ COMe DMSO TOo,Me
Ar (0.5M) Ar
5 RT, 48 h 6

6bba 6cca

NO, Yield: 96% Yield: 95%
de: 99% de: 99%

N
o\
6iia
Yield: 98%
6hha de: 99%
Br  Yield: 95%
de: 99%

“Yield refers to the column purified product. ® De determined by 'H and
BC NMR analysis.

f
o
=z
o
= ;o
ﬂO >
!
Ay

10aaee

Fig.1 Crystalstructure of 4-(benzyloxycarbonyl-cyano-methyl)-1-cyano-
2,6-diphenyl-cyclohexanecarboxylic acid benzyl ester (10aaee).

Mechanistic insights

The possible reaction mechanism for L-proline-catalyzed regio-
and diastereoselective synthesis of cascade products 6 and 10
through reaction of enone 1, aldehyde 2, CH-acid 3 and Hantzsch
ester 9 is illustrated in Schemes 2 and 3. This catalytic sequential
one-pot, double cascade is a five component reactioncomprising
enone 1, aldehyde 2, CH-acid 3, Hantzsch ester 9 and a simple
chiral amino acid 4 which is capable of catalyzing each step
of this double cascade reaction. In the first step (Scheme 2),
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Table 5

Chemically diverse libraries of cascade O-DA—E-O-H products 10**

o NC/\[rOR1

= o y L-Proline 4 Ar
)K/\Ar 3 Ar-CHO @0mol%)  R%0,C CN
1 2 2
OR? H H DMSO NC COR
NC EtO,C X CO,Et (0.5 M)
/\H/ | ‘ RT, 96 h Ar
(e} 10
3 9 H
Ph
NC, NC, CN NC,
m e ., o T
0 0:2 (I 0
o] Ph O o] Ph O O
1Oaaaa0 10aabb V4 10aacc
Yield: 73% Yield: 75% Yield: 70%
de: 99% de: 82% de: 99%
N NC
e T
o o={
0 Ph O o} Ph O Ph O
=/ Ph—/
"I()aadd0 10aace 10aaab®
Ylelfi. 7?/0 Yield: 73% Yield: 60%
de: 99% de: 99%
de: 99%
NC
e
(0]
0] Ph O
=/
10aaae 10aacd
Yield: 70% Yield: 75%
de: 99% de: 99%

“Proline 4 (0.1 mmol), benzylidene acetone 1a (0.5 mmol), benzaldehyde 2a (0.5 mmol), and CH-acid 3 (0.5 mmol) in solvent (1 mL) were stirred at
ambient temperature for 72 h, and then CH-acid 3 (0.5 mmol) and Hantzsch ester 9 (0.5 mmol) were added (see the Experimental section). ® Yield refers
to the column purified product and diastereomeric excesses determined by using 'H and *C NMR analysis on isolated products. ¢ Product 10aaab was
obtained from the cascade O-DA-E-O-H-TE reaction of 1a, 2a, 3a (2 equiv.), 4 and 9 in EtOH (1.0 mL) at 70 °C for 96 h.

the catalyst (S)-4 activates component 2 by most likely iminium
ion formation, which then selectively adds to the CH-acid 3 via
a Mannich and retro-Mannich type reaction to generate regio-
selectively active olefin 12 as dienophile.’” The following second
step is proline mediated generation of Barbas dienamine 13 (2-
amino-1,3-butadiene)’ as the diene source from enone 1 and
proline 4. In the subsequent third step, Diels—Alder reaction of
12 with in situ generated Barbas dienamine 13 via most likely
concerted [4 + 2] cycloaddition leads to the formation of cascade
O-DA products 5/6 in good yield with prochiral cis-isomer 6
as the major isomer with moderate de. In the fourth step, (S)-
4 catalyzes the epimerization at the B-position to carbonyl of
trans-isomer 5 via enamine catalysis and subsequent hydrolysis
returns the catalyst (S)-4 for further cycles and releases the desired
major cis-isomer 6. In the fifth step, (S)-4 catalyzes the olefination
of major isomer 6 with CH-acid 3 to furnish the functionalized
olefin 14 via most likely iminium catalysis as like the first step.

The following sixth step is bio-mimetic hydrogenation of active
olefin 14 by Hantzsch ester 9 to produce 10 through self-catalysis
by decreasing the HOMO-LUMO energy gap between 14 and 9
respectively.'

Taking into account the recent applications of amine-catalyzed
olefination reactions® and based on the different experiments
performed (Tables 1-4), we proposed that the most likely reaction
course for the organocatalyzed direct epimerization at the -
position to the carbonyl of trans-isomer 5 and olefination—
hydrogenation of cis-isomer 6 is the one outlined through amino
acid-catalysis as shown in Scheme 3.

Epimerization of trans-isomer 5 or the diastereospecific syn-
thesis of cis-isomer 6 in the cascade O—-DA-E reaction of enone
1, aldehyde 2 and CH-acid 3 can be explained as illustrated in
Scheme 3. The energy difference (A H) between the two isomers Saa
and 6aa is 3.085 kcal mol~' based on PM3 calculations. The energy
difference (AH) between the two isomers Sab and 6ab is 3.081 kcal

This journal is © The Royal Society of Chemistry 2008
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Scheme 2 Proposed catalytic cycle for the double cascade reactions.

mol~! based on PM3 calculations. Minimized structures of Saa,
6aa, Sab, and 6ab are depicted in the ESI. Since the differences
in AH’s between the two isomers of 5aa/6aa and Sab/6ab are
greater than 3 kcal mol™', the minor kinetic isomers 5aa and
5ab are epimerized to the thermodynamically more stable cis-
isomers 6aa and 6ab, respectively, at room temperature under
mild organocatalysis. The minor kinetic isomer, trans-isomer 5,
was epimerized to the thermodynamically stable cis-isomer 6 via
deprotonation-reprotonation or retro-Michael-Michael reactions
catalyzed by amino acid. This is in agreement with the previously
proposed retro-Michael-Michael reaction mechanism® at the
epimerization step (Scheme 3). As shown in Scheme 3, the amino
acid reacts with zrans-isomer 5 to generate the enamine 15. The
retro-Michael reaction to form the ring-opened imine—enolate 16
should be accelerated by hydrogen bonding with protic/polar
solvents. Imine-enolate 16 then undergoes Michael reaction to
form the enamine of the thermodynamically stable cis-isomer 17,
which undergoes hydrolysis in situ to furnish cis-isomer 6.

The possible reaction mechanism for cascade O-H reactions
of 6, 3, 9 and 4 are illustrated in Scheme 3. First, reaction of
proline 4 with cis-isomer 6 generates the iminium cation 20, an
excellent electrophile that undergoes Mannich type reactions with
CH-acid 3 to generate Mannich product 22. Retro-Mannich or
base induced elimination reaction of amine 22 would furnish active
olefin 14. The next hydrogen transfer reactions are dependent upon
the electronic nature of the in situ generated conjugated system or,
more precisely, the HOMO-LUMO gap of the reactants 9 and 14.%°

The observed high regio-selectivity in cascade products 10 can
be explained by the approach of the hydride source (Hantzsch
ester 9) to olefins 14 being the main controlling factor, rather than
thermodynamic stability, of the resulting hydrogenated products
10. Approach of the Hantzsch ester 9 to olefin 14 through the
equatorial position is more favourable than axial position, may be
due to the existence of more steric hindrance in an axial approach.
Steric strain control (SSC) is main controlling factor than product
stability control (PSC) in bio-mimetic cascade reductions, because
thermodynamically stable isomer cis-10 is formed as very minor

product. This selectivity trend can be easily understood by the ap-
proach of bulk hydride source 9 to highly functionalized olefins 14.

Conclusions

In summary, we have developed the first amino acid catalyzed
direct cascade O-DA-E, O-DA-E-O-H and O-DA-E-O-H-
TE reactions. This astonishingly simple and atom-economic
approach can be used to construct highly functionalized prochi-
ral 1-cyano-4-oxo-2,6-diaryl-cyclohexanecarboxylic acid alkyl es-
ters 6 and 1-cyano-4-(cyano-alkoxycarbonyl-methyl)-2,6-diaryl-
cyclohexanecarboxylic acid alkyl esters 10 in a diastereospecific
fashion. Selective multi-step reactions of this type inspire analogies
with biosynthetic pathways and complement traditional multi-
component synthetic methodologies. As we have suggested previ-
ously, the synthesis of poly-functionalized molecules under amino
acid-catalysis provides a unique and under explored perspective
on pre-biotic synthesis. A complete understanding of the scope
of amino acid-catalysis should not only empower the synthetic
chemist but also provide a new perspective on the origin of complex
molecular systems.

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
BC 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 micromass ESI-TOF MS. GCMS mass
spectrometry was performed on Shimadzu GCMS-QP2010 mass
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Epimerization at p-position to carbonyl via enamine catalysis
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Scheme 3 Proposed mechanisms for the proline-catalyzed epimerization
and olefination—hydrogenation reactions.

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 the
EI technique or a Shimadzu-LCMS-2010A mass spectrometer.
IR spectra were recorded on JASCO FT/IR-5300 and Thermo
Nicolet FT/IR-5700. The X-ray diffraction measurements were
carried out at 298 K on an automated Enraf-Nonious MACH
3 diffractometer using graphite monochromated, Mo-Ka (1 =
0.71073 A) radiation with CAD4 software or the X-ray intensity
data were measured at 298 K on a Bruker SMART APEX CCD
area detector system equipped with a graphite monochromator
and a Mo-Ka fine-focus sealed tube (4 = 0.71073 A). 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 double cascade reactions

Proline-catalyzed cascade O-DA-E reactions. In an ordinary
glass vial equipped with a magnetic stirring bar, to 1.0 mmol of the
ketone 1, 0.5 mmol of aldehyde 2 and 0.5 mmol of CH-acid 3 was
added 1.0 mL of solvent, and then the catalyst amino acid 4 (0.1
mmol) was added and the reaction mixture was stirred at 25 °C for
the time indicated in Tables 1, 2 and 3. The crude reaction mixture
was directly loaded on a silica gel column with or without aqueous
work-up and pure cascade products 5/6 were obtained by column
chromatography (silica gel, mixture of hexane—ethyl acetate).

Proline-catalyzed O-DA-E-O-H reactions in one-pot. In an
ordinary glass vial equipped with a magnetic stirring bar, to
0.5 mmol of the ketone 1, 0.5 mmol of aldehyde 2 and 0.5 mmol
of CH-acid 3 was added 1.0 mL of solvent, and then the catalyst
proline 4 (0.1 mmol) was added and the reaction mixture was
stirred at 25 °C for 72 h then CH-acid 3 (0.5 mmol) and Hantzsch
ester 9 (0.5 mmol) was added and stirring continued at the same
temperature for 24 h. The crude reaction mixture was worked up
with aqueous NH,Cl solution and the aqueous layer was extracted
with dichloromethane (2 x 20 mL). The combined organic layers
were dried (Na,SO,), filtered and concentrated. Pure one-pot
products 10 were obtained by column chromatography (silica gel,
mixture of hexane/ethyl acetate).

Many of the cascade products 5/6 have been described previ-
ously, and their analytical data match literature values; and new
compounds were characterized on the basis of IR, '"H and “C
NMR and analytical data (see ESIT).
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A highly congested decalin embodying an a-methylene ketone is synthesized in 11 steps from the
Wieland—Miescher ketone and efficiently converted to the polycyclic frameworks of anominine and
tubingensin A, which constitutes the first approach to the skeleton of these indole diterpenoids.

Introduction

Fungal sclerotia often contain unique antiinsectan metabolites
that can offer protection against predation.! Among them, ano-
minine (1),}>3 isolated from Aspergillus nomius, shows potent
activity against the crop pest Helicoverpa zea, and tubingensin A
(2),* isolated from A. tubingensis, displays in vitro antiviral activity
against the herpes simplex virus type 1 (Fig. 1). Structurally, 1 is
made up of a cis-decalin embodying five stereogenic centres, two of
which are contiguous quaternary carbons, and 2 shows a unique

265
4

12
13
H Me14

Me o9
28

anominine (1)

aspernomine

Fig. 1 Heterocyclic diterpenoids from Aspergillus sp.
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T Electronic supplementary information (ESI) available: *C NMR chem-
ical shifts of all compounds (Table 1) and copies of selected 'H and *C
NMR spectra. See DOI: 10.1039/b718280¢

i Diterpenoid 1 was named nominine when isolated in 1989. However,
in 1982 the same name had been given to another natural product
isolated in 1956, the hetisine-type aconite alkaloid nominine (ref. 3a).
Furthermore, the original nominine has recently been synthesized (ref. 3b).
After consulting Prof. Gloer (Iowa University) it was decided to change
the name of the indole diterpenoid 1 to anominine. We have used Gloer’s
numbering of the anominine skeleton (ref. 2) throughout the discussion.

9H-octahydronaphtho[2,1-b]carbazole ring system.® The related
compound aspernomine,® also isolated from Aspergillus nomius,
contains the same decalin motif but features a novel bridged
tetrahydroquinoline ring system, which may arise biogenetically
from a rearrangement of an oxidized form of anominine.” Like
anominine it is an antiinsectan metabolite and in addition exhibits
significant cytotoxicity towards three human solid tumour cell
lines.

Given the biological activities and the novel and synthetically
challenging structures of these indole diterpenoids, possessing
a prenylated sesquiterpenoid carbon skeleton, together with no
previously reported approaches,® we embarked on a program of
research to evaluate their total synthesis.

Based on our experience in the synthesis of unusual terpenoids
such as nakamurol A®° and xylarenal A," we identified enone
3 (Scheme 1) as a key synthetic intermediate. We planned to
explore the usefulness of its exocyclic a-methylene ketone unit
for incorporating the heterocyclic ring fragment linked or fused to
the decalin core of 1 and 2.

heterocycle
synthesis
- ¥
Anominine ——
Tubingensin A

Natural products:

R = homoprenyl; X = OH

Model studies:
R=Me; X=H

Scheme 1 Outline of a possible synthesis of anominine and tubingensin
A.

We have previously reported® the synthesis of 3 (R = Me, X =
H) via a four step sequence (48%) from intermediate A, which
in turn was prepared from (R)-3-methylcyclohexanone (8 steps,
30% overall yield)." However, our first generation synthesis of
3 did not allow the introduction of a hydroxyl group at C-19,
which precluded its extension to the total synthesis of anominine
and related diterpenoids. Moreover, an analogous approach (A —
B — 3 R = Me, X = OH) did not allow the introduction of
the quaternary centre. The installation of a hydroxyl group at
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C(19) from A to give B has been previously reported by us
(Scheme 2), but initial attempts to add various organometallics
upon a hydroxyl-protected derivative of B did not result in any
1,4-addition. This was not altogether surprising given the type of
compounds involved and the known effects of even remote oxygen
atoms from the reactive site.'?

8 steps O 7steps
(j _30% 41%
ref.9 vz ref. 11
4 Si‘;;ps ref.10
ref. 9 OH

Scheme 2 Previous results.

We therefore sought to design a second-generation synthesis
of enone 3 to incorporate a degree of flexibility that would
enable us to introduce later the C-19 hydroxyl and homoprenyl
group.’" In this paper we disclose our overall synthetic strategy
and its successful application to the synthesis of the polycyclic
frameworks of anominine and tubingensin A.

Results and discussion
A second generation synthesis of enone 3

The new synthesis of enone 3 (Scheme 3) starts from Wieland—
Miescher ketone (4),* the quaternary centre at C-20 being intro-
duced by conjugate addition of methyl cuprate.’® Chemoselective
protection of the less hindered carbonyl of 5 was accomplished
using 2-ethyl-2-methyl-1,3-dioxolane in acid medium. Wittig
methylenation of the remaining carbonyl group in 6 gave the cis-
dimethyl decalin 7. The diastereoselectivity observed in the initial
hydrogenation (H,, Pd-C, solvent) of 7 was the opposite of what
was desired, the trans derivative 8a being the main compound
formed (Fig. 2). However, a reversed selectivity was found when
ketone 9, obtained by hydrolysis of 7 (10% HCl aq), was used as the
substrate. The cis—trans ratio was further improved by changing
the catalyst from Pd to Pt and using CH,Cl, as the solvent, which
resulted in a 3 : 1 ratio of decalones 10 and 8b, respectively, in
quantitative yield. Hoping that an endocyclic rather than exocyclic
double bond might increase the selectivity further, we attempted
the hydrogenation of 11,"” however this failed, probably due to
extreme steric hindrance. Since compounds 10 and 8b could not be
separated by chromatography, we decided to prepare the required

= (OCHy),
8b X=0

CH» 9

Fig. 2

(0]
O  Meli, 0 4
Cul, EtO )l TSOH
Me 85% 99% (based on
(0] recovered 5)
4 5
+ -
PhsPCH Br We O/> i. BHg THF
+BuOK, THF O ii. H,O,, NaOH

95% (60%)

i. MsCl, Et;N

M
Me O £ o]
: ii. LiEt3BH, THF ;
O —_—
iii. acid quench B
- M

H (10% HCl aq)

; : Me
2 Me 74% Me
/ o
HO 12 (3 steps) 10
IBX, TSOH Ve o
DMSO OJ - LEAIDS,
71% - + -
- Me ii. MeoN=CH, - Me
Me |~ Me
13 14
i. Ho/Pd, MeOH

ii. mMCPBA, CH, Cl,

69% from 13

Scheme 3 A second-generation synthesis of enone 3.

intermediate 10 by hydroboration of 7 followed by reduction of
the corresponding alcohol. This gave an easily separated 4 : 1
mixture of alcohols 12 and its epimer (not shown) in 75% overall
yield. Removal of the hydroxyl group was carried out efficiently by
mesylation, Superhydride reduction and acid quench to give the
stereochemically pure ketone 10.

Oxidation of 10 with IBX (o-iodoxybenzoic acid)® formed
the enone 13, which effectively blocked the most accessible
methylene of the ketone group of 10. Attempts to alkylate the
o -position of the ketone (i.e. at C-11) was problematic probably
due to the extreme steric hindrance exerted by the three proximal
methyl substituents, predominantly leading to O- rather than C-
alkylation. Fortunately, reaction of the lithium enolate of 13 with
Eschenmoser’s salt, hydrogenation of the crude polar amine 14
followed by m-CPBA oxidation generated the exocyclic enone 3.
We were thus able to synthesize the key intermediate 3 in 11 steps
and 18% overall yield from the Wieland—Miescher ketone.

Synthesis of anonimine and tubingensin A polycyclic skeletons

The remaining challenge was to elaborate the heterocyclic rings
to access the polycyclic skeletons of anominine and tubingensin
A. Conjugate addition of indole to enone 3 in the presence of

This journal is © The Royal Society of Chemistry 2008
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Me
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Zn, MeOH SOH,
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_

81% 88%

tubingensin A
19 framework (20)

Scheme 4 Synthesis of anominine and tubingensin A polycyclic skeletons.

bismuth triflate’ smoothly generated the coupled product 15 in
excellent yield as a 1 : 2 mixture of diastereomers favouring the
undesired stereosiomer (Scheme 4). Isomerisation of the epimeric
mixture with KF in refluxing EtOH provided the all cis diastere-
omer in quantitative yield. Wittig homologation completed the
synthesis of the anominine model 16.

We then focused our attention on the tubingensin skeleton using
the same common enone 3 intermediate. This enone reacted with 1-
(2-nitrophenyl)propan-2-one® in a biphasic system (toluene/60%
KOH aq) with the addition of a chiral phase transfer catalyst§
under the conditions developed by Vandewalle and Nerinckx.*!
Initially, the reaction progressed via a conjugate addition (i.e. 17)
followed by Robinson annulation to give the cyclohexanone ring
as a single diastereomer 18 without elimination of the hydroxyl to
form the enone. We believe that the catalyst acts only as a phase
transfer agent and is not solely responsible for the stereocontrol,
since we isolated intermediate 17 as a complex mixture of
diastereomers. This suggests that it is the KOH that epimerises
the mixture under thermodynamic control to produce the single
stable diastereomer 18. While the stereogenic centres formed in
this reaction are not relevant to the synthesis of the tubingensin
A framework, it should be noted that the stereochemistry at
C-11 is the same as that of aspernomine. This would suggest
that this ring structure could also be accessed by modifying
this methodology. Reduction of 18 with Zn smoothly produced
the indole 19 in 81% yield. Finally, to complete the synthesis,
the tertiary alcohol was eliminated in the presence of TsOH in
refluxing toluene, the dihydro intermediate formed undergoing
spontaneous oxidation under the reaction conditions. We found
that if the reaction was worked up too early after tlc analysis
showed that no starting material remained, a mixture of 20 and
dihydro derivatives analogous to 10,27-dihydrotubingensin A® was

§ N-(4-trifluoromethylbenzyl)cinchoninium bromide

isolated. Stirring this mixture overnight in chloroform, exposed to
the air, was sufficient to complete the oxidation.

Summary and conclusions

In summary, we have completed a synthesis of the polycyclic
frameworks of anominine and tubingensin A. As a prelude
to working on their total synthesis, we have demonstrated the
viability of exocyclic enones as ideal molecular scaffolds for
the incorporation of the heterocyclic fragments of these natural
products. We have also reported a modified synthesis of the highly
congested decalin 3, which should allow the incorporation of
the functionality required for the common component of these
terpenoid natural products. Application of this methodology to the
total synthesis of these indole diterpenoids is currently in progress
and the results will be reported in due course.

Experimental section
General

All reactions were carried out under an argon atmosphere with dry,
freshly distilled solvents under anhydrous conditions. Analytical
thin-layer chromatography was performed on SiO, (Merck silica
gel 60 F,s,), and the spots were located with 1% aqueous KMnO,
or 2% ethanolic anisaldehyde. Chromatography refers to flash
chromatography carried out on SiO, (SDS silica gel 60 ACC,
35-75 pum, 230-240 mesh ASTM). Drying of organic extracts
during workup of reactions was performed over anhydrous
MgSO,, except where stated otherwise. Evaporation of solvent
was accomplished with a rotatory evaporator. NMR spectra were
recorded in CDCIl,; on a Varian Gemini 300 or Varian VNMRS
400. Chemical shifts of 'H and *C NMR spectra are reported in
ppm downfield () from Me,Si.

774 | Org. Biomol. Chem., 2008, 6, 772-778

This journal is © The Royal Society of Chemistry 2008





Terpene biogenetic numbering was used in the NMR assigna-
tion of all compounds and the TUPAC nomenclature is followed
in the headings. Table 1 with all *C NMR data is found in the
ESLt

(4aRS ,8aSR)-4a,8a-Dimethyl-3,4,4a,5,8,8a-hexahydro-2H,7H-
naphthalene-1,6-dione 5

To a dispersion of copper iodide (32 g, 0.168 mol) in Et,O (700
mL) at 0 °C was added MeLi (1.6 M in Et,0, 175 mL, 0.280
mol), and the mixture was stirred for 1 h. A solution of enone 4
(10 g, 0.056 mol) in Et,O (100 mL) was added, and the reaction
was stirred at 0 °C for 30 min. The reaction was quenched
with saturated aqueous NH,ClI solution and stirred for 2 h, the
aqueous layer was separated and extracted with EtOAc (5 x 100
mL), the combined organic layers were washed with saturated
aqueous NH,Cl in 20% aqueous NH; (5 : 1) and brine, dried, and
concentrated. Purification of the residue by chromatography (10%
EtOAc-hexane) gave diketone 5 (9.15 g, 85%) as a white solid; mp
129-131 °C; 'H NMR (300 MHz, COSY) 0.98 (s, 3H, Me-29),
1.21 (s, 3H, Me-21), 1.45 (ddd, J = 11.0, 11.0, 5.0 Hz, 1H, H-19,,),
1.55(ddd, J = 13.7, 11.1, 5.6 Hz, 1H, H-14,,), 1.85-1.95 (m, 3H,
2H-18,H-19,,),1.97(dd, J = 14.5,2.1 Hz, 1H, H-11,,), 2.26 (dddd,
J=152,72,5.6,3.2 Hz, 1H, H-13,,), 2.39 (d, J/ = 14.5 Hz, 1H,
H-11,,),2.40 (dm,J =14.0 Hz, 1H, H-17,),2.42 (dm, J = 13.5Hz,
1H, H-14,,), 2.57 (dddd, J = 14.4, 11.0, 6.6, 1.5 Hz, 1H, H-13,)),
2.58 (m, 1H, H-17,,); "C NMR (75 MHz, DEPT, HSQC) 21.2 (C-
29),21.9 (C-18), 23.3(C-21), 31.5(C-14), 34.5 (C-19), 37.1 (C-17),
38.8 (C-13), 44.8 (C-20), 50.8 (C-11), 51.8 (C-15), 211.7 (C-16),
214.9 (C-12); HRMS calcd for C,,H,,0, (MH*) 195.1379, found
195.1381.

(4aR S ,8aSR)-4a,8a-Dimethyl-3,4,44,5,8,8a-hexahydro-2H,7H-
naphthalene-1,6-dione 6-monoethylene acetal 6

A solution of diketone 5 (3.3 g, 16.99 mmol) and p-toluenesulfonic
acid monohydrate (162 mg, 0.85 mmol) in 2-ethyl-2-methyl-1,3-
dioxolane (10.6 mL, 85 mmol) was stirred at room temperature
for 1 h. The reaction was quenched by the addition of saturated
aqueous NaHCO; and extracted with Et,O (3 x 100 mL), the
combined organic layers were washed with brine, dried and
concentrated. Purification of the residue by chromatography (5%
EtOAc) gave 6 (2.7 g, 68%) as a clear oil, followed by recovered
starting material 5 (1.05 g): overall yield 99% based on recovered
starting material: "H NMR (300 MHz) 0.97 (s, 3H), 1.03 (s, 3H),
1.35-1.45 (m, 2H), 1.50-1.70 (m, 5H), 1.75-1.85 (m, 2H), 2.10 (m,
1H), 2.35 (m, 2H), 3.88 (s, 4H); “C NMR (75 MHz, DEPT) 20.5
(C-29), 21.7 (C-18), 24.8 (C-21), 30.0 (C-19), 31.6 (C-14), 34.8
(C-13), 37.7 (C-17), 41.0 (C-20), 43.6 (C-11), 51.9 (C-15), 64.2
and 64.4 (OCH,), 109.6 (C-12), 216.2 (C-16); HRMS calcd for
C,,H,;0; (MH") 239.1641, found 239.1642.

(4aR S ,8aSR)-4a,8a-Dimethyl-5-methylene-3,4,4a,5,6,7,8,8a-
octahydro-1H-naphthalen-2-one ethylene acetal 7

A solution of methyltriphenylphosphonium bromide (20.0 g, 56.5
mmol) and potassium tert-butoxide (6.3 g, 56.5 mmol) in toluene
(120 mL) was stirred at reflux for 1 h. Ketone 6 (2.7 g, 11.25
mmol) in toluene (40 mL) and was then added dropwise to the
above solution and the resulting mixture was stirred at reflux for

4 h. The reaction was quenched by the addition of acetone (3 mL),
stirring at 100 °C for 30 min and then by the addition of water
(100 mL). The reaction mixture was extracted with Et,O (3 x 200
mL), the combined organic layers were washed with brine, dried
and concentrated. Purification of the residue by chromatography
(1% EtOAc-hexane) gave alkene 7 (2.5 g, 95%) as a clear oil: '"H
NMR (300 MHz)q 0.90 (br s, 3H), 1.08 (s, 3H), 1.43-1.84 (m,
8H), 2.12-2.37 (m, 4H), 3.83-4.06 (m, 4H), 4.73 and 4.78 (2 s,
1H each); *C NMR (75 MHz, DEPT) 20.1 (Me), 22.5 (C-13),
23.2 (Me), 27.3 (C-19), 31.2 (C-14), 32.3 (C-15), 32.9 (C-17), 35.8
(C-13), 38.3 (C-20), 41.8 (C-11), 63.5 and 63.7 (OCH,), 107.9 (C-
28), 108.1 (C-12), 132.1 (C-16); HRMS calcd for C,sH,;0, (MH*)
237.1849, found 237.1853.

Hydrogenation of 9

Platinum(1v) oxide hydrate (20 mg, 0.06 mmol) was added to a
stirred solution of ketone 9 (100 mg, 0.57 mmol) in CH,Cl, (10
mL). The mixture was flushed with hydrogen and stirred under
pressure (450 psi) in a sealed apparatus at room temperature
for 16 h. The mixture was filtered through Celite, dried and
concentrated to give ~100 mg of material. The composition of
the mixture was 3 : 1 in favour of the all-syn epimer as found by
"H NMR spectroscopy. The products had identical R; values and
were not separable by chromatography.

(4aRS,8aSR)-Trimethyl-3,4,4a,7,8,8a-hexahydro-1H-
naphthalen-2-one 11

p-Toluenesulfonic acid monohydrate (149 mg, 0.78 mmol) was
added to a solution of 9 (100 mg, 0.52 mmol) in AcOH (2 mL)
and the resulting mixture was stirred at room temperature for 48 h.
The reaction was quenched with water, and extracted with Et,O
(3 x 10 mL), and the combined organic layers were washed with
saturated aqueous NaHCO;, dried and concentrated. Purification
of the residue by chromatography (10% EtOAc-hexane) gave 11
(98 mg, 98%) as a colourless oil: 'H NMR (400 MHz) 0.92 (s, 3H,
Me), 1.05 (s, 3H, Me), 1.25 (m, 1H, H-19), 1.65 (m, 1H, H-19),
1.73 (s, 3H, Me-28), 1.80 (m, 1H, H-14), 1.91 (d, J = 13.0 Hz,
1H, H-11), 1.95-2.05 (m, 3H, 2 H-18 and H-14), 2.20 (m, 2H, 2
H-13), 2.59 (d, J = 13.4 Hz, 1H, H-11), 5.43 (s, 1H, H-17); °C
NMR (100 MHz, DEPT, HSQC) 19.4 (Me), 22.1 (br Me), 22.6
(C-18), 23.4 (C-21), 31.6 (C-19), 33.2 (br C-14), 38.9 (C-13), 39.9
(br C-15), 40.6 (C-20), 49.6 (C-11), 122.9 (C-17), 137.9 (C-16),
212.8 (C-12); HRMS calcd for C;H,,O (MH*) 193.1592, found
193.1592.

(4aRS,55R,8aRS)-5-Hydroxymethyl-4a,8a-
dimethyloctahydronaphthalen-2-one ethylene acetal 12

BH; (1 M in THF, 25.4 mL, 25.4 mmol) was added dropwise to
a cooled (0 °C) solution of alkene 7 (2.0 g, 8.5 mmol) in THF
(10 mL). The resulting mixture was warmed to room temperature,
stirred for 2 h. The mixture was then cooled to —78 °C, and a
premixed solution of 4 mL of 30% aqueous H,0, and 4 mL of
3 M NaOH was added. After stirring the mixture overnight at
room temperature, the aqueous layer was extracted with Et,O
(3 x 100 mL), and the combined organic layers were washed

€ Broad signals due to the conformational inversion of the decalin ring.
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with saturated aqueous NaHCO;, brine, dried and concentrated in
vacuo. Purification by chromatography (25% EtOAc-hexane) gave
the alcohol 12 (1.1 g, 60%) followed by its epimer (220 mg, 12%) as
clear oils: "H NMR (400 MHz, COSY) 0.76 (s, 3H, Me-29), 0.96
(s, 3H, Me-21), 1.10 (dd, J = 14.0, 2.0 Hz, 2H, H-11,,, H-13,,),
1.15 (m, 1H, H-19,,), 1.42-1.60 (m, SH, H-13,,, H-17,,, H-14,,, 2
H-18),1.65(td,J =13.8,2.8 Hz, 1H, H-14,,), 1.75 (m, 1H, H-17,,),
1.83 (dm, J = 11.9 Hz, 1H, H-19,,), 1.95 (dddd, J = 12.0, 7.7, 4.0,
3.3 Hz, 1H, H-16,,), 2.22 (d, J = 14.0 Hz, 1H, H-11,,), 3.30 (dd,
J=10.4,8.8 Hz, 1H, H-28), 3.79 (dd, J = 10.4, 3.3 Hz, 1H, H-28),
3.87-3.96 (m, 4H, OCH,); *C NMR (100 MHz, DEPT, HSQC)
17.1(C-29), 21.3 (C-18), 25.0 (C-21),25.2(C-19), 29.5 (C-14), 30.3
(C-17), 37.0 (C-13), 37.0 (C-20), 37.5 (C-15), 39.2 (C-16), 40.6 (C-
11), 63.4 (OCH,), 64.2 (C-28), 64.3 (OCH,), 110.0 (C-12); HRMS
calcd for C;sH,,0; (MH*) 255.1960, found 255.1954.

(4aRS,5SR,8aRS)-4a,5,8a-Trimethyl-3,4,44,5,6,7,8,84-
octahydro-1H-naphthalen-2-one 10

A cooled (0 °C) solution of alcohol 12 (800 mg, 3.14 mmol) in
CH,Cl, (25 mL) was treated sequentially with Et;N (0.95 mL,
6.57 mmol) and methanesulfonyl chloride (270 mL, 3.46 mmol).
After being stirred at room temperature for 1.5 h, the mixture was
diluted with CH,Cl, and washed with H,O (15 mL), brine (2 x 5
mL), dried, and concentrated to give the mesylate, which was used
in the next step without additional purification: '"H NMR (300
MHz) 0.80 (s, 3H, Me-21), 0.98 (s, 3H, Me-29), 1.12 (dd, J = 14.2,
2.2 Hz, 2H, H-11,,, H-13,,), 1.24-1.40 (m, 1H, H-18,,), 1.41-1.62
(m, 5H, H-13,,, H-17,, H-14,,, H-19,,,,), 1.63-1.86 (m, 3H, H-
14, H-17,, H-18,,), 2.09-2.32 (m, 2H, H-11,, H-16), 2.99 (s, 3H,
-0;SMe), 3.78-4.06 (m, SH, H-28, OCH,), 4.35 (dd, J = 9.52,
3.65 Hz, 1H, H-28). A solution of the above mesylate in THF (12
mL) was treated with Superhydride (1 M in THF, 9.42 mL, 9.42
mmol) and the resulting mixture was stirred at room temperature
for 16 h. The reaction was quenched with 10% aqueous HCI (20
mL), stirred for 2 h and then extracted with Et,O (3 x 20 mL), dried
and concentrated. Purification by chromatography (10% EtOAc—
hexane) gave 10 (450 mg, 74% from alcohol 12) as a white solid.
All data were in accordance to those previously reported.® For *C
NMR data, see Table 1 in the ESIL.}

(4aRS,5RS,8aSR)-Trimethyl-44,5,6,7,8,8a-hexahydro-1H-
naphthalen-2-one 13

To a solution of ketone 10 (400 mg, 2.06 mmol) in DMSO (6 mL)
was added o-iodoxybenzoic acid (IBX, 1.44 g, 5.15 mmol) and
p-toluenesulfonic acid monohydrate (118 mg, 0.62 mmol), and
the mixture was heated to 70 °C for 16 h. The reaction mixture
was cooled to room temperature and partitioned between EtOAc
(40 mL) and H,O (10 mL). The aqueous layer was separated
and extracted with EtOAc (5 x 40 mL), the combined organic
layers were washed with saturated NaHCO;, saturated sodium
thiosulfate solution, brine, dried and concentrated. Purification
by chromatography (10% EtOAc-hexane) gave 13 (281 mg, 71%)
as a colourless oil: "H NMR (300 MHz) 0.91 (d, J = 6.8 Hz, 3H,
Me-28), 0.92 and 1.01 (s, 3H each, Me-29 and Me-21), 1.15 (m,
2H), 1.40-1.64 (m, 4H), 1.82 (d, J = 16.9 Hz, 1H, H-11), 1.91
(ddd, J = 12.3, 6.7, 3.5 Hz, 1H, H-16), 3.06 (d, / = 16.9 Hz, 1H,
H-11), 591 (d, J =10.2 Hz, 1H, H-13), 6.68 (d, J = 10.2 Hz, 1H,

H-14); B\CNMR (75 MHz, DEPT) 13.3 (Me), 16.9 (C-28), 21.7 (C-
18), 24.9 (Me), 30.1 (C-17), 35.4 (C-19), 37.8 (C-16), 39.3 (C-15),
42.1 (C-20), 46.1 (C-11), 126.3 (C-13), 159.4 (C-14), 200.2 (C-12);
HRMS calcd for C;;H,,0 (MH*) 193.1592, found 193.1601.

(4aRS,5SR,8aSR)- 4a,5,8a-Trimethyl-1-methylene-
3,4,4a,5,6,7,8,8a-octahydro-1 H-naphthalen-2-one 3

Enone 13 (506 mg, 2.64 mmol) in THF (10 mL) was added
dropwise to a cooled (—78 °C) solution of LIHMDS (1 M in THF,
5.27 mL, 5.27 mmol) in THF (7.5 mL). The resulting solution
was stirred for 5 min at —78 °C, warmed to 0 °C, stirred for 1 h,
recooled to —78 °C then transferred via cannula over 15 min to
a stirred suspension of Eschenmoser’s salt (1.47 g, 7.92 mmol,)
in 15 mL of THF at —78 °C. The resulting mixture was stirred
for 10 min at —78 °C, then for 10 min in a room temperature
water bath, and then transferred to a separatory funnel with ether
(50 mL) and saturated NaHCO; solution (10 mL). The aqueous
layer was separated, diluted with 50 mL of water, and extracted
with 50 mL of CH,Cl,. The combined organic layers were dried
(Na,SO0,), filtered, and concentrated at reduced pressure to give a
yellow-orange oil 14. The residue was dissolved in MeOH (50
mL), Pd/C (100 mg) was added, and the mixture was stirred
under hydrogen (1 atm) for 16 h. The mixture was filtered through
Celite, dried and concentrated. This crude material was partitioned
between CH,Cl, (25 mL) and saturated NaHCO; solution (12.5
mL), and m-CPBA (Aldrich, 57-86%, 911 mg, 5.28 mmol, 1.5-2.3
equiv) was added in one portion. The resulting mixture was stirred
vigorously for 20 min, then transferred to a separatory funnel and
separated. The aqueous layer was extracted with CH,Cl, (25 mL).
The combined organic layers were dried (Na,SO,), concentrated
under reduced pressure at room temperature to avoid undesired
polymerisation. Purification by chromatography (5% EtOAc—
hexane) gave 3 as a clear oil (350 mg, 69%). All spectroscopic
data were identical to that previously reported.” For *C NMR
data, see Table 1 in the ESL.¥

(1RS,4aRS,55R,8aRS)-1-(1H-Indol-3-ylmethyl)-4a,5,8a-
trimethyl-3,4,4a,5,6,7,8,8a-octahydro-1 H-naphthalen-2-one 15

To a solution of indole (37 mg, 0.32 mmol), and the enone 3
(65 mg, 0.32 mmol) in CH;CN (1 ml) was added bismuth triflate
(6 mg, 0.01 mmol, 3 mol%) and the mixture was stirred at room
temperature for 3 h. The reaction mixture was diluted with CH,Cl,
and absorbed onto silica. Purification by column chromatography
(5% EtOAc-hexane) gave ketoindole (95 mg, 93%) as a mixture of
epimers. The mixture was dissolved in EtOH (10 mL), potassium
fluoride (255 mg, 4.40 mmol) was added, and the resulting mixture
was heated at reflux for 48 h. After the reaction was cooled to
room temperature, the mixture was partitioned between water and
CH,Cl,, and the aqueous layer extracted with CH,Cl, (3 x 20
mL). The organic extracts were washed with brine, dried, and
concentrated. Purification of the residue by chromatography (25%
EtOAc-hexane) gave 15 (93 mg, 98%) as a white solid: mp 173—
175°C; "H NMR (400 MHz, COSY) 0.82 (s, 3H, Me), 0.83 (d, J =
6.8 Hz, 3H, Me-28), 0.86 (s, 3H, Me), 1.40 (qd, J = 12.8, 4.8 Hz,
1H, H-17,,), 1.51 (dm, J = 12.5 Hz, 1H, H-17,,), 1.55-1-70 (m,
3H, H-14,,, 2 H-18), 1.71 (td, J = 14.0, 4,5 Hz, 1H, H-19,,), 1.87
(dm, J = 14.0 Hz, 1H, H-14,,), 1.90 (ddd, J = 14.0, 6.0, 2.4 Hz,
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1H, H-19,,), 2.14 (ddd, J = 12.9, 4.4, 2.4 Hz, 1H, H-13,,), 2.31
(m, 1H, H-16,,), 2.37 (td, J = 14.0, 6.0 Hz, 1H, H-13,,), 2.62 (d,
J = 13.5 Hz, 1H, H-10), 3.25 (dd, J = 13.5, 9.5 Hz, 1H, H-10),
3.30 (d, J = 9.5 Hz, 1H, H-11), 7.05 (d, J = 2.2 Hz, 1H, H-2),
7.10 (t, J = 7.8 Hz, 1H, H-6), 7.16 (t, /] = 7.8 Hz, 1H, H-7), 7.31
(d, J = 8.0 Hz, 1H, H-8), 7.59 (d, J = 7.8 Hz, 1H, H-5), 7.94
(br's, 1H, NH); *C NMR (100 MHz, DEPT, HSQC) 16.0 (C-28),
16.3 (C-29), 17.4(C-10), 18.8 (C-21), 21.9 (C-18), 30.6 (C-17), 30.9
(C-16), 32.5(C-14), 33.5 (C-13), 38.7 (C-15), 39.6 (C-19), 47.0 (C-
20), 53.6 (C-11), 111.0 (C-8), 115.9 (C-3), 118.5 (C-5), 119.1 (C-6),
121.6 (C-7), 123.5 (C-2), 127.5 (C-4), 135.9 (C-9), 213.6 (C-12);
HRMS calcd for C,,H,,NO (M*) 323.2249, found 323.2260.

3-[(1RS,4aSR,5RS,8aSR)-4a,5,8a-Trimethyl-2-
methylenedecahydronaphthalen-1-ylmethyl]-1H-indole 16

A solution of methyltriphenylphosphonium bromide (200 mg,
0.56 mmol) and potassium fert-butoxide (55 mg, 0.49 mmol) in
toluene (5 mL) was stirred at 90 °C for 30 min. A solution of
ketone 15 (40 mg, 0.12 mmol) in toluene (3 mL) was added, and
the reaction was heated at 90 °C for 2 h. After the mixture was
cooled to room temperature, the reaction was quenched with water,
and the aqueous layer extracted with CH,Cl, (3 x 20 mL). The
organic extracts were washed with brine, dried, and concentrated.
Purification of the residue by column chromatography (2.5%
EtOAc-hexane) gave 16 (38 mg, 96%) as a white solid: mp 83—
85 °C; '"H NMR (400 MHz, COSY) 0.80 and 0.81 (2 s, 3H each,
Me-21, Me-29), 0.81 (d, J = 6.8 Hz, 3H, Me-28), 1.20-1.55 (m,
6H, 2 H-18, 2 H-17, H-14,,, H-19,,), 1.64 (dm, J = 14.0 Hz, 1H,
H-14,,), 1.77 (dm, J = 12.0 Hz, 1H, H-19,,), 2.08 (ddd, J = 13.9,
44, 2.6 Hz, 1H, H-13,,), 2.25 (dt, J = 13.9, 13.7, 5.2 Hz, 1H,
H-13,,),2.40 (ddd, J = 10.8, 6.5, 3.9 Hz, 1H, H-16), 2.83 (dd, J =
16.0, 10.3 Hz, 1H, H-10), 2.94 (d, J = 16.0 Hz, 1H, H-10), 3.24 (d,
J =10.3 Hz, 1H, H-11), 4.65 (d, 1H, H-27), 4.83 (d, J = 1.6 Hz,
1H, H-27), 6.96 (s, 1H, H-2), 7.11 (ddd, J = 7.6, 7.2, 1.1 Hz, 1H,
H-6),7.17 (t, J = 7.6 Hz, 1H, H-7), 7.33 (d, J = 8.0 Hz, 1H, H-8),
7.65 (d, J = 7.9 Hz, 1H, H-5), 7.86 (br s, 1H, NH); "C NMR
(100 MHz, DEPT, HSQC) 16.3 (C-29), 16.5 (C-28), 18.3 (C-21),
19.9 (C-10), 21.6 (C-18), 30.5 (C-16), 31.1 (C-17), 32.1 (C-19), 32.9
(C-13),33.9(C-14),39.7(C-15),42.5(C-11),42.8 (C-20), 107.7 (C-
27), 111.0 (C-8), 116.7 (C-3), 118.7 (C-5), 119.0 (C-6), 121.5 (C-7),
121.7 (C-2), 128.0 (C-4), 135.9 (C-9), 149.5 (C-12); HRMS calcd
for C,;H; N (M*) 321.2456, found 321.2457.

(BRS.,4aSR,8RS,8aSR,10aSR)-10a-Hydroxy-45,8,8a-trimethyl-
3-(2-nitrophenyl)dodecahydro-1H-phenanthren-2-one 18

To a solution of I1-(2-nitrophenyl)propan-2-one (93 mg,
0.52 mmol), N-(4-trifluoromethylbenzyl)cinchoninium bromide
(27 mg, 0.05 mmol) and 60% (w/v) KOH (0.25 mL) in toluene (2
mL) was added enone 3 (100 mg, 0.52 mmol) in toluene (3 mL) and
the mixture was stirred at room temperature for 48 h. The mixture
was partitioned between water and CH,Cl,, and the aqueous layer
extracted with CH,Cl, (2 x 20 mL). The organic extracts were
washed with brine, dried, and concentrated. Purification of the
residue by column chromatography (20% EtOAc-hexane) gave
18 (94 mg, 51%) as a bright yellow solid: 166-168 °C; '"H NMR
(400 MHz, COSY) 0.83 (d, J = 6.4 Hz, 6H, Me-28, Me-29), 0.98
(s, 3H, Me-21), 1.20-1.40 (m, 5H, H-13,,, H-14,,, H-17, H-19),

eq» eq>

1.45-1.60 (m, 4H, H-17, 2 H-18, H-19), 1.78 (td, J = 14.0, 4.0 Hz,
1H, H-13,,), 1.90 (td, J = 14.0, 4.0 Hz, 1H, H-14,,), 2.15 (m, 2H,
H-10,,, H-16), 2.39 (q. J = 12.5 Hz, 1H, H-10,,), 2.43 (d, J =
14.0 Hz, 1H, H-27,,), 2.68 (dd, J = 11.9, 2.4 Hz, 1H, H-11), 2.75
(d, 1H, H-27,,), 4.40 (dd, J = 12.4, 5.3 Hz, 1H, H-3,.), 7.42 (t, J =
7.7Hz, 1H, H-7),7.47 (d,J = 7.7 Hz, 1H, H-5), 7.61 (t, J = 7.7 Hz,
1H, H-6), 7.95 (d, J = 7.7 Hz, 1H, H-8); "C NMR (100 MHz,
DEPT, HSQC) 16.0 (C-28), 16.3 (C-29), 20.5 (C-21), 21.6 (C-18),
27.0 (C-14), 29.9 (C-10), 30.2 (C-16), 30.7 (C-17), 33.1 (C-19), 35.0
(C-13), 39.1 (C-15), 39.2 (C-20), 41.4 (C-11), 52.8 (C-3), 57.7 (C-
27), 76.4 (C-12), 124.6 (C-8), 127.7 (C-7), 130.6 (C-6), 132.9 (C-5),
133.6 (C-4), 149.5 (C-9), 206.4 (C-2); HRMS caled for CoHy,NO,
(MH") 386.2331, found 386.2330.

(4RS,4aRS,6aRS,13aRS,13bRS)-4,4a,13h-Trimethyl-
2,3,4,4a,5,6,6a,7,8,13,13a,13b-dodecahydro-1H-
naptho|2,1-b]carbazol-6a-ol 19

To a solution of 18 (27 mg, 0.07 mmol) in MeOH (2 mL) were
added sequentially sat. aq. NH,Cl1 (0.7 mL), Zn dust (460 mg,
7.0 mmol) and the mixture was stirred at room temperature
for 3 h. The reaction was quenched by the addition of sat. aq.
NaHCO,;, filtered through Celite and washed with EtOAc. The
combined organic layers were washed with NaHCO;, brine, dried
and concentrated. Purification of the residue by chromatography
(20% EtOAc-hexane) gave alkene 19 (19 mg, 81%) as a light yellow
solid: mp >220 °C; '"H NMR (400 MHz, COSY) 0.81 (d, J =
6.8 Hz, 3H, Me-28), 0.86 (s, 3H, Me-29), 1.11 (s, 3H, Me-21),
1.26-1.48 (m, 7H, 2 H-14, 2 H-17, 2 H-18, H-19,,), 1.60 (dm, J =
12.0 Hz, 1H, H-19,,), 1.72-1.92 (m, 2H, 2 H-13), 2.10 (m, 1H,
H-16), 2.55 (dd, J = 12.0, 5.5 Hz, 1H, H-11,), 2.70 (dd, J =
14.5,13.0 Hz, 1H, H-10,,), 2.71 (d, J = 16.0 Hz, 1H, H-27), 2.81
(dd, J = 145, 6.0 Hz, 1H, H-10,,), 2.91 (d, J = 16.0 Hz, 1H,
H-27), 7.11 (ddd, J = 7.7, 7.5, 1.2 Hz, 1H, H-7), 7.13 (ddd, J =
7.7,7.1, 1.3 Hz 1H, H-6), 7.30 (d, J = 7.5 Hz, 1H, H-8), 7.50 (d,
J = 7.5 Hz, 1H, H-5), 7.68 (s, 1H, NH); “C NMR (100 MHz,
DEPT, HSQC) 15.9 (C-28), 16.6 (C-29), 17.5 (C-10), 20.0 (C-21),
21.5(C-18),27.3(C-14),30.0 (C-16), 30.6 (C-17), 32.6 (C-19), 33.9
(C-13), 38.1 (C-11), 39.1 (C-15), 39.2 (C-20), 41.4 (C-27), 71.8 (C-
12),108.9 (C-3), 110.6 (C-8), 117.9 (C-5), 119.3 (C-7), 121.4 (C-6),
127.6 (C-2), 130.9 (C-4), 136.4 (C-9); HRMS calcd for C,;H; NO
(M*) 337.2406, found 337.2408.

(4RS,4aSR,13bRS)-4,4a,13h-Trimethyl-2,3,4,4a,5,6,8,13b-
octahydro-1H-naptho[2,1-b]carbazole 20

To a solution of 19 (12 mg, 0.04 mmol) in toluene (10 mL) was
added p-toluenesulfonic acid (7 mg, 0.04 mmol) and the mixture
was stirred at reflux for 3 h. The reaction mixture was diluted
with CH,Cl, (40 mL), washed with sat. aq. NaHCO,, H,O, brine,
dried and concentrated. Purification of the residue by column
chromatography (5% EtOAc-hexane) gave carbazole 20 (10 mg,
88%) as a light yellow gum: '"H NMR (400 MHz) 0.84 (d, J =
6.8 Hz, 3H, Me-28), 0.98 (s, 3H, Me-29), 1.18 (s, 3H, Me-21),
1.22-1.28 (m, 1H), 1.45-1.57 (m, 2H), 1.61-1.77 (m, 3H), 1.79-
2.11 (m, 2H), 2.25 (m, 1H), 2.87 (dd, J = 17.5, 6.4 Hz, 1H, H-13,,),
3.02 (ddd, J = 17.5, 13.0, 7.3 Hz, 1H, H-13,,), 7.12 (s, 1H, H-27),
7.18 (ddd, J =8.0,5.7, 2.5 Hz, 1H, H-6), 7.35 (m, Hz, 2H, H-7, H-
8),7.79 (brs, 1H, NH), 8.02 (s, 1H, H-10), 8.02 (d, / = 7.6 Hz, 1H,
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H-5); °C NMR (100 MHz, DEPT) 16.3 (C-28 and C-29), 22.7 (C-
18), 26.6 (C-13), 28.6 (C-14), 29.7 (C-17), 30.9 (C-21), 32.1 (C-16),
33.6 (C-19), 37.8 (C-15), 42.1 (C-20), 110.1 (C-8), 110.3 (C-27),
117.5 (C-10), 119.0 (C-6), 119.9 (C-5), 122.4 (C-3), 123.7 (C-4),
125.2 (C-7), 135.0 (C-11), 136.2 (C-12), 137.7 (C-2), 140.0 (C-9).
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Highly stereoselective chelation-controlled Pd(0)-catalyzed
B-arylations and f-vinylations of a five-membered chiral,
pyrrolidine-based vinyl ether were achieved using aryl- and
vinyl chlorides as substrates, yielding quaternary 2-aryl/vinyl-
2-methyl cyclopentanones in 89-96% ee under neutral reac-
tion conditions.

The Heck vinylic substitution reaction is a mild palladium-
catalyzed reaction which has found a wide range of applications
in organic synthesis.’” As a unique carbon—carbon bond forming
process,® this arylation/vinylation of an olefin holds even greater
synthetic potential provided that the stereochemical outcome can
be fully dictated. With cyclic olefins, control of the stereochemistry
can be achieved either by employing a homogeneous catalytic
system with chiral bidentate ligands* or, alternatively, by relying
on substrate-bound, removable, catalyst directing groups.® On the
other side, the use of rarely commercially available organic triflates
or expensive iodides has proven essential, limiting the applicability
of this methodology. Less reactive aryl- and vinyl chlorides are,
however, both more easily accessible and less expensive alternative
organopalladium precursors. In the case of achiral Heck reactions,
noteworthy advances with aryl chlorides have been described by
the groups of Milstein®, Fu’ and Beller®, among others.” To the
best of our knowledge, neither intra- nor intermolecular Heck
reactions with high chiral control have been reported utilizing
organic chlorides as substrates. In this paper we establish that
in the presence of highly active Pd(¢-Bu;P), catalyst® and using
standard neutral reaction conditions,? the Heck reaction with
tetrasubstituted vinyl ether 1a and organic chlorides 2a-k can
indeed be achieved in excellent diastereoselectivities, furnishing
the 2,2-difunctionalized cyclopentanone products 4a—k in 89-96%
ee after hydrolysis (Scheme 1).

The use of alkenes carrying a metal-coordinating amino group
has been reported by several groups, including ours, as a fruitful
strategy to overcome the reluctance of substituted alkenes to par-
ticipate in intermolecular Heck reactions and to control the stere-
oselectivity of the process.>!*!" Vinyl ethers 1a,b were prepared
as previously described™ and vinyl ethers 1¢,d were synthesized
via a similar acid-catalyzed transacetalization—elimination process
(Scheme 2). Despite extensive chromatography, 1¢ was obtained
in only 90% purity (1c : 1d = 90 : 10). In order to evaluate aryl
chlorides as coupling partners in asymmetric transformations, we
decided to investigate 1a—d as olefins equipped with a strongly

Organic Pharmaceutical Chemistry, Department of Medicinal Chemistry,
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Pd(m)-coordinating (S)-N-methylpyrrolidine catalyst directing
group'® suitable for selective arylations at elevated temperatures. In
an earlier report, vinyl ether 1a was arylated with 7 different aryl
iodides and 2 different aryl bromides, yielding 2-aryl-2-methyl-
cyclopentanones 4 in 45-78% yields and 90-98% ee.'?

A first coupling of 1a (1.0 equiv) with aryl chloride 2b (1.3 equiv)
using standard neutral reaction conditions in the presence of LiCl
(2.0 equiv), NaOAc (1.2 equiv), K,CO; (1.2 equiv) and 5.0 mol%
of Pd(#-Bu;P), in 2.2 mL of aqueous DMF (10% water), gave
full conversion after 18 h of oil-bath heating at 100 °C. The
formed B-arylated Heck product 3b was isolated in 51% yield after
careful flash chromatography in the presence of Et;N, showing
an excellent diastereomeric purity by "H NMR (Scheme 3). The
synthesis of 3b was repeated and after complete conversion of 1a
based on GC-MS, a convenient acidic hydrolysis directly provided
the enantiomerically enriched 2-methyl-2-tolyl cyclopentanone 4b
in 57% yield and 91% ee as determined by chiral HPLC. Lower
catalyst loadings of 1.5 mol% and 3.0 mol% in the model reaction
between 1a and 2b resulted in incomplete conversion of starting

Pd(t-BugP),, LiCl
[3/\0 (£BusP)y, Li

N NaOAc, K,CO4 N N
| X DMF-water (20:1) | N
5+ ptolCl ————
Classic heating, 100 °C p-tol
1a 2b standard neutral 3b

conditions 1
(>91% de by 'H NMR)
Yield = 51%

Scheme 3
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Table 1 Stereoselective arylation of 1a with aryl chlorides and subsequent
hydrolysis

Table 2 Microwave-accelerated arylation of 1a with aryl chlorides and
subsequent hydrolysis

Entry  Aryl chloride Time  Isolated yield* ee? [al} Entry  Aryl chloride Time  Isolated yield®  ee®
1 Me;N 22 9h 68 (%) 4a 94 (%) +39° 1 ol 2b 1.5h 50 (%) 4b 84 (%)
O ©
2 2d lh 54 (%) 4d 88 (%)
2 —@—u 2b 18h 57 (%) 4b 91 (%) +86° @‘“
3 0 2f lh 62 (Y0) 4f 85 (%
3 ; 2¢ 20h  55(%)de 90 (%) +58° ) %) %)
Cl
4 o 2g lh 63 (%) 4g 89 (%)
4 ax 2d 11h 60 (%)4d 94 (%) +52° W @ “
5 el 2¢ 12h 59 (%) 4e 91 (%) +79° “The reactions were performed at 140 °C under air with 1a (0.15 mmol) as
the yield determining substrate using standard neutral conditions. Ketones
were obtained after hydrolysis with concentrated HCI (aq). Isolated yields
are average of three runs. Purity >95% by GC-MS. ® Ee of (+) isomer of 4
6 O)—@—m 2f  8h 69 (%) 4f 93 (%)  +12° by chiral HPLC (average of three runs).
7 ° C . 2¢ 8h 67 (%) 4g 92 (%) +12°
H Table 3 Stereoselective vinylation of 1a with vinyl chlorides/triflates and
subsequent hydrolysis
8 2h 8h 60 (%) 4h 96 (%) +46°

T
o

8h 65 (%) 4i 92 (%) +44°

z

©
%5
&

Qo

“ The reactions were performed at 100 °C under air with 1a (0.15 mmol) as
the yield determining substrate using standard neutral conditions. Ketones
were obtained after hydrolysis with concentrated HCI (aq). Isolated yields
are average of three runs. Purity >95% by GC-MS. ® Ee of (+) isomer of 4
by chiral HPLC (average of three runs).

materials. To demonstrate the scope and applicability of this two-
step, one-pot methodology, eight additional reactions were carried
out with 1a. Decent yields and excellent enantiomeric purities (90—
96% ee) were obtained for (+)-(R)-4a—i, including electron-rich,
electron-poor, and ortho-functionalized aryl chlorides after 820 h
of oil-bath heating (Table 1, entries 1-9). Competing hydrolysis
of la explains the somewhat moderate yields of 4a—i. A test
arylation of 1b provided only a small amount of epimeric product.
Unfortunately, both olefins 1¢ and 1d failed to participate in useful
arylation reactions under the same standard neutral conditions for
24 h at 100 °C and 120 °C.

In order to accelerate the reaction rate, selected experiments
were also carried out in sealed vessels under controlled microwave
irradiation using the identical neutral reaction conditions as in
the classical protocol but at higher temperature (Table 2)."* Full
conversion of 1a and similar yields as with classic heating could
be obtained with the investigated four aryl chlorides after only
1-1.5 h of irradiation time at 140 °C. Disappointingly, with this
high temperature methodology the enantioselectivities of isolated
quaternary ketones 4b,d.f,g were reduced to 84-89%.

Pioneering research by the Overman'® and Shibasaki* groups
has proven that vinyl triflates can be useful in intramolecular asym-
metric Heck reactions to produce tetra-substituted carbon-centers.
Thus to further explore the reactivity scope of 1a, we decided to
study two vinyl chlorides (2j,k) and two vinyl triflates (2l,m) as
cyclic and acyclic coupling partners (Table 3). Surprisingly, vinyl
triflates 21,m were more sluggish than the corresponding chlorides

Entry  Vinyl-Cl/OTf Time Isolated yield* ee® [al¥

1 B c 2i  I15h 60 (%) 4 90 (%) +11°
e

2 o) 2k 18h 61 (%)4k 90 (%) +15°

cl

3 B om 2 22h 58(%)4j 89 (%)  +10°
Et

4 o 2m 24h 59 (%) 4k 90 (%) +15°

“ The reactions were performed at 100 °C under air with 1a (0.15 mmol) as
the yield determining substrate using standard neutral conditions. Ketones
were obtained after hydrolysis with concentrated HCI (aq). Isolated yields
are average of three runs. Purity >95% by GC-MS. ? Ee of (+) isomer of 4
by chiral HPLC (average of three runs).

2j,k employing identical standard neutral reaction conditions as
in Table 1. As evident from Table 3, comparable yields (58—
61%) and very high enantioselectivities (89-90% ee) of isolated
2-methyl-2-vinyl ketones 4j,k were, regardless of the choice of
leaving group, realized after HCl-mediated hydrolysis. Analogous
vinylation reactions with cyclohexene derivatives 1e—d did not lead
to any product.

After the successful use of vinyl triflates in stereoselective
vinylations of 1a, we decided to investigate readily available aryl
triflates under identical standard neutral reaction conditions.
However, no arylation of 1a was observed using 4-CN-phenyl
(2n), phenyl, 1-naphthyl and 4-tolyl triflates. To understand the
reactivity pattern of aryl triflates with 1a, we further investigated
cationic reaction conditions'® employing 2n as the arylating agent
in the absence of a halide additive (Scheme 4). Interestingly,
arylation of 1a (1.0 equiv) with aryl triflate 2n (2.0 equiv) using
cationic reaction conditions in the presence of Et;N (4.0 equiv),
6.0 mol% of Pd(OAc), and 12.0 mol% of PPh; in 2.0 mL of DMF
was productive. The arylation of 1a was monitored by GC-MS
analysis and after complete consumption of 1a the Heck product

This journal is © The Royal Society of Chemistry 2008

Org. Biomol. Chem., 2008, 6, 674-676 | 675





O/\O 0

| \ ONPROTH  Eo 2 3
+ p-CN-Ph-
pote EtN, PPhs, DMF -CN-Ph
.

1a 2n 100 °C,20 h 4i
cationic reaction Yield = 63%
conditions ee = 88%

2) HCl (aq), 30 min
Scheme 4

3i was hydrolysed to 4i in 63% yield and 88% ee. The rate of the
reaction with 1a and 2n under cationic conditions (Scheme 4) was
slower compared to the arylation rate using 4-CN-phenyl chloride
(2i) under standard neutral conditions (Table 1, entry 9). Phenyl, 1-
naphthyl and 4-tolyl triflates did not produce the desired arylation
under the same cationic conditions.

In the substrate controlled arylation/vinylation of 1a using 2a—
m and LiCl addition, the reaction route proceeding via the neutral
n-complex as depicted in Scheme 1 appears reasonable. This
chelation-controlled Heck pathway was previously suggested for
the reaction of 1a with aryl iodides'? and the only differences com-
prise the initial involvement of a T-shaped oxidative addition inter-
mediate using the 7-Bu;P ligand,"” instead of the tetra-substituted
16-electron square planar palladium complex produced with less
bulky ligands. Recently published DFT calculations® predict
chelation-controlled Si-face insertion of the neutral intermediate
PhPdCI complex into the 1a vinyl ether double bond, furnishing
R-configuration of the new quaternary center. This theoretical
result was fully supported by optical rotation measurements of
isolated ketone products 4 (Table 1).'* An explanation for the lack
of reactivity in the coupling between 1a and phenyl, 1-naphthyl
and 4-tolyl triflates could be the generation of a stable, chelated
o- or n-complex due to strong Pd(11)-N coordination.”® The low
Heck-reactivity of six-membered, tetra-substituted olefins 1c—d
was perhaps not surprising in the light of the reported slow
arylation rate of dihydropyran using chiral P, N-ligands."

In summary, highly stereoselective Pd(0)-catalyzed B-arylation
and B-vinylation of a fully substituted cyclopentenyl vinyl ether
has been achieved by employing a chiral, pyrrolidine-based
and substrate-bound palladium(ir)-directing group under neutral
reaction conditions. This presents the first case of aryl- and vinyl
chlorides being successfully utilized in asymmetric Heck reactions.
Formed Heck arylation products were hydrolysed and isolated as
the corresponding quaternary 2-aryl-2-methyl cyclopentanones in
good to moderate two-step yields with excellent stereoselectivities
(90-96% ee). Moreover, with high-density microwave-heating,

the reaction times were reduced from many hours down to 1-
1.5 hour. The scope of the protocol was further increased to
include vinyl triflates under neutral reaction conditions and one
aryl triflate carrying a strongly electron-withdrawing para-cyano
substituent under cationic conditions. We believe that this method
should provide an attractive complement to direct Pd(0)-catalyzed
a-arylation protocols,®?* particularly when the use of organic
chlorides and mild reaction conditions are of importance.
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Alloxazine can bind to adenine selectively over other nucle-
obases opposite an abasic site in DNA duplexes (5-TCC AGX
GCA AC-313'-AGG TCN CGT TG-5, X = AP site, N = A,
T, C, G) with a dissociation constant of 0.82 yM (pH 7.0,
I =0.11 M, at 5 °C), and it is applicable to SNPs typing of
PCR amplification products based on the binding-induced
fluorescence response.

Studies on the chemistry of DNA-binding drugs and/or low
molecular weight ligands are of on-going interest due to their
promising functions and biological activities, including their
anti-cancer properties and ability to regulate gene expression.'*
Of particular interest to us is the development of a class of
ligands suitable for gene detection, especially for single-nucleotide
polymorphisms (SNPs) typing.* One possible approach to this
end is based on ligands capable of targeting double stranded
DNAs by intercalation or groove binding.* Another promising,
but still rare approach involves the use of ligands that are able to
bind to non-Watson—Crick base-pairing sites in DNA duplexes,
where the selective binding of ligands is promoted by a pseudo-
base pairing along the Watson—Crick edge of target nucleotides.’
Successful examples of this class of ligands are the mismatch-
binding molecules developed by Nakatani and co-workers,* and a
surface plasmon resonance (SPR) assay has been proposed based
on these molecules for the detection of mismatched base pairs in
heteroduplexes.

On the other hand, we have recently found a series of aromatic
ligands that can bind to a nucleobase opposite an abasic (AP)
site in DNA duplexes,*™ and have proposed a new strategy of
ligand-based fluorescence assay for SNPs typing. As schematically
illustrated in Fig. 1A, an AP site-containing probe DNA is
hybridized with a target DNA so as to place the AP site toward
a target nucleotide, by which a hydrophobic binding pocket is
provided for aromatic ligands to bind to target nucleotides through
a combination of stacking and hydrogen-bonding interactions.
Highly selective and strong binding was indeed obtained toward
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Fig. 1 (A) Schematic illustration of the ligand-based fluorescence de-
tection of single-nucleotide polymorphisms, in combination with an AP
site-containing probe DNA. (B) Possible binding mode of alloxazines with
adenine in the AP site-containing DNA duplexes.

target nucleotides by using a series of flat aromatic ligands,
including cytosine-selective 2-amino-7-methyl-1,8-naphthyridine®
and 2-amino-5,7-dimethyl-1,8-naphthyridine,” guanine-selective
2-amino-6,7-dimethyl-4-hydroxypteridine (diMe-pteridine),® and
thymine-selective amiloride,” riboflavin,' or a naphthyridine-
benzofurazane conjugate.!’ Binding selectivity for thymine has
been enhanced further by controlling hydrogen-bonding motifs
between nucleobase and ligand.' Our system was effectively
applicable to the analysis of polymerase chain reaction (PCR)
amplification products,® for which a binding-induced fluorescence
signalling of these ligands was utilized to detect the single-base
mutations. However, in order to analyze all kinds of single-base
mutations, the need exists to develop ligands with a selectivity for
adenine: in contrast to the other three nucleotides, the challenge
is to achieve binding selectivity by the formation of two point
hydrogen-bonds along the edge of adenine bases, keeping a deep
insertion of the aromatic ligand within the AP site so as to
effectively stabilize the ligand binding.

Here we report on alloxazine (Fig. 1B) as a candidate ligand
for adenine with a useful binding affinity and selectivity in our
fluorescence assay. From the examination of its binding to 11-
mer AP site-containing DNA duplexes (5-TCC AGX GCA AC-
3'/3-AGG TCN CGT TG-5, X = AP site; Spacer-C3,** N =
target nucleotide) in solutions buffered to pH 7.0 (I = 0.11 M,
at 5 °C), it is found that alloxazine selectively binds to adenine
with a dissociation constant K, of 0.82 pM. Comparison with the
binding abilities of structurally-related riboflavin'® or lumichrome
(7,8-dimethylalloxazine, Fig. 1B) shows it is highly likely that the
polar group along the edge of the alloxazine ring is involved in
the adenine recognition (¢f. Fig. 1B), and the size of ligand is
crucial for the appearance of adenine selectivity. Potential use of
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alloxazine is also presented for the detection of guanine/adenine
transition present in PCR amplification products.

Fig. 2 shows fluorescence spectra of alloxazine (1.0 x 10~¢ M)
in a 10 mM sodium cacodylate buffer solution (pH 7.0) containing
100 mM NaCl and 1.0 mM EDTA. In the absence of DNASs, the
ligand exhibits an emission band with a maximum at 453 nm, and
almost no response is observed even in the presence of normal
duplexes containing no AP site (1.0 x 10~* M, 5-TCC AGC GCA
AC-3/3-AGG TCG CGT TG-5'). By contrast, as shown in Fig. 2,
alloxazine shows significant quenching of its fluorescence upon
addition of DNA duplexes containing adenine opposite the AP
site (5-TCC AGX GCA AC-3/3-AGG TCA CGT TG-5, X =
AP site; A = target). The resulting titration curve can be explained
by the formation of a 1 : 1 complex with K, of 0.82 uM (inset of
Fig. 2). The observed binding affinity is comparable to the affinities
previously reported for the C-, T-, and G-selective ligands,*** and
alloxazine would be applicable to the analysis of the order of
sub-micromolar DNA samples, which is reasonably provided by
standard PCR amplification. In addition, alloxazine is capable of
selectively binding to A over T, C and G in AP site-containing
DNA duplexes (¢f. ESI, Fig. S11). While the A/T selectivity is
relatively moderate, the binding affinity for A is indeed one-order
of magnitude higher than those for C and G (K,/puM: T: 1.4;
C: 5.0; G: 20.0). Alloxazine therefore has an ability to recognize
adenine with a useful affinity and selectivity, and the binding is
accompanied by effective fluorescence signaling.
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Fig. 2 Fluorescence responses of alloxazine (1.0 pM) to an AP site-con-
taining DNA duplex (0, 0.4, 1.0, 1.8, 3.5, 6.0 uM; 5-TCC AGX GCA
AC-3/3-AGG TCA CGT TG-5, X = AP site; A = target adenine)
in solutions buffered to pH 7.0 (10 mM sodium cacodylate) containing
100 mM NaCl and 1.0 mM EDTA. Excitation wavelength: 385 nm.
Temperature 5 °C. Inset: nonlinear regression analysis of the changes in
the fluorescence intensity ratio at 453 nm based on a 1 : 1 binding isotherm
model. F and F, denote the fluorescence intensities of alloxazine in the
presence and absence of DNA duplexes, respectively.

Such a binding affinity and selectivity for adenine is not obtained
by structurally-related riboflavin (K,/uM: T: 0.56; C: 2.4; A:
29; G: 56),' under identical experimental conditions (pH 7.0,
I =0.11 M, at 5 °C). In analogy to alloxazine, riboflavin has a
thymine-like hydrogen-bonding array, but has a substitution at the
N(10) nitrogen. It is therefore likely that, in the binding event of
alloxazine, the N(1)-H and N(10) groups form hydrogen-bonds to
the Watson—Crick edge of the adenine base (¢f. Fig. 1B), which

allows an effective stacking of the alloxazine ring with nucleotides
flanking the AP site.

Interestingly, substitutions at the 7- and 8-positions of the
ring are found to significantly affect the binding selectivity. As
revealed by fluorescence binding titrations (ESI, Fig. S2t), 7,8-
dimethylalloxazine (lumichrome) does lose the selectivity for
adenine, and shows a clear selectivity for thymine over other
nucleobases: the binding affinity (K,/uM) follows in the order of T
(0.062) > A (0.53), C(0.59) > G (3.3). As compared to the binding
of alloxazine, the affinity for thymine is particularly enhanced in
the binding of lumichrome while the affinity for adenine is almost
unaffected. The alloxazines-DNA interaction is thus strikingly
sensitive to the subtle difference in the ligand structure, and the
selective binding to adenine is assured by a combination of pseudo-
base pairing and the size of ligand.

Further studies were done to obtain more details for the
alloxazine-adenine interaction. According to the polyelectrolyte
theory by Record er al," the examination of salt-dependence
of binding constants (ESI, Fig. S3 and Table S1t) shows that
the apparent charge Z on alloxazine is +0.05 when binding
to adenine in AP site-containing DNA duplexes, from which a
polyelectrolyte contribution AG,, is calculated to be almost zero
(—0.1 kcal mol™") at the 110 mM Na* concentration. Thus, in
contrast to positively charged DNA binding molecules such as
Hoechst 33258,* the binding of alloxazine does not accompany any
release of counterions from DNA, and the overall free energy of
alloxazine-adenine interaction (AG.,,, —7.7 kcal mol™") essentially
results from a non-polyelectrolyte contribution (AG,).

Isothermal titration calorimetry (ITC) experiments provided
further thermodynamic character of the alloxazine binding. The
addition of the duplex aliquots (2.0 x 10~* M) into the solution
containing alloxazine (2.0 x 10~° M) causes a large exothermic
heat of reaction, and the corrected binding isotherm is obtained
after the heat of dilution is subtracted (ESI, Fig. S41). The
resulting titration curve can be best fitted using a model that
assumes a single set of identical binding sites, giving the binding
enthalpy AH ., of —14.6 kcal mol~! with a binding stoichiometry
n of 1.1. The entropy change TAS,, is then calculated to be
—6.9 kcal mol™, using TAS g, = AH yps — AG .

The thermodynamic parameters obtained for the alloxazine—
adenine interaction are summarized in Table 1. The magnitude of
the binding affinity (1.2 x 10° M~") is almost comparable to values
for typical intercalators such as ethidium bromide (~10° M™),2
and overall, the observed nature of the thermodynamic profile
is similar to that of intercalators.> However, the loss of binding
entropy (—6.9 kcal mol™) is significant in the present case, i.e., the
favorable gain in binding enthalpy (—14.6 kcal mol™) is lost by as
much as ~50%, which is responsible for the relatively low binding
affinity (—7.7 kcal mol~") despite the considerable gain in binding
enthalpy.

It should be noted here that the binding affinity of alloxazine
depends on the nucleotides flanking the AP site. Fig. 3 shows
fluorescence quenching efficiencies (%) of alloxazine (at 453 nm,
1.0 x 10~* M) upon binding to adenine in 16 kinds of 23-mer AP
site-containing DNA duplexes (1.0 x 10~® M). The dissociation
constants (K./uM, pH 7.0, 7 =0.11 M, at 5 °C), as estimated from
the observed fluorescence quenching, are also given in Table S2.}
As can be seen from Fig. 3, fluorescence responses of the ligand are
strongly governed by nucleotides at the 5’ side of the AP site, and
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Table 1 Thermodynamic parameters for alloxazine binding to adenine in the 11-mer AP site-containing DNA duplex*

Ko/ M
1.2 x 10° -7

AG,/kcal mol™! —-SK AG,./kcal mol™!
0.044 —0.1

AG,/kcal mol™! AH ,/kcal mol™! TAS,,,/kcal mol™!
7.6 —14.6 —-6.9

“ Kos/M™', determined by fluorescence titration experiments, is the 1 : 1 binding constant in 110 mM Na* at 5 °C ([sodium cacodylate] = 10 mM,
[EDTA] = 1 mM, [NaCl] = 100 mM, pH 7.0). AG,, is the observed binding free energy calculated from AG,,, = —RT In K. SK is the slope of the plot
of log K, versus log an,.. AG,. and AG, are the polyelectrolyte and non-polyelectrolyte contributions to the binding free energy (AG,. = SKRT In ay,.)
evaluated at 110 mM Na*. AH ,,, was determined by ITC at 5 °C. TAS,;,, was calculated from TAS,, = AH ,, — AG,,,. DNA duplex: 5-TCC AGX GCA

AC-3/3-AGG TCA CGT TG-5, X = AP site; A = target adenine.
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Fig. 3 Effect of flanking nucleotides on fluorescence responses
and dissociation constants of alloxazine (1.0 pM) to adenine
bases in 23-mer DNA duplexes (1.0 pM, 5-TCTGCGTCCAwXz-
CAACGCACAC-3/3-AGACGCAGGTWAZGTTGCGTGTG-5, X =
AP site; Spacer-C3). Sample solutions were buffered to pH 7.0 with 10 mM
sodium cacodylate, containing 100 mM NaCland 1 mM EDTA. Excitation
385 nm; detection and analysis 453 nm. Temperature 5 °C. See also Table S2
in the ESL.f

are roughly classified into two groups. When the DNA duplexes
contain purine bases at the 5’ side of the AP site, alloxazine shows
effective quenching from 27% (5'-AAT-3'/3'-TXA-5") to 61% (5'-
GAC-3'/3-CXG-5), which corresponds to the range of K, from
1.9 uM to 0.22 uM. By contrast, relatively weak responses are
obtained for the duplexes containing pyrimidine bases at the 5
side, and the quenching is reduced to 8% for 5-CAA-3'/3'-GXT-
5 (Ky = 9.6 uM). It is therefore likely that, as compared to
pyrimidine bases, purine bases effectively stack with the alloxazine,
and nucleotides at the 5 side of the AP site are involved in the
binding event more effectively than nucleotides at the 3’ side.

Finally, alloxazine was applied to the analysis of G>A present
in 107-mer DNAS (K-ras gene," codon 12, sense strand) obtained
by asymmetric PCR (ESIt). Here, 15 samples (5 A-homozygous,
5 G-homozygous, and 5 heterozygous) were analyzed, for which
guanine-selective diMe-pteridine (K, = 0.16 uM)® was also
utilized. As shown in Fig. 4, SNP genotype of samples, A/A,
A/G, G/G, can be clearly distinguished based on fluorescence
responses of alloxazine and diMe-pteridine. The analysis requires
no time-consuming steps such as purification of PCR products and
careful control of temperature, and the result is readily obtained
after PCR.

In summary, we have successfully discovered a class of AP site-
binding fluorescence ligands, alloxazines, with useful affinity and
selectivity for the base adenine. We are now undertaking further
studies on the design and synthesis of this class of adenine-selective
ligands, with improved binding selectivity and affinity.
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Fig. 4 Scatter plot for G>A genotyping (K-ras gene, codon 12, sense
strand, 15 samples) based on fluorescence responses of adenine-selective
alloxazine and guanine-selective diMe-pteridine. After PCR, the product
was divided in half, and each aliquot was analyzed independently by
alloxazine (0.1 pM) or diMe-pteridine (0.1 pM) in a buffer solution
(pH 7.0, 100 mM sodium cacodylate) containing 1.6 mM EDTA,
and 5.0 uM AP site-containing probe DNA. Excitation and detection
wavelength: alloxazine: 385 and 453 nm; diMe-pteridine: 343 and 436.5 nm.
Temperature 5 °C. See also the ESL.T
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