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The biosynthesis of tetrapetalones (tetrapetalones A, B, C, and D) in Streptomyces sp. USF-4727 was
studied by feeding experiments with [1-*C] sodium propanoate, [1-*C] sodium butanoate,
[carbonyl-"*C] 3-amino-5-hydroxybenzoic acid (AHBA) hydrochloride, and [1-*C] glucose, followed by
analysis of the ®C-NMR spectra. These feeding experiments revealed that the four tetrapetalones were
polyketide compounds constructed from propanoate, butanoate, AHBA, and glucose. The
tetrapetalone biosynthetic pathway was also suggested in this study. In this pathway, tetrapetalone A (1)
is synthesized by polyketide synthase (PKS) using AHBA as a starter unit, then the side chain of 1 is
subjected to acetoxylation to produce tetrapetalone B (2). Additionally, 1 is oxidized and transformed
into tetrapetalone C (3). In a similar way, 2 is converted to tetrapetalone D (4). Therefore, the

biosynthetic relationship of the four tetrapetalones was indicated.

Introduction

We are investigating the discovery of new bioactive compounds
from microorganisms by using a lipoxygenase assay.! Human
lipoxygenase and cyclooxygenase catalyze the first step in the
arachidonic pathway, resulting in the production of some impor-
tant signaling molecules that may be involved in a variety of human
diseases.”™ Soybean lipoxygenase is used for our screening assay.
This enzyme shows 15-lipoxygenase activity in arachinonate.
Tetrapetalones A (1), B (2), C (3), and D (4), were isolated
from the culture broth of Streptomyces sp. USF-4727 as inhibitors
of lipoxygenase.>” Their chemical structures were elucidated by
using spectroscopic methods to show that these compounds are
constructed with a characteristic tetracyclic skeleton and a sugar
moiety. Because the tetracyclic skeleton of these tetrapetalones
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was novel, we investigated the biosynthetic precursors and the
biosynthetic pathway to these tetrapetalones.

Results and discussion

To explore the biosynthetic origins of tetrapetalones, we added
BC-labeled compounds to the culture of the tetrapetalone-
producing strain, Streptomyces sp. USF-4727. After isolation of
each tetrapetalone from this culture, the incorporation ratio of the
13C-labeled compounds was evaluated.

In our feeding experiment of "C-labeled compounds, we
identified that [1-°C] propanoate, [1-*C] butanoate, [1-*C] glu-
cose and [carbonyl-*C] AHBA are efficiently incorporated into
tetrapetalone A (1), and that the incorporation rate of [1-*C] and
[2-13C] acetate into 1 was relatively low level in this experiment
(Table 1).

As shown in Table 1, the peaks of C-1, -5, and -7 were highly
enriched (each enrichment ratio >30.0) in the experiments with
[1-3C] propanoate. The carbons C-3 and C-9 were also remarkably
enriched (each enrichment ratio >45.0) in the experiments with
[1-3C] butanoate and [carbonyl-*C] AHBA, respectively.

These results indicated that the aglycon of 1 is constructed from
three molecules of propanoate, one butanoate, and one AHBA, as
shown in Fig. 1.
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Fig. 1 Biosynthetic precursors for tetrapetalone A.

This journal is © The Royal Society of Chemistry 2007

Org. Biomol. Chem., 2007, 5, 1615-1620 | 1615





Table 1 Incorporation of *C-labeled compounds®

Enrichment ratio (tetrapetalone A)

Enrichment ratio (tetrapetalone B)

Position [1-°CJAA [2-°CJAA  [I-“CJPA  [I-®CJBA  [I-°C]JG  “C-AHBA [1-°CJAA
1 3.4 3.0 39.0 3.2 Nde L5 1.0
2 1.4 0.9 1.1 0.7 1.7 1.4 0.7
3 3.2 15 0.9 45.1 1.3 1.7 1.5
4 0.6 31 0.5 0.5 1.1 1.0 1.0
5 3.8 25 375 54 1.3 15 1.7
6 13 2.5 0.3 0.6 1.2 0.7 1.3
7 3.5 2.9 344 0.6 1.0 1.0 2.1
8 13 36 0.5 0.7 1.1 0.5 1.4
9 1.2 0.8 0.9 0.8 0.7 58.3 1.3

10 1.2 0.6 1.1 1.1 0.9 0.6 0.9

11 0.9 1.0 1.1 1.0 1.5 1.2 0.6

12 0.8 0.6 1.1 0.5 0.6 0.7 1.0

13 0.8 0.8 1.1 0.7 0.8 13 1.0

14 0.7 0.6 0.9 0.6 0.7 0.8 1.0

15 0.6 0.9 0.4 0.7 1.3 0.7 1.0

16 1.1 0.6 1.0 0.7 1.7 15 0.9

17 6.3 0.9 1.1 1.0 0.9 15 2.8

18 0.7 3.0 0.8 0.7 0.9 0.9 0.9

19 1.1 33 0.7 0.9 1.3 12 0.8

20 1.1 3.2 1.2 1.0 1.3 1.2 0.7
1 0.9 1.5 0.9 0.8 2.1 1.0 0.7
b 0.9 1.0 1.0 0.9 0.9 0.9 0.9
3 1.5 1.2 1.2 1.4 1.2 1.4 1.1
4 1.3 1.0 1.2 1.2 0.9 1.2 1.0
5 1.8 1.4 1.2 1.4 1.3 1.5 1.2
6 1.0 1.0 1.0 1.0 1.0 1.0 1.0

17-0COCH,  — — — — - — 44

17-0COCH,  — — — — — — 0.8

“[1-"C]AA: CH;"“COONa, [2-"C]JAA: "CH;COONa, [1-"C]PA: CH,CH,"”"COONa, [1-"C]BA: CH;CH,CH,""COONa, [1-"C]G: [1-"*C] glucose, *C-
AHBA: [carbonyl-"*C] 3-amino-5-hydroxybenzoic acid. * Enrichment ratio was calculated from the relative intensity of C-6" as 1.0. ¢ Not detected.

However, the relatively low incorporation rate of [1-*C] and
[2-BC] acetate into 1 suggested that acetate was not directly
incorporated into 1. In fatty acid biosynthesis and in macrolide
antibiotic biosynthesis, two molecules of acetyl-CoA could be
joined in a Claisen condensation to form an acetoacetyl-CoA.%’
This condensation might be observed in our “C-labeled sodium
acetate feeding experiment to produce 1. The four carbons C-
3, -4, -17, and -18 were shown to be derived from butanoate
described above. However, C-3 and C-17 were also enriched in
the [1-*C] sodium acetate feeding experiment. The [2-*C] sodium
acetate feeding experiment lead to the enhancement of the signal
intensity at C-4 and C-18 in the "C-NMR spectrum, showing
that this C, unit was formed with two molecules of acetate in
a head-to-tail pattern. Other relatively low enrichment ratios in
the “C-labeled acetate feeding experiment also suggested that
acetate was used in forming the C; unit (i.e. methylmalonyl-
CoA) derived from propanoate, then incorporated into tetrapeta-
lone A.

In the [1-°C] glucose feeding experiment, the enrichment ratio
of C-1' was 2.1, indicating that the 2,3,6-trideoxy-D-galactosyl
moiety of 1is derived from glucose. This relatively low enrichment
ratio (2.1) was explained as follows: because glucose is a major
carbon source for microorganisms, [1-*C] glucose fed to the
culture broth of USF-4727 is not consumed in the tetrapetalone
biosynthetic system alone, but is also distributed to many other
metabolic and biosynthetic systems. Therefore, only a part of the
labeled glucose was incorporated into 1 to give the relatively low

enrichment ratio at the C-1" position in the "C-NMR spectrum.
Similar low enrichment ratios are often observed in other “C-
labeled glucose feeding experiments.'*'?

The origin of the carbon atoms in tetrapetalone B (2), except
for the acetoxy group joining to the carbon at C-17, was estimated
by the result of the feeding experiments for tetrapetalone A (1)
described above. In this study, it was also revealed that the acetoxy
group in 2 is derived from an acetate unit.

As shown in Table 1, the carbonyl carbon of the acetoxy
group joined to C-17 in 2 was enriched (enrichment ratio: 4.4)
by feeding with [1-"*C] sodium acetate. This result suggests that
the labeled acetate was used for constructing the C-17 side chain
of 2. Moreover, [1,2-C,] the sodium acetate feeding experiment
supported this suggestion. In the feeding experiment with [1,2-
BC,] sodium acetate, we observed a J. coupling (coupling
constant: 59 Hz) only between the carbonyl carbon and the acetoxy
methyl carbon in the "C-NMR spectrum of 2. This observation
indicated that these two carbons are constructed with the [1,2-
13C,] acetate and that the side chain at C-17 in 2 is derived from
an acetate unit.

Subsequently, we proposed a transformational scheme for
tetrapetalones (A, B, C and D) by the results of these feed-
ing experiments and the oxidation experiment of 1 described
below.

To explore the chemical properties of 1, we treated 1 with H,O,
(aq.) in 0.2 M borate buffer (pH 9.0). The reaction mixture was
analyzed by HPLC every 30 minutes. In the reaction mixture

1616 | Org. Biomol. Chem., 2007, 5, 1615-1620

This journal is © The Royal Society of Chemistry 2007





of 1 with H,0, (aq.), the concentration of 1 was gradually
decreased, while an unknown compound emerged in the HPLC
chromatogram as shown in Fig. 2. In the control test, using
H,O instead of H,0,, no emergence of the unknown compound
was observed. This observation showed that 1 is transformed to
another compound by treatment with H,O,. We also observed a
moderate reduction in the concentration of 1 in the control test
of this experiment, showing that 1 is not completely stable under
these conditions.
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Fig. 2 Reaction of tetrapetalone A with H,0,: (a) treatment with
H,O0, (aq.), (b) treatment with H,O (control), O: tetrapetalone A, @:
tetrapetalone C.

For the structure elucidation of the unknown compound, we
treated 65 mg of 1 with H,O, (aq.). After purification of the
reaction mixture, we obtained 30 mg of the reaction product. The
'H- and “C-NMR spectral data, HPLC retention time and the
optical rotation [a], of this product were completely consistent
with those of tetrapetalone C (3), thereby identifying this reaction
product as 3. These results indicated that 1 was subject to oxidation
under these in vitro conditions, and was then transformed to 3.
In a similar way, 2 is implied to be converted to tetrapetalone
D (4), indicating that 1 and 2 might be converted to 3 and 4,
respectively, in the culture broth of the tetrapetalone-producing
strain.

The 3-amino-5-hydroxybenzoic acid (AHBA) unit is suggested
as the biological starter unit for the meta-C,N units of the aromatic

chromophores in several ansamycin antibiotics.'>'* In this report,
it is revealed that the tetrapetalones are polyketide compounds
constructed by AHBA, propanoate, butanoate, and glucose, indi-
cating that tetrapetalones are biologically synthesized in a similar
scheme to the ansamycin antibiotics. The ansamycin antibiotics
have a common structural feature which is the “ansa” bridge
system of polyketide origin initiated from AHBA as a starter unit.
In the tetrapetalone biosynthetic pathway, a compound which
has an “ansa” bridge system in its chemical structure should be
synthesized as an intermediate compound, and then this bridge
should be modified to form the tetracyclic structure. The details
of the formation process of the tetracyclic skeleton are now under
investigation.

The transformational scheme of tetrapetalones proposed due
to this study is shown in Fig. 3. At first, tetrapetalone A (1) is
synthesized by polyketide synthase using AHBA as a starter unit.
After receiving an oxygen atom to give the hydroxy group at C-17
in 1, the side chain of 1 should be subjected to acetoxylation,
then form tetrapetalone B (2). On the other hand, 1 and 2
should be oxidized and transformed to tetrapetalones C (3)
and D (4), respectively, in the culture broth of Streptomyces sp.
USF-4727.

In this study, we were able to reveal the origins of tetrapetalones
A, B, C, and D and indicate their proposed transformational
scheme.

Experimental
Chemicals

[1-3C] and [2-C] sodium acetate, [1-*C] sodium butanoate,
and [1-°C] glucose were purchased from Sigma Co. (St. Louis,
MO, USA). [1-*C] sodium propanoate, and [carbonyl-"*C] ben-
zoic acid were obtained commercially from Cambridge Isotope
Laboratories, Inc. (Andover, MA, USA). Other chemicals were
purchased from Wako Pure Chemical Industries, Ltd. (Osaka,
Japan). [Carbonyl-"*C] 3-amino-5-hydroxybenzoic acid (AHBA)
hydrochloride was prepared in our laboratory as described
below.

Instruments

Spectroscopic measurements were taken with the following instru-
ments: NMR, JEOL Alpha-400 spectrometer (tetramethylsilane
as internal reference at 0 ppm for 'H- and *C-NMR); FAB-MS,
JEOL JMS-700 spectrometer; UV and visible spectra, Shimadzu
UV-160A spectrometer; melting point, Yanagimoto MP-J3; IR,
Jasco FT/IR-550; HPLC for analysis, Jasco PU-2080 Plus, Jasco
UV 2077 Plus, Jasco MX-2080-32, and HPLC for preparation;
Jasco 880-PU, Jasco UV-970.

Cultivation of a Streptomyces sp USF-4727 strain

The strain USF-4727 was inoculated into 800 mL of the medium
(0.4% glucose, 0.4% yeast extract, 1.0% malt extract, pH 7.3) in a
2 litre Erlenmeyer flask and cultivated at 30 °C for 10-12 days on
a rotary shaker (130 rpm).

This journal is © The Royal Society of Chemistry 2007
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Fig. 3 Proposed transformational scheme for tetrapetalones.

Isolation of tetrapetalones A (1), B (2), C (3), and D (4)

The culture filtrate of Streptomyces sp. USF-4727 strain was
purified by chromatography on a Diaion HP-20 column, silica
gel column, Sephadex LH-20 (MeOH), and preparative HPLC
to yield 1, 2, 3, and 4. The details of the isolation of the four
tetrapetalones are described in our previous papers.>®

Tetrapetalone A (1). Pale yellow amorphous powder; melting
point, 190 °C. HRFAB MS [M + H]J*, m/z 472.2354 (472.2335
calcd. for C,sH34NO;). UV-VIS /.., (MeOH): 219 nm (¢ 18300),
245 nm (sh. ¢ 13300), 340 nm (¢ 11700). IR 4,,, (KBr) cm™': 3400,
1670, 1380, 1300, 1250, 1170, 1060, 1020. The 'H- and *C-NMR
data in CD;OD are shown in our previous paper.®

Tetrapetalone B (2). Pale yellow amorphous powder; melting
point, 191-193 °C. HRFAB MS [M + H]*, m/z 530.2407
(530.2390 calcd. for C,sH3NOy). UV-VIS A, (MeOH): 217 nm (¢
9310), 336 nm (¢4190). IR v,,,, (KBr) cm™: 3420, 1580, 1570, 1560,
1540, 1250. The 'H- and *C-NMR data in CD;OD are shown in
our previous paper.®

Tetrapetalone C (3). Colorless amorphous powder; melting
point, 154-157 °C. HRFAB MS [M + HJ*, m/z 488.2286
(488.2284 calcd. for C,H3,NOg). UV-VIS 4., (MeOH): 206 nm

(¢ 10350), 250 nm (sh. & 5890), 311 nm (¢ 3190), 350 nm (sh. ¢
2900). IR vy, (KBr) cm™': 3400, 1720, 1630, 1380, 1280, 1170,
1060, 1020. The 'H- and *C-NMR data in CD;OD are shown in
our previous paper.®

Tetrapetalone D (4). Colorless amorphous powder; melting
point, 148-151 °C. HRFAB MS [M + HJ*, m/z 546.2352
(546.2339 calcd. for C;xH3NO,;). UV-VIS 4, (MeOH): 208 nm
(sh. £ 9920), 247 nm (sh. & 4470), 312 nm (¢ 1720), 335 nm (sh.
& 1440). IR v, (KBr) cm™: 3420, 1720, 1630, 1380, 1240, 1160,
1120, 1060, 1020. The 'H- and *C-NMR data in CD;OD are
shown in our previous paper.®

Feeding experiments with [1-*C] and [2-"*C] sodium acetate, and
[1-"C]sodium propanoate

[1-*C] Sodium acetate (800 mg), [2-*C] sodium acetate (800 mg),
and [1-*C] sodium propanoate (400 mg) were added to the culture
of Streptomyces sp. USF-4727 strain in 800 mL of medium (0.4%
glucose, 0.4% yeast extract, 1.0% malt extract, pH 7.3) on day 5-7
from the beginning of the incubation. At day 10-12, each culture
was filtered and the tetrapetalones in these cultures were isolated
and submitted to further investigation.
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Feeding experiment with [1,2-*C,] sodium acetate

[1,2-8C,] Sodium acetate was added to two of the cultivative
Erlenmeyer flasks (each 300 mg) containing 800 mL of culture
at day 7 with non-labeled sodium propanoate (800 mg) and non-
labeled sodium butanoate (250 mg). On day 10, the culture broth
was filtered and each tetrapetalone was isolated and submitted to
further investigation.

Feeding experiment with [1-C] sodium butanoate

[1-BC] Sodium butanoate (250 mg) was added to the culture
(800 mL) with non-labeled sodium propanoate (800 mg) on day
7 from the beginning of incubation. On day 10, the culture was
filtered, and each tetrapetalone in the culture was isolated and
used for further investigation.

Feeding experiment with [1-°C] glucose

The culture medium of this feeding experiment was different from
other feeding experiments. The strain USF-4727 was inoculated to
the “glucose-less” medium (0.4% yeast extract, 1.0% malt extract,
pH 7.3). The cultivation was done in a similar way to other feeding
experiments. On day 5 after the inoculation of the tetrapetalone-
producing strain, [1-*C] glucose (100 mg) was added to the culture
with non-labeled sodium propanoate (800 mg). On day 10, the
culture was filtered, and each tetrapetalone in the culture was
isolated in a similar way to the other feeding experiments.

Preparation of [carbonyl-"*C] 3-amino-5-hydoxybenzoic acid
(AHBA) hydrochloride

First, we prepared non-labeled AHBA hydrochloride on the basis
of the method by Becker er al.'s After structure elucidation of this
non-labeled compound by spectroscopic methods, we referred to
the spectral data for the structure elucidation of [carbonyl-"C]
AHBA hydrochloride. In the preparation of non-labeled AHBA
hydrochloride, benzoic acid was used as the starting compound.
First, benzoic acid was treated with fuming sulfuric acid to form
3,5-disulfonicbenzoic acid. The reactant was neutralized with
barium carbonate. This barium salt was reacted with sodium and
potassium hydroxides. After dissolving in water, the reactant was
extracted with diethyl ether (pH 3.0) to give 3,5-dihydroxybenzoic
acid.' Then, this 3,5-dihydroxybenzoic acid was converted to
AHBA hydrochloride by reaction with NH,Cl and 28% agq. NH;
in a steel bomb at 180 °C for 40 h.® Finally, we obtained AHBA
hydrochloride (1.8 g, 58%) by using benzoic acid (2.0 g) as a
starting compound. 'H-NMR of non-labeled AHBA (400 MHz;
CD;0D; Me,Si) oy: 7.05 (1 H, t, J 2.3 Hz), 7.49 (1 H, m), 7.52
(1 H, m); *C-NMR of 3-amino-5-hydroxybenzoic acid (100 MHz;
CD;0D) o¢: 1154 (d), 115.7 (d), 118.0 (d), 133.2 (s), 135.6 (s),
160.5 (s), and 168.0 (s); HRFAB MS (glycerol) [M + H]*, m/z
154.0509 (154.0505 caled. for C;HgNO;). In the preparation of
[carbonyl-“*C] AHBA hydrochloride, [carbonyl-"*C] benzoic acid
was used as the starting compound. Other procedures were similar
to those for non-labeled AHBA hydrochloride preparation, then
we obtained [carbonyl-"C] AHBA hydrochloride (1.2 g, 38%)
by using [carbonyl-"C] benzoic acid (2.0 g). In the structure
elucidation of [carbonyl-*C] AHBA hydrochloride, the '"H-NMR
spectrum (CD;0D, 400 MHz) was consistent with that of non-

labeled AHBA. However, in the C-NMR spectrum (CD;OD,
100 MHz) of [carbonyl-*C] AHBA, the carbon signal at 168.0 ppm
was extremely enriched, at least 100 times higher than that of non-
labeled 3-amino-5-hydroxybenzoic acid.

Feeding experiment with [carbonyl-"*C] 3-amino-5-hydroxybenzoic
acid (AHBA) hydrochloride

[Carbonyl-*C] AHBA hydrochloride (200 mg) was added to the
culture with non-labeled sodium propanoate (800 mg) and non-
labeled sodium butanoate (250 mg) on day 7 from the beginning
of incubation. On day 10, the culture was filtered, and each
tetrapetalone in the culture was isolated and used for further
investigation.

Evaluation of the incorporation of *C-labeled precursors

We evaluated the incorporation ratio of each *C-labeled com-
pound by measurement of the *C-NMR spectrum. Tetrapetalones
A (1) and B (2) isolated from the each culture broth to which were
added the B C-labeled compounds were subject to measurement of
the "C-NMR spectrum. The signal intensity of each peak in this
spectrum was measured to evaluate the signal enrichment. The
enrichment ratio was given from each peak height compared to
the standard peak height (C-6') in each *C-NMR spectrum.

Treatment of tetrapetalone A (1) with H,O,

First, we treated 1 with H,O, solution for HPLC analysis. Two
hundred microlitres of 30% H,0, (aq.) were added to 0.2 mg
of 1 in 0.5 mL of 0.2 M borate buffer (pH 9.0) to start the
reaction. The mixture was analyzed by HPLC (25% CH;CN-
10 mM phosphate buffer (pH 2.6), Capcell Pak C18 SG120, ¢
4.6 x 250 mm, UV 254 nm) every 30 minutes. Then we treated
1 with H,O, for the HPLC preparation. Six millilitres of 30%
H,0, (aq.) were added to the 65 mg of tetrapetalone A in 10 mL
of 0.2 M borate buffer (pH 9.0), standing for 180 min. The
mixture was applied to the Diaion HP-20 (100 g) column. After
being washed with water, the reaction product was eluted with
MeOH. The MeOH fraction was purified by preparative HPLC
(25% CH;CN-10 mM phosphate buffer (pH 2.6), Capcell Pak C18
SG120, ¢ 15 x 250 mm, UV 254 nm) to yield 30 mg of the reaction
product. The chemical structure of this compound was elucidated
by spectroscopic methods.
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The tandem reactions of salicylic aldehydes or salicylic imines with a,B-unsaturated compounds have
only been studied systematically in recent years. These tandem reactions provide an easy access to a
variety of heterocycles, such as chromanes, chromenes, coumarins and tetrahydroxanthenones, many of
which are synthetic useful intermediates.

Introduction oH 4 OH e
. . . S N 07y
Although salicylic aldehydes have been used as substrates in I . NC 5
organic synthesis for a long time, attention has only been o o "0 m
Meow <
0

paid to the tandem reactions of salicylic aldehydes or salicylic

imines with o,B-unsaturated compounds in recent years. Dif- OH Novobiocin cromalalim

ferent heterocycles, such as chromanes, chromenes, coumarins HZN)*O A\

and tetrahydroxanthenones, were synthesized efficiently through

these tandem reactions. As is well known, these heterocycles are O 4
. . HO %, HO.C

widespread elements in natural products and have attracted much ?, (m m\

attention from a wide area of science, including physical chemistry, o 0”0 0 Y

medicinal chemistry, natural product chemistry, synthetic organic marmesin Daurichromenic acid diversonol O

chemistry and polymer science.! Some representative molecules

of these heterocycles are shown in Fig. 1.2 In this paper, we will

present a brief review of this area.

O

Fig. 1 Some representative molecules.

Reaction of salicylic aldehydes or salicylic imines with
acyclic a,f-unsaturated alkenes
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3-methyl-2-butenoate (eqn (1)).* Reactions were carried out in
DMF at 130 °C and methoxy-, methyl-, chloro-, bromo- and
phenyl-substituted salicylaldehydes gave the chromene products
in moderate yields, while nitro-, hydroxy-, ethoxy- and acetyl-
substituted salicylaldehydes produced poor yields or nothing at
all.

OH

CHO CO,Et
| D +)L : o | D oo - I (1)
o =
AP o DMF, 130°C | §, ~ A 0

0-57%

Later, the condensation of salicylaldehydes with olefins hav-
ing two electron-withdrawing groups were also reported.* The
reactions mainly gave polymerized products, and the chromene
products were obtained in low yields. Besides the chromene
products, some acyclic products were also obtained (eqn (2)).

KoCO4

@CHO )(JiozEt
0,
oH DMF, 130 °C

@(\)\»X (2)
@} >

4-28%
E:Z>2:1
X = CO,Et, COH, CN, COMe

In 1996, Kaye et al. reported the reaction of salicylaldehydes
with methyl acrylate to yield three different types of products
(eqn (3)).° The author proposed that the chromanes, chromenes
and coumarins were all derived from the same Baylis—Hillman
intermediates, although "H NMR spectroscopy failed to provide
any evidence for the presence of the intermediates. When methyl
acrylate was replaced by alkyl vinyl ketones, the corresponding
chromenes were obtained in good yields chemoselectively.®

C[CHO rCOzMe DABCO, t, 7 d
.
R// OH | neat or CHCl |\ B
R~ o S0 5
0-50% 3)
OH
~ CO,Me AN CO,Me
+ +
=
R// O /< O
0-47% 0-23%

Subsequently, Ravichandran et al. performed the reactions in
water.” Great rate-enhancement was observed and the reactions
were completed within 2 hours, affording the corresponding
chromenes in good yields. Later, Kaye ez a/. found that acryloni-
trile, acrolein, vinyl ketones, vinyl sulfone and vinyl sulfonate were
all suitable activated alkenes for reaction with salicylaldehydes,
providing the chromenes in good yields.® The chromenes derived
from salicylaldehydes and acrolein reacted with malononitrile to
give another kind of chromenes in good yields (eqn (4)).°

RA OH ”\ K,CO4
R3 CHO CHO DMF

CH,(CN),

piperidine
ethanol

R1
R2 0
R® ZcHo
R4
3
NC CN
60%

The reaction between salicylaldehydes and ferz-butyl acrylate
yielded the Baylis-Hillman adducts, which were converted to
chromene derivatives by treatment with hydrochloric acid in
refluxing acetic acid (eqn (5))."°

CHO Q o
| > + H‘\OBUt DABCO mcozBu‘
AKF | CHel
R OH ° R/ Z OH
41-66% 5)
CH,CI
AcOH reflux O\/O\A[
86 - 98%

Kaye subsequently studied the reaction mechanism of sali-
cylaldehyde and methyl acrylate catalyzed by DABCO." The
reaction was thought to be initiated by a Baylis—Hillman reaction
(eqn (6)). The highly activated dipolar adduct formed by salicy-
laldehyde, methyl acrylate and DABCO was assumed to be the
pivotal intermediate for the formation of chromene and coumarin
products.

OH

(:ECHO |/002Me DABCO ©\)\[002Me
8 SR
®
OH
— O™ O
+
0 0o

In 2005, Brise et al. reported the reaction between salicylalde-
hydes and senecialdehyde systematically.”? Besides chromenes,
tricyclic hemiacetals were also obtained. The mechanism for
the reaction is shown in eqn (7). The formation of the tricyclic
compound started with the vinylogous addition of the dienolate
to salicylaldehyde, followed by a base-promoted intramolecular
oxa-Michael addition, then acetalization gave the hemiacetal.
The chromene was formed by a tandem oxa-Michael addition,
intramolecular aldol reaction and dehydration pathway. The type
of catalyst was varied with respect to nucleophilicity and basicity;
it was found that sodium carbonate favored the formation of the
chromene product and triethylamine favored the formation of the

tricyclic hemiacetal.
OH 0 e
CHO N
Cf g} O -CC
CHO /C base
r OH o] OH

@f\)\ﬂ” wo ©\/jog/0"‘
OH o )

) (7)

(6)
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Very recently, Arvidsson et al. reported the first asymmetric
version of this transformation using a TMS-protected prolinol
derivative as the catalyst (eqn (8))."* Several base and acid additives
were found to affect both the enantioselectivities and the yields of
the product. The more electron-rich 5-methoxy salicylaldehyde
resulted in a much faster reaction in higher yield but with
lower enantioselectivity. The reaction was thought to proceed by
a domino pathway initiated by iminium activation of an a,f3-
unsaturated aldehyde, followed by intermolecular oxa-Michael
addition of a salicylic aldehyde. Then the resulting enamine
intermediate underwent an intramolecular aldol reaction and
dehydration to give the final chiral chromene product.

Ph
10 mol% D\‘,ph

1 1
7
OH CHxCl, 0" R?

yield: 15 - 70%,
ee: 27 - 90%

®)

Similar strategies were also reported independently by Cordova
et al. and Wang et al. Using the same TMS-protected diphenyl-
prolinol as the catalyst, Cordova et al. found that the addition
of an organic acid increased the enantioselectivity and efficiency
of the reaction; 2-nitrobenzoic acid was found to be the best
additive. A set of different a,B-unsaturated aldehydes and various
salicylaldehydes were all suitable substrates for this reaction (eqn
(9)). The yields of the chromene products could be improved
without affecting the enantioselectivities by adding molecular
sieves (4 A). Wang et al. found that using TES-protected
diphenylprolinol as the catalyst could give higher yields of the
chromene products (eqn (10))."

Ph
20 mol% D\‘,ph

N
N CHO 2 o H OTMS N Y0
I + Rs ) — |
e = OH 20 mol% 2-nitrobenzoic acid, 1A F 0 R2
toluene, rt R

yield: 20 - 92%,
ee: 83 - 98%

R

Ph
30 mol% Ph

N
~-CH0 H OTES N S0
| + RWO | P

W 30 mol% PhCO,H, MS 4A, Rt ~0”7 “R2

= OH
CICH,CH,CI, -15 °C-rt

yield: 53 - 98%,
ee:75->99% (10)

Wang et al. also adopted this approach to synthesize
thiochromenes by replacing the phenol group in salicylaldehyde
with mercapto group (eqn. 11)." Soon after that, similar results
were reported by Cordova et al. independently.’” Subseqently,
Wang et al. used o,B-unsaturated oxazolidinones instead of a,f3-
unsaturated aldehydes as the Michael acceptors for reaction
with 2-mercaptobenzaldehydes. The dehydration process was
inhibited and thiochromanes were obtained with high enantio-
and diastercoselectivities using 1 mol% of a bifunctional chiral
cinchona alkaloid thiourea as the catalyst (eqn (12))."®

qCHO )i COEt £ o0,
0
oH DMF, 130 °C

OH

CO,Et Xr X
[ —l_ (1
&0 R 0

0-57%

S Ar R
CHO 1 mol% A NJ\O
| /
P CICH,CH,CI, 1,520 dr AP g

yield: 75 - 97%,
ee: 91-99%

(12)

Ar = 3,5-(CF3),CsH3

Reaction of salicylic aldehydes or salicylic imines with
cyclic a,p-unsaturated alkenes

In 2003, Kim et al. and Brése et al. independently reported the
reaction between salicylaldehydes and 2-cyclohexen-1-one or 2-
cyclopenten-1-one (eqn (13))."* Using DABCO as the base, the
reaction between salicylaldehydes and 2-cyclohexen-1-ones gave
the tetrahydroxanthenones in moderate to excellent yields in water
with sonication. The reaction was performed with potassium
carbonate as a base, while triphenylphosphine, a known catalyst
for the Baylis—Hillman reaction, failed to promote the reaction
under the same reaction conditions. So an oxa-Michael-aldol
reaction—dehydration pathway was proposed, and the derived
tetrahydroxanthenone was used for the synthesis of secalonic acids
by Brése et al.

R* o)

CHO __50mol% DABCO R2 N
ﬁ H,0, sonication, 48 h 2 o In (13)
R’l
19-93%
Subsequently, we found that using salicylic imines instead
of salicylaldehydes could shorten the reaction time, and that

the reaction was more likely initiated by an aza-Baylis—Hillman
reaction (eqn (14)).

0
3 = o] 1) 25 mol% PPhMe,, 3
R CH=NTs MS 4A, THF, tt., R N "
2 + ) I (14)
R OH I, 225mo%DBU R 0
R! R' 50-93%

Later, Brase et al. examined the reactivity of tetrahydroxan-
thenones and it was found that tetrahydroxanthenones offered
various possible further functionalizations, many of which were
highly diastereoselective.® Brése ef al. also investigated the
reaction between salicylaldehydes and substituted cyclohexenones
(eqn (15)).2 The reactivity of the cylclohexenones decreases
rapidly with increasing steric hindrance around the double bond.
The substituent in cylclohexenones at the C-3 position was not
tolerated and the substituents at the C-4 or C-5 position were
tolerated up to a certain size.

g MeO. i
MeOC[CHO O o e m
+ N T
dioxane/H,0, sonication 2 (15
OH R : OChT R (13)
R' 0-65%

cisltrans: 1/12.5 - 31

Brise et al. further used this methodology to achieve the first
total synthesis of diversonol in racemic form by transformation
of the tetrahydroanthenone derived from a substituted salicylic
aldehyde and 4-hydroxycyclohexenone (eqn (16)).2*
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OMe o
CHO imidazole
+
dioxane/H,0, sonication
OH
OH
(16)
61 % rac-diversonol OH

Cordova et al. recently reported the asymmetric synthe-
sis of tetrahydrothioxanthenones through the reaction of 2-
mercaptobenzaldehyde with a,B-unsaturated cyclic ketones (eqn

(17)).%
CHO Q 20 mol%
@.H i C/
DMF, -20 °C
yield: trace - 39%,

dr:n.d. or >20:1
(17

Besides cyclohexenone and cyclopentenone, heterocyclic o, -
unsaturated ketones were also suitable Michael acceptors for
reaction with salicylaldehydes. Charushin et a/. have found that
polyhaloalkyl-substituted chromones, y-pyrones and B-furanones
reacted with salicylaldehydes in the presence of piperidine to
give fused 2H-chromenes in good yields.*® The reaction was
interpreted to follow an oxa-Michael addition—intramolecular
Mannich condensation—elimination pathway (eqn (18)).

yield: 31 - 78%,
ee: 38-67%

(0]

NR2
R CHO
\@[ N | plperldlne
R O
OH Hig
RH\g
(13)
NR, O Q
> 2
R R NH O O ‘ R
o 1o o" 170
Hig Rhig
12 - 98%

Reactions of salicylic aldehydes or salicylic imines with
o,p-unsaturated alkynes

In 1975, George et al. reported the reaction between salicy-
laldehyde and dimethyl acetylenedicarboxylate giving mixtures
of chromenes and Michael addition adducts (eqn (19)).* Later,
they also studied the phototransformations of the chromene
derived from salicylaldehyde and diphenyl acetylenedicarboxylate
by steady-state and laser photolysis.?

CHO e 200Me
cHo  §OMe penzene @[ mcog\ne CO,Me N&)CZTM':
C[or-a * !omw 30N oo, C)\,,,COQMe 0" COoMe Hpone 0 come

24%(Z:E=3:1) 1%

(19)

In 2002, Ramazani et al. reported a triphenyl phosphine-
mediated reaction between salicylaldehydes and acetylenedicar-
boxylates, which provided easy access to chromene derivatives.?
The formation of the chromene product involved the initial
addition of triphenylphosphine to the acetylenedicarboxylate and
concomitant protonation by salicylaldehyde to form the 1 : 1

ionic pair, followed by attack of the phenolic anion to the vinyl
triphenylphosphonium cation, and subsequent cyclization gave
the final product (eqn (20)).

-
Rl cHo  §O pen, | R CHO RRO.C. oph R! CHOPPNa | Ny COR
+ e | \(:[ N | CO;R
on Lo S CHCO,R? co R 07 Co,R?
? PhaPO 90-95%

(20)

Very recently, we investigated the reaction between but-
3-yn-2-one or methyl propiolate and salicyl N-tosylimines.*
Using DABCO as the catalyt, the reaction yielded highly
functionalized chromenes (eqn (21)). The reaction was thought to
start with a Michael addition followed by an intramolecular aza-
Baylis—Hillman reaction on the basis of "H NMR spectroscopic
investigation during the course of the reaction. The intramolecular
aza-Baylis—Hillman reaction was the rate-determining step for
this reaction.

R* R* NHTs
R =NTs DABCO,MS4A R | cox
+ = COX ———— >
R2 OH solvent R? 0 (2 1)
R! R!
X= Me, OMe 29-86%

A substituent at the terminal alkyne was not tolerated, pre-
sumably due to the steric hindrance. The reaction between ethyl 2-
butynoate and salicyl N-tosylimine did not give the corresponding
chromene derivative in satisfactory yield. Subsequently, we found
diethyl acetylenedicarboxylate showed higher reactivity than ethyl
2-butynoate for this reaction.’® The reactions of salicyl N-
tosylimines or salicylaldehydes with diethyl acetylenedicarboxy-
late could proceed under mild conditions giving the corresponding
chromenes in excellent yields (eqn (22)).

XH

CO,Et
3 2
R?2 H DMSO, rt
R! © CO,Et R® 07 "CO (22)

R!

NTs: catalyst = DABCO

= yield: 83 - 98%.
X=0: catalyst = PPhMe,

yield: 83 - >99%.

Reaction of salicylic aldehydes or salicylic imines with
allenes

In 1983, Scheinmann et al. first demonstrated the reaction of
dimethyl penta-2,3-dienedioate with salicylaldehyde in benzene
in the presence of benzyl trimethylammonium hydroxide to give
the chromene (eqn (23)).3* While after that, the reactions between
allenes and salicylaldehydes were less explored.

N CO,Me
L @)
0~ “CHCO,Me

61%

H. ..CO,Me

CHO C
sl
"

OH
H C

“7~Co,Me

BnMe3;NOH
benzene

In 2005, we reported the reaction of salicyl N-tosylimines with
ethyl 2,3-butadienoate or penta-3,4-dien-2-one giving the corre-
sponding chromenes in good to excellent yields, using DABCO
as the catalyst in dichloromethane (eqn (24)).* Several other
catalysts were also examined and it was found that phosphorus-
based catalysts, such as PPh; or PPh,Me could induce the reaction
to give the [3 + 2] cycloadduct dihydropyrrole derivative with an
unreacted phenol group,* while the weak nucleophile diisopropyl
ethyl amine and inorganic catalysts, such as NaOH, Na,CO;,
NaHCO;, showed no catalytic activity for this reaction.
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R4 R* NHTs
R? =NTs R? cox
DABCO, MS 4A | (24)
+ =
R2 OH COX  CHuCly, 1t R? o)
R? R!
54 - 99%

Subsequently, we found that salicylaldehydes could react
with 3-methylpenta-3,4-dien-2-one, 3-benzylpenta-3,4-dien-2-one
or ethyl 2-methylbuta-2,3-dienoate to give the corresponding
functionalized 2H-1-chromenes in good to excellent yields and
good diastereoselectivities in most of the cases, using DBU as the
catalyst in DMSO, but the exact role of DBU and the mechanism
for this reaction was not clearly understood (eqn (25)).%

Later, the mechanism for this reaction was investigated in detail,
and it was found that DBU served as a base for the reaction (eqn
(26)).*

OH

CHO R2 R?
| N _ DBU (10 mol%) N COR®
=X T (25)
RZ oH COR®  DMSO N0

yield: 53 - 99%
dr: anti/lsyn>37/35

)
DBU  DBUH _ ( 0
@ECHO ©iCHO CO,Et I
© ©.CO,Et
e ¢ e,

@
DBUH  DBU OH

§
L n L L
" J\(COQB cyclization 0

While using K,CO; as the catalyst at high temperature, the
reaction gave another type of chromenes.*” The mechanism is
shown in eqn (27).

(26)

o
CHO k,c0,

CHO '
o Hocos
OH o
X J e)
o N\ COE = N 0)\(0023

Unsubstituted allenic ketones or esters also reacted with salicy-
laldehydes using K,CO; as the catalyst at room temperature to give
two types of chromenes, respectively, for different salicylaldehydes,
and the latter one could be converted to the former one under
acidic or neat conditions (eqn (28)).%¢

o]
e =
Z > OH COR?
OH
2 2
AN COR N COR
R or  Rlq- |
Z>o Zo
OH

57 -74%

CO,Et

@7

KoCO3 (10 mol%)
DMSO or EtOH, 25 °C

(28)

29 - 85%

Summary and outlook

The reaction of salicylic aldehydes or salicylic imines with a,f3-
unsaturated compounds provides easy access to different hetero-

cycles, such as chromanes, chromenes, coumarins and tetrahydrox-
anthenones. In this review, we have outlined some typical work in
this area. Although the reactions of salicylic aldehydes or salicylic
imines with various o,f-unsaturated compounds have been inves-
tigated systematically, further transformation of the products to
biologically active compounds is still in its infancy. Future work
might be focused on the utilization of these methodologies to
synthesize some biologically active molecules or natural products.
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A nucleoside with two nucleobases, a so-called double-headed nucleoside,
5'(S)-C-(thymine-1-ylmethyl)thymidine 3, is synthesised and incorporated into oligonucleotides. The
additional nucleobase is hereby positioned in the minor groove of the duplexes, which are formed with
complementary DNA and RNA-sequences. Slight thermal destabilisation of these duplexes as
compared to unmodified duplexes is observed. With other target sequences forming bulged duplexes or
three-way junctions, no additional influence of the additional base on the thermal stability is observed.
On the other hand, a base-base stacking interaction and subsequent stabilisation is observed when two

double-headed nucleotide moieties are positioned in two complementary DNA-sequences forming a

DNA-zipper motif.

Introduction

In nucleic acid chemistry, the search for functional nucleic acid
fragments has been intense and motivated by potentially therapeu-
tic nucleic acid targeting and by nucleic acid chemical biology.'® In
the search for simple building blocks for functional nucleic acids,
we have recently introduced the idea of positioning an additional
nucleobase on an otherwise natural nucleotide moiety.** This
use of “double-headed” nucleosides is versatile, and both the
stabilisation of secondary structures like bulges or three-way
junctions as well as the design of double-coding nucleic acids were
envisioned.** By using an additional nucleobase in a nucleic acid
sequence, both stacking and hydrogen-bonding interactions with
the target are possible. Our first example of a double-headed nu-
cleoside was 2'-deoxy-2'-C-(2-(thymin-1-yl)ethyl)uridine 1 (Fig. 1)
which was incorporated into oligodeoxynucleotides (ODN’s) and
studied as a building block in different secondary nucleic acid
structures.* Incorporated in the centre of a standard 13-mer DNA

T
H U HO:I@T H T
B
OH OH OH
T
1 2B=AorT) 3

Fig.1 Double-headed nucleosides. T = thymin-1-yl, U = uracil-1-yl, A =
adenin-9-yl.
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duplex or in the corresponding DNA : RNA hybrid duplex,
the thermal stability decreased slightly compared to unmodified
duplexes demonstrating that the additional base is reasonably well-
accommodated in the duplexes but with no favourable new binding
interactions. On the other hand, when 1 was incorporated in the
branching point of a three-way junction, a slight stabilisation
of the secondary structure was observed.* Herdewijn and co-
workers has recently introduced another example, 2, prepared
with both thymine and adenine as the second base.® The focus
of that study was to find an additional base-base interaction
in the minor groove by the incorporation of two moieties of 2
at different positions in two complementary ODN’s. The best
interaction was found between two adenine moieties and not
between a thymine and an adenine indicating that the interaction
was not a Watson—Crick type base-pairing. An NMR-experiment
indicated a weak hydrophobic interaction between the two bases
in a perpendicular position.® Other double-headed nucleosides
have been shown in the literature without any incorporation into
ODN?'s. The second base has been positioned either directly on
the ribofuranose on the 2'-position’ or as a replacement of either
the 3'-hydroxy group’ or the 5'-hydroxy group.*'® In the present
study, the additional nucleobase is positioned at the 5'-carbon
through a methylene linker. Hence, the (S)-configured epimer
of 5-C-(thymine-1-ylmethyl)thymidine 3 was found by simple
molecular modelling to give the most interesting opportunities,
as the additional base of this double-headed nucleoside moiety
will be positioned in the minor groove of nucleic acid duplexes and
additional base—base interactions between complementary strands
can be predicted. Furthermore, the ability to form stabilised
secondary structures like three-way junctions will be studied.

Results and discussion

Chemical synthesis

The synthesis of the double headed nucleoside 3 was approached
with a linear strategy and thymidine as a convenient starting
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material. Thus, several examples of introducing additional carbons
and functionalisation on the 5'-C position have been shown in the
literature.""” From standard protocols, the 3'-protected derivative
4 was obtained and converted by oxidation and a Wittig olefination
to the known 5'-deoxy-5-methylene derivative 5 (Scheme 1).'!2
The stereoselective epoxidation of this alkene has been described
by Wang and Middleton,” and we used this preparation of the
epimeric mixture of epoxides (S : R ~ 9 : 1), and a subsequent
treatment with thymine and potassium carbonate in hot DMF to
give the (S)-configured protected double-headed nucleoside 6 in
39% yield. The N1-alkylation of the extra thymine was assessed
by the absence of coupling between any NH and any of the two
H-6 in the ("H,"H)-COSY spectrum.
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Scheme 1 Reagents and conditions: a, ref. 11, 12; b, (i) mCPBA,
CH,Cl,, 42%, (ii) thymine, K,CO;, DMF, 39%; ¢, DMTCI, pyridine,
CH,CN; d, TBAF, THF, 41% (2 steps); e, NC(CH,),OP(CI)N(iPr),,
DIPEA, CH,Cl,, 58%; f, Pixyl-Cl, pyridine, 79%; g, TBAF, THF, 54%; h,
NC(CH,),OP(CI)N(iPr),, DIPEA, CH,Cl,, CHCl;, 64%; i, (i) Tf,0O,
DMAP, CH,Cl,, (i), NaOH (aq.), EtOH, 40%; j, (i) C, CHCOOH, CDCl;,
(ii) TIPDSCL,, pyridine, 39%; k, (i) TBAF, THF, (ii) TIPDSCI,, pyridine,
53%. TBS = tert-butyldimethylsilyl. DMT = 4,4'-dimethoxytrityl. Pixyl =
9-phenylxanthen-9-yl.

In order to prepare the nucleoside for incorporation into ODN’s,
the 5'-hydroxy group was protected with the 4,4'-dimethoxytrityl
(DMT) group. However, even prolonged exposure to a large excess
of DMTCI in pyridine did not give a complete conversion, and
after immediate desilylation of the crude product 7 by treatment
with TBAF in THF, 8 was obtained in a mere yield of 41% over the
two steps. This compound was converted to the phosphoramidite
9 by a standard protocol in 58% yield. Subsequent DNA synthesis
using this amidite was successful (vide infra). Nevertheless, the

difficulties in protecting the sterically hindered secondary alcohol
in 6 motivated a replacement of the DMT-group with the Pixyl-
group. Hence, the Pixyl group has been reported to give a more
efficient protection of similar secondary alcohols and to be equally
efficient in standard automated solid phase DNA-synthesis.'”'®
Treatment of 6 with Pixyl-Cl in pyridine afforded 10 in a good
yield. Subsequent desilylation gave 11 and phosphitylation the
phosphoramidite 12, which was used in DNA synthesis with
similar efficiency as 9 (vide infra).

In order to verify the stereochemistry of the double-headed
nucleoside 6, we employed a method used before by us'®*® and
others'™'®" for other 5'-C-alkylated thymidine derivatives. We
converted an analytical amount of compound 8 into the restrained
disiloxane compound 13 by in situ deprotection and treatment with
an excess of the disiloxyl dichloride reagent in 39% overall yield.
An NMR-analysis of this compound using coupling constants as
well as NOE-difference data should give the relevant structural
information. In the '"H NMR spectrum, the signal from H-4
exhibited both a fairly weak coupling constant (2.7 Hz) and
a strong coupling constant (8.4 Hz) indicating a gauche and a
trans conformation in accordance with a moderate rigid bicyclic
structure of 13. However, a signal overlap of the H-5 and H-3
signals in the spectrum rendered the NOE method ambiguous.
Therefore, the 5-epimer of 6 was made on the analytical scale
by treatment of 6 with triflic anhydride followed by hydrolysis of
the triflate with aqueous base to give 14. This reaction probably
proceeded through an intramolecular ring-closure by the 2-oxygen
of the 5'-positioned thymine giving a five-membered intermediate.
Compound 14 was converted to 15 by in situ desilylation followed
by treatment with an excess of the disiloxyl dichloride reagent. In
contrast to 13, compound 15 exhibited very well resolved signals
in the "TH NMR spectrum showing a strong 7% NOE correlations
between H-5 and H-3' as expected for this configuration, as well
as insignificant enhancement of either of the latter two protons
when H-4' was irradiated. This proved an 5'(R)-configuration for
compound 14 obtained by the inversion of the 5'(S)-configured 6,
and in conclusion, this analysis confirmed the 5'(S)-configuration
of 6 that was also expected from the reported 5'(S)-configuration
of the intermediate epoxide.*

Preparation and evaluation of oligonucleotides

The oligonucleotides prepared for this study by standard auto-
mated solid phase DNA-synthesis are shown in Table 1. The
reference sequences 16 and 17 are the same as used in former
studies™ including the study of our first double-headed nucle-
oside 1.* The phosphoramidite 9 was incorporated in the central
position of this sequence giving 18. A prolonged coupling time for
9 was used with pyridinium chloride as the activator followed by
prolonged capping time. The coupling efficiency for 9 was >90%.
A prolonged coupling time was also used for the proceeding
unmodified phosphoramidite using 4,5-dicyanoimidazole as the
activator. For the extension of the study by the investigation of
a DNA zipper motif with predicted base-base interaction in the
minor groove, and due to the demand for an easier access to
a phosphoramidite (vide supra), we prepared the other ODN’s
(Table 1) from the pixyl-protected phosphoramidite 12. Thus, 12
was incorporated in different positions of the two complemen-
tary standard sequences 19 and 23 giving the series of ODN’s
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Table 1 Prepared oligodeoxynucleotide sequences and their MS-data

ODN sequences® MW (found/calc.)®
16 5-GCTCACTCTCCCA —
17 5-GCTCACTTCTCCCA —
18 5-GCTCACX"CTCCCA 3968.9/3967.8
19 5-CGCATATTCGC-3 —
20 5-CGCATATX"CGC-3 3428.8/3429.7
21 5-CGCATAX"TCGC-3 3427.8/3429.7
22 5-CGCAXTAX'TCGC-3 3567.7/3567.7
23 3-GCGTATAAGCG-5 —
24 3-GCGX"ATAAGCG-Y 3516.8/3518.7
25 3-GCGTAX"AAGCG-Y 3516.8/3518.7
26 3-GCGX"AX"AAGCG-5 3655.9/3656.7
27 5-ATATATATATAT-3 —
28 5-ATATATAX"ATAT-3' 3781.4/3779.7
29 5-ATATAX"ATAXTAT-3 3920.0/3917.8
30 5-ATATAX'AXTAXTAT-3 4056.8/4055.8

“ X" refers to the incorporation of 9 or 12. * MALDI-MS negative mode.

20-22 and 24-26. For the study of a more elaborate zipper, also
the self-complementary sequence 27 was prepared and modified
with one, two or three incorporations of the double-headed
modification in the sequences 28-30. The coupling efficiency for
12 was >80% using prolonged coupling and capping times and
pyridinium chloride as the activator. The constitution and purity
of the oligonucleotides was verified by MALDI-MS (Table 1) and
HPLC-profiles, respectively.

In order to evaluate the effect of one additional double-
headed nucleoside moiety 3 in duplexes as well as in bulged
duplexes and three-way junctions, the hybridisation properties
of the oligonucleotides 16-18 with different complementary
DNA and RNA sequences were studied by thermal stability
examinations (Table 2). First, the standard duplexes formed with
the fully matched DNA and RNA complements were examined.
Comparing the duplexes formed by the sequences 16 and 18,
respectively, the double-headed nucleotide induced a drop in 7,
0f 4.0 °Cin a DNA : DNA duplex and of 3.3°Cina DNA : RNA
duplex. This indicates that the additional nucleobase is relatively
well accommodated in standard duplexes but also that a small
penalty of placing the additional base in the minor groove is
paid. Next, a duplex extended with one adenosine bulge in the
complementary sequence was studied (Table 2). Comparing 18

with 16, small decreases in T, of ~3 °C were observed. Thus,
the additional thymine is well accommodated into the bulged
duplexes but no stabilisation due to base-pairing or stacking from
the additional thymine is seen. In comparison with 17, large drops
in T, of the complexes of ~13 °C with both DNA and RNA
complements were observed. In other words, the ability of 3 to
behave as a TT-dinucleotide opposite an AA-complement is very
poor. In another bulged duplex in which an AGA-sequence is
opposing the double-headed nucleotide 3, similar results were
observed (Table 2). Thus, the comparison of 18 with either 16 or
17 revealed decreases in T, of ~3 °C, and the additional thymine
does not seem to influence the structure significantly.

Next, we studied two three-way junctions (TWJ’s) with a stan-
dard stable stem—loop sequence with two single stranded regions
being complementary to the oligonucleotides 16-18 (Table 2). In
18, the double-headed nucleotide 3 is positioned in the branching
point. In our former study,"® we found the DNA TWJ without any
additional bulge in the branching point to be relatively flexible.
This has also been observed by Leontis er al.* and Seeman
et al* and allows for structural deviation in the backbone in
the vicinity of the junction. Therefore, a DNA TWJ with an
additional CC bulge' was applied for this study in order to
render the DNA TWTI less flexible.?**? This TWJ has a melting
temperature similar to the TWIJ missing the CC bulge,” but
displays a much sharper melting transition, which indicates a more
well-defined structure and a significantly larger negative enthalpy
of formation.? Incorporating the double-headed nucleoside in
this structure, a slight destabilisation (A7, = —2.0 °C) with
18 compared to 17 was observed. Considering that a backbone
length corresponding to one nucleotide has been removed, this
finding seems somewhat encouraging. In order to investigate the
structure of the core of the junction, a model was built based
on the coordinates from an NMR study? of a TWJ containing
a CT bulge. Maintaining the original flanking duplexes of this
structure but replacing the bulge and junction basepairs, gave
a perturbed model, which was minimised and warmed up in a
100 ps MD-simulation to give the average structure in Fig. 2. The
modeling result suggests that the extra thymine base is bulged out
and may interact with the CC-bulge, while its opposite adenine
base forms a wedged bulge. Thermal stability comparison of 18
with 16, which would be anticipated to give the wedge adenine

Table 2 Hybridisation data for the prepared ODN’s with different DNA- and RNA-complements*

Regular or bulged complements

Complements with an intrastrand stem-loop”

Fully matched Additional A Additional GA DNA:? RNA*"
DNA® RNA® DNA-“ RNA* DNA“ RNA? 0 mM 10 mM 0 mM 10 mM
16 51.0 58.2 41.0¢ 48.0° 41.1¢ 47.8¢ 25.1 — — —
17 — — 51.3 57.6 40.5 47.8 24.9 35.3 36.5 44.7
18 47.0 54.9 37.9 45.1 37.9 44.8 22.9 31.9 35.1 43.1
(—4.0) (-3.3) (=3.1) (=2.9) (=3.2) (3.0 (=2.2) (=3.4) (—1.4) (—1.6)
(—134) (=125  (=26)  (=3.0)  (-2.0)

“ Melting temperatures (7, values/°C) obtained from the maxima of the first derivatives of the melting curves (A4, vs. temperature) recorded in a
medium salt buffer (Na,HPO, (7.5 mM), NaCl (100 mM), EDTA (0.1 mM), pH 7.0) using 1.0 uM concentrations of each strand. All 7', values are
given as averages of double determinations. AT, values are given in brackets. * DNA 3-CGAGTGAGAGGGT, RNA 3-CGAGUGAGAGGGU.
*DNA 3-CGAGTGAAGAGGGT, RNA 3-CGAGUGAAGAGGGU. “DNA 3-CGAGTGAGAGAGGGT, RNA 3-CGAGUGAGAGAGGGU.
¢Data taken from ref. 4. 70 or 10 mM Mg** obtained by the addition of MgCl,. ¢ DNA 3-CGAGTGACCCGCGTTTTCGCGAGAGGGT, "RNA
3-CGAGUGACGCGUUUUCGCGAG-AGGGU. Bold sequences are bulges and stem-loops.
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Fig. 2 Molecular modelling of the core of the junction in the TWIJ
18:DNA. Average structure of the final 10 ps of a 100 ps MD-simulation at
303 K. The central double-headed nucleotide and the bulge are highlighted.

bulge without any possibility for a tertiary interaction with the CC
bulge, does however not suggest any additional stabilisation from
the extra thymine. In fact, the structures with 16 and 17 display
very similar stability. It is well known that tertiary interactions are
rather weak® and so the TWJ structure with 18 may, nevertheless,
exhibit tertiary interactions as indicated by the modeling.

On the other hand, the DNA : RNA TWIJ without a bulge
in the branching point (i.e. 17 with RNA, Table 2) was found
in our former study to be stable and well-defined.”® A slight
destabilisation by the incorporation of the double-headed moiety
was observed with a AT, —1.4 °C comparing 18 to 17. Both
TWIJ’s were stabilised significantly by the addition of Mg** to a
10 mM concentration (Table 2), ie. increases in T, of 8-10 °C
as expected.” However, the unmodified TWJ’s were in both cases
slightly more stabilised than the modified TWJ’s. Nevertheless,
no significant differences in any Mg**-induced conformational
changes in the TWJ's are indicated.

Inspired by the relatively modest but also remarkably constant
decrease in T, observed with the incorporation of the double-
headed nucleotide 3, we decided to explore the possibility of a
zipper motif with a stabilisation of the unpaired nucleobase moiety
via intrastrand interaction with another unpaired nucleobase in
the minor groove. A range of possible motifs was exploited by
the preparation of a series of complementary sequences 19-26
(Table 1). A standard 11-mer duplex 19 : 23 was studied, and a
single incorporation of 3 into this duplex (i.e. replacing 19 with 20
or 21, or replacing 23 with 24 or 25), in all cases demonstrated
a decrease in T, of 4.4 to 5.4 °C (Table 3). This means that
the penalty of accommodating one double-headed nucleoside
moiety 3 in a duplex is remarkably constant taking also the
duplex in Table 2 into account (AT,, = —4.0 °C). Introducing
two of these moieties on the same strand (as with 22 and 26)
gives the double or an even slightly higher penalty (AT, = —12.0
and —10.9 °C, respectively). On the other hand, an interesting
contact between the thymine moieties in the minor groove is
indicated with the duplex 21 : 24, which is more thermally stable
than either of the duplexes with just one modification, i.e. 21 :
23 and 19 : 24. This suggests a stabilising correlation between
the two thymine nucleobases positioned in opposite strands with
two interspacing base pairs. Furthermore, it can be seen that
moving the nucleobases further apart, i.e. 20 : 24 with three

Table 3 Hybridisation data for the prepared ODN’s in a DNA zipper
motif*

19 20 21 22
23 446 40.2 39.7 326
(—4.4) (—4.9) (—12.0)

24 392 348 40.8 342
(=5.4) (—9.8) (=3.8) (—10.4)
(0.0) (+6.5) (+7.0)

25 399 34.6 342 26.6
(~4.7) (-10.0)  (—104)  (~18.2)
(=0.9) (=0.8) (-1.5)

26 337 27.6 35.6 27.8
(=10.9) (<1700  (=9.0) (—16.8)
(-1.7) (+6.8) (+6.1)

“ Melting temperatures (7, values/°C) obtained from the maxima of the
first derivatives of the melting curves (A4, vs. temperature) recorded in
a medium salt buffer (Na,HPO, (7.5 mM), NaCl (100 mM), EDTA
(0.1 mM), pH 7.0) using 1.0 uM concentrations of each strand. All 7,
values are given as averages of double determinations. AT, values are given
in brackets. AAT,, values for duplex x : y (defined as AT .y (AT 23 +
AT \9:y))) are given in bold brackets.

interspacing base pairs, has virtually the opposite effect giving a
thermal destabilisation of —9.8 °C, which corresponds roughly
to the sum of the two monosubstituted duplexes. Moving the
opposite nucleobases closer with either one interspacing base pair,
i.e. 20 : 25, or no interspacing base pair, i.e. 21 : 25 shows similar
destabilisation of about —10 °C. Thus, in the latter three motifs the
opposite nucleobases seem to operate independent of each other.
This is emphasised by substituting with more nucleobases that are
not positioned with two interspacing base pairs. Each nucleobase
introduces roughly a —5.5to —6 °C thermal destabilisation (i.e. 22
25 and 20 : 26). When two interspacing base pairs are again present,
asin 22 : 24, 21 : 26 and in 22 : 26, the decrease in T, is again
smaller than expected just by the sum of double-headed moieties.
In summary, the disubstituted duplex with opposite nucleobases
and with two interspacing canonical base pairs appears to show
a significant stabilisation that should be calibrated against the
additive effects of introducing the independent double-headed
nucleotides, which is roughly —10.0 °C. By this measure (as printed
in bold in Table 3) the 21 : 24 motif appears stabilised by +6.5 °C
by interactions between the opposite bases. The same is evident
with 22 :24,21:26 and 22 : 26 with similar stabilisation of +6-7 °C
demonstrating the generality of this interaction.

These encouraging results were explored in another sequence
context, in which incorporation of several modifications into
the same strand using the configuration with two interspacing
nucleotides in opposite strands was achieved, i.e. in the self-
complementary sequence 27 (Table 1). Although this opens up
the possibility of hairpin formation no biphasic transitions were
observed on the UV-melting curves (ESI-Fig. 1). Table 4 shows
the melting temperatures obtained in high salt buffer. In this
palindromic duplex, a single monomer modification (28) is seen
to lower the thermal stability with 4 °C, which was about the
same as for the corresponding modified duplex (21 : 24) with
the non-self-complementary sequence (AT, = —3.8 °C) and less
than expected by two independent moieties of the double-headed
nucleoside. Although not directly comparable due to the lower
total strand concentration (1.0 uM compared to 2.0 uM total
concentration), the data does indicate consistency in the observed
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Table 4 Hybridisation data for the self-complementary DNA zipper*

27 28 29 30

25 21 18 18
(=4 (=7 (=7

“Melting temperatures (7, values/°C) recorded in a high salt buffer
(Na,HPO, (7.5 mM), NaCl (1.0 M), EDTA (0.1 mM), pH 7.0) using
1.0 uM concentrations of the strands. AT, values are given in brackets.

correlation. Incorporation of two modifications three nucleotides
apart in the same strand (29) results in a AT, of —7 °C, which is
almost twice the value for the singly modified strand as expected
for an additive effect. Interestingly, however, incorporation of
a third modification (30) between the latter two introduces no
further destabilisation as AT, again is —7 °C. The reason for
this observation is unclear, but may indicate a change in confor-
mation to better accommodate the extra thymines in the minor
groove. Sequences composed of AT have been shown to display
polymorphism with an anti-parallel Hoogsteen conformation in
a crystalline state and a conformation with the classical Watson—
Crick base pairs in solution.”* Although there is no evidence
of a Hoogsteen conformation in solution, a theoretical study
indicate that the energy difference between the two conformations
is small.”’ Thus, a change in conformation for this sequence is
not unlikely and a Hoogsteen conformation with its narrower
minor groove may indeed be better for accommodating the extra
thymines. Regardless of the conformation the flattening out in
the melting temperature drop, when installing more modifications
does indicate that the sequence is capable of forming a quite stable
duplex presumably with the thymines stacked in a zipper motif.
The duplex motif 21 : 24 was subjected to further UV-melting
experiments to investigate the origins of this seemingly stabilised
duplex. Firstly, the salt environment was varied from only 10 mM
Na* to a high concentration at 1.0 M Na*. As shown in Table 5, this
did not effect the relative stability as compared with the reference
duplex 19 : 23. Likewise, adding 20 vol% isopropanol as cosolvent
to lower the water activity?® although indicating a positive effect
of water only gave minor perturbation of the stability as compared
to the reference, i.e. AAT,, = —0.6 °C. Although the effect is small,
the binding of water seems more important in the modified duplex.
Next, the Van’t Hoff thermodynamic parameters were deter-
mined using the 1/7,, vs. In(C) method® as shown in Table 5
(see plots in ESI-Fig. 2t). From these two-state model dependent
parameters, the duplex 21 : 24 shows the least favourable enthalpy
of formation and any gain in stability seems to be entropy driven.
In contrast with the thermal stability, the thermodynamic stability
of the zipper motif duplex 21 : 24 appears to be slightly smaller
than of the duplex 19 : 24. In fact, the latter shows an even larger

enthalpy of formation than the unmodified reference duplex 19 :
23 and 21 : 23 indicating that a sequence specific interaction with
the extra nucleobase and the core duplex may also possibly be
operating.

To investigate the molecular origin of the interactions in the
minor groove, the motif 21 : 24 was subjected to a 1 ns molecular
dynamics simulation, where the initial conformation adopts an A-
form. Theoretically, this allows for a wide hydrated minor groove
to close up and let the extra nucleobases displace water molecules
in the minor groove as a transformation progresses towards a B-
form.” Indeed, this is actually observed after approx. 0.5 ns of
simulation. The final conformation stabilises in a B-type as shown
from the structure averaged over the last 50 ps in Fig. 3. Hereby,
an interaction between the extra nucleobases that appears to have
a co-stacking nature is revealed. The distance between the two
thymines is ~3.6 A.

Fig. 3 Average structure of duplex 21 : 24 from the final 50 ps in a
1 ns MD-simulation at 298 K. The central double-headed nucleotides are
highlighted.

The present results demonstrate a strong interstrand interaction
between two additional bases positioned in the minor groove.
Thus, the orientation of the additional bases towards the minor
groove by using the simple double-headed moiety 3 is strong and
seems precisely suitable for a minor groove stacking interaction.
Compared to 2,° a much stronger base-base interaction in the
minor groove is observed, and the interaction seems from the
modelling experiment to be of a true n-stacking nature. With two
moieties of 2, the interstrand interaction was thermally weaker and
of a perpendicular nature.® On the other hand, the thermal penalty
of positioning one moiety of 2 with thymine as the additional base
in a duplex is smaller (around —2 °C)® than the corresponding

Table 5 Hybridisation data for the DNA zipper motif in different buffer systems*

10 mM Na* 110 mM Na* 1.0 M Na* 110 mM Na* in 20% /PrOH
19:23 26.4 44.6 51.9 38.3
21:24 23.1 40.8 48.4 33.9

(=3.3) (—3.8) (=3.5) (—4.4)

“ Melting temperatures (7', values/°C), see Table 3.
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penalty of 3 (around —5 °C). Nevertheless, adenine as the addi-
tional base in 2 is not accommodated very well with a penalty of
—6-10 °C.° For the purpose of designing more complex structures
with pair-wise interstrand communication in the minor groove, the
5'(S)-configured skeleton of 3 seems optimal. Similar moieties with
other additional nucleobases or aromatic systems will therefore be
studied. Recently, a somewhat similar interaction between pyrene
moieties oriented towards the minor groove by the 2'- N-position of
2'-N-amino-LNA monomers has been studied.*® Large increases
in stability due to these interactions were observed in duplexes that
are further stabilised by the conformationally restricted LNA-
nucleotides.’**! The combination of 5'(S)-positioned additional
bases and the duplex stabilising properties of LNA will be a matter
of a future study.

For the influence on the secondary structure of TWIJ's, the
influence of 3 is not optimal when the purpose is base-base
interaction with core bases on the complementary strand. On
the other hand, base-base interaction with a bulged region is
indicated by modeling. Obviously, the length of the linker between
the additional base and the 5'-carbon in 3 can be very important
for this kind of interaction. The short methylene linker between
the additional thymine and the nucleotide limits the flexibility and
while being ideal for the zipper motif above, the modeling indicates
it is too short for an ideal interaction in the studied junction
motifs.

A hydrophobic zipper structure with 5'(.S)-C-butyl or isopentyl
2'-deoxynucleotide moieties have been studied by Leumann and
co-workers.'”? No stabilisation of duplexes was observed with this
zipper structure. However, any favourable alkyl-zipper formation
might be outweighed by a distortion in the hydration pattern of
the duplex.** Although the zipper motif introduced in our case
by the introduction of two opposite bases in the duplex 21 : 24 is
hydrophilic, the penalty of positioning a base on the outside of a
duplex might be due to a costly entropy of hydration as compared
to a stacked situation.®® In the zipper motif, the reduction of the
water activity (Table 5) does seem to influence the zipper more
than the unmodified duplex as the driving force for stacking could
be diminished. The thermodynamic data (Table 6) also indicates
that the driving force is entropic as the mono-modified duplexes
21 : 23 and 19 : 24 display similar or larger entropic penalties of
duplex formation as compared to the unmodified 19 : 23, while the
zipper 21 : 24 displays a lower entropic penalty. The relative gain
in thermal stability of approx. 6 °C by positioning two thymines in
the minor groove, which is a remarkable result, strongly supports
this. It arises from only one stacking interaction and only two
pyrimidine moieties are involved. The effect seems additive when
several of these base—base interactions are adjacently positioned
in the minor groove.

Table 6 Van’t Hoff data for the DNA zipper duplexes®

AH°/kJmol™"  AS°/Jmol™ K™'  AG° (25°C)/k]J mol™!
19:23 351 —986 —57.0
21:23 336 —960 —49.8
19:24 —392 —1140 —52.1
21:24 325 —-920 —50.7

“ Data obtained from 1/7,, vs. In(C) plots at 110 mM Na*, pH 7.0, see
ESI-Fig. 2.

Conclusion

In conclusion, the incorporation of 5(S)-C-(thymine-1-
ylmethyl)thymidine 3 into duplexes has revealed the 5'(S)-C-
position as ideal for the orientation of additional nucleobases
towards the minor groove. Hence, efficient base-base stacking
interactions are obtained in the minor groove with the double-
headed nucleotide moieties positioned in opposite strand with
two interspacing base pairs. This inter-strand communication
can be an important feature in the design of functional nucleic
acid structures and for the development of self-assembling nucleic
acid nanostructures. Moreover, the right combination of double-
headed moieties can reveal an even more delicate pattern of minor
groove interactions, and a double-coding function of DNA using
both an “inner” and an “outer” code can be envisioned.

Experimental

All commercial reagents were used as supplied. All reactions were
conducted under an argon atmosphere. Column chromatography
was carried out using silica gel 60 (0.040-0.063 mm). HRMALDI
mass spectra were recorded on an Ionspec Ultima Fourier Trans-
form mass spectrometer with a DHB-matrix. NMR spectra were
recorded on a 300 MHz Varian spectrometer. The values for J are
in ppm relative to tetramethylsilane as internal standard for the "H-
NMR assignments, relative to the solvent signal (DMSO-d, 39.52;
CDCl; 77.16) for the *C-NMR assignments, and relative to 85%
H,PO, as external standard for the ¥ P-NMR spectra. Assignments
of NMR spectra are based on (‘H,"H)-COSY, ('H,"”C)-hetcor
and/or DEPT spectra following nucleoside naming style, i.e. the
anomeric carbon is C-1'. No distinction has been made between
the two thymine nucleobases.

Preparation of 5'(S)-C-(thymin-1-ylmethyl)-3'-O-(zert-
butyldimethylsilyl)thymidine (6)

To a solution of 5'-methylidenethymidine 5 (3.86 g, 10.9 mmol)
in CH,Cl, (100 mL) was added a solution of mCPBA (3.71 g,
16.5 mmol) in CH,Cl, (20 mL). The mixture was stirred for 24 h
and another portion of mCPBA (1.11 g, 4.9 mmol) in CH,Cl,
(20 mL) was added. After stirring for 24 h, the reaction mixture was
extracted with a saturated aqueous solution of NaHCO; (200 mL),
dried (Na,SO,) and concentrated under reduced pressure. The
residue was purified by column chromatography (67-0% petrol
ether in diethyl ether) to give the crude epoxide as a mixture of
epimers (1.62 g) (S : R ~9 : 1). Thymine (2.71 g, 21.5 mmol) and
K,CO; (1.00 g, 7.4 mmol) was dissolved in DMF (20 mL) and
the mixture was stirred at 85 °C for 30 min. A solution of the
crude epoxide (1.16 g, 3.15 mmol) in DMF (12 mL) was added in
portions of I mL over 3 h. The mixture was stirred at 85 °C for 1 h
and then at room temperature for 12 h and neutralised with acetic
acid. The mixture was filtered and concentrated under reduced
pressure. The residue was purified by column chromatography (2—
5% CH,OH in CH,Cl,) to give the product (0.60 g, 39%) as a white
foam. R; 0.28 (10% EtOH in CHCL,). dy (300 MHz, DMSO-dq,
Me,Si) 11.30 (1H, s, NH), 11.22 (1H, s, NH), 7.88 (1H, d, J 1.2 Hz,
H-6),7.39 (1H, d, J 0.9 Hz, H-6), 6.21 (1H, dd, J 6.3 Hz, J 7.5 Hz,
H-1'),5.61 (1H,d,J 5.4 Hz, OH), 4.45(1H, dd, J 2.4 Hz, J 2.7 Hz,
H-3'),3.95 (1H, m, H-5), 3.78-3.64 (3H, m, H-4, H-¢'), 2.22-2.02
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(2H, m, H-2), 1.80 (1H, br s, CH,), 1.75 (1H, br s, CH,), 0.87
(9H, s, SIC(CHL),), 0.09 (6H, s, Si(CH,),). dc (75 MHz, DMSO-d,
Me,Si) 164.3, 163.6 (C-4), 151.1, 150.4 (C-2), 142.3, 136.1 (C-6),
109.4, 107.7 (C-5), 87.1 (C-4), 83.9 (C-1'), 73.2 (C-3), 67.2 (C-5),
50.7 (C-6'), 40.1 (C-2)), 25.6 (C(CH,),), 17.6 (C(CH,),), 12.3,11.9
(CH,), —4.8, —5.0 (Si(CH,),). HiRes MALDI FT-MS m/z (M +
Na) found/calc. 517.2082/517.2089.

Preparation of 5'(.S)-C-(thymin-1-ylmethyl)-5'-O-(4,4'-
dimethoxytrityl)thymidine (8)

Compound 6 (100 mg, 0.202 mmol) was dissolved in CH;CN
(5 mL) and pyridine (5 mL). The mixture was stirred at room
temperature and DMTCI (0.25 g, 0.74 mmol) was added. The
mixture was stirred for 24 h and another portion of DMTCI (0.47
g) was added. After another 24 h, DMTCI (0.53 g) together with
another CH;CN (5 mL) and pyridine (5 mL) was added and after
stirring for another 48 h, another portion of DMTCI (0.96 g).
After stirring for one week in total, the mixture was concentrated
under reduced pressure, and the residue was purified by column
chromatography to give the crude product 7 (101 mg). This was
dissolved in THF (1 mL) and a 1 M solution of TBAF in THF
(0.1 mL) was added. The reaction mixture was stirred for 5 h and
directly purified by column chromatography (0.2% pyridine and
50% diethyl ether in petroleum ether). The product was dissolved
in CH,Cl, and precipitated in n-hexane to give the product (41 mg,
41%) as a white compound. d;; (300 MHz, CDCl;, Me,Si) 8.40 (1H,
br s, NH), 8.34 (1H, br s, NH), 7.65 (1H, s, H-6), 7.45-7.15 (9H,
m, Ph), 6.88-6.81 (4H, m, Ph), 6.74 (1H, s, H-6), 6.27 (1H, t, J
6.9 Hz, H-1'), 4.30 (1H, m, H-3"), 4.02 (1H, m, H-5), 3.85-3.53
(9H, m, H-4, H-6', OCH;), 2.33-2.23 (3H, m, H-2', OH), 1.85
(1H, s, CH;), 1.79 (1H, s, CHj;).

Preparation of 5'(S)-C-(thymin-1-ylmethyl)-5'-O-(4,4' -dimethoxy-
trityl)-3'-O-(P-B-cyanoethoxy-/NV, N-diisopropylaminophosphinyl)-
thymidine (9)

Compound 8 was dissolved in CH,Cl, (1.0 mL) and
DIPEA (0.1 mL). N,N-Diisopropylamino-B-cyanoethylphos-
phinochloridite (0.03 mL, 0.14 mmol) was added and the mixture
was stirred for 1.5 h and directly purified by column chromatogra-
phy (0.25% Et;N in EtOAc). The residue was dissolved in CH,Cl,
and precipitated in n-hexane to give the product (21.9 mg, 58%).
op (121.5 MHz, CDCl;) 151.19, 150.28. HiRes MALDI FT-MS
m/z (M + Na) found/calc. 905.3609/905.9266.

Preparation of 5'(S)-C-(thymin-1-ylmethyl)-5'- O-pixyl-3'-O-
(tert-butyldimethylsilyl)thymidine (10)

Compound 6 (60 mg, 0.12 mmol) was dissolved in anhydrous
pyridine (1.5 mL) and pixyl chloride (121 mg, 0.41 mmol)
was added. The mixture was stirred for 12 h and concentrated
under reduced pressure. The residue was purified by column
chromatography (1% Et;N in EtOAc) to give the product (72 mg,
79%) as a white compound. R; 0.23 (EtOAc).dy (300 MHz, CDCl,,
Me,Si)9.14 (1H, m, NH), 8.60 (1H, m, NH), 7.76 (1H, d, J 1.2 Hz,
H-6), 7.45-7.26 (9H, m, Ph), 7.11-6.97 (4H, m, Ph), 6.75 (1H, d,
J 0.9 Hz, H-6), 6.25 (1H, dd, J 4.8 Hz, 9.3 Hz, H-1'), 3.77 (1H,
m, H-5), 3.53 (1H, d, J 4.8 Hz, H-3'), 3.47 (1H, br s, H-4'), 3.33~
3.19 (2H, m, H-6'), 2.05-2.00 (4H, m, H-2', CH,), 1.88-1.79 (4H,

m, H-2, CH,), 0.74 (9H, s, SiC(CH,),), —0.12 (3H, s, Si(CH,),
—0.23 (3H, s, Si(CH,). 6 (75 MHz, CDCl,, Me,Si) 164.0, 163.9
(C-4), 152.2, 152.1 150.5 (C-2, Ph), 146.9, 141.2, 135.6, 131.2,
130.7, 130.5, 130.4, 128.1, 127.6, 123.8, 123.1, 122.6, 117.7, 117.3
(C-6, Ph), 111.3, 110.6 (C-5), 86.9, 85.1, 78.5, 73.5, 70.3 (C-1’,
C-3, C-4, C-5, CPhy), 49.3 (C-6)), 41.2 (C-2)), 25.7 (C(CH,),),
17.8 (C(CH,),), 12.9, 12.4 (CH,), —4.5, —4.8 (Si(CH,),). HiRes
MALDI FT-MS m/z (M + Na) found/calc. 773.2946/773.2977.

Preparation of 5'(S)-C-(thymin-1-ylmethyl)-5'-O-pixylthymidine
((3Y)

Compound 10 (70 mg, 0.093 mmol) was dissolved in THF (1 mL)
and a 1 M solution of TBAF in THF (0.1 mL) was added.
The mixture was stirred for 4 h and concentrated under reduced
pressure. The residue was purified by column chromatography
(0.5% Et;N in EtOAc) to give the product (32.2 mg, 54%). R;
0.16 (EtOAc). oy (300 MHz, CDCl;, Me,Si) 9.04 (2H, br s, NH),
7.49-7.27 (10H, m, Ph, H-6), 7.10-6.99 (4H, m, Ph), 6.68 (1H, d,
J 0.9 Hz, H-6), 6.09 (1H, dd, J 6.3, 7.2 Hz, H-1"), 3.79 (1H, m),
3.52 (2H, br s), 3.34-3.18 (2H, m), (H-3, H-4, H-5, H-6)), 2.14~
1.90 (5H, m, H-2', CH;), 1.80 (3H, s, CH;). ¢ (75 MHz, CDCl,,
Me,Si) 164.3, 163.8 (C-4), 152.4, 152.2, 151.3, 150.5 (C-2, Ph),
146.6, 141.2, 131.2, 135.5, 130.8, 130.5, 130.4, 128.1, 127.7, 127.6,
123.9,123.7,123.1, 122.8, 117.7, 117.2 (C-6, Ph), 111.4, 110.6 (C-
5), 85.2, 83.9, 78.1, 70.8, 69.5 (C-1', C-3, C-4, C-5, CPh;), 49.4
(C-6), 39.8 (C-2)), 13.0, 12.4 (CH,).

Preparation of 5'(.S)- C-(thymin-1-ylmethyl)-5-O-pixyl-3'-O-(P-$-
cyanoethoxy-/NV, N-diisopropylaminophosphinyl)thymidine (12)

Compound 11 (32 mg, 0.051 mmol) was dissolved in CH,Cl,
(3mL), DIPEA (0.04 ml, 0.23 mmol) and CHCI; (3 mL). The solu-
tion was stirred at room temperature and N,N-diisopropylamino-
B-cyanoethylphosphinochloridite (0.03 mL, 0.13 mmol) was
added. The reaction mixture was stirred for 3 h and concentrated
under reduced pressure. The residue was purified by column
chromatography (1% Et;N in EtOAc) as an oil. This was dissolved
in CH,Cl, (0.2 mL) precipitated in n-hexane (1.5 mL), cooled
over night at —20 °C and centrifuged to give the product (27 mg,
64%) as a white solid. R; 0.40 (EtOAc). dp (121.5 MHz, CDCl,)
151.98, 151.14. HiRes MALDI FT-MS m/z (M + Na) found/calc.
860.3257/860.3269.

Preparation of 5'(S)-C-(thymin-1-ylmethyl)-3',5’-0-(1,1,3,
3-tetraisopropylsiloxan-1,3-diyl)thymidine (13)

Compound 8 (15 mg, 0.022 mmol) was dissolved in CDCl;
(0.5 mL) and added 2 drops of DCA. The mixture was stirred
for 2 min. and then added pyridine (1 mL) followed by an excess
of TIPDSCI (0.2 mL, 0.7 mmol). The mixture was stirred for 48 h,
added EtOH (0.1 mL) and concentrated under reduced pressure.
The residue was purified by column chromatography (25% EtOAc
in petrol ether and then 5% CH;OH in CH,Cl,) to give the product
(5.1 mg, 39%) as a white foam. J,; (300 MHz, CDCl;, Me,Si) 8.60
(1H, s, NH), 8.48 (1H, s, NH), 7.31 (1H, d, J 0.9 Hz, H-6), 7.09
(1H, d, J 0.9 Hz, H-6), 6.17 (1H, dd, J 1.5 Hz, 7.8 Hz, H-1"),
4.52-4.43 (2H, m, H-3', H-5), 3.99-3.84 (2H, m, H-6'), 3.63 (1H,
dd, J 2.7 Hz, 8.4 Hz, H-4), 2.51 (1H, m, H-2'), 2.23 (1H, m,
H-2"), 1.94 (3H, d, J 0.9 Hz, CH;), 1.92 (3H, d, J 0.9 Hz, CH,),
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1.12-0.97 (28H, m, CH(CH,),). d (75 MHz, CDCl;, Me,Si) 163.9,
163.4(C-4), 150.8, 150.0 (C-2), 141.7, 134.7 (C-6), 111.2,110.3 (C-
5), 83.5, 83.1, 67.5, 65.8 (C-1', C-3, C-4, C-5), 51.5 (C-6), 39.0
(C-2), 17.40, 17.33, 17.30, 17.06, 16.95, 16.87, 16.78 (CH(CH5;),),
13.46,12.98,12.86, 12.75, 12.56, 12.25 (CH(CH,),, T-CH;). HiRes
MALDI FT-MS m/z (M + Na) found/calc. 645.2724/645.2746.
NOE-difference; (H-1' irradiated) H-4' (2%), H-2" (4%), (H-2'
irradiated) H-1' (1%), H-2" (18%), H-3' and/or H-5 (7%), (H-
2" irradiated) H-1' (10%), H-2' (18%), H-4' (4%), (H-4’ irradiated)
H-1" (2%), H-3 and/or H-5 (10%).

Preparation of 5'(R)-C-(thymin-1-ylmethyl)-3'-O-(tert-
butyldimethylsilyl)thymidine (14)

Compound 6 (27 mg, 0.055 mmol) was dissolved in CH,Cl, (2 mL)
and added DMAP (79 mg, 0.65 mmol). The mixture was stirred
at 0 °C, and Tf,0 (0.02 mL, 0.12 mmol) was added slowly. The
mixture was stirred for 1.5 h at 0 °C, and water (5 mL) was added.
The mixture was extracted with CH,Cl, (20 mL) and concentrated
under reduced pressure. The residue was dissolved in ethanol
(2mL) and a I M aqueous solution of NaOH (1 mL) was added.
The solution was stirred for 3 h and then neutralised with acetic
acid. The mixture was extracted with CH,Cl, (4 x 5 mL), dried
(Na,SO,) and concentrated under reduced pressure. The residue
was purified by column chromatography (1% methanol in diethyl
ether and then 10% EtOAcin CH,Cl,) to give the product (10.9 mg,
40%) as a white foam. oy (300 MHz, DMSO-ds, Me,Si) 11.34
(1H, s, NH), 11.26 (1H, s, NH), 7.54 (1H, d, J 1.2 Hz, H-6), 7.43
(1H, d, J 0.9 Hz, H-6), 6.22 (1H, dd, J 5.7 Hz, 9.3 Hz, H-1"), 5.61
(1H, d, J 6.0 Hz, OH), 4.54 (1H, d, J 3.6 Hz, H-3"), 4.05 (1H, dd,
J 2.1 Hz, 13.8 Hz, H-6'), 3.71-3.62 (2H, m, H-4', H-5), 3.30 (m,
H-6"), 2.12 (1H, m, H-2), 2.00 (1H, m, H-2"), 1.83 (3H, s, CHj;),
1.75 (3H, s, CHj;), 0.88 (9H, s, SiC(CHs;);), 0.11 (6H, s, Si(CH;),).
dc (75 MHz, DMSO-d,, Me,Si) 164.4, 163.7 (C-4), 151.1, 150.5
(C-2), 143.0, 135.5 (C-6), 110.2, 107.5 (C-5), 88.4, 84.3, 72.7, 68.5
(C-1, C-3, C-4, C-5), 50.9 (C-6), 38.5 (C-2), 25.7 (C(CH;)s),
17.7 (C(CHs)s), 12.1,12.0 (CHs;), —4.8 (Si(CHs;),). HiRes MALDI
FT-MS m/z (M + Na) found/calc. 517.2071/517.2089.

Preparation of 5'(R)-C-(thymin-1-ylmethyl)-3',5'-0-(1,1,3,
3-tetraisopropyldisiloxan-1,3-diyl)thymidine (15)

Compound 13 (6.7 mg, 0.016 mmol) was dissolved in CH,Cl,
(0.5mL), and a 0.01 M solution of TBAF in THF (0.15 mL) was
added. The mixture was concentrated under reduced pressure and
redissolved in THF (0.4 mL) and a 1 M solution of TBAF in THF
(0.02 mL) was added. The mixture was stirred at 40 °C for 2 h and
the solvent was removed under reduced pressure. The residue was
dissolved in pyridine (1.0 mL) and an excess of TIPDSCI (0.1 mL,
0.4 mmol) was added. The mixture was stirred for 48 h at room
temperature. Ethanol (0.2 mL) was added, and the mixture was
concentrated under reduced pressure. The residue was purified by
column chromatography (5% methanol in CH,Cl, and then 10%
EtOAc in CH,Cl,) to give the product (4.5 mg, 53%) as a white
foam. oy (300 MHz, CDCl;, Me,Si) 8.78 (1H, s, NH), 8.60 (1H, s,
NH), 7.21 (1H, s, H-6), 7.07 (1H, s, H-6), 6.04 (1H, t, J 6.3 Hz,
H-1'), 4.61 (1H, m, H-3'), 4.53 (1H, d, J 14.1 Hz, H-6'), 4.31 (1H,
t, J 9.3 Hz, H-5), 3.63 (1H, dd, J 5.1 Hz, 9.3 Hz, H-4), 3.18
(1H, dd, J 9.3 Hz, 14.1 Hz, H-6"), 2.47-2.40 (2H, m, H-2'), 1.94

(3H, s, CH;), 1.89 (3H, s, CH;), 1.10-0.87 (28H, m, CH(CHj;),).
dc (75 MHz, CDCl;, Me,Si) 164.0, 163.5 (C-4), 150.9, 150.0 (C-2),
142.7, 135.7 (C-6), 111.4, 109.5 (C-5), 87.5, 85.7, 74.3, 73.1 (C-
I, C-3, C-4, C-5), 53.5 (C-6)), 41.0 (C-2)), 17.44, 17.36, 17.31,
17.06, 16.97, 16.85, 16.77 (CH(CH,),) 13.19, 12.99, 12.74, 12.56,
12.41, 12.08 (CH(CH;),, T-CH;). HiRes MALDI FT-MS m/z
(M + Na) found/calc. 645.2757/645.2746. NOE-difference; (H-
1" irradiated) H-4' (3%), H-2' and/or H-2" (6%), (H-2" and H-2"
irradiated) H-1" (12%), H-3' (9%), H-4' (1%), (H-3" irradiated) H-
5 (7%), H-4' (2%), H-2" and/or H-2" (6%), (H-4' irradiated) H-1’
(2%), H-3' (1%), H-5" (1%), H-6" (1%), (H-5 irradiated) H-3' (7%),
H-4' (2%), H-6" (1%), (H-6" irradiated) H-6' (24%), H-4' (4%).

Oligosynthesis and melting experiments

The oligodeoxynucleotides were synthesised using an automated
Expedite 8909 Nucleic acid synthesis system following the phos-
phoramidite approach. Synthesis of oligonucleotides 16-30 was
performed on a 0.2 pmol scale by using 2-cyanoethyl phospho-
ramidites of standard 2’-deoxynucleosides in combination with
the modified phosphoramidites 9 and 12. The synthesis followed
the regular protocol employing standard CPG supports and 4,5-
dicyanoimidazole as the activator except for the modified amidites,
which were manually coupled using 0.05 M amidite (25 eq.) and
0.5 M pyridinium chloride (250 eq.) as activator in CH;CN for
10 min. before oxidised with terz-butyl hydroperoxide for 5 min.
The following unmodified amidite was coupled under standard
conditions expect for a prolonged coupling time of 15 min. The
coupling yields for 9 and 12 in combination with the following
unmodified amidite were in the range of 80-90%. The 5'-O-DMT-
ON oligonucleotides were removed from the solid support by
treatment with concentrated aqueous ammonia at 55 °C for 16 h,
which also removed the protecting groups. The oligonucleotides
were purified by reversed-phase HPLC on a Waters 600 system
using a X prep MS Cy; 10 pm; 7.8 x 150 mm column;
Buffer: 0.05 M triethylammonium acetate; 0-70% buffer, 38 min.;
70-100% buffer, 7 min.; 100% buffer, 10 min. All fractions
containing 5'-O-DMT protected oligonucleotide (retention time
20-30 minutes) were collected and concentrated. The products
were detritylated by treatment with an 80% aqueous solution of
acetic acid for 20 min, and finally isolated by precipitation with
ethanol at —18 °C over night. After dissolution in double distilled
water, the concentrations were determined spectrometrically at
260 nm and at 80 °C in the pH 7.0 buffer assuming an extinction
coefficient for the modified double-headed nucleoside equal to
twice that of thymidine. The UV-melting curves were acquired at
260 nm with a scan rate of 0.2 °C min~' cycled between 10 and
80 °C after denaturation at 80 °C except for the experiments with
MgCl,, where precipitation was observed above 60 °C. All melting
curves were found to be reversible. The melting temperatures were
taken as the first derivatives of the absorbance versus temperature
up-curve and reported as the average of two measurements.

Molecular dynamics simulation

MD simulation was computed using the amber 94/99 force field
supplied with the AMBER 7.0 software** on an Intel 32 bit ma-
chine compiled with a g77compiler. The starting coordinates were
generated using nucgen and the Arnott A-DNA parameters. The
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modified thymidine residues were incorporated using an amber
prep file based on the standard thymidine nucleoside. The pro-S H-
5" was replaced by a thymin-1-ylmethyl group setting the thymin-
1-yl group in an anti periplanar conformation to the 5'-hydroxyl
moiety to fit into the initial duplex. The internal coordinates for
this moity was obtained from a QM optimisation in rhf/6-31G(d)
using Gaussian 03.% Partial charges were calculated using resp with
a two stage fit, first restraining the thymidine moiety to assume the
force field charges and secondly also restraining the methyl and
methylene protons to be equivalent, respectively. The electrostatic
potential was generated from an rhf/6-31G(d) wave function.

The duplex was neutralised with 20 Na* ions and solvated
with 3555 water molecules by placing a 8.0 A TIP3P truncated
octahedron around the duplex. Using Sander with PBC and PME,
the system was then allowed to relax with 1000 minimisation steps
using a 10 A cutoff for the non-bonded potential terms and a 500
keal mol~' A2 restraint on the duplex. The hydrogens were then
constrained using the SHAKE algorithm and the whole system
relaxed by 2500 minimisation steps. MD simulation was then
initiated. While restraining the duplex with a 10 kcal mol~' A2
force constant, the solvent environment was allowed to warm up to
298 K for 10 ps at constant volume using the Berendsen thermostat
before the system was allowed to equilibrate unrestrained for 50 ps
at298 K and 1 atm (with time constants 1 ps and 2 ps, respectively).
Finally, the dynamics of the system was simulated for 1 ns with
time steps of 0.2 ps. The coordinates from the final 50 ps were used
to produce an average structure of the final duplex (Fig. 3).

Root mean squared deviation of the fit of the backbone to the
initial Arnott A-DNA structure (ESI-Fig. 31) shows the duplex
conformation to be stabilised after ca. 500 ps. Similarly, the
alignment of the extra nucleobases electric dipoles (ESI-Fig. 47)
indicates a very stable “sandwich” structure for the two rings after
some 600 ps.

The coordinates for the TWJ was made by replacing DC5
and DC6 with 3, replacing DG15 and DG28 with DA and
DC16 with DT in the IEKW.pdb file.”* Then the structure was
neutralised with 28 Na* and solvated by placing it in a truncated
octahedron with 4022 TIP3P water molecules. The MD-simulation
simulation protocol is identical to the simulation used for the
duplex modelling. A total time of 100 ps was allowed for warm up
and the final 10 ps used to generate an average structure (Fig. 2).
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Attack of cellular thiols on the antitumor natural product leinamycin is believed to generate a sulfenate
intermediate that undergoes subsequent rearrangement to a DNA-alkylating episulfonium ion. Here,
2-(trimethylsilyl)ethyl sulfoxides were employed in a fluoride-triggered generation of sulfenate anions
related to the putative leinamycin-sulfenate. The resulting sulfenates enter smoothly into a
leinamycin-type rearrangement reaction to afford an episulfonium ion alkylating agent. The results
provide evidence that the sulfenate ion is, indeed, a competent intermediate in the leinamycin
rearrangement. Further, the molecules examined here may provide a foundation for the design of
functional leinamycin analogues that bypass the unstable and synthetically challenging
1,2-dithiolan-3-one 1-oxide moiety found in the natural product.

Introduction

Historically, natural products have represented a rich source
of structurally novel organic molecules that generate DNA-
damaging reactive intermediates via interesting and unexpected
chemical reactions." The characterization of new chemical re-
actions by which small molecules can modify cellular DNA is
relevant to diverse fields including medicinal chemistry, toxicology,
and biotechnology.

Leinamycin (1) provides an interesting example of a structurally
unique natural product that damages DNA via novel chemical
mechanisms.** Initial attack of cellular thiols on leinamycin’s
1,2-dithiolan-3-one 1-oxide “triggering unit” is believed to yield
a key sulfenate intermediate (2) that undergoes intramolecular
cyclization with the neighboring carbonyl group.”® The persulfide
(3, RSS") gjected in this reaction causes oxidative stress,”* while
the resulting 1-oxa-2-thiolan-5-one derivative of leinamycin (4)
undergoes further rearrangement to yield an episulfonium ion (5)
that alkylates guanine residues in duplex DNA (Scheme 1).5*

The sulfenate ion (2) is proposed™® to be a key intermediate in
the thiol-triggered conversion of leinamycin to a DNA-alkylating
episulfonium ion, however, to date, there is no experimental
support for the existence of this entity. In an effort to fill this gap in
our knowledge, we set out to generate discrete sulfenate ions Scheme 1 DNA alkylation by leinamycin (1).
related to 2 and determine whether these intermediates are, in

fact, competent to enter the leinamycin rearrangement reaction 0 o
manifold. For this task, we employed small synthetic molecules (\S* kSSR

containing just the “core” functional groups involved in the gff oS 5'9)
leinamycin rearrangement. This approach builds upon our recent o

finding" that stripped-down leinamycin analogues such as 6 |

smoothly undergo a thiol-triggered, leinamycin-type rearrange-
ment to generate the episulfonium alkylating agent 9 (Scheme 2).
Sulfenate ions (RSO™) and sulfenic acids (RSOH) are typically

not stable, isolable species,’**® however, methods exist for their
in situ generation.'®*2® In the present study, we employed the
2-(trimethylsilyl)ethyl sulfoxide group as a sulfenate precursor.
Hgo

Departments of Chemistry and Biochemistry, University of Missouri—
Columbia, Columbia, MO 65211, USA. E-mail: gatesk@missouri.edu,
Fax: +1573 882-2754, Tel: +1 573 882-6763 Scheme 2 A small model compound that mimics leinamycin (ref. 15).
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2-(Trimethylsilyl)ethyl sulfoxides can undergo both fluoride-
triggered and spontaneous elimination of sulfenate species.”” For
ease of synthesis, we targeted sulfenates containing a neighboring
phenyl thioester group in place of the acyl persulfide moiety
found in the putative intermediates 2 and 7 (Schemes 1 and 2).
Importantly, the leaving group ability of the PhS~ group is similar
to that expected for RSS™, as judged by the pK, values of the
conjugate acids.’**

Results and discussion

The sulfenate precursors were prepared as shown in Scheme 3.
The known" carboxylic acid 11was activated with DCC-DMAP
and converted to the thioester 12aby reaction with thiophenol.
In addition, we prepared ester derivatives 12b and cby analogous
reactions. The methyl ester 12dwas synthesized by treatment of 11
with diazomethane. The desired sulfenate precursors 13were then
obtained via oxidation of the sulfide group in 12 with dimethyl
dioxirane (DMD).*

CO,H . R . A
S/\ or S/ﬁ +§
| T™MS b i T™S | O~ TMS
1 12a: R = SPh 13a: R=SPh
b: R = OPhNO, b: R = OPhNO,
c: R=0Ph c: R=0Ph
d: R = OCHg d: R = OCHg

Scheme 3 Preparation of sulfenate precursors 13. Reagents and condi-
tions: a. DCC, DMAP, PhSH or p-NO,PhOH, or PhOH (for 12a—c); b.
CH,N, (for 12d); c. DMD, acetone.

Treatment of the thioester 13a with tetrabutylammonium
fluoride (TBAF) in THF rapidly (3 h) affords the rearrangement
product 15a (65%, Scheme 4). This product is envisioned to arise
from reaction of the episulfonium ion 9with excess fluoride ion.
When the TBAF-triggered reaction is carried out in a 4 : 1 mixture
of THF and methanol, the product (15b) resulting from trapping
of the episulfonium ion (9) with methanol is obtained in 22% yield
alongside 15a (45%). The acids were characterized as the methyl

TBAF
THF

TMS

14 8
of COy
———
S+
- 9
15a, R =F
b, R' = OCHj

Scheme 4 Fluoride-triggered rearrangement of sulfenate precursors 13.

ester derivatives obtained following treatment of the products with
diazomethane.

Consistent with the expectation that this process proceeds via
the desired sulfenate ion 14a, when the reaction is conducted in
the presence of excess methyl iodide, the characteristic'®* sulfenate
trapping product 16is obtained in 35% yield along with 15a (25%,
Scheme 5). In the context of this reaction, it is useful to note that
sulfenate ions are ambident nucleophiles that can react at either
sulfur or oxygen.* In the leinamycin rearrangement, the oxygen
atom of the sulfenate is the nucleophile, whereas the sulfur atom
serves as a nucleophile in typical reactions of this functional group
with methyl iodide and other alkyl halides.'®**-

TBAF
SPh THE SPh CHs'
S,<:H3
TMS

Scheme 5 Trapping the sulfenate intermediate.

The ester derivatives (13b—d) also undergo fluoride-triggered
rearrangement in THF to provide 15a in yields comparable to
those obtained from 13a. Evidently, a good leaving group (e.g
PhS~ or p-NO,PhO~) on the carbonyl is not required for the
rearrangement to proceed. The cyclization of 14 to 8 may be
favored by the potent nucleophilicity of the sulfenate anion.*

Extended incubation of 13a for 20 h in THF-MeOH in the
absence of TBAF does not afford any rearranged product 15b,
yielding instead only the product 13d resulting from methanolysis
of the thioester group in the starting material. However, in a
different solvent mixture consisting of 1 : 1 CH;CN and sodium
phosphate buffer (50 mM, pH 7), compounds 13a and 13b undergo
a slow (48 h), fluoride-independent conversion to the episulfonium-
derived product 10, albeit in somewhat lower yields (30%) than
those obtained in the fluoride-triggered process.*

Initially, we suspected that this fluoride-independent reac-
tion might proceed via the same sulfenate intermediate (14,
Scheme 4) generated in the fluoride-triggered reactions, because
it is known that 2-(trimethylsilyl)ethyl sulfoxides can undergo
fluoride-independent release of sulfenate species.” However, the
intermediacy of a free sulfenate anion or sulfenic acid in these
reactions was called into question by our inability to trap this
intermediate with methyl iodide under our standard trapping
conditions used previously.** Further evidence arguing against
a straightforward elimination of sulfenate from 13a and 13b in
this fluoride-independent process was provided by the observation
that the reaction occurs only with these activated esters. The less
reactive esters 13c¢ and 13dreturn starting material under these
reaction conditions. Thus, the 2-(trimethylsilyl)ethyl sulfoxide
group is inherently stable in the context of 13c and 13d; however,
interaction of this functional group with the adjacent activated
ester groups in 13a and 13b stimulates rearrangement to 10. This
transformation may proceed via initial attack of the sulfoxide
oxygen on the adjacent activated carbonyl group to yield 17,
followed by loss of the 2-(trimethylsilyl)ethyl group to generate the
oxathiolanone intermediate 8 that, in turn, yields the episulfonium
ion 9 (Scheme 6).*
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Scheme 6 Proposed mechanism for fluoride-independent conversion of
13a and 13b to 10.

Conclusions

In summary, we utilized 2-(trimethylsilyl)ethyl sulfoxides as pre-
cursors in the fluoride-triggered generation of sulfenate ions
related to a key intermediate (2) proposed previously in the
thiol-triggered alkylation of DNA by leinamycin (Scheme 1).
Our results provide evidence that the sulfenate ion is, indeed, a
competent intermediate in the leinamycin rearrangement reaction.
In addition, for two of the 2-(trimethylsilyl)ethyl sulfoxides (13a
and b), we observed an unexpected fluoride-independent reaction
in which attack of the sulfoxide group on a neighboring activated
ester, followed by loss of the 2-(trimethylsilyl)ethyl group, affords
entry into the leinamycin rearrangement via the oxathiolanone
intermediate 8. Overall, these studies provide a better grasp of
the intermediates involved in the thiol-triggered conversion of
leinamycin to a DNA-alkylating agent. In addition, the molecules
examined here may provide a foundation for the design of
functional leinamycin analogues that bypass the unstable*® and
synthetically challenging®** 1,2-dithiolan-3-one I-oxide moiety
found in the natural product.

Experimental

Materials were purchased from the following suppliers: HPLC
grade solvents, Fisher; silica gel 60 (0.04-0.063 mm pore size) for
column chromatography, Merck; TLC plates coated with general
purpose silica containing UV,s, fluorophore, Aldrich Chemical
Company; all chemicals were purchased from Aldrich Chemical
Company and were of the highest purity available unless otherwise
noted. Water was distilled, deionized and glass redistilled. All
reactions were carried out under an atmosphere of nitrogen, unless
otherwise noted.

3-(3-Methylbut-2-enyl)-2-[2-(trimethylsilanyl)-ethylsulfanyl]-
benzoic acid S-phenyl ester 12a

To a solution of 11** (200 mg, 0.62 mmol) in dry THF (2 mL) main-
tained under an atmosphere of nitrogen, dicyclohexyl carbodi-
imide (153 mg, 0.74 mmol) and a catalytic amount of 4-dimethyl-
aminopyridine (7.6 mg, 0.06 mmol) were added. The solution was
allowed to stir for 30 min and thiophenol (76 pL, 0.74 mmol)
was added. The resulting mixture was stirred at 24 °C for 48 h.
The dicyclohexylurea precipitate was filtered off and the solvent

was evaporated under reduced pressure to yield a yellow oil. The
crude product was purified by flash column chromatography on
silica gel eluted with 19 : 1 hexane : ethylacetate to yield 12a as a
colorless oil (211 mg, 82%, R; =0.51n 10 : 1 hexane : ethylacetate).
'"H-NMR (250 MHz, CDCl;) 6 7.60-7.28 (m, 8H, aromatic), 5.28
(m, 1H), 3.72 (d, J = 7.1 Hz, 2H), 2.85 (m, 2H), 1.77 (s, 6H),
0.87 (m, 2H), 0.0 (s, 9H) ppm. *C-NMR (62.9 MHz, CDCl;)
0 193.05, 147.58, 145.64, 134.47, 133.12, 131.49, 130.80, 129.43,
129.24, 128.39, 125.02, 122.78, 33.9, 32.78, 25.77, 18.03, 17.56,
—1.80 ppm. HRMS (ESI) calcd for C,;H;OS,SiNa [M + NaJ*
437.1399, found 437.1419.

3-(3-Methylbut-2-enyl)-2-[2-(trimethylsilanyl)-ethylsulfanyl]-
benzoic acid p-nitrophenyl ester 12b

To a stirred solution of 11* (200 mg, 0.62 mmol) in dry, distilled
THF (2 mL) under nitrogen, dicyclohexyl carbodiimide (153 mg,
0.74 mmol) and a catalytic amount of 4-dimethylaminopyridine
(7.6 mg, 0.06 mmol) were added. After about 30 min of stirring,
p-nitrophenol (103 mg, 0.74 mmol) in THF (1 mL) was added and
stirring was continued for 48 h. The dicyclohexylurea precipitate
was removed by filtration and the filtrate was evaporated under
reduced pressure to give a dark yellow oil. Flash column chro-
matography on silica gel eluted with 19 : 1 hexane : ethylacetate
gave 12b as a pale yellow oil (247 mg, 90% yield, R, =0.55in 10: 1
hexane : ethylacetate). 'H-NMR (250 MHz, CDCl;) ¢ 8.38 (d, J =
7.0 Hz, 2H), 7.57-7.44 (m, 5H), 5.35 (m, 1H), 3.78 (d, J = 7.1 Hz,
2H), 2.89 (m, 2H), 1.82 (s, 6H), 0.87 (m, 2H), 0.0 (s, 9H) ppm.
BC-NMR (62.9 MHz, CDCl;) ¢ 166.39, 155.75, 147.78, 145.43,
138.38, 133.36, 132.27, 128.68, 126.04, 125.28, 122.61, 122.47,
33.51, 32.78, 25.76, 18.03, 17.52, —1.91 ppm. HRMS (ESI) calcd
for C,;H,NO,SSiNa [M + Na]* 466.1478, found 466.1490.

3-(3-Methylbut-2-enyl)-2-[2-(trimethylsilanyl)-ethylsulfanyl]-
benzoic acid phenyl ester 12¢

To a stirred solution of 11'* (200 mg, 0.62 mmol) in dry, distilled
THF (2 mL) under nitrogen, dicyclohexyl carbodiimide (153 mg,
0.74 mmol) and a catalytic amount of 4-dimethylaminopyridine
(7.6 mg, 0.06 mmol) were added. After about 30 min of stirring,
phenol (69.64 mg, 0.74 mmol) in dry THF (1 mL) was added
and stirring was continued for 48 h. At the end of the reaction,
the dicyclohexylurea precipitate was removed by filtration and the
filtrate was evaporated under reduced pressure to give a pale yellow
oil. Flash column chromatography on silica gel eluted with 19 : 1
hexane : ethylacetate gave 12¢ as a colorless oil (187 mg, 76% yield,
R; = 0.51 in 10 : 1 hexane : ethylacetate). '"H-NMR (250 MHz,
CDCl;) 6 7.50-7.31 (m, 8H, aromatic), 5.34 (m, 1H), 3.80 (d, J =
7.1 Hz, 2H), 2.91 (m, 2H), 1.82 (s, 6H), 0.90 (m, 2H), 0.0 (s,
9H) ppm. "C-NMR (62.9 MHz, CDCl;) 0 167.47, 151.02, 147.49,
139.44, 133.09, 132.09, 131.65, 129.47, 128.51, 125.96, 122.85,
121.58, 33.42,32.86,25.76, 18.03, 17.49, —1.90 ppm. HRMS (ESI)
caled for C3H;,0,SSiNa [M + NaJ* 421.1627, found 421.1637.

3-(3-Methylbut-2-enyl)-2-[2-(trimethylsilanyl)-ethylsulfanyl]-
benzoic acid methyl ester 12d

To a solution of 11 (50 mg, 0.15 mmol) in ether (I mL)
freshly prepared diazomethane (1 mL of a 0.66 M solution in
ether, warning: EXPLOSION HAZARD) was added.** When the

This journal is © The Royal Society of Chemistry 2007

Org. Biomol. Chem., 2007, 5, 1595-1600 | 1597





reaction was complete as judged by thin layer chromatography the
solvent was evaporated under reduced pressure to give 12d as a
colorless oil (44 mg, 85%, R; = 0.68 in 9 : 1 hexane : ethylacetate)
as a pure compound. 'H-NMR (250 MHz, CDCl;) 6 7.32 (m, 3H),
5.27 (m, 1H), 3.93 (s, 3H), 3.70 (d, J = 7.1 Hz, 2H), 3.81 (m, 2H),
1.76 (s, 1H), 0.83 (m, 2H), 0.0 (s, 9H) ppm. "C-NMR (62.9 MHz,
CDCl;) 6 169.58, 147.14, 139.97, 132.95, 131.85, 131.20, 128.28,
125.71,122.91,52.29, 33.23,32.94,25.75,18.01, 17.48, —1.86 ppm.
HRMS (ESI) caled for C,sH,0O,SSiNa [M + Na]* 359.1471, found
359.1460.

General procedure for the conversion of sulfides 12a—d to sulfoxides
13a—d

To a rapidly stirred dilute solution of the sulfide 12a-d (50 mg,
0.12 mmol) in HPLC grade acetone (10 mL) freshly prepared
dimethyl dioxirane® (1.5 mL of a ~ 0.09 M solution in acetone)
was added slowly. The reaction was fast and careful monitoring
by TLC was essential to limit overoxidation. The solvent mixture
was evaporated under reduced pressure to give the sulfoxide 13a—d
as a colorless oil and as a pure compound. These compounds are
unstable and were used without further purification.

3-(3-Methylbut-2-enyl)-2-[2-(trimethylsilanyl)-ethanesulfinyl]-
benzoic acid S-phenyl ester 13a

Obtained in 72% yield (R; = 0.56 in 4 : 1 hexane : ethylacetate). 'H-
NMR (250 MHz, CDCl;) ¢ 7.59-7.55 (m, 3H), 7.48-7.41 (m, SH),
5.22 (m, 1H), 3.79 (m, 2H), 3.34 (m, 1H), 2.98 (m, 1H), 1.73 (s, 6H),
1.22 (m, 1H),0.78 (m, 1H), 0.03 (s, 9H) ppm. "C-NMR (62.9 MHz,
CDCl;) 6 192.09, 143.16, 140.14, 138.78, 134.61, 133.79, 130.29,
129.59, 129.27, 127.79, 126.38, 122.25, 50.86, 30.37, 25.69, 18.13,
10.89, —1.90 ppm. LRMS (ESI) caled for C,;H;,0,8S,Si [M + H]*
431.15, found 431.12.

3-(3-Methylbut-2-enyl)-2-[2-(trimethylsilanyl)-ethanesulfinyl|-
benzoic acid p-nitrophenyl ester 13b

Obtained in 85% yield (R; = 0.27 in 5 : 1 hexane : ethylacetate).
'H-NMR (300 MHz, CDCl;) 6 8.34 (d, J = 2.2 Hz, 2H), 7.63—
7.29 (m, SH), 5.22 (m, 1H), 3.55 (d, J = 6.8 Hz, 2H), 3.48 (m,
1H), 2.95 (m, 1H), 1.78 (s, 6H), 1.24 (m, 1H), 0.87 (m, 1H), 0.0 (s,
9H) ppm. LRMS (ESI) calcd for C,;H3;NO;SSi [M + H]* 460.16,
found 460.19.

3-(3-Methylbut-2-enyl)-2-|2-(trimethylsilanyl)-ethanesulfinyl]-
benzoic acid phenyl ester 13¢

Obtained in 96% yield (R; = 0.32 in 5 : 1 hexane : ethylacetate).
'H-NMR (250 MHz, CDCl;) ¢ 7.64-7.29 (m, 8H, aromatic),
5.23 (m, 1H), 3.66 (d, J = 6.7 Hz, 2H), 3.49 (m, 1H), 2.99 (m,
1H), 1.76 (s, 6H), 1.27 (m, 1H), 0.84 (m, 1H), 0.02 (s, 9H) ppm.
BC-NMR (62.9 MHz, CDCl) 6 166.61, 150.74, 141.52, 133.95,
133.04, 131.78, 130.48, 129.46, 127.99, 126.01, 122.05, 121.71,
50.11, 33.87, 32.13, 31.55, 18.14, 11.14, —1.99 ppm. HRMS (ESI)
calcd for C,;3H;,O;SSiNa [M + NaJ* 437.1577, found 437.1564.

3-(3-Methylbut-2-enyl)-2-[2-(trimethylsilanyl)-ethanesulfinyl|-
phenyl]benzoic acid methyl ester 13d

Obtained in 53% yield (R; = 0.38 in 5 : 1 hexane : ethylacetate).
'"H-NMR (250 MHz, CDCl,) 6 7.40-7.28 (m, 3H), 5.14 (m, 1H),

3.84 (s, 3H), 3.60 (d, J = 6.7 Hz, 2H), 3.39 (m, 1H), 2.90 (m,
1H), 1.67 (s, 6H), 1.22 (m, 1H), 0.79 (m, 1H), 0.0 (s, 9H) ppm.
BC-NMR (62.9 MHz, CDCl;) 6 168.45, 141.83, 141.16, 133.73,
132.82, 132.25, 130.33, 127.58, 122.25, 52.63, 50.20, 30.67, 25.70,
18.12, 11.22, —1.91 ppm. HRMS (ESI) calcd for C;3sH0;SSiNa
[M + Na]* 375.1420, found 375.1428.

Fluoride-triggered production of 2-(1-fluoro-1-methylethyl)-2,3-
dihydrobenzo|b]thiophene-7-carboxylic acid methyl ester (15a) by
treatment of (13a—d) with tetrabutylammonium fluoride in THF,
followed by diazomethane workup

A solution of 13a (20 mg, 0.046 mmol) in THF (1 mL) was placed
in a flame-dried flask flushed with nitrogen. To this solution,
tetrabutylammonium fluoride (0.37 mL of a 1 M solution in THF,
0.37 mmol, 0.27 M) from a freshly opened bottle was added. The
reaction mixture turned deep yellow and was stirred for 3 h. Dilute
HCI (1 mL of a 1 M solution, pH = 3) was added, followed
by addition of diazomethane (2 mL of a 0.66 M solution in
ether, warning: EXPLOSION HAZARD) with vigorous stirring.
Stirring was continued for 30 min and the mixture was extracted
with diethyl ether (3 x 5 mL). The ether extracts were combined
and washed with water (1 x 5 mL) followed by brine (1 x 5 mL).
The organic layer was dried over anhydrous sodium sulfate and
concentrated under reduced pressure to yield a pale yellow oil.
Flash column chromatography on silica gel eluted with 9 : 1
hexane : ethylacetate gave 15a as a colorless oil (7.7 mg, 65%,
R; = 0.42 in 6 : 1 hexane : ethylacetate). '"H-NMR (500 MHz,
df-acetone) 6 7.78 (dd, / = 8, 1 Hz, 1 H), 7.41 (qd, J = 8, 1 Hz,
1H),7.12(t,J =7.5Hz, 1 H),4.06 (ddd, J = 12,9.5, 6.5Hz, 1 H),
3.86 (s, 3 H), 3.46 (dd, J = 16.5, 9.5 Hz, 1 H), 3.36 (dd, J = 16.5,
6.5Hz, 1 H), 1.42 (d, J =21.5,3 H), 1.37 (d, J = 21.5 Hz, 3 H)
ppm. YF-NMR (235.35 MHz, CDCl;) 6 —139.35 (complex m)
ppm. (YF NMR chemical shift was determined relative to internal
CFCl; at 6 0.0). "C-NMR (125.75 MHz, CDCl;) 0 166.67, 145.14,
141.32, 128.90, 127.79, 124.19, 123.63, 96.95 (d, J = 169.8 Hz),
55.88 (d, J = 25.2 Hz), 52.16, 36.29 (d, J = 3.8 Hz), 25.48 (d,
J =23.9 Hz), 22.74 (d, J = 23.9 Hz) ppm. HRMS (EI) calcd for
C;HsFO,S[M*]254.0776, found 254.0781. Similarly, compounds
13b—d generate 15a in comparable yields (13b, 50%; 13¢, 56%; 13d,
54%).

Generation of 2-(1-methoxy-1-methylethyl)-2,3-dihydrobenzo-
[b]thiophene-7-carboxylic acid methyl ester 15b by treatment of
13a with tetrabutylammonium fluoride in THF-MeOH, followed
by diazomethane workup

To a solution of 13a (20 mg, 0.046 mmol) in THF (0.8 mL) under
nitrogen, dry distilled methanol (200 nL) was added followed by
tetrabutylammonium fluoride (0.37 mL of a 1 M solution in THF,
0.37 mmol, 0.27 M). The reaction mixture turned dark yellow and
was stirred for 3 h. Dilute HCI (1 mL of a 1 M solution, pH ~
3) was added and the resulting biphasic mixture was treated with
diazomethane (2 mL of a ~ 0.66 M solution in ether, warning:
EXPLOSION HAZARD) with vigorous stirring. After 30 min,
the mixture was extracted with diethyl ether (3 x 5 mL). The
ether extracts were combined, washed with water (1 x 5 mL)
followed by brine (1 x SmL), dried over anhydrous sodium sulfate,
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and concentrated under reduced pressure to yield a pale yellow
oil. Flash column chromatography on silica gel eluted with 6 : 1
hexane : ethylacetate gave 15a (5.3 mg, 45%) as a colorless oil and
15b (2.7 mg, 22%, R; = 0.33 in 6 : 1 hexane : ethylacetate) as a
colorless oil. All spectral data for this compound matched those
reported previously.'

Trapping by methyl iodide of the sulfenate intermediate 14a
generated from 13a

To a stirred solution of 13a (20 mg, 0.046 mmol) in THF (1 mL)
under nitrogen, tetrabutylammonium fluoride (0.37 mL of a 1 M
solution in THF, 0.37 mmol, 0.27 M), and excess methyl iodide
(0.14mL, 2.3 mmol, for a final concentration of 1.7 M) were added.
The reaction was stirred for 3 h and quenched by dilute HCI (1 mL
of a 1 M solution, pH ~ 3). To this biphasic reaction mixture,
diazomethane (2 mL of a ~0.66 M solution in ether, warning:
EXPLOSION HAZARD) was added with vigorous stirring. After
30 min, the mixture was extracted with diethyl ether (3 x 5 mL).
The combined ether extracts were washed with water (I x S mL)
followed by brine (I x 5 mL), dried over anhydrous sodium
sulfate and evaporated under reduced pressure. Flash column
chromatography on silica gel eluted with 4 : 1 hexane : ethylacetate
yielded 15a (3 mg, 25%) and 16 (4.3 mg, 35%, R, =0.09in 4 : 1
hexane : ethylacetate). "H-NMR (500 MHz, CDCl;) ¢ 7.46 (d, J =
3.75Hz, 1 H), 742 (t, J = 3.75 Hz, 1 H), 7.37 (d, J = 3.75 Hz),
5.20 (m, 1 H), 3.93 (s, 3 H), 3.68 (d, J = 3.5 Hz, 2 H), 3.05 (s, 3 H),
1.74 (d, J = 5.5 Hz, 6 H) ppm. "C-NMR (125.75 MHz, CDCl;)
0 168.34, 141.87, 141.40, 133.93, 132.92, 131.87, 130.45, 127.58,
121.93, 52.65, 40.17, 30.37, 25.62, 18.05 ppm. HRMS (EI) caled
for C,,H;30,S [M *]266.0976, found 266.0973.

Fluoride-independent conversion of 13a and 13b in aqueous buffer
followed by diazomethane workup to yield 2-(1-hydroxy-1-
methylethyl)-2,3-dihydrobenzo|b]thiophene-7-carboxylic acid
methyl ester (10) in acetonitrile—aqueous buffer

Compound 13a (20 mg, 0.046 mmol) was stirred in a solution
of acetonitrile (2.5 mL), sodium phosphate buffer (0.5 mL of
a 500 mM, pH 7), and water (2 mL). Final concentrations in
the reaction mixture were: 13a, 9.2 mM, sodium phosphate,
50 mM, pH 7, acetonitrile 50% by volume. Dilute HCI (1 mL
of a 1 M solution, pH ~ 3) was added to the reaction, followed
by diazomethane (2 mL of a ~0.66 M solution in ether, warning:
EXPLOSION HAZARD). The mixture was stirred for 30 min
and then extracted with diethyl ether (3 x 5 mL). The combined
ether extracts were washed with water (1 x 5 mL) and brine (1 x
5 mL), dried over anhydrous sodium sulfate, and concentrated
under reduced pressure to yield a pale yellow oil. Flash column
chromatography on silica gel eluted with 6 : 1 hexane : ethylacetate
yielded 10 as a colorless oil (3.9 mg, 33%, R; =0.15in 6 : 1 hexane:
ethylacetate). All spectral data for this compound matched those
reported previously. Similarly, 13b affords 10 (32% yield) under
these reaction conditions. It is noteworthy that addition of KF
(50 mM) does not alter the rate or yield of this reaction. Finally,
compounds 13¢ and 13d remained unchanged when subjected to
the conditions described above (either with or without KF).
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Treatment of a 1 : 1 mixture of the thiazole-based amino acids 8a and 8b with FDPP—i-Pr,NEt in
CH;CN gave a mixture of the cyclic trimers 14, 15, 16 and 17 and the cyclic tetramers 19 and 23 in the
ratio2:7:5:8:1:1and in a combined yield of 70%. Separate coupling reactions between the
bisimidazole amino acid 45 and the thiazole/oxazole amino acids 43a and 42a in the presence of
FDPP-i-Pr,NEt led to the bisimidazole based cyclic trimers 55 and 57 respectively (54-57%) and to the
cyclic tetramer 56 (8-11%). Similar coupling reactions involving the bisthiazole and bisoxazole amino
acids 49 and 47 with the imidazole/oxazole/thiazole amino acids 41a, 42a and 43a gave rise to the
library of oxazole, thiazole and imidazole-based cyclic peptides 58, 59, 60, 61, 62, 63, 64 and 65. A
coupling reaction between the bisthiazole amino acid 49 and the oxazole amino acid 73 led to an
efficient (36% overall) synthesis of bistratamide H (67) found in the ascidian Lissoclinum bistratum.
Coupling reactions involving oxazolines with thiazole amino acids were less successful. Thus, a coupling
reaction between the phenylalanine-based oxazoline amino acid 71a and either the thiazole amino acid
8a or the bisthiazole amino acid 74 gave only a 2% yield of the cyclic hexapeptide didmolamide A (4)
found in the ascidian Didemnum molle. Didmolamide B (68) was obtained in 9% yield from a coupling
reaction between 74 and the phenylalanine threonine amino acid 72, using either FDPP or DPPA.
Introduction Q
= NJ\rS
The past decade has seen rapid progress in the isolation and H NI
characterisation of a plethora of azole-based cyclic peptides
from marine organisms, fungi and algae.! Furthermore, many
of these secondary metabolites show useful biological properties,
including antibacterial and antiviral activities and cytotoxicity.?
Prominent amongst these cyclic peptides are the “bistratamides”,
e.g. 1 and 2, which are oxazole, oxazoline, thiazole, thiazoline-
based hexapeptides, isolated from the Great Barrier Reef and
from the Philippine ascidian (“sea squirt™) Lissoclinum bistratum.’
The bistratamides are related to the C;-symmetric trisoxazoline
westiellamide 3 which is also found in L. bistratum.,* and to
the bisthiazole based “didmolamides”, e.g 4, isolated more
recently from the ascidian Didemnum molle collected off the
coast of Madagascar.® Structures similar to the bistratamides and \f\[NH HN O
didmolamides, are the dendroamides and nostocyclamides, e.g. 5 OJ\CW
and 6 respectively, which have been isolated from cyanobacteria.
The interesting antitumor and antidrug resistance properties, in
particular, and their potential for acting as metal ion chelators,
have combined to make azole-based cyclic hexapeptides of the type
represented by structures 1-6 attractive targets for total synthesis
and biological evaluation.”

1, Bistratamide B
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The overwhelming majority of the published syntheses of azole-
based cyclic hexapeptides have used a straightforward strategy
involving the iterative coupling of enantiopure azole amino acids
to produce a linear hexapeptide, followed by macrolactamisation
of an appropriate ®-amino acid intermediate.” Several years ago,
Wipf and Miller® demonstrated that the 18-membered cyclic
hexapeptide westiellamide 3 could be obtained in 20% yield by
cyclooligomerisation of the frans-oxazoline 7 in the presence of
the coupling agent DPPA. In later studies, our own research
group showed that similar cyclooligomerisations could be carried
out with thiazole-based amino acids, e.g. 8a and 8b, in the
presence of FDPP—i-Pr,NEt, leading to high yields (approx. 70%)
of the cyclic trimers 9 together with smaller amounts of the
corresponding cyclic tetramers 10.” Somewhat remarkably, we also
showed that acceptable yields, i.e. approx. 22-26%, of the natural
products dendroamide A (5) and nostocyclamide 6, were produced
when mixtures of their constituent azole-based amino acids, i.e.
8a, 8b, 11, and 8b, 12, 13 respectively, were treated similarly
with FDPP—i-Pr,NEt.!° In continuation of these studies of the
assembly of cyclic peptides, we have now evaluated the scope for
the formation of other, mixed, azole-based structures, including
those from imidazoles and oxazolines. These studies are described
here, alongside an approach to bisthiazole oxazoline-based cyclic
hexapeptides, e.g. didmolamide A (4).

Mixed cyclooligomerisation of the alanine and valine-based
thiazole amino acids 8a and 8b

To gain some insight into the factors which might control the
selectivity of cyclooligomerisations of azole-based amino acids,
we first decided to study the outcome of treating a 1 : 1 mixture of
the alanine and valine-based thiazoles, 8a and 8b respectively, with

FDPP-i-Pr,NEt. Earlier, we had shown that when the thiazoles
8a and 8b are treated separately with FDPP—i-Pr,NEt at room
temperature under high dilution in CH;CN, they each led to the
cyclic trimers 9 and the cyclic tetramers 10, in ratios of 9 : 2
and 5 : 2 respectively, in very good overall yields.” Only minute
amounts of higher cyclic oligomers could be detected by HPLC-
MS from these reactions. Treatment of a 1 : 1 mixture of 8a and 8b
with FPPP—i—Pr,NEt under the same reaction conditions a priori,
would be expected to lead to four possible cyclic trimers, i.e. 14, 15,
16, 17, and to six possible cyclic tetramers, i.e. 18, 19, 20, 21, 22,
23.

In reality, treatment of a solution of a 1 : 1 mixture of 8a and 8b
in CH;CN, with FDPP—i-Pr,NEt, produced all the cyclic trimers
14, 15, 16 and 17, but only two cyclic tetramers,i.e. 19 and 23, in
theratio2:7:5:8:1:1and in a combined yield of 70%. The ratio
of the cyclic peptide products was determined by HPLC analysis
and comparison of retention time data with those of authentic
compounds prepared by more conventional linear routes starting
from the enantiopure thiazole amino acids 8a and 8b.

The symmetrical cyclic trimers 14 and 15 and cyclic tetramers 18
and 19 were enantiomers of compounds from our earlier studies.’
The cyclic trimers 16 and 17 were both elaborated from the same
bisthiazole 26a produced from a coupling reaction between the
thiazole amine 24a and the thiazole carboxylic acid 25, using
EDCI-HOBt-NMM (Scheme 1). Saponification of the ethyl ester
group in 26a next led to the bisthiazole carboxylic acid 27. A
second coupling reaction between 27 and 24a then gave the
tristhiazole 28 which, by sequential deprotection of the ethyl ester
and Boc groups gave the w-amino acid 29. Macrolactamisation
of 29, using FDPP-i-Pr,NEt, finally gave the cyclic peptide 16.
In a similar manner, the bisthiazole 27 was elaborated to the
tristhiazole 30, en route to the cyclic peptide 17 (Scheme 1).
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Scheme 1  Reagents and conditions: i, EDCI (1.0 mole eq.), HOBt (1.0 mole eq.), NMM (1.0 mole eq.), CH,Cl,, DMF, ca. 70%; ii, NaOH (10 mole eq.),
THF-H,0 9: 1, rt, 18 h; iii, 4 M HCl in dioxane, rt, 6 h; iv, FDPP (1.5 mole eq.), i-Pr,NEt (3 mole eq.), CH;CN, rt, 2 h, ca. 60%.
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The bisthiazole carboxylic acid 27 was also used to prepare the
cyclic tetramer 22, following removal of the Boc-protection and
‘dimerisation” of the resulting bisthiazole m-amino acid 32 in the
presence of FDPP—i-Pr,NEt (Scheme 2).

o)
FHLOH
SUN
2 i, ):NH . NH,Cl i,
O N
L
3

Scheme 2 Reagents and conditions: i, 4 M HCI in dioxane, rt, 6 h, 95%;
ii, FDPP (1.5 mole eq.), i-Pr,NEt (3 mole eq.), CH;CN, rt, 2 h, 50%.

The three remaining cyclic tetramers 20, 21, and 23 were each
synthesised in an iterative manner from appropriately substituted
and protected bisthiazole intermediates prepared from straight-
forward coupling reactions between appropriately functionalised
alanine and valine-based thiazoles. Thus, a coupling reaction
between 24a and the thiazole carboxylic acid 33 first gave the
bisthiazole 34 which was saponified to the carboxylic acid 35. A
coupling reaction between 35 and the free amine 26b produced
after Boc-deprotection of 26a, next led to the tetrathiazole
36. Removal of the protecting groups from 36, followed by
macrolactamisation of the resulting w-amino acid 37 finally gave
the cyclic tetramer 20 (Scheme 3).

In a similar straightforward manner, the unsymmetrical cyclic
tetramer 21 was prepared from a coupling reaction between the
bisthiazole carboxylic acid 35 and the bisthiazole amine 38b,
followed by sequential deprotection of the Boc and ethyl ester
groups in the product 39 and macrolactamisation of the resulting
w-amino acid (Scheme 4). A corresponding coupling reaction
between 38b and the bisthiazole carboxylic acid 27 led to the
tetrathiazole 40 which, using similar chemistry, was converted into
the cyclic tetramer 23.
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Scheme 4 Reagents and conditions: i, EDCI (1.5 mole eq.), HOBt
(1.5 mole eq.), NMM (1.5 mole eq.), CH,Cl,, 0 °C, 75%; ii, NaOH
(10 mole eq.), THF-H,O 9 : 1, rt, 2.5 h; iii, 4 M HCl in dioxane, rt, 1 h,
57% (over 2 steps); iv, EDCI (1.5 mole eq.), HOBt (1.5 mole eq.), NMM
(1.5 mole eq.), CH,Cl,, 0 °C, 63%; v, NaOH (10 mole eq.), THF-H,0 9 :
1, rt, 3 h; vi, 4 M HCl in dioxane, rt, 1 h; vii, FDPP, i-Pr,NEt, CH,CN, rt,
23 °C; 53% (over 3 steps for 23), 57% (over 3 steps for 21).

The ease of formation of cyclic trimers, i.e. 14-17, over cyclic
tetramers during the cyclooligomerisation of a 1 : 1 mixture of
8a and 8b is consistent with the observations made earlier when
the same thiazoles were treated separately with FDPP—i-Pr,NEt.
Perhaps more surprising was the observation that the unsymmet-
rical cyclic trimers 16 and 17 were produced in amounts similar to
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Scheme 3 Reagents and conditions: i, NaOH (10 mole eq.), THF-H,O0 9 : 1, rt, 18 h, 86%; ii, 26b, EDCI (1.5 mole eq.), HOBt (1.5 mole eq.), NMM (3.0
mole eq.), CH,Cl,, DMF, 61%; iii, NaOH (10 mole eq.), THF-H,0 9 : 1, rt, 3.5 h; iv, 4 M HCl in dioxane, rt, 2 h; v, FDPP (1.0 mole eq.), i-Pr,NEt (1.0

mole eq.), CH;CN, rt, 24 h, 60%.

1544 | Org. Biomol. Chem., 2007, 5, 1541-1553

This journal is © The Royal Society of Chemistry 2007





15, and that relatively small amounts of the alanine-based cyclic
trimer 14 were obtained. Of course we have no information on
the order in which the thiazole amino acids 8a and 8b are coupled
to each other to form a linear tristhiazole, and hence the amide
bond which is formed last in the macrolactamisations. On the
basis of minimisation of transannular non-bonding interactions
between the alkyl side chains in the transition states during the
macrocyclisations, we might expect the bulkier isopropyl groups
to favour formation of the cyclic trimers 14 and 16 containing the
smaller methyl group substituents, but this is not the case. What
needs to be taken into account, however, is the greater solubility
of the valine-based thiazole 8b, and possibly any isopropyl-
substituted acylic intermediates, which may be responsible for the
increased formation of the cyclic trimers 15 and 17. It is perhaps
also significant that the only two cyclic tetramers produced in
the mixed cyclooligomerisation of 8a and 8b, i.e. 19 and 23, also
contain only (in the case of 19), or largely, isopropyl group side
chains.

Synthesis of mixed imidazole, oxazole and thiazole-based cyclic
peptides

Imidazole-containing cyclic peptides have not yet been found in
nature, but there are a few alkaloids, e.g. pilocarpine,' derived
from the imidazole ring-containing amino acid histidine that are
known, and imidazoles commonly act as ligands in several impor-
tant metalloenzymes.” In view of their special properties, it was
decided to extend the scope of our synthetic studies and prepare a
range of imidazole ring-based cyclic peptides' linked to oxazoles
and thiazoles for biological evaluation and possible exploitation
in asymmetric synthesis. We therefore prepared the enantiopure
valine-based imidazole,"* oxazole’ and thiazole’ amino acids,
41a, 42a and 43a respectively, and their various carboxylic acid
and amine derivatives, using methods which are well-precedented
in the literature.>'** The mono-azole derivatives 41a/b, 42a/b
and 43a/b were then used in separate coupling reactions to

4lb+4le — 1 o

CO,Me

NHBoc

—u =N

42b + 42¢

46

$3b+43¢c — 2+

NHBoc

48

L2k
Me N
N A

}fN H M/

CO,Me

O
S

CO,Et

RO,C.

N
/oy ,
/Z;)INHR
Me

41 42 43
a,R=H,R'=H
b, R=H,R'=Boc
¢, R=Me,R'=H
d,R =Me, R'=Boc

elaborate the corresponding valine-based bisazole amino acids
45, 47 and 49 (Scheme 5), in readiness for further coupling
reactions to elaborate mixed imidazole/oxazole/thiazole-based
cyclic peptides.

Our earlier studies had demonstrated that cyclooligomerisations
of homogeneous, and even cyclisations of mixed, thiazole amino
acids favoured the formation of cyclic trimers and cyclic tetramers,
with only minute amounts of higher oligomers being produced
concurrently.’ In principle then, we would expect largely the
formation of only two cyclic trimers, i.e. 50 and 51, and three cyclic
tetramers i.e. 52,53 and 54, from any cyclisation reaction involving
one of the bisazole amino acids 45, 47 and 49 with one of the mono-
azole amino acids 41a, 42a and 43a (Scheme 6). Furthermore,
bearing in mind the relative number of amide bond-forming
reactions involved, we would expect that the aforementioned
cyclisations would favour the production of the cyclic trimer 50
and the cyclic tetramer 52 where only two amide bond forming
reactions are involved.

As expected, therefore, a coupling reaction between the bisim-
idazole amino acid 45" and the thiazole amino acid 43a, in
CH;CN, in the presence of FDPP-Pr,NEt at room temperature
for three days, produced only the expected cyclic trimer 55 and
the cyclic tetramer 56 which were obtained in the ratio 5 : 1 and
in a combined yield of 68%. A corresponding reaction between 45
and the oxazole amino acid 42a, led to a similar yield and similar

o Me
=N H N

i, iv
(96 %) CO.H
NH,CI
+ —
45
o]
: O/\*N \O/
v, iv >—8:N H N
0 CO,H
©5%) NH,CI z
+ —
47
o)
s
SMN w
v, iV >_th H N
CO,H
(98%) NH,CI
+ —
49

Scheme 5 Reagents and conditions: i, DPPA, DIPEA, DMF, 70%; ii, EDCI, HOBt, NMM, DCM, 85-97%; iii, LiOH, THF-MeOH-H,02:2:1,0 °C;

iv, 4 M HCl in 1,4-dioxane; v, aq. NaOH, MeOH-1,4-dioxane.
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ratio of the analogous cyclic trimer 57 and the cyclic tetramer 56
(Scheme 7). Interestingly, whena 1 : 1 : 1 mixture of the azole amino
acids 42a, 43a and 45 was treated with FDPP-Pr,NEt only the two
cyclic trimers 55 and 57 were obtained, and in equal amounts in a
combined yield of 62%. Only minute amounts (<1%) of the cyclic
tetramer 56 could be detected by HPLC analysis.

In other investigations of cyclisations of mixtures of mono and
bisazole amino acids, the bisthiazole amino acid 49 and the oxazole
amino acid 42a produced a 4 : 1 mixture of the cyclic trimer 58 and

FDPP, i-Pr,NEt

45+ 43a
CH;CN

55 (54 %)

wﬁﬁ”i

the symmetrical cyclic tetramer 11b (combined 50% yield), and 49
reacted with the imidazole amino acid 41a leading to a similar
4 : 1 mixture of the cyclic trimer 60 and the tetramer 9b in 50%
yield (Scheme 8). A small amount of the trisoxazole based cyclic
trimer 59 (3%) was also obtained from the former cyclisation and
the thiazole-imidazole based cyclic tetramer 61 was a significant
product (9%) produced in the cyclisation between 49 and 41a
(Scheme 8).

Cyclisations involving the bisoxazole amino acid 47 and the
azole amino acids 41a and 43a were less selective and resulted
in reduced yields of modified cyclic peptides due to the poorer
solubility of 47 in acetonitrile (Scheme 9). The bisoxazole-based
cyclic trimers 62 and 64 were the major products produced in each
of the reactions (23-30%), alongside smaller amounts, i.e. 8—-12%,
of the corresponding bisoxazole based cyclic tetramers 63 and 65
respectively.

Synthesis of oxazoline-containing cyclic peptides; Didmolamides A
and B

As a corollary to our studies of the synthesis of mixed oxazole,
imidazole and thiazole-based cyclic peptides from the assembly of
azole amino acids, we also evaluated the scope for similar assem-
blies involving oxazoline amino acids which might, hopefully, lead
to oxazoline-based cyclic hexapeptides, e.g. bistratamide E (66)
and didmolamide A (4).

Bistratamide E (66) is the oxazoline analogue of bistratamide H
(67), and both metabolites were isolated in 2003 by Faulkner and
Perez® from the ascidian L. bistratum collected in the southern
Philippines. The bistratamides show modest activity, i.e. ICs, 1.7—
7.9 ug ml~" against human colon tumour (HCT-116) cell lines.
Didmolamide A (4) together with didmolamide B (68) were also
isolated in 2003, but from the ascidian Didemnum mole collected
in Madagascar.® These metabolites are also mildly toxic to several
cultured tumour cell lines, with ICs, values of 10-20 ug ml™".
Both the bistratamide and the didmolamide families of cyclic
peptides have attracted a great deal of interest within the synthetic
chemistry community and several of their members have been
synthesised, including the metabolites 1, 2, 66, 67 and 68.” All

aae
}ﬁm ;

56 (14 %)

OI/Me

FDPP, i-Pr,NEt

45+ 2a
CH;CN

YRH

+  56(8%)

57 (57 %)

Scheme 7
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of these syntheses have used a conventional linear approach,
building up a linear azole-based peptide chain, followed by a
macrocyclisation mediated by pyBOP-DMAP.

66, Bistratamide E 67, Bistratamide H 68, Didmolamide B

In the majority of our cyclooligomerisation and assembly
studies leading to cyclic peptides from azole-based amino acids, we
had found that optimum yields were obtained using FDPP and i-
Pr,NEt as coupling agents in acetonitrile at room temperature for
3-5 days.® Previously however, other researchers had concluded

that DPPA was the best coupling reagent for the synthesis of
cyclic peptides, and particularly for those compounds containing
oxazoline rings.’® Indeed, Wipf and Miller® showed that the
cyclooligomerisation of the oxazoline amino acid 7, leading to
westiellamide 3, was best carried out in the presence of DPPA
at 0-22 °C over 4 days. We therefore examined both FDPP and
DPPA in our attempted assemblies of didmolamide A (4) and
bistratamide E (66) from the oxazoline-based amino acids 71a
and 71b respectively. The oxazolines 71a and 71b, were both
synthesised from the corresponding dipeptides 69 following: 1)
cyclodehydration using Deoxo-Fluor, ii) careful saponification
of the resulting oxazoline esters 70, and iii) Boc-deprotection
(Scheme 10)."7

When a solution of the phenylalanine-based oxazoline 71a and
the bisthiazole amino acid 74 produced after Boc-deprotection of
35 in CH;CN was treated with FDPP in DMF with added NMM
for 4 days at room temperature, work up and chromatography gave
didmolamide A (4) in a disappointing 2% yield. The structure and
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Scheme 10 Reagents and conditions: i, Deoxo-Fluor, DCM, —20 °C; ii,
LiOH, H,0, MeOH, 78%; iii, TMSOTTf, DCM, 0 °C, 85%; iv 4 M HCI,
1,4-dioxane, rt; v, BrCCl;, DBU, DCM, 0 °C to rt, 90% over 3 steps.

stereochemistry of 4 followed from comparison of its spectroscopic
and other data with those of an authentic sample prepared in a
linear fashion according to the method of Kelly and You.”® The
major product isolated from the reaction was the cyclic tetramer
10a (10-12%), accompanied by trace amounts of higher oligomers.
The same outcome was observed when the two substrates 71a
and 74 were reacted in the presence of DPPA, DMF, NMM
at 0-5 °C for 4.5 days. Likewise, when the oxazoline 71a was
reacted with two equivalents of the thiazole amino acid 8a, using
either FDPP or DPPA as coupling agents, didmolamide A (4) was
still only produced in 2% yield. In these instances however, the
major product was the cyclic trimer 9a (12%), accompanied by the
corresponding cyclic tetramer 10a (2%).

To our disappointment, the cyclic tetramer 10b was the only
product isolated when the valine-based oxazoline 71b and the
bisthiazole amino acid 49 were treated with FDPP—i-Pr,NEt, i.e.
no bistratamide E (66) could be detected in the crude reaction
product. More interesting perhaps, was the observation that when
a 1 : 1 mixture of the dipeptide amino acid 72 and the bisthiazole
amino acid 74 was exposed to DPPA or to FDPP (with added i-
Pr,NEtin DMF), didmolamide B (68) was produced in 7-9% yield
(Scheme 11), accompanied by the cyclic tetramer 10a (5-13%).

-+
C|H3NJ\,/S
N/
i ii

 —— i i +
35 aNe) T1a 4, Didmolamide A + 10a

HOzC\{'Q)\ Q%) (10-12%)
74
72 + 74 —— 68, Didmolamide B (7-9 %) + 10a (5-13 %)
Scheme 11  Reagents and conditions: i, 4 M HCl, 1,4-dioxane, 25 °C, 4 h;

ii, FDPP, DMF, NMM, 25 °C or DPPA, DMF, NMM, 0-25 °C, 4.5 d.

Synthesis of bistratamide H and concluding remarks

To further demonstrate the scope and advantages of our one
step synthesis of azole-based cyclic hexapeptides from their azole-
constituent amino acids, we prepared the oxazole amino acid 73
from the corresponding oxazoline 70, and reacted it with the

bisthiazole amino acid 49 in the presence of FDPP—i-Pr,NEt
and isolated bistratamide H (67)" in a very agreeable 36% yield
(Scheme 12). A small amount (~9%) of the cyclic tetramer 10b
was produced concurrently. Bistratamide H (67) could also be
produced in 25% yield when the oxazole amino acid 73 (1 eq.) was
reacted with 2 equivalents of the monothiazole amino acid 8b in
the presence of FDPP—i-Pr,NEt. Small amounts of the thiazole-
based cyclic trimer (9b, 8%%) and tetramer (10b, 4%), together with
the bisoxazole-based cyclic trimer (75, 9%) and tetramer (76, 8%)
were also produced in the reaction. A comparison of this approach
to bistratamide H with that described by Kelly and You,” showed
that our mixed azole amino acid approach involved 8 steps and
gave the target in 24% overall yield, whereas the linear approach
used 12 steps and led to bistratamide H in 13% overall yield.

S
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Scheme 12

Experimental
General details

Nuclear magnetic resonance spectra (NMR) were recorded on
Bruker DPX (270, 360 and 500 MHz for 'H, and 67.5, 90.5 and
125 MHz for "*C) spectrometers as dilute solutions in deuterated
solvents as specified. Deuterochloroform was deacidified over
anhydrous potassium carbonate. Chemical shifts (J) are quoted
in parts per million (ppm) downfield of tetramethylsilane (TMS)
or referenced to residual protonated solvent: chloroform (6 7.27,
dc 77.0) or residual methanol (04 3.31, dc 49.0), as internal
standard. Signal multiplicities are designated by the following
abbreviations: 'H spectra: s = singlet, d = doublet, t = triplet,
q = quartet, m = multiplet, app = apparent, br = broad. In *C
spectra the multiplicities were determined using a DEPT sequence
with secondary pulses at 90° and 135° where appropriate. Signal
multiplicities are designated by: s = quaternary, d = tertiary
methine, t = secondary methylene, ¢ = primary methyl. "F
NMR spectra were recorded on a Bruker DPX 300 (282 MHz)
spectrometer and are referenced to residual protonated solvent, i.e.
chloroform. All coupling constants (J) are quoted to the nearest
0.1 Hz.
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Ultraviolet spectra were recorded on a Phillips PU 8700
spectrophotometer as solutions in spectroscopic grade ethanol
and are given in nm, with ¢ in dm® mol™' cm™' in parentheses.

Infrared (IR) spectra were obtained using a Perkin Elmer 1600
series FT-IR or Avatar 320 FT-IR instrument as dilute solutions in
spectroscopic grade solvents or as liquid films. Absorptions (vy.)
are reported in wavenumbers (cm™").

Mass spectra were recorded on either a VG Autospec, MM-
701CF or Micromass LCT spectrometer using electrospray (ES)
or fast atom bombardment (FAB) techniques. Due to the soft
nature of these techniques, little fragmentation of the compounds
occurred and hence nominal mass and fragmentation data have
not been included. High-resolution mass spectra are calculated to
4 decimal places from the molecular formula corresponding to the
observed signal using the most abundant isotopes of each element.

Microanalytical data were obtained on a Perkin-Elmer 240B el-
emental analyser, and melting points (which are uncorrected) were
recorded on a Stuart Scientific SMP3 melting point apparatus.

Optical rotations were measured on a JASCO DIPA-370
polarimeter, and solutions were prepared using spectroscopic
grade solvents, [a], values are recorded in units of 10~" degem? g~
Flash chromatography was performed using Merck Kieselgel 60
(230-400 mesh) and the solvents employed were either of analytical
grade or were distilled before use according to the technique of
Still et al.*®

All HPLC analyses were performed using either a Hewlett
Packard series 1100 system with a reverse phase Waters-Associates
440, or a Nova-Pak® C; column (3.9 x 300 mm internal diameter).
Simultaneous detections of the products were carried out at several
wavelengths using a Hewlett Packard 1100 Diode Array UV detec-
tor, and also using a refractometer detector. The solvent flow was
kept at 1 ml min~', and 10 uL samples were injected. The solvent
mixture was varied depending on the compounds being analysed.

All reactions were monitored by thin layer chromatography
(TLC) using Merck Dc-Alufolien silica gel 60F,5, 0.2 mm pre-
coated aluminium plates. TLC plates were visualised by quenching
of UV fluorescence (4,.x = 254 nm) light and were subsequently
developed using either acidic ninhydrin solution, acidic alcoholic
vanillin solution or a basic potassium permanganate solution as
appropriate.

Routinely, organic extracts were dried over anhydrous magne-
sium sulfate or sodium sulfate. Solvents were removed in vacuo
using a Biichi rotary evaporator. Anhydrous organic solvents were
stored under an atmosphere of nitrogen and/or over sodium
wire. Other organic solvents were dried by distillation as follows:
THF and dimethyl ethylene glycol (sodium benzophenone ketyl),
dichloromethane and methanol (calcium hydride), acetonitrile
(K,CO;), under an inert atmosphere. Other organic solvents and
reagents were purified according to accepted literature procedures.
Where necessary, reactions requiring anhydrous conditions were
performed in flame or oven dried apparatus under a nitrogen
atmosphere.

(1'S)-2-(1-{[2-(1'-tert-Butoxycarbonylamino-2'-methylpropyl)-
thiazole-4-carbonyl]-amino }-ethyl)-thiazole-4-carboxylic acid
ethyl ester 26a. General Procedure A

4-Methylmorpholine (60 puL, 0.6 mmol) was added dropwise
to a stirred solution of the L-valine thiazole acid 25 (181 mg,

0.6 mmol) in anhydrous CH,Cl, (3 ml) at 0 °C under a ni-
trogen atmosphere. 1-Hydroxybenzotriazole (82 mg, 0.6 mmol)
and 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochlo-
ride (116 mg, 0.6 mmol) were added consecutively in one portion.
The mixture was stirred at 0 °C for 40 minutes and then a precooled
solution of L-alanine thiazole amine 24a (128 mg, 0.6 mmol) and
4-methylmorpholine (60 nL, 0.6 mmol) in dichloromethane (3 ml)
was added dropwise over 1 min. The mixture was stirred at 0 °C
for 4 h and then allowed to warm to room temperature over 15 h.
Water (ca. 20 ml) was added and the aqueous layer was separated
and extracted with dichloromethane (3 x 20 ml). The combined
organic extracts were washed successively with saturated aqueous
NaHCO; (3 x 20 ml), 10% aqueous citric acid (3 x 10 ml), and
brine (3 x 10 ml), then dried (MgSO,) and evaporated in vacuo.
The residue was purified by chromatography on silica gel, eluting
with pentane—ethyl acetate (1 : 1) to give the dipeptide (208 mg,
72%) as a colourless solid, mp 165-167 °C (from petroleum 40—
60 °C—diethyl ether); [a]Z —35.9 (¢ 1.0 in CHCL); vy, (soln:
CHCl;)/cm™" 3442, 1719, 1602; 6y, (360 MHz, CDCl;) 1.05 (3H, d,
J 6.8, CHCH;CH,), 1.10 (3H, d, J 6.8, CHCH,CHj;), 1.41 (3H, t,
J 6.8, OCH,CH,), 1.47 (9H, s, Bur), 1.81 (3H, d, J 6.8, CH;CH),
2.84 (1H, m, CHCH(CH;),), 4.30 (2H, q, J 6.8, OCH,CH,), 5.32
(1H, m, NHBoc), 5.43 (1H, m, CHCH(CH,;),), 5.51 (1H, dq, J
6.8,2.4, CHCH;), 7.88 (1H, d, J 6.8, NHCO), 8.03 (1H, s, CHS),
8.07 (1H, s, CHS); d¢ (90.5 MHz, CDCl;) 14.4 (q), 18.1 (q), 22.3
(q), 28.3 (q), 33.0 (d), 48.8 (d), 56.5 (1), 61.4 (d), 127.1 (d), 149.2
(s), 161.3 (s), 171.8 (s), 174.7 (s); m/z (FAB) found 505.1502 ([M
+ NaJ* C,;H;3;N,NaO;S, requires 505.1555).

(1'S)-2-(1-{|2-(1'-tert-Butoxycarbonylamino-2'-methylpropyl)-
thiazole-4-carbonyl]-amino }-ethyl)-thiazole-4-carboxylic acid 27.
General Procedure B

Sodium hydroxide (40 mg, 0.9 mmol) was added to a stirred
solution of the thiazole ester 26a (60 mg, 0.12 mmol) in THF-H,O
(9 : 1) (1.5 ml) at room temperature, and the mixture was stirred
at room temperature for a further 3 h. The separated aqueous
layer was acidified to pH 4 with citric acid (ca. 50 mg) and then
extracted with ethyl acetate (3 x 5 ml). The combined organic
extracts were washed with water (3 x 15 ml) and brine (3 X
10 ml), then dried (MgSO,) and evaporated in vacuo to leave
the thiazole acid (49 mg, 90%) which crystallised as a colourless
solid, mp 172-173 °C (from petroleum 40-60 °C-diethyl ether);
[a]5 —22.9 (¢ 1.0 in CHCL); vy, (soln: CHCL,)/cm™ 3433, 3244,
3090, 2961, 1715, 1513; dy (360 MHz, CDCl;) 0.99 (3H, d, J
6.8, CHCH,CH,), 1.05 (3H, d, J 6.8, CHCH;CH,), 1.40 (9H, s,
Bur), 1.58 (3H, d, J 6.7, CH;CH), 2.86 (1H, m, CHCH(CHs;),),
5.23 (1H, m, CHCH(CH;),), 5.32 (IH, m, NHBoc), 5.58 (1H,
m, CHCH,), 7.75 (1H, d, J 7.4, NHCO), 8.10 (1H, s, CHS), 8.21
(1H, s, CHS); dc (90.5 MHz, CDCl;) 16.8 (q), 17.2 (q), 23.3 (q),
28.7 (q), 34.3 (d), 50.3 (d), 61.7 (d), 70.6 (s), 119.6 (d), 143.2 (s),
165.0 (s), 166.3 (s), 167.9 (s), 172.0 (s); m/z (FAB) found 455.1440
(IM + H]* C,yH,;N,OsS, requires 455.1423).

(1'S)-2-(1'S-{[2-(1-{[2-(1'-tert-Butoxycarbonylamino-2'-
methylpropyl)-thiazole-4-carbonyl]-amino }-ethyl)-thiazole-4-
carbonyl]-amino }-ethyl)-thiazole-4-carboxylic acid ethyl ester 28

Using General Procedure A, the bisthiazole carboxylic acid 27
(88 mg, 0.24 umol) was coupled to the thiazole hydrochloride
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salt 24 (50 mg, 0.24 mmol) to give the tripeptide (62 mg, 68%)
as a colourless solid, mp 236-238 °C (from petroleum 40-60 °C—
diethyl ether); [a]5 —15.7 (¢ 0.1 in CHCL); vy, (soln: CHCl;)/cm™
3400, 2874, 1738, 1651; oy (360 MHz, CDCI;) 1.01 (3H, d, J 6.8,
CHCH;CH,), 1.05(3H, d, J 6.8, CHCH,CH,), 1.40 3H, t, J 7.1,
OCH,CH,), 1.45 (9H, s, Bur), 1.62 (3H, d, J 6.8, CH;CH), 1.80
(3H, d, J 6.9, CH;CH), 2.65 (1H, app quintet, J 6.8, CH(CHj),),
442 (2H,q,J 7.1, OCH,CH,;), 5.06-5.10 (1H, m, CHCH;), 5.10—
5.18 (1H, m, NHBoc), 5.34 (1H, dd, J 6.8, 9.2, CHCH(CH,),),
5.59(1H,dq,J 6.9,6.9, CHCH,;),7.79 (1H, d, J 8.4, NHCO), 7.97
(1H,d, J 9.3, NHCO), 8.06 (1H, s, CHS), 8.07 (1H, s, CHS), 8.08
(1H, s, CHS); o (90.5 MHz, CDClL;) 14.2 (q), 17.9 (q), 19.6 (q),
21.0(q), 21.2(q), 28.2(q), 32.9 (d), 47.0 (d), 56.4 (d), 61.3 (1), 80.2
(s), 123.9 (d), 124.0 (d), 126.9 (d), 147.3 (s), 148.9 (s), 149.0 (s),
160.4 (s), 160.6 (s), 161.2(s), 171.6 (s), 172.9 (s), 175.0(s), 179.8 (s);
m/z (FAB) found 659.1722 ([M + Na]* C,;H;N¢NaOgS; requires
659.1756).

1'S)-(1-{[2-(1-{[2~(1-Amino-2-methyl-propyl)-thiazole-4-
carbonyl]-amino }-ethyl)-thiazole-4-carbonyl]-amino } -ethyl)-
thiazole-4-carboxylic acid hydrochloride 29

Using General Procedure B, the tristhiazole ethyl ester 28 (50 mg,
79 umol) was converted into the corresponding carboxylic acid,
which was obtained as a yellow oil. The thiazole carboxylic acid
was then stirred with a solution of hydrogen chloride in 1,4-
dioxane (1.6 ml, 4 M) at room temperature for 2 h under an
atmosphere of nitrogen. The solvent was removed in vacuo by
azeotroping with toluene to leave the carboxylic acid hydrochloride
(32 mg, 75%) as a viscous oil, [a]p® —76.4 (¢ 0.1 in CH;CN); o
(360 MHz, CD;0OD) 1.01 (3H, d, J 6.7, CHCH,CH), 1.13 (3H,
d, J 6.7, CHCH,CH,;), 1.83 (3H, d, J 6.9, CH,CH), 1.84 (3H,
d, J 6.9, CH,CH), 2.50-2.60 (1H, m, CH(CH,;),), 4.99-5.13 (1H,
m, CHCHj;), 5.28 (1H, d, J 8.0, CHCH(CH,),), 5.62-5.65 (1H,
m, CHCH,), 8.25 (1H, s, CHS), 8.37 (1H, s, CHS), 8.43 (1H, s,
CHYS);0¢(90.5 MHz, CD,0OD) 19.1 (q), 20.0 (q), 20.3 (q), 21.1 (q),
34.3 (d), 58.3(d), 74.1 (d), 125.9 (d), 127.4 (d), 129.4 (d), 148.0 (s),
149.8 (s), 149.9 (s), 162.3 (s), 162.9 (s), 163.9 (s), 168.9 (s), 173.4
(s), 176.8 (s).

Cyclic-bis-(S)-alaninethiazole-(S)-valinetristhiazole 16. General
Procedure C**'%

N,N-Diisopropylethylamine (17 pL, 74 pumol) was added to
a stirred solution of the w-amino acid 29 (20 mg, 37 pmol)
in anhydrous acetonitrile (7 ml) at room temperature under a
nitrogen atmosphere. The mixture was stirred at room temperature
for 3 min, then pentaflurophenyldiphenylphosphinate (FDPP,
28 mg, 74 umol) was added and the mixture was stirred at room
temperature for a further 30 h. The solvent was evaporated in vacuo
and the residue was partitioned between dichloromethane (15 ml)
and water (5 ml). The separated aqueous layer was extracted with
dichloromethane (3 x 10 ml) and the combined organic extracts
were then washed successively with saturated aqueous K,CO,
(3 x 5 ml) and brine (2 x 5 ml), dried (MgSO,) and evaporated
in vacuo. The residue was purified by chromatography on silica
gel, eluting with light petroleum 40-60 °C—ethyl acetate (1 : 1)
to give the cyclic peptide (11 mg, 59%) as a colourless powder,
mp 263-264 °C (from CH,Cl,—diethyl ether); [a]5 —28.3 (¢ 0.1

in CH;CN); /. (CH;CN)/nm 231 (¢/dm?® mol™' cm™' 19 600);
Vamax (s0In: CHCL3)/cm™" 3698, 3404, 2927, 1665, 1601, 1543; o
(500 MHz, CDCL;) 1.04 (3H, d, J 6.8, CHCH;CH), 1.09 (3H, d,
J 6.8, CHCH,CH,), 1.75 (3H, d, J 6.8, CH,CH), 1.75 3H, d, J
6.7, CH,CH), 2.26-2.35 (1H, m, CH(CH,),), 5.46 (1H, dd, J 5.6,
9.1, (CHCH(CH,),), 5.58-5.71 (2H, m, (CHCHs),), 8.13 (2H, s,
(3 x CHS)), 8.17 (1H, s, CHS), 8.53 (1H, d, J 9.1, NHCO), 8.64
(2H, d, J 7.8, (2 x NHCO)); o (125 MHz, CDCl;) 18.4 (q), 18.8
(Q), 29.7 (q), 35.5(q), 47.2 (d), 47.3 (d), 55.8 (d), 123.6 (d), 123.8
(d), 124.1 (d), 148.7 (s), 149.0 (s), 149.1 (s), 159.5 (s), 159.6 (s),
159.7 (s), 168.6 (s), 171.0 (s), 171.4 (s); m/z (FAB) found 513.0763
(IM + Na]* C,H,,N¢NaO;S; requires 513.0813).

(1'S)-2-(1-{|2-(1’-Amino-2"-methylpropyl)-thiazole-4-carbonyl]-
amino }-ethyl)-thiazole-4-carboxylic acid hydrochloride 32.
General Procedure D

A solution of hydrogen chloride in 1,4-dioxane (0.1 ml, 4 M)
was added to the Boc amine 27 (25 mg, 55 pumol), and the
mixture was stirred at room temperature for 6 h under a nitrogen
atmosphere. The dioxane was evaporated in vacuo, using toluene
(ca. 0.5 ml) as an azeotrope to leave the amine hydrochloride
(20 mg, 97%) which crystallised as a hygroscopic solid, mp 83—
84 °C (from dichloromethane); [a]} —28.0 (¢ = 0.1, MeOH); dy
(360 MHz, CD,0OD) 0.97 (3H, d, J 7.2, CHCH,CH,), 1.01 (3H,
d, J 7.2, CHCH;CH;), 1.58 (3H, d, J 7.4, CH;CH), 2.56 (1H,
m, CHCH(CHj;),), 3.89 (IH, m, CHCH(CH,;),), 5.05 (1H, m,
CHCHs;), 791 (1H, s, CHS), 8.11 (1H, s, CHS); d. (90.5 MHz,
CD;0D) 16.4 (q), 16.8 (q), 23.3 (q), 36.8 (d), 50.3 (d), 63.1 (d),
119.8 (d), 144.5(s), 166.4 (s), 167.9 (s), 172.0 (s); m/z (FAB) found:
355.0869 (IMH — CIJ*, C,,H,4N,O;S, requires 355.0899).

Cyclic-(S)-alaninethiazole-(.S)-valinetetrathiazole 22 and
hexathiazole

Using General Procedure C, the thiazole amino acid hydrochloride
32 (30 mg, 77 umol) was dimerised to give the cyclic tetramer
(eluted first) (13 mg, 50%) as a colourless powder, mp 272-275 °C
(CH;CN-diethyl ether); [a]5 —90.3 (¢ 0.1 in CH;CN); v, (soln:
CHClL)/ecm™ 3441, 3396, 3123, 2965, 1759, 1709, 1673, 1539;
on (360 MHz, CDCl;) 0.89 (6H, d, J 6.7, (2 x CHCH,CH,)),
0.92 (6H, d, J 6.7, (2 x CHCH;CH,)), 1.38 (6H, d, J 6.8, (2 x
CHCH,;)), 2.10 (2H, m, CHCH (2 x CH;)), 5.40 2H, m, (2 x
CHCHNH)), 5.67 (2H, m, (2 x CHCH,)), 7.89 (2H, s, (2 x
CHS)),7.91 (2H, s, (2 x CHS)), 8.16 (2H, d, J 8.4, (2 x NHCO)),
8.22 (2H, d, J 9.2, (2 x NHCO)); 6 (90.5 MHz, CDCl;) 17.3
(q), 21.2 (q), 27.8 (d), 46.2 (d), 53.1 (d), 135.2 (d), 152.6 (d),
154.9 (d), 160.1 (s), 160.8 (s), 170.8 (s), 171.6 (s); m/z (FAB)
found 673.1536 (M + H]* CxHi;NgO,S, requires 673.1508). The
corresponding cyclic hexamer (3 mg, 12%) (eluted second) was also
produced as a colourless powder, [a]5 —212.8 (¢ 0.05 in CH,CN);
Vmay (s0In: CHCL;)/cm™" 3688, 3244, 3123, 3008, 2963, 2873, 1728,
1665, 1515, 1501; Jy (270 MHz, CDCl;) 1.02 (9H, d, J 7.0, (3 x
CHCH;CH,)), 1.21 (9H, d, J 7.0, (3 x CHCH,CH,)), 1.91 (9H,
d,J 6.8 CH (2 x CH;)), 2.45 (3H, m, (3 x CHCH(CH,;),)), 5.29
(3H, m, (3 x CHCHNH)), 5.32 (3H, m, (3 x CHCH,)), 8.05 (6H,
d, J 8.2, (6 x NHCO)), 8.06 (3H, s, (3 x CHS)), 8.08 (3H, s, (3 x
CHY));dc (67.5 MHz, CDCl;) 19.7 (q), 19.9 (q), 21.2 (q), 34.0 (d),
41.9 (d), 45.8 (d), 53.4 (d), 55.5 (d), 60.5 (d), 67.2 (d), 124.3 (d),
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125.1 (d), 148.3 (d), 148.8 (s), 160.2 (s), 160.3 (s), 169.8 (s); m/z
(FAB) found 1031.2020 ([M + Na]* C,,H.sN,NaO,S, requires
1031.2042).

Cyclic-tris-(S)-alaninethiazole-(.S)-valinetetrathiazole 20

1 M sodium hydroxide solution (0.3 ml, 0.30 mmol) was slowly
added to a stirred solution of the tetrapeptide 36 (30 mg, 28 pmol)
in THF-H,O (9: 1) (1.5 ml) at room temperature, and the mixture
was stirred for a further 3.5 h. The mixture was partitioned between
ethyl acetate (5 ml) and water (1 ml), and the separated aqueous
layer was then acidified to pH 4 with citric acid (ca. 40 mg) and
extracted with ethyl acetate (3 x 5 ml). The combined organic
extracts were washed with brine (3 x 10 ml), then dried (MgSO,)
and evaporated in vacuo to leave the corresponding carboxylic acid
as a colourless solid which was used immediately. The carboxylic
acid was stirred with a solution of hydrogen chloride in 1,4-
dioxane (80 pL, 4 M) at room temperature under an atmosphere
of nitrogen for 2 h. The dioxane was evaporated in vacuo, using
toluene (ca. 1 ml) as an azeotrope to leave the amine hydrochloride
37. The w-amino acid 37 was suspended in acetonitrile (8 ml),
and then N,N-diisopropylethylamine (15 pL, 87 pmol), and
pentaflurophenyldiphenylphosphinate (31 mg, 87 pmol) were
added at room temperature under a nitrogen atmosphere. The
solution was stirred at room temperature for 24 h, and then the
acetonitrile was evaporated in vacuo. The residue was partitioned
between dichloromethane (5 ml) and water (0.5 ml), and the
separated aqueous layer was extracted with dichloromethane (3 x
5 ml). The combined organic extracts were washed successively
with saturated aqueous K,CO; (3 x 10 ml) and brine (2 x
10 ml), then dried over (Na,SO,) and evaporated in vacuo. The
residue was purified by chromatography on silica gel, eluting with
pentane—ethyl acetate (1 : 1) to give the cyclic peptide (10 mg,
60%) as a colourless powder, mp 251-252 °C (CH;CN-diethyl
ether), [a]5 —168 (¢ 0.1 in CH;CN); 4,,, (CH;CN)/nm 235, 237
(¢/dm’® mol™' cm™' 227976, 228 500); oy (360 MHz, CDCl;) 1.10
(3H, d, J 6.8, CHCH,CH,), 1.19 (3H, d, J 6.8, CHCH,CH,),
1.79 9H, d, J 7.2 (3 x CHCH,)), 2.57 (1H, m, CH(CH,),), 5.18
(1H, m, CHCH(CH,),), 5.65 (3H, m, (3 x CHCH,)), 8.07 (1H, s,
CHS), 8.19 (3H, s, (3 x CHYS)), 8.68 (4H, m, (4 x NHCO)); dc
(90.5 MHz, CDCl;) 17.3 (q), 21.2 (q), 27.8 (d), 46.0 (d), 52.0 (d),
135.2 (d), 149.4 (d), 154.9 (d), 160.3 (s), 161.4 (s), 171.2 (s), 171.8
(s); m/z (FAB) found 645.1197 (IM + H]" C,sHxN;O,S, requires
645.1195).

Cyclic-bis-(.S)-valinethiazolebis-(S)-alaninetetrathiazole 21

1 M sodium hydroxide solution (0.2 ml, 0.20 mmol) was added
slowly to a stirred solution of the tetrapeptide 39 (23 mg, 28 pmol)
in THF-H,0 (9 : 1) (1.0 ml) at room temperature, and the mixture
was stirred for a further 2.5 h. The mixture was partitioned between
ethyl acetate (5 ml) and water (0.5 ml), and the separated aqueous
layer was then acidified to pH 4 with citric acid (ca. 25 mg) and
extracted with ethyl acetate (3 x 5 ml). The combined organic
extracts were washed with brine (3 x 10 ml), then dried (MgSO,)
and evaporated in vacuo to leave the thiazole carboxylic acid as a
colourless solid. The acid was used immediately and stirred with a
solution of hydrogen chloride in 1,4-dioxane (59 uL, 4 M) at room
temperature under a nitrogen atmosphere for 1 h. The dioxane was

evaporated in vacuo, using toluene (ca. 1 ml) as an azeotrope to
leave the m-amino acid. The residue was suspended in acetonitrile
(6 ml), and then N,N-diisopropylethylamine (11 pL, 64 umol)
and pentaflurophenyldiphenylphosphinate (23 mg, 64 pmol) were
added at 23 °C under a nitrogen atmosphere. The solution was
stirred at room temperature for 30 h, and then the acetonitrile
was evaporated in vacuo. The residue was partitioned between
dichloromethane (5 ml) and water (0.5 ml), and the separated
aqueous layer was extracted with dichloromethane (3 x 5 ml).
The combined organic extracts were washed successively with
saturated aqueous K,CO; (3 x 10 ml) and brine (2 x 10 ml), then
dried over (Na,SO,) and evaporated in vacuo. The residue was
purified by chromatography on silica gel, eluting with pentane—
ethyl acetate (1 : 1) to give the cyclic peptide (11 mg, 57%) as
a colourless powder, [a]5 —35.4 (¢ 1.0 in CHCL); vy, (soln:
CHCl;)/cm™" 3082, 2860, 1710, 1681; 64 (500 MHz, CDCl;)
0.90 (6H, d, J 7.0, (CH;CH,;CH)), 0.95 (6H, d, J 7.0, 2 x
CH,CH;CH)), 1.68-170 (6H, d, J 6.8, (2 x CH;CH)), 2.66-2.68
(2H, m, (2 x CH(CH;),), 5.38-5.42 (2H, m, (2 x CHCH(CH5;),),
5.35-5.49 (2H, br m, (2 x CHCH,;)), 7.86 (2H, d, J 8.8, (2 x
NHCO)), 7.92 (2H, d, J 8.5, (2 x NHCO)), 8.07 (2H, s, (2 x
CHS)), 8.11 (2H, s, (2 x CHYS)); dc (125 MHz, CDCl;) 17.7 (q),
17.9 (q), 27.2 (q), 27.9 (q), 33.5 (d), 56.4 (d), 68.3 (d), 123.8 (d),
126.9 (d), 147.4 (s), 149.3 (s), 160.8 (s), 161.2 (s), 171.6 (s), 171.7
(s); m/z (FAB) found 673.1515 (IM + H]* CxH3;N;O,S, requires
673.1508).

Cyclic-tris-(.S)-valinethiazole-(.S)-alaninetetrathiazole 23

1 M sodium hydroxide solution (0.2 ml, 0.20 mmol) was added
slowly to a stirred solution of the tetrapeptide 40 (20 mg, 24 pmol)
in THF-H,O (9: 1) (1.0 ml) at room temperature, and the mixture
was stirred for a further 3 h. The mixture was partitioned between
ethyl acetate (5 ml) and water (0.5 ml), and the separated aqueous
layer was then acidified to pH 4 with citric acid (ca. 25 mg) and
extracted with ethyl acetate (3 x 5 ml). The combined organic
extracts were washed with brine (3 x 10 ml), then dried (MgSO,)
and evaporated in vacuo to leave the thiazole carboxylic acid, as
a colourless solid which was used immediately. The carboxylic
acid was stirred with a solution of hydrogen chloride in 1,4-
dioxane (50 uL, 4 M) at room temperature under an atmosphere
of nitrogen for 1 h. The dioxane was evaporated in vacuo, using
toluene (ca. 1 ml) as an azeotrope, to give the correspond-
ing ®w-amino acid. The residue was suspended in acetonitrile
(5 ml), and then N,N-diisopropylethylamine (9 pL, 55 umol)
and pentaflurophenyldiphenylphosphinate (20 mg, 55 pmol) were
added at 23 °C under an atmosphere of nitrogen. The solution
was stirred at room temperature for 24 h, and then the acetonitrile
was evaporated in vacuo. The residue was partitioned between
dichloromethane (5 ml) and water (0.5 ml), and the separated
aqueous fraction was then extracted with dichloromethane (3 x
5 ml). The combined organic extracts were washed successively
with saturated aqueous K,CO; (3 x 10 ml) and brine (2 x
10 ml), then dried over (Na,SO,) and evaporated in vacuo. The
residue was purified by chromatography on silica gel, eluting with
pentane—ethyl acetate (1 : 1) to give the cyclic peptide (8 mg, 53%)
as a colourless powder, [a]5 —83.2 (¢ 1.0 in CHCL,); vy, (soln:
CHCl;)/cm™ 3019, 1785, 1681; 64 (500 MHz, CDCl;) 0.97 (9H,
d,J7.2,(3 x CH,CH;CH)),0.99 (9H,d,J 7.2,(3 x CH,CH;CH)),
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1.72(3H,d, J 6.8, CH,CH), 2.58-2.63 (3H, brm, (3 x CH(CH,),),
5.39-5.47 (3H, m, (3 x CHCH(CH,),)), 5.52 (1H, m, CHCH,),
7.93 3H, d, J 9.8, (3 x NHCO)), 7.97 (1H, br s, NHCO), 7.99
(3H, s, 3 x CHS)), 8.07 (1H, s, CHS); o (125 MHz, CDCl,) 18.2
(@), 27.7 (q), 34.7 (d), 57.4 (d), 67.3 (d), 124.1 (d), 127.2 (d), 147.3
(s), 148.9 (s), 161.8 (s), 162.4 (s), 171.7 (s), 172.3 (s); m/z (FAB)
found 723.1610 (IM + NaJ* C3yHsNsNaO,S, requires 723.1640).

Oxazole/bisimidazole-based cyclic trimer 57

Using General Procedure C, the bisimidazole 45 (83 mg,
0.183 mmol) was reacted with the oxazole 42a (40 mg, 0.183 mmol)
to give i) the cyclic trimer (58 mg, 57%); mp 111-113 °C; [a]?
—90.2 (¢ 1, CHCL); o4 (360 MHz, CDCl;) 0.99-1.09 (9H, m,
(3 x —CH(CH;)(CH,;)) overlapped), 0.99-1.09 (OH, m, (3 x —
CH(CH;)(CH,)) overlapped), 2.03-2.23 (2H, m, (2 x -CH(CH,),)
overlapped), 2.27 (1H, m, -CH(CHj;),), 2.52 (3H, s, Imid-CH;),
2.53(3H, s, Imid-CH5), 3.48 (3H, s,-NCH;), 3.50 (3H, s, -NCH),
5.05(1H, dd, J 8.4, 5.6 Hz, Het-CH), 5.08-5.18 (2H, m, 2 x Het-
CH), 8.12(1H, s, Oxaz-H), 8.30 (1H, d, /9.3 Hz, -C(O)NH), 8.36
(1H,d, J 8.7Hz,-C(O)NH), 8.39 (1H, d, J 8.4 Hz, -C(O)NH); 5
(90 MHz, CDCl;) 9.7 (x2), 17.9, 18.2 (x2), 18.7, 19.4, 19.5, 30.3,
30.4, 33.9, 34.9, 35.0, 49.6, 50.6, 52.3, 129.5 (x2), 132.5, 132.8,
135.5, 140.8, 145.9, 147.1, 159.8, 163.2, 163.7, 164.5; HRMS [M
+ H]* m/z 553.3261 (caled for C,sH, N3O, 553.3270), and ii) the
known cyclic tetramer 56 (8%).%

Imidazole/bisthiazole-based cyclic trimer 60

Using General Procedure C, the bisthiazole 49 (44.0 mg,
0.105 mmol) reacted with the imidazole 41a (26.0 mg, 0.105 mmol)
to give i) the cyclic trimer (24 mg, 41%): 0y, (360 MHz, CDCl;) 1.02—
1.09 (9H, m, (3 x —CH(CH;)(CHj,)) overlapped), 1.02-1.09 (9H,
m, (3 x -CH(CH;)(CH)) overlapped), 2.18 (1H, m, -CH(CH,),),
2.21 (1H, m, -CH(CHs;),), 2.56 (3H, s, Imid-CH), 2.58 (1H, m,
-CH(CH;),), 3.53 (3H, s, -NCH;), 5.20 (1H, dd, J 9.5, 5.7 Hz,
Het-CH), 5.37 (1H, dd, J 9.4, 5.7 Hz, Het-CH), 5.42 (1H, dd,
J 9.5, 6.1 Hz, Het-CH), 8.05 (2H, s, 2 x Thiaz-H), 8.42 (1H,
d, J 9.4 Hz, -C(O)NH), 8.48 (2H, br d, J 9.5 Hz, -C(O)NH);
dc (90 MHz, CDCly) 9.7, 17.9, 18.4, 18.5, 19.0, 19.1, 19.4, 29.8,
30.4, 34.9, 35.5, 50.4, 55.0, 55.5, 123.0, 123.3, 124.3, 146.2, 149.1,
149.5, 160.0, 160.4, 163.0, 168.5, 169.4, 169.6. HRMS [M + H]*
m/z 558.2314 (calcd for C,sH3N,0;S, 558.2321), ii) the cyclic
tetramer 61 (6.9 mg, 9%): oy (360 MHz, CDCl;) 0.90-1.06 (12H,
m, (4 x —-CH(CH;)(CH;)) overlapped), 0.90-1.06 (12H, m, (4 x
~CH(CH;)(CH,)) overlapped), 2.44 (1H, m, -CH(CH,;),), 2.50
(3H, s, Imid-CH;), 2.51 (3H, s, Imid-CH;), 2.55 2H, m, (2 x —
CH(CH,),)),2.63 (1H, m,-CH(CHj;),), 3.64 (6H, s, (2 x -NCH,)),
492 (1H, appt,J 10.2 Hz, Het-CH),4.98 (1H, app t, J 9.6 Hz, Het-
CH), 5.13 (1H, m, Het-CH), 5.37 (1H, m, Het-CH), 7.98 (2H, s,
2 x Thiaz-H), 8.02-8.11 (4H, m, 4 x —-C(O)NH overlapped); ¢
(90 MHz, CDCl;) 9.8, 9.9, 17.8, 17.9, 18.1, 18.3 (x2), 18.5, 18.7,
18.8,30.1, 31.3,33.8, 34.2, 35.1, 35.4,49.9, 50.3, 54.2, 55.0, 122.9,
123.4,128.9, 130.0, 131.7, 133.0, 145.9, 146.3, 158.9, 159.3, 160.0,
160.2, 163.1, 163.4, 167.7, 168.2; HRMS [M + H]* m/z 751.3462
(caled for C;Hs;N,,O,S, 751.3468), and iii) the cyclic tetramer 9b
(9%).

Didmolamide A (4)

N-Methylmorpholine (0.05 mL, 0.46 mmol) was added to a stirred
solution of the oxazoline 71a (19 mg, 0.077 mmol) and the
bisthiazole 74 (28 mg, 0.077 mmol) in dry DMF (3.85 ml) at room
temperature under a nitrogen atmosphere. The stirred mixture
was cooled to 0 °C and then DPPA (0.05 mL, 0.23 mmol) was
added. The yellow solution was stirred at 0 °C for 1 hour and then
allowed to warm to room temperature where it was stirred for
4.5 days. The mixture was evaporated in vacuo to leave a residue
which was dissolved in ethyl acetate (15 ml). The solution was
washed with H,O (2 x 10 ml) and the organic extract was then
dried (Na,SO,) and evaporated in vacuo. The residue was purified
by chromatography eluting with DCM-EA-MeOH (75 : 25 : 3)
to give i) didmolamide A (4) (0.85 mg, 2%) as a colourless solid,
[aly —37.0 (¢ 1.0, MeOH) (lit.* [a]Z —35.7 (¢ 0.59, MeOH)); Vinux
(soln, CHCl;) 3706, 2967, 1660 cm™"; dy; (360 MHz, CDCl;) 1.39
(3H, d, J 10.5, CH;CHO), 1.44 (3H, d, J 6.8, CHCH,), 1.76 (3H,
d, J 6.8, CH,CH), 3.25 (1H, dd, J 14.0, 4.1, CH,Ph), 3.41 (1H,
dd, J 14.0, 4.1, CH,Ph), 4.65 (1H, dd, J 10.5, 2.3, CHCH(O)),
5.13-5.20 (1H, m, CH(0O)), 5.20-5.29 (1H, m, CHCH,Ph), 5.38-
5.46 (1H, m, CHCH,;), 5.46-5.60 (1H, m, CHCH,;), 7.20-7.31
(5H, m, ArH), 7.69 (1H, app d, J 7.1, NH-ala), 8.10 (1H, s,
CHS), 8.17 (1H, s, CHS), 8.27 (1H, app d, J 7.7, NH-ala), 8.64
(1H, app d, J 6.5, NH-phe); o (90.5 MHz, CDCI;) 16.5 (q), 24.2
(q), 25.0 (q), 37.4 (1), 46.2 (d), 48.0 (d), 48.1 (d), 70.4 (d), 80.8
(d), 123.8 (d), 123.9 (d), 127.3 (d), 128.2 (d), 130.0 (d), 135.6 (s),
148.4 (s), 149.1 (s), 159.4 (s), 159.8 (s), 167.7 (s), 168.3 (s), 170.8
(s), 171.2 (s); m/z (EI) 539.1535 ((M* + H], C,;sH,O,N,S, + H
requires 539.1530), and ii) the cyclic tetramer 10a (5.6 mg, 12%) as
a colourless solid, mp 272-273 °C (DCM-ethyl acetate-MeOH)
(lit.” mp 270-271 °C (CH;CN-Et,0)); [a]; —148.0 (¢ 0.3, CHCl;)
(lit.? [a] —160.2 (¢ 1.0, CH;CN)); v (soln, CHCl;) 3696, 3370,
2962, 1666, 1602 cm™'; 64 (360 MHz, CDCL,) 1.85 (12H, d, J 6.9,
(4 x CH;CH)), 5.60 (4H, app quintet, J 6.9, (4 x CHCH,)), 8.06
(4H,d, J 7.9,4 x NHCO), 8.12 (4H, 5,4 x CHS); d (90.6 MHz,
CDCl;) 170.9 (s), 160.0 (s), 148.4 (s), 124.9 (d), 46.1 (d), 21.3 ().

Didmolamide B (68)

a) Using General Procedure C, the phenylalanine threonine 72
(30 mg, 0.11 mmol) was coupled with the bisthiazole amino acid
74 (40 mg, 0.11 mmol) and the crude product was purified by
chromatography on silica eluting with DCM-EA-MeOH (75 :
25 : 2-5) to give 1) didmolamide B (5.5 mg, 9%) as a colourless
foam: [a]y —225.0 (c, 0.008, MeOH) (lit.’ [a]y —216 (c, 0.11,
MeOH); v, (soln, CHCIy), 3685, 2925, 1668 cm™'; §,; (360 MHz,
CDCI;CD;0D) 0.85 (3H, d, J 6.5, CH,CHOH), 1.54 (3H, d, J
7.0, CH,CH-thz), 1.65 (3H, d, J 6.8, CH,CH-thz), 3.18 (1H, dd,
J1.6,14.2, CH,Ph), 3.31 (1H, dd, J 7.5, 10.7, CH,Ph), 4.01 (1H,
t,J 7.2, CHCHOH), 4.22-4.31 (1H, m, CHOH), 4.98-5.07 (1H,
m, CHCH,Ph), 5.30-5.39 (1H, m, CHCH,), 5.39-5.48 (1H, m,
CHCH,), 7.15-7.31 (5H, m, ArH), 7.50 (1H, d, J 6.9, NH-ala),
8.02 (1H, s, CHS), 8.03 (1H, s, CHS), 8.17 (1H, d, J 7.8, NH-
ala), 8.44 (1H, d, J 7.2, NH-thr), 8.57 (1H, d, J 8.5, NH-phe);
dc (90 MHz, CDC1,-CD;0D) 18.7 (q), 22.1 (q), 23.7 (q), 37.4
(1), 46.4 (d), 47.4 (d), 54.4 (d), 60.5 (d), 66.0 (d), 123.6 (d), 123.9
(d), 127.2 (d), 128.8 (d), 129.3 (d), 136.2 (s), 148.2 (s), 149.0 (s),
160.0 (s), 160.6 (s), 169.9 (s), 170.4 (s), 171.5(s), 171.6 (s); HRMS:

1552 | Org. Biomol. Chem., 2007, 5, 1541-1553

This journal is © The Royal Society of Chemistry 2007





[M + H]* m/z 557.1565 (caled for C,sHyxNgO;S, 557.1642), and
ii) the cyclic tetramer 10a (5%).

b) A coupling reaction between 72 and 74, using DPPA-i-
Pr,NEt in DMF, gave didmolamide B (7%0) and the cyclic tetramer
10a (12%).

Bistratamide H (67)

Using General Procedure C, the bisthiazole 49 (77.0 mg,
0.18 mmol) was coupled with the oxazole 73 (43.1 mg, 0.18 mmol)
to give the cyclic peptide (36 mg, 36%) as a solid: [a]Z —94.8 (c
1, MeOH); [lit®: —92.2 (¢ 1, MeOH)]; Jy (360 MHz, DMSO-d,)
0.94 (3H, d, J 6.8 Hz, -CH(CH;)(CH};)), 0.96 (3H, d, J 6.8 Hz,
—CH(CH;)(CHy)), 0.98 (3H, d, J 6.8 Hz, -CH(CH;)(CH5)), 0.99
(3H, d, J 6.8 Hz, -CH(CH;)(CHs;)), 1.01 (3H, d, J 6.8 Hz, -
CH(CH;)(CH,)), 1.03 (3H, d, J 6.8 Hz, -CH(CH;)(CHs)), 2.25
(3H, m, 3 x ~-CH(CHy;), overlapped), 2.63 (3H, s, Oxaz-CHj), 5.10
(1H, dd, J 8.5, 5.2 Hz, Het-CH), 5.38 (1H, dd, J 8.5, 5.5 Hz, Het-
CH), 5.47 (1H,dd, J 9.7, 6.6 Hz, Het-CH), 8.37 (1H, s, Thiaz-H),
8.39 (1H, s, Thiaz-H), 8.40 (1H, d, J 10.5 Hz, -C(O)NH), 8.54
(1H, d, J 9.0 Hz, -C(O)NH), 8.56 (1H, d, J 11.0 Hz, -C(O)NH);
dc (90 MHz, DMSO-d,) 12.2, 18.9, 19.0, 19.1, 19.2, 19.5, 19.9,
33.7,35.3,35.5,53.2, 55.5, 55.7, 125.7, 126.2, 128.7, 148.7, 149.2,
154.2, 159.9, 160.4, 160.7, 161.4, 169.4, 169.9; HRMS [M + Na]*
m/z 567.1777 (calcd for C,sH;,NgNaO,S, 567.1819).

Abbreviations

Boc: N-tert-Butoxycarbonyl; BOP: (benzotriazol-1-yloxy)tris-
(dimethylamino)phosphonium hexafluorophosphate; DIPEA:
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Two strategies, namely chiral inductor and chiral auxiliary approaches, have been examined within
zeolites with the aim of achieving asymmetric induction during the photocyclization of
cyclohexadienone, naphthalenone and pyridone derivatives. Within zeolites, enantioselectivity as high
as 55% and diastereoselectivity as high as 88% have been obtained. The observed stereoselectivities are
significant given the fact that these reactions gave very little stereoselectivities in isotropic solution
media. The results obtained on the photocyclization of dienones, naphthalenones and N-alkyl
pyridones within zeolites compliment our earlier investigations on the photocyclization of tropolone
derivatives, the geometric isomerization of 1,2-diphenylcyclopropanes and 2,3-diphenyl-1-benzoyl
cyclopropanes, and the Norrish type II reaction of a-oxoamides, phenyl adamantyl ketones, phenyl
norbornyl ketones and phenyl cyclohexyl ketones. With the help of these examples, we have established
the importance of zeolite and its charge compensating cations in effecting asymmetric induction in

photochemical reactions.

Introduction

The chiral sources that have been employed to achieve stereose-
lectivity in photochemical reactions include circularly polarized
light, chiral sensitizers, chiral solvents, chiral substituents, chiral
host—guest assemblies and chiral crystalline environments.'"® In
our laboratory, an approach based on solid host-guest assemblies
using zeolite as the solid host to induce asymmetric induction
during photochemical transformations has been developed.” We
have previously demonstrated that the confined cavities of a
zeolite and charge compensating cations present within them could
be used to induce enantio- and diastereoselectivity in products
of photoreactions such as geometric isomerization, hydrogen
abstraction and cyclization.' To establish generality of the zeolite-
based approach, we have investigated excited state reactions of 3,3-
dimethyl-4-ox0-3,4-dihydronaphthalene derivatives (1a, 1b, 2a—2e,
2g, 2i, 2j, 2m-2q, 2s, 2t), 2,4 cyclohexadienone derivatives (1¢, 1d,
4a, 4e—4h, 4j, 4n, 4o, 4q, 4r, 4s) and N-alkyl pyridone derivatives
(1e-1j, 6e, 6g, 6i—6q) (Schemes 1-4) within MY zeolites where M is
an alkali ion. Results obtained with these examples are presented
in this report.

Results

In order to establish the value of zeolites during asymmetric induc-
tion in photoreactions, we have pursued two approaches, namely
chiral inductor approach—i.e. inclusion of an achiral reactant
within a chirally-modified zeolite and chiral auxiliary approach—
i.e. inclusion of a reactant molecule covalently appended with

Department of Chemistry, University of Miami, Coral Gables, FI 33124,
US4
T Electronic supplementary information (ESI) available: Experimental de-

tails including synthesis, characterization of reactants and photoproducts
and analysis conditions for photoproducts. See DOI: 10.1039/b702572f
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Scheme 1 Naphthalenone, dienone and pyridone derivatives investigated
by the chiral inductor approach.

a chiral inductor within an achiral zeolite. Photoproducts were
analyzed by either GC or HPLC using chiral columns. The
first of the two enantiomeric/diasteromeric peaks on GC/HPLC
traces was assigned as A and the second peak as B. In the
present manuscript, we disclose the results that we believe would
convince the readers that the zeolite-based strategy is a viable
(although not general) approach to achieve asymmetric induction
in photoreactions.

Chiral inductor approach

Structures of four achiral dienones and six pyridones examined
in the context of chiral inductor approach are provided in
Scheme 1. It has been established earlier that naphthalenone'
and 2,4-cyclohexadienone'? derivatives upon irradiation in highly
polar solvents such as trifluoroethanol undergo oxa di-n-methane
rearrangement from a mr* excited triplet state (Scheme 2). We
have previously shown that the lowest excited state of a,-enones
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Scheme 2 Photochemistry of chiral auxiliary appended naphthalenone,
dienone and pyridone derivatives. X in structures 2 and 4 corresponds
to COR* and in structure 6 corresponds to CH,COR*. The structures
of chiral auxiliaries (R* in X) used during chiral auxiliary approach are
provided in Scheme 4.

is mn* within alkali ion exchanged MY zeolites."* Consistent
with this, oxa di-rt-methane rearrangement products alone were
obtained upon irradiation of la—-d included within a chirally-
modified zeolite. In agreement with the known photobehavior
of pyridones (Scheme 2),'*" excitation of N-alkyl pyridone
derivatives (1e-1j) adsorbed within chirally-modified zeolites gave
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%

(+)(S, R)-Ephedrine (+) (S, S)-Pseudoephedrine

(+)(S, R)-Norephedrine (18, E)-(-)-Camphor

quinone-3-oxime

Scheme 3 Optically pure chiral inductors used.

chiral B-lactams. The zeolite used for the current study is the
commercially available achiral Y zeolite. The chiral environment
was created by inclusion of chiral inductor molecules into the
supercages of MY zeolite. Experimental procedures including
adsorption, irradiation, extraction and analysis are described in
the experimental section.

In the chiral inductor approach, in order to maximize the
chances of the reactant molecule being closer to the chiral
inductor molecule, we used a higher ratio of chiral inductor to
the reactant (10 : 1). Structures of the chiral inductors used in this
study are shown in Scheme 3. Results obtained in the presence
of these chiral inductors are presented in Table 1. Irradiation of
various dienone and pyridone derivatives within chirally-modified
NaY zeolites, resulted in moderate enantiomeric excess (ee) in the
photoproducts. The importance of chiral inductors and cations
present in a zeolite during asymmetric induction was realized from
the following observations: (a) irradiation of dienones (1a-1d) and
pyridones (le-1j) in MY zeolite without a chiral inductor gave
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Scheme 4 The structures of chiral auxiliaries used. See Scheme 2 to track the structures to which these groups would be attached.
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Table 1 Enantioselectivity in the photoproducts obtained within MY
zeolites?

Substrate ~ Zeolite  Chiral inductor % Enantiomeric excess
1a NaY (—)-Ephedrine 13A
1a NaY (+)-Ephedrine 10B
la NaY (+)-Pseudoephedrine 17A
1a NaY (—)-Pseudoephedrine 15B
1b NaY (—)-Ephedrine 18B
1b NaY (+)-Ephedrine 15A
1b NaY (+)-Pseudoephedrine 17B
1b NaY (—)-Pseudoephedrine 14A
1c NaY (1S, E)-(—)-Camphor  25A
quinine-3-oxime
1d NaY (—)-Ephedrine 30B
1d NaY (+)-Ephedrine 28A
1d NaY (—)-Pseudoephedrine ~ 20B
1d NaY (+)-Pseudoephedrine 26A
le NaY (—)-Norephedrine 3B
1f NaY (—)-Norephedrine 6B
1g NaY (—)-Norephedrine 6B
1h NaY (—)-Norephedrine 22B
1i KY (—)-Ephedrine 53B
1i RbY (—)-Ephedrine 40B
1j NaY (—)-Norephedrine 50B

“ A refers to first peak eluting from GC/HPLC column. ® The optical
antipode of the chiral inductor gave the other enantiomer in excess.
¢ The loading, irradiation and extraction procedures are provided in the
experimental section.

racemic products; (b) irradiation of pyridone 1j in NaY zeolite
with (Si: Al =40), a zeolite with lesser number of cations gave only
2% enantioselectivity, while the same substrate in NaY (Si: Al =
2.4) with a higher number of cations gave 50% enantioselectivity.
Also dienone 1¢ while in NaY gave 30% ee, within ephedrine-
modified Y-sil (Si: Al > 285), a zeolite with no cation, gave racemic
products; (c) the enantioselectivity was also dependent on the
nature of the alkaliion present in a zeolite. For example, in the case
of 1c, irradiation in (—)-ephedrine-modified alkali ion exchanged
Y zeolites led to an ec of 0% in LiY, 32% in NaY, 26% in KY, 5%
in RbY, 0% in CsY and for 1i, 23% in L1Y, 5% in NaY, 53% in KY,
40% in RbY, and 12% in CsY; (d) consistent with the suggestion
that interaction between the cation, chiral inductor and reactant
molecules plays a crucial role, inclusion of water molecules that
would coordinate to the cation, into (—)-ephedrine-modified
NaY zeolite reduced the enantioselectivity to 0% from 25% in
the case of 1d; (e) variation of the irradiation temperature had a
distinct effect on the enantioselectivity obtained from the product
formed from cyclohexadienone derivative (1d) (chiral inductor =
(—)-ephedrine). Decreasing the temperature from 25 °Cto —55°C
increased the enantioselectivity from 30 (B) to 49 (B).

Chiral auxiliary approach

We admit that the enantioselectivity obtained by the chiral induc-
tor approach with the substrates (1a—1j) was moderate at best.
One way to enhance the chiral environment is to covalently link
the chiral inductor to the substrate of interest so that the achiral
reactant and chiral inductor components of the same molecule
would stay close to each other. We call this chiral auxiliary
approach. The chiral auxiliaries used were optically pure chiral
alcohols, amines, amino alcohols and amino acid methyl ester
derivatives (Scheme 4). Such chiral auxiliary linked naphthalenone

(2) and cyclohexadienone derivatives (4), upon irradiation in
solution gave products of oxa di-r-methane rearrangement in less
than 13% diastereomeric excess (de). The same substrates when
irradiated within NaY zeolite gave products in moderate to high
diastereoselectivity (30-81%) (Tables 2 and 3). Similar enhance-
ment in de (~88%) was observed during the photocyclization of
pyridone derivatives (6) within MY zeolites (Table 4).

Like in the chiral inductor approach, the diastereoselectivity
obtained within MY zeolites varied with the nature of the charge-
compensating cations. For example, the naphthalenone derivative
2g gave the photoproduct (3g) with de of 42% (B) in LiY; 48% (B)
in NaY; 81% (B) in KY and 46% (B) in RbY. Yet another notable
feature was that the nature of the cation not only controlled the
extent of diastereoeselectivity but in some cases it also controlled
the diastereomer being enhanced. For pyridone derivatives 61 and
6m, LiY and NaY gave one diastereomer in excess whereas in K,
RbY and CsY gave the other diastereomer in excess (61: LiY 48%
(B), NaY 25% (B), KY 76% (A), RbY 88% (A) and CsY 82% (A);
6m: LiY 32% (B), NaY 50% (B), KY 36% (A), RbY 25% (A) and
CsY 29% (A)). The dienone derivatives (4f, 4h, 40 and 4q) also
behaved in a similar fashion (Tables 3 and 4). These derivatives

Table 2 Diastercoselectivity in the photoproducts obtained within MY
zeolites for naphthalenone derivatives (2)**

Substrate CH;CN NaY KY MY

2a 0 10A 8B 31A (LiY)
2b 9B 46A 60A 48A (RbY)
2c 3B 57B 34B 24B (CsY)
2d 13B 48B 35B 34B (RbY)
2e 6 45B 23B 35B (CsY)
2g 0 48B 81B 46B (RbY)
2i 3B 35B 58B 45B (CsY)
2j 8B 13B 13B 25B (LiY)
2m 9A 21A 43A 10A (RbY)
2n 0 12A 58A 20A (RbY)
20 2A 0 45A 10A (RbY)
2p 8A 5B 41B 5B (RbY)
2q 8A 11B 30B 7B (RbY)
2s 9A 48A 12A 15A (RbY)
2t 6B 19B 57B 30B (LiY)

“ A refers to first peak eluting from GC/HPLC column. * The loading,
irradiation and extraction procedures are provided in the experimental
section.

Table 3 Diastereoselectivity in the photoproducts obtained within MY
zeolites for cyclohexadienone derivatives (4)**

Substrate CH;CN NaY RbY MY

4a 2B 5B 12B 22B (CsY)
4e 0 2 38B 31B (CsY)
a4f 0 73A 25B 40A (LiY)
4g 5 S9A 39B 17A (LiY)
4h 0 41A 13B 34A (LiY)
4j 0 20A 8A 39A (LiY)
4n 4A 53A 7B 32A (LiY)
40 2A 22A 40B 25A (LiY)
4q 4B 25A 17B 35B (KY)
4r 29A 27A 43A 60A (KY)
4s 11A 59B 18B 25B (KY)

“ A refers to first peak eluting from GC/HPLC column. * The loading,
irradiation and extraction procedures are provided in the experimental
section.
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Table 4 Diastereoselectivity in the photoproducts obtained for pyridone
derivatives (6) within MY zeolites"*

Substrate CH,CN NaY KY MY
6e 1B 44B 75B 38B (RbY)
6g 2B 8A 42A 32A (RbY)
6i 2B S5A 1A 24A (LiY)
6j 3B 84B 74B 64B (CsY)
60k 3B 11B 67B 60B (RbY)
6l 3B 25B T6A 88A (RbY)
82A (CsY)
6m 1A 50B 36A 32B (LiY)
6n 2A 14B 16B 53A (RbY)
60 1A 33B 10B 28B (LiY)
6p 2B 4A 8A  33B(LiY)
6q 3A 21A 78A 34A (RbY)

“ A refers to first peak eluting from GC/HPLC column. ® The loading,
irradiation and extraction procedures are provided in the experimental
section.

in LiY and NaY gave one diastereomer in excess, whereas in KY,
RbY and CsY gave the other diastereomer in excess (Table 3).

Water, as observed in the case of the chiral inductor approach,
reduced the de. The diastereoselectivities obtained by irradiation
of naphthalenone derivatives (2b—2e, 2i and 2g) and pyridone
derivative (6l) under dry and wet conditions are provided in
Table 5. These results clearly illustrate the role of free cations
in controlling the extent of diastereoselectivity.

Once again, the importance of the cation became evident when
diastereoselectivity was monitored for substrate (6l) in zeolites
having Si : Al ratio of 6 (cations per unit cell = 22), 15 (cations
per unit cell = 9) and 40 (cations per unit cell = 3.4). The
diastereoselectivity observed for substrate 61 within KY (Si : Al
= 2.4) was 76%. This value decreased to 6% when KY (Si : Al
= 40) was used. Zeolite KY with Si : Al ratio of 6 and 15 gave
diastereoselectivity of 20% and 10%, respectively. When pyridone
derivative 6l adsorbed onto silica that does not have any cations
was irradiated the de was 3%.

Not all chiral auxiliaries were equally effective. Perusal of
Tables 2 to 4 suggests that chiral auxiliaries having an aromatic
group give better diastercoselectivity than the ones with an
alkyl group. For example, irradiation of substrate 2g gave the
photoproduct in 81% de in KY zeolite, whereas irradiation of 2i
gave the photoproduct in only 58% de in KY zeolite. Dienone and
pyridone derivatives also exhibited similar behavior. For example,
photoirradiation of pyridone derivatives 6g, 6k and 6l gave the [3-
lactam photoproduct in 42% de in KY zeolite, 67% in KY zeolite

and 88% in RbY zeolite, whereas substrate 6i which has an alkyl
chiral auxiliary (cyclohexylethylamine) gave the B-lactam product
in 24% de in LiY zeolite. The above comparison revealed that the
functional group present in a chiral auxiliary has a role to play in
the chiral induction process.

Also to ensure that the observed enhancement in diastereoselec-
tivity within zeolite is not due to any experimental artifacts, the 1 :
1 diastereomeric mixture of photoproducts isolated from solution
irradiation of the naphthalenone derivative 2g was included within
NaY by stirring in hexane for 12 hours. The photoproducts
were then extracted with acetonitrile and analyzed. The analysis
indicated the ratio of photoproducts to be 1 : 1, confirming that
no selective inclusion or extraction of photoproducts took place.

Discussion

We have used two methodologies, namely ‘chiral inductor’ and
‘chiral auxiliary’, to conduct enantio- and diastereoselective
photocyclization of 3-dimethyl-4-0x0-3,4-dihydro-naphthalene-1-
carboxylic acid derivatives (1a, 1b, 2a-2e, 2g, 2i, 2j, 2m-2q, 2s,
2t), 2.4-cyclohexadienone derivatives (1c—1le, 4a, 4e—h, 4j, 4n,
40, 4q, 4r, 4s) and N-alkyl pyridone derivatives (le-1j, 6e, 6g,
6i-6q) (Schemes 1-4). All three systems gave similar enantio-
and diastereoselectivities by chiral inductor and chiral auxiliary
approaches, and the extent of selectivity was dependent on the
nature and number of cations within a zeolite, presence of
water and the structure of chiral inductor/chiral auxiliary. These
observations suggest that the model used to understand the asym-
metric induction within zeolites should take into consideration
the existence of interaction between the reaction site, the chiral
component and the cation present within a zeolite.

Although the products in the three systems are different,
the primary step that determines the chirality involves similar
motions (Scheme 5). Naphthalenones and cyclohexadienones in
their excited triplet state undergo 1,3-bonding through disrotatory
motion of the p-orbitals inward or outward to yield the triplet
diradical intermediate that rearranges to the final product. Pyri-
dones yield the B-lactams from their excited singlet state via 1,4-
bonding through disrotatory motion of the p-orbitals inward or
outward by a concerted 4e-cyclization process. Once the molecule
is adsorbed on the zeolite surface, the outward motion that would
push the newly forming cyclopropane ring (naphthalenones and
cyclohexadienones) or B-lactam ring towards the surface would
not be sterically favored, and therefore once the molecule is
adsorbed on a surface the cyclization is expected to proceed only

Table 5 Effect of co-adsorbent (water) on diastereoselectivity in the photoproducts*?

Zeolite Substrate % Diastereoselectivity (dry) % Diastereoselectivity (wet)
NaY 2b 48A 16A
NaY 2¢ 57B 11B
NaY 2d 48B 25B
NaY 2e 45B 21B
NaY 2i 35B 20B
KY 2i 58B 9B
NaY 2g 48B 15B
KY 6l T6A 1A

@ A refers to first peak eluting from GC/HPLC column. ® The loading, irradiation and extraction procedures are provided in the experimental section.
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Scheme 5 Photocyclization of cyclohexadienone and pyridone.

by disrotation of the p-orbitals inward (Scheme 6). However,
even this one-way rotation of the p-orbitals would yield equal
amounts of the optical isomers as the reactant molecules would
show no preference for adsorption from the two pro-chiral faces
(Scheme 6 without chiral inductor). Interaction between the chiral
inductor/chiral auxiliary and the reactant part (naphthalenone,
cyclohexadienone and pyridone) could bias the adsorption process
and this we believe is the origin of asymmetric induction within
zeolites. We show below with the help of computational results that
interaction between the chiral and reactant components mediated
by cation most likely controls the asymmetric induction process.
We recognize the fact that our analysis is an ‘after the fact’ event
and the cartoon model that we envision to understand the results
lacks predictive power.

Scheme 6 Adsorption of cyclohexadienone and N-alkyl or aryl pyridone
on a surface.

Since all three systems behaved in a similar manner, to
avoid repetitive discussion, we analyze the results obtained from
photocyclization of N-alkyl pyridone derivatives within zeolites.
Irradiation of substrate 1i within (—)-ephedrine-modified KY

zeolite gave 53% excess of B enantiomer. On using the optical
antipode of chiral inductor (+)-ephedrine, 50% excess of A
enantiomer was obtained suggesting that the system is well
behaved. Though appreciable enantioselectivity was obtained with
pyridone derivatives (1h, 1i and 1j), their alkyl counter parts,
namely N-methyl pyridone (1e), N-ethyl pyridone (1f) and N-
propyl pyridone (1g), yielded very low enantioselectivity (3-6%)
(Table 1). Furthermore, in the aryl-substituted 1h, 1liand 1j the one
with ethyl and propyl chain gave higher enantioselectivity than the
one with single methylene unit (Table 1, ee in 1j ~ 1i > 1h).

To probe the role of the phenyl group and the chain length in
controlling the extent of stereoselectivity, we performed computa-
tions on substrates 1f, 1h, 1i and 1j at RB3LYP level using 6-31G*
basis set with Gaussian 98 A.11 suite of programs.”* Geometry
optimized structures of the substrates were allowed to interact
with Li* cation and the cation-bound complexes were reoptimized.
During the optimization, the metal ion was free to move to find
the most stable position. The optimized computed structures of
Li* complexes with 1f, 1h, 1i and 1j are provided in Fig. 1. The
computed structures indicate that the primary interaction of cation
(Li*) with the alkyl-substituted N-ethyl pyridone (1f) is with the
carbonyl group via cation-dipolar interaction (binding affinity
= 66.31 kcal mol™"). However, in the cases of aryl-substituted
pyridones (1h-1j), the cation (Li*) interacted simultaneously with
both the phenyl group (cation-r interaction) and the carbonyl
group (cation-dipolar type interaction) (binding affinity = 76.66
kcal mol™! for 1h, 85.83 kcal mol™! for 1i and 85.11 kcal mol™'
for 1j). In terms of the origin of the difference in the extent of
enantioselectivity between the two systems, a comparison of the
structures of 1f-Li* and 1h-Li* is revealing. The best ee for 1f
is 6%, while for 1h is 22%. In 1f, the cation interacts only with
carbonyl chromophore leaving the ethyl substituent free. On the
other hand, in 1h the cation ties up the molecule by interacting with
the carbonyl and the phenyl group. Clearly when cation rigidifies
the reactant molecule as a whole, the chiral inductor is able to force
it to prefer one mode of adsorption at the expense of the other
(Fig. 1, Scheme 6). As indicated by the results of 1i and 1j, stronger

B. A. =66312 kealimol
d(Li*-CO)=1714"

B.A.= 76.66 kealimal
d(Li%- CO)=1.79 A"
d(Li*phenyl)=2134°

B.A.= 8583 kealfmol
4 (Li* COy=1.77 &
d (Li*-pheryl)=228 A*

B. A.=85119 kealimal
d(Li*- CO) =176 A"
d(Li*-phenyl)=226 A"

Fig. 1 Interaction of Li* with N-ethyl pyridone (1f), N-benzyl pyridone
(1h), N-ethyl phenyl pyridone (1i) and N-propyl phenyl pyridone (1j). The
structures have been computed at RB3LYP/631G* level using Gaussian
98. B. A. refers to binding affinity.?
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binding leads to higher ee. In both cases, binding affinity is ~85
kcal mol~', and the highest ee in both cases is ~50% (Table 1).

‘We had shown previously through solid-state NMR (CP-MAS)
and computational results that Li* bound cyclohexyl phenyl
ketone binds to chiral inductors such as norephedrine in a very
specific manner. We believe that a similar ternary complex
is formed between the reactant pyridone, Li* and the chiral
inductor. Since Li* is bound both to the carbonyl and the phenyl
groups, the chiral inductor would be favored to interact from the
same side where the substituent is present. Approach from this
side, due to steric considerations, would force the pyridone to
selectively adsorb from the less hindered pro-chiral face, leading to
enantiomeric excess in the product. In the case of 1f where the Li*
interacts only with the carbonyl chromophore, the chiral inductor
most likely would bind to the carbonyl of the pyridone from the
unsubstituted side, leading to no preference in the adsorption
mode. This intuitive model explains the high ee in 1h, 1i and 1j
and the low values in le, 1f and 1g.

Linking the chiral auxiliaries to the cyclohexadienone, naph-
thalenone and pyridone derivatives did not lead to appreciable
chiral induction in solution (Tables 2, 3 and 4) suggesting a lack
of communication between the two parts of the molecule in this
media. On the other hand, irradiation of the same substrates
as zeolite complexes resulted in a significant enhancement in
diastereoselectivity. For example, 2g gave 81% (KY zeolite) while
4f and 61, gave 73% (NaY zeolite) and 88% (RbY zeolite) de,
respectively (Tables 2, 3 and 4). These results indicated that the
confinement provided by the zeolite framework along with cation—
organic interaction was able to exert a greater control over the
mode of cyclization.

As observed in the chiral inductor approach, the substrates
appended with a chiral auxiliary containing an aryl group gave
higher diastereoselectivity as compared to chiral auxiliary with
an alkyl substituent. The importance of aryl-substituted chiral
auxiliary in achieving greater selectivity is demonstrated by the
following example. Substrates 6g, 6k and 61, that have an aryl
group, when irradiated within a zeolite gave the B-lactam product
in 42% (KY), 67% (KY) and 88% (RbY) de, respectively. The
substrate 6i, that has alkyl chiral auxiliary (cyclohexyl ethyl
amine), gave the B-lactam product in 24% de in LiY zeolite. To
obtain an insight into the differential behavior of alkyl- and aryl-
substituted chiral auxiliaries, computations at RB3LYP/631G*
level were performed.® The computation suggested that for the
substrates 6g, 6k and 6l, the cation (Li*) interacted with the
carbonyl group of the chiral auxiliary, carbonyl group of the
pyridone and the phenyl group of the chiral auxiliary through
cation—r interaction (Fig. 2) (binding affinities of 6g, 6k and 6l
are 89.74 kcal mol~', 92.66 kcal mol~! and 96.36 kcal mol"). This
type of interaction, that ties up the reactant part and the chiral
information together, suppresses the conformational flexibility
of the chiral auxiliary. When the phenyl group is replaced by a
cyclohexyl group (example 6i), the cation—r interaction between
the cation and the phenyl group is switched off (Fig. 3) and the
de decreased. The cation now interacts primarily with either the
pyridone part (binding affinity = 65.36 kcal mol~") or the carbonyl
group of the chiral auxiliary (binding affinity = 63.36 kcal mol™").
This type of interaction does not restrict the flexibility of the
chiral auxiliary. From this comparison it is clear that mobility
of chiral auxiliary should be restricted for it to be effective. In

L,

H
N\i-CH;
0 Ph
6g

B. A, =89.74 kral/mol
d(Li*-CO)=1854°
d(Li*-CO) =199 4°
d (Li"-phenyl)=2.34 A°

1=

B. A =9266 kealfmol
d(Li*-CO)=1.824°
d(Li*-CO)=1954°
d (Li"-phenyl)=2.32 A°

n=

CL
e

6k

B. A =06.36 keal/mal
d(Li*- CO)=185A°
d(Li*- CO) =189 A°
d (Li*-phenyl)=2.37 A°

o,

Fig. 2 Interaction of Li* with substrates 6g, 6k and 6l. The structures
have been computed at RB3LYP/631G* level using Gaussian 98. B. A.
refers to binding affinity.

B.A.= 6336 kealimol
d(Li-CQ)=1704A°

B. A.= 6536 kealimol
d(Li-CO)=13814"

Fig. 3 Interaction of Li* with substrate 6i. The structures have been
computed at RB3LYP/631G* level using Gaussian 98. B. A. refers to
binding affinity.

the presence of a chiral auxiliary, especially when its mobility
is restricted, as in 6g, 6k and 61, and it is tied to the reactant site
through cation—-CO-aromatic interactions, the two prochiral faces
would not be equivalent. Under such conditions, the pyridone
part of the molecule is expected to adsorb on the zeolite surface
preferentially through one pro-chiral face, leading to significant
asymmetric induction. However, when the flexibility of the chiral
auxiliary is not restricted, as in 6i, selective adsorption is less likely
and de is expected to be low.

As observed in substrates 6g, 6k and 6l, the number of
methylene units connecting the chiral carbon of the amine to the
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phenyl group in the chiral auxiliary has an effect on the extent of
diastereoselectivity. The prominent difference between these three
substrates lies in the number of methylene units (two in 61, one
in 6k and zero in 6g) that links the chiral carbon of the amine
to the phenyl group in the chiral auxiliary. With the increase in
chain length, the phenyl group would be in a better arrangement
to interact with the cation that is bound to the carbonyls of the
pyridone and amide units. Consistent with this, the binding affinity
values for 6g, 6k and 6l to Li* showed an increase with the number
of methylene units (binding affinity of 6g, 6k and 6l are 89.74 kcal
mol~', 92.66 kcal mol~! and 96.36 kcal mol~', Fig. 2). Stronger
interaction translates into more restriction of the chiral auxiliary
and better de in the photoproduct. The phenomenon observed
here is similar to that observed during chiral inductor approach
with substrates 1h, 1i and 1j, with the only difference being the
chiral source is within the molecule. Though the calculations were
performed with Li* cations, the other charge-compensating alkali
metal ions are also expected to have a similar type of interaction
with the organic molecule as with the case of Li* cations.

As mentioned earlier, the nature of the cation not only controlled
the extent of diastereoselectivity but in examples 4f, 4g, 4h, 4o, 4q,
6l, and 6m, it also controlled the diastereomer being enhanced. It
has been reported in the literature that Li* and Na* bind differently
to amino acids such as glycine, valine and arginine compared
to K*. Li* binds to these molecules preferentially through CO,
NH, (N-, O-coordination) whereas K* binds to the oxygens of
the COOH group (O-, O-coordination).”?* This could be the
reason for observing cation-dependent diastereomeric switch in
these substrates. Results along the same lines were obtained dur-
ing the photoisomerization of 2, 3p-diphenylcyclopropane-1lo-
carboxylic acid derivatives® and y-hydrogen abstraction reaction
of v-oxoamides within zeolites.?

The results presented in this report on the photocycliza-
tion of dienones, naphthalenones and N-alkyl pyridones within
zeolites compliment our earlier investigations on the pho-
tocyclization of tropolone derivatives,” the geometric iso-
merization of 1,2-diphenylcyclopropanes® and 2,3-diphenyl-1-
benzoyl cyclopropanes,® and the Norrish type IT reaction of
a-oxoamides,” phenyl adamantyl ketones,*® phenyl norbornyl
ketones and phenyl cyclohexyl ketones.*’ With the help of these
examples, we have established the importance of zeolite and
its charge compensating cations in effecting chiral induction in
photochemical reactions. In spite of this, we are still unable to
formulate rules that could help us to predict the outcome of a
photoreaction within a zeolite.

Experimental
Loading and photolysis procedure

All photolysis experiments were carried out by using a 450 Watt
medium pressure mercury arc lamp placed in a water-cooled pyrex
immersion well.

Chiral inductor approach—solution reaction

The solution reactions were performed in acetonitrile solvent. The
typical irradiation procedure is as follows. For enantiomeric excess
studies, 1.5 mg of the substrates along with 15 mg of the chiral

inductor were taken in 4 ml of acetonitrile solvent. The samples
were then irradiated using a 450 W medium pressure mercury arc
lamp in a water-cooled immersion well. The chiral inductor was
removed by performing a column using silica gel with hexane—
ethyl acetate solvent mixture. The stereoselectivity obtained in
the product was measured using HPLC/GC. The conditions used
for measuring the enantiomeric excess are provided in Table S1
(see ESIf). The enantiomeric or diastereomeric excesses were
determined using the formula:

[(area of A — area B)/(area of A + area of B)] x 100.

A and B refer to the first and second peak of the product
enantiomers/diastereomers.

Chiral inductor approach within zeolites

Chiral inductor (10-15 mg or 20-30 mg) and substrates (la—
1j) (1.5-2.0 mg or 2.0-2.5 mg) were dissolved in 0.5 ml of
dichloromethane followed by the addition of 15 ml of hexanes.
MY (Li*, Na*, K*, Rb* and Cs*) zeolite (150 mg or 300 mg)
activated at 500 °C for 8 h was added with stirring. The loading
level of substrate was kept at one molecule for every 10 supercages.
A higher ratio of the chiral inductor was employed to maximize
the chances of every reactant molecule being adjacent to the chiral
inductor within the supercage. After stirring the slurry for 12 h,
the supernatant was analyzed for reactant and chiral inductor.
Fresh hexanes were added after removing the old hexanes under
nitrogen. The sample was then irradiated using a 330 nm cut-
off uranyl filter for substrates la—1d and a pyrex cut-off filter for
substrates 1f—1j. The irradiated slurry was filtered, and washed
again with hexane. The reactant and the photoproducts were
extracted from the zeolite by stirring with acetonitrile for 12 h. The
extract was concentrated and the reactant and its photoproducts
were separated from the chiral inductors by a microcolumn
(silica gel) using hexane-ethyl acetate as eluent. The analyses
were conducted by GC/HPLC fitted with chiral columns. All the
samples were irradiated to achieve 30% conversion to products.

Chiral auxiliary approach—solution photolysis

2 mg of the substrate (2 and 4) to be irradiated was dissolved in
5Smlof trifluoroethanol, degassed with nitrogen, followed by 15-20
minutes irradiation. Conversion to photoproduct was monitored
on a gas chromatograph, HP-5 capillary column. 2mg of the
substrate (6) to be irradiated was dissolved in 5 ml of acetonitrile,
degassed with nitrogen, followed by 2 h of irradiation with a pyrex
cut-off filter. Conversion to photoproduct was monitored on a gas
chromatograph, HP-5 capillary column.

Zeolite photolysis

The substrates (2, 4 and 6) (1.5-2.0 mg or 2.0-2.5 mg) were
dissolved in 0.5 ml of dichloromethane followed by addition of
15 ml of hexanes. MY (Li*, Na*, K*, Rb* and Cs*) zeolite (150 mg
or 300 mg) activated at 500 °C for 8 h was added with stirring.
The loading level of substrate was kept at one molecule for every
10 supercages. After stirring the slurry for 12 h, fresh hexanes
were added to the slurry after removing the old hexanes under
nitrogen. The supernatant was analyzed for the reactant. The
sample was then irradiated using an appropriate filter (330 nm
for substrates 2, 4 and pyrex cut-off filter for substrates 6) filtered,
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washed again with hexanes. Substrates 2 and 4 were irradiated for
10 min. and substrates 6 were irradiated for 2 h. The reactant and
the photoproducts were extracted from the zeolite by stirring with
acetonitrile. The extract was concentrated and the analyses were
conducted in HPLC/GC fitted with chiral columns.

Computational methods

Full geometry optimizations were carried out primarily using the
hybrid Hartree-Fock density functional theory (RB3LYP) with
Becke three parameter exchange functional in conjunction with
correlation function by Lee, Yang and Parr. The 6-31G* basis
set was used for C, H, O, N and Li. Stationary points have
been characterized as true minima by frequency calculations. All
the calculations were performed using Gaussian 98 A.11 suite of
quantum chemical programs.?
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A stable guanine-substituted nitronyl nitroxide radical 1 has been synthesized and characterized. The
single-crystal structure analyses and magnetic susceptibility measurements exhibit a one-dimensional
architecture of guanine base resulting from carbonyl-amino hydrogen bonds in the solid state, giving a

1D ferromagnetic chain of the radical moieties.

Introduction

In molecule-based magnetism as an interdisciplinary field, molecu-
lar packing or arrangement of open-shell molecules in a crystalline
solid state crucially links the magnetic properties of molecular
assemblages such as ferromagnetism.! Hydrogen bonding is a
promising noncovalent bonding for controlling molecular pack-
ing. Hydrogen-donating and accepting molecules such as phenol,
carboxylic acid, and pyridine have been introduced to stable
radical families of nitroxides and imino- or nitronyl nitroxides.?
Biomolecule-based architecture such as a DNA duplex with
nucleobase pairing is fascinating as well in controlling molecular
packing. Whereas biologically important molecules with unpaired
electrons have been exploited mainly in spin labeling chemistry
and biochemistry,** solid-state chemistry has been reported for
some nucleobases and nucleosides substituted with nitroxide or
nitronyl nitroxide radicals.>® There have been several examples
of stable organic radicals with well-characterized crystal struc-
tures, to which naturally-found nucleobases such as cytosine
and uracil have been introduced.” The magnetic properties of
these compounds have been examined in view of the hydrogen-
bonded assemblage of the open-shell building blocks. As for
guanine-substituted radicals, however, little has been known about
the X-ray crystal structures and magnetic properties, while the
solution chemistry of spin-labeled guanines and guanosines has
been explored.® Non-oligomeric N9-substituted guanines’ and
guanosine® have a marked tendency to form infinitely extended
molecular assemblies in crystalline solid states, which results from
intermolecular two-fold hydrogen bonding at N1H-N7 and N2H-
06. Such iteratively propagating hydrogen bonds’® are attractive
from the viewpoint of hydrogen bonding-based crystal engineering
for open-shell molecular crystalline materials. In this paper, we
report, for the first time, the synthesis, the crystal structure and the
magnetic properties of a nitronyl nitroxide radical (1) substituted
with a guanine base. The magneto-structural relationship of 1 is
discussed.
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Results and discussion
Synthesis of radical 1

The synthetic route is shown in Scheme 1. After the TBDMS-
protected hydroxylamine 4 was introduced to the N9 position
of 2-amino-6-chloropurine, the chloro group of 5§ was replaced
by the methoxy group using NaOMe, and subsequent treatment
of 6 with TMSI afforded the guanine form 7. Deprotection
of 7 gave the nitronyl nitroxide radical 1. Single crystals of 1
suitable for X-ray crystallography experiments were obtained
by recrystallization from a mixed solution of chloroform and
methanol.t The crystalline solid of 1 is stable under aerated
conditions at ambient temperature.

Crystal structure of radical 1

An ORTEP drawing of the asymmetric unit of 1 is shown in Fig. 1.
The asymmetric unit contains 1 mol of CHCI, as a crystal solvent.
In Fig. 2 is depicted the molecular packing of 1. The carbonyl-
amino hydrogen bonds, N(7)H-O(4*) and N(5)H-N(4%*), between

1 Crystallographic data for C, H,sN,0,Cl;: M = 545.83, 0.20 x 0.30 x
0.50 mm‘,ﬂ Mo Ka, 183 K, monoclinic, P2,/n, a = 8.380(7) A, b =
10.583(8) A, ¢ =29.23(3) A, =99.424(10)°, V' =2558(4) A’>, Z =4, Dy =
1.417, R1 =0.0819, R, = 0.1968 optimized on F? (GOF = 1.002) for 5494
reflections (all reflections) and 341 parameters. CCDC reference number
617741. For crystallographic data in CIF or other electronic format see
DOI: 10.1039/b702606d
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Scheme 1 The synthesis of the guanine-substituted radical. Conditions: (i) 2,3-dimethyl-2,3-dihydroxylaminobutane, benzene, 23 h; (ii) rert-butyl-
dimethylchlorosilane, imidazole, DMF, 50 °C, 29 h; (iii) 2-amino-6-chloropurine, K,CO;, KI, DMF, 60 °C, 25 h; (iv) 28% NaOMe in methanol solution,
CH,Cl,, MeOH, rt, 35 min; (v) TMSI, DMF, MeCN, rt, 23 h; (vi) 1.0 M TBAF in THF solution, THF, DMF, rt, 14 h.

Fig. 1 An ORTEP drawing of 1 with the thermal ellipsoids of 50%
probability. The hydrogen atoms of the methyl groups are omitted for
clarity.

the guanine moieties lead to one-dimensional chains along the
b-axis, as depicted in Fig. 2(a). The hydrogen bonding motif
and its bond lengths (N(7)H-O(4*) = 2.781(3) A and N(5)H-
N(4*) = 2.825(3) A) are close to those of non-oligomeric guanine
and guanosine derivatives”® as previously studied by X-ray single-
crystal structure analyses. Little magnetic interactions are expected
to propagate via the hydrogen bonds, since the hydrogen bonding
sites of guanine have little spin density, as anticipated. The guanine
moiety plays a primary role in governing the molecular packing,
instead of propagating intermolecular exchange interactions.

Primitive @-axis translation of the two nearest-neighboring
molecules connected by the carbonyl-amino hydrogen bonds gives
a double chain of the radical moieties, as shown in Fig. 2(b). An
intermolecular short contact close to the van der Waals contact™
is found at O(1)-C(12#) = 3.439(3) A between the phenyl nitronyl
nitroxide radical moieties. A short contact between a nitroxide
oxygen atom and a carbon atom of the meta-position such as
O(1)-C(12#) of 1 is expected to give rise to an intermolecular
ferromagnetic exchange interaction, as observed in many nitronyl
nitroxide derivatives."’ No short contacts around the nitroxide
groups leading to exchange interactions were found between the
chains.

Magnetic properties of radical 1

The temperature dependence of paramagnetic susceptibility y,
for a randomly-oriented polycrystalline sample of 1 is shown
in Fig. 3 in the x, 7 vs. T plots. The y,7 value at room
temperature is 0.37 emu K mol™!, as expected for 1 mol of S =
1/2 spins. An upturn of y, 7 was found below 30 K, indicating the
occurrence of intermolecular ferromagnetic exchange interactions.
The temperature dependence of y, was analyzed using the Curie—
Weiss law

C
T-0
where the fitting provides the Curie constant of C = 0.37 emu K
mol~" and the Weiss constant of = 0.16 K.

As suggested from the crystal structure analyses, an S = 1/2
Heisenberg ferromagnetic chain model™

H=-2]) 55, ®)

Xp = (1)
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Fig. 2 (a) The chain of the guanine moieties running along the b-axis.
The neighboring molecules related by the two-fold screw axis along the
b-axis are connected by carbonyl-amino hydrogen bonds, as depicted by
the dotted lines. (b) The double chain of the nitronyl nitroxide moieties
along the a-axis. Intermolecular short contacts are depicted by the dotted
lines. Symmetry transformations used to generate equivalent atoms: * {-x +
172,y +1/2, —z+ 1/2}; # {x — 1.y, z}.

should be more appropriate for describing the magnetic behavior
of the molecular assemblage of 1. The parameter J in eqn (2)
denotes the intermolecular exchange coupling, which is primarily
attributed to the O(1)-C(12#) contact. The calculation with the
parameter of 2J/ky =0.09 + 0.01 K is consistent with the observed
temperature dependence of susceptibility.’* The calculated curve of
the Heisenberg chain model is identical to that of the Curie—Weiss
law, as depicted in Fig. 3. When the magnitude of the exchange
interaction is very small as compared with the thermal energy of
the susceptibility measurement (J <« k37 or 0 <« T), we are not

T/emu K mol™

AT

0 50 100 150 200 250 300
T/K

Fig. 3 The temperature dependence of magnetic susceptibility y, of 1
measured on a SQUID magnetometer with the static magnetic field of B =
0.1 Tin the ,7 vs. T plot. The solid and dotted lines represent theoretical
calculations from eqn (1) and eqn (2), respectively.

allowed to distinguish the low-dimensional model, eqn (2), from
the three-dimensional mean-field model, eqn (1). In view of the
molecular packing, the exchange parameter of 2J/kz = 0.09 K is
a good estimate for the intermolecular interaction of 1.

Conclusions

The guanine-substituted nitronyl nitroxide radical 1 has been
synthesized and isolated as a crystalline solid which is stable
under ambient atmosphere. Introduction of the radical substituent
into the nucleobase results in little disturbance to the inter-
molecular hydrogen bonding motifs as found in non-oligomeric
guanines, demonstrating marked selectivity and directionality
of the hydrogen bonding of guanine governing the molecular
packing in a crystalline solid state: a bio-inspired approach to
genuinely organic molecule-based magnetism described here has
the potential to control the molecular packing of open-shell
molecular assemblages.

Experimental
X-Ray crystallographic analysis

The X-ray diffraction measurements were made on a Rigaku
Mercury CCD diffractometer at 183 K with graphite monochro-
mated Mo Ka radiation up to 26,,., = 55°. The crystal structure
was solved by direct methods (STR92)* and subsequent Fourier
syntheses followed by a full-matrix least-squares refinement with
the anisotropic approximation for non-hydrogen atoms. Positions
of the hydrogen atoms were calculated and included in the final
refinement. All the calculations were made using a program
package CrystalStructure by the Rigaku/Molecular Structure
Corporation."

Magnetic susceptibility measurements

Magnetic susceptibility was measured on a Quantum Design
SQUID magnetometer MPMS-XL in a temperature range of
down to 1.9 K with a static magnetic field of 0.1 T.
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Synthetic procedure

All commercially available materials for the synthesis shown
in Scheme 1 were used without further purification. NMR
spectra were recorded on an LA-400 spectrometer (JEOL). High-
resolution mass spectra (HRMS) were recorded on a JMS-700T
spectrometer.

2-|4-(2-Bromoethoxy)phenyl]-4,4,5,5-tetramethylimidazolidine-
1,3-diol (3). Starting material, 4-(2-bromoethoxy)benzaldehyde
2, was prepared according to a procedure previously reported.'
A suspension of 2 (2.01 g, 8.77 mmol) and 2,3-dimethyl-2,3-
dihydroxylaminobutane (1.30 g, 8.77 mmol) in dry benzene
(120 ml) was refluxed under Ar atmosphere for 23 h to give a
colorless powder of the adduct 3. The precipitate was filtered
and washed with benzene. Product 3 was used without further
purification for the next reaction (1.79 g, 4.98 mmol, 56.8%).

2-[4-(2-Bromoethoxy)phenyl]-1,3-bis-(zerz-butyldimethylsilanyl-
oxy)-4,4,5,5-tetramethylimidazolidine (4). To a solution of 3
(1.77 g, 4.93 mmol) in dry DMF (15.6 ml) were added rerz-
butyldimethylchlorosilane (3.82 g, 25.3 mmol) and imidazole
(3.35 g,49.2 mmol). The mixture was stirred for 29 h at 50 °C. The
resulting mixture was treated with water, and the solution was
extracted with hexane, and dried over MgSO,. The solvent was
evaporated under reduced pressure, and the residue was purified on
silica gel. Elution with hexane—CH,Cl, (5 : 1) gave 4 as a colorless
solid (1.71 g, 2.91 mmol, 59.0%). '"H NMR (CDCl;, 400 MHz):
Jo(ppm): —0.854 (bs, 6H), —0.045 (s, 6H), 0.788 (s, I18H), 1.145 (s,
12H), 3.798 (t, 2H), 4.232 (t, 2H), 4.559 (bs, 1H), 6.837 (d, 2H),
7.281 (d, 2H). *C NMR (CDCl;, 300 MHz): §(ppm): —5.051,
—3.852, 17.943, 26.234, 41.776, 67.717, 68.152, 93.406, 113.956,
131.973, 134.629, 158.058.

9-(2-{4-[1-(tert-Butyldimethylsilanyloxy)-4,4,5,5-tetramethyl-
3-(1-methyl-1-trimethylsilanylethoxy)-imidazolidin-2-yl|phenoxy } -
ethyl)-6-chloro-9 H-purin-2-ylamine (5). A mixture of 4 (2.37 g,
4.08 mmol), 2-amino-6-chloropurine (0.972 g, 5.73 mmol), K,CO;
(0.956 g, 6.92 mmol) and KI (0.700 g, 4.22 mmol) in dry DMF
(25 ml) was stirred for 25 h at 60 °C. After the precipitate was
filtered, to the filtrate were added CH,Cl, and a small amount of
hexane, and the solution was washed with brine. The solvent was
evaporated under reduced pressure, and the residue was purified
on silica gel. Elution with CH,CL,-MeOH (54 : 1) gave 5 as a
colorless solid (1.68 g, 2.46 mmol, 60.3%). '"H NMR (CDCl;,
400 MHz): d(ppm): —0.896 (bs, 6H), —0.061 (s, 6H), 0.772 (s,
18H), 1.134 (s, 12H), 4.291 (t, 2H), 4.466 (t, 2H), 4.542 (bs,
1H), 5.102 (s, 2H), 6.795 (d, 2H), 7.271 (d, 2H), 7.917 (s, 1H).
BC NMR (CDCl;, 300 MHz): d(ppm): —5.051, —3.906, 17.874,
26.157, 42.883, 65.534, 67.694, 93.352, 113.590, 125.110, 132.003,
134.988, 143.164, 151.249, 153.676, 157.486, 159.036. HRMS
(FAB): m/z calcd for C;,HssCIN,O5Si, ([M + H]") 676.35, found
676.35.

9-(2-{4-[1-(tert-Butyldimethylsilanyloxy)-4,4,5,5-tetramethyl-
3-(1-methyl-1-trimethylsilanylethoxy)-imidazolidin-2-yl]-phenoxy }-
ethyl)-6-methoxy-9H-purin-2-ylamine (6). To a solution of 5
(2.46 g, 3.62 mmol) dissolved in dry MeOH (30 ml) and dry
CH,Cl, (30 ml) was added dropwise a solution of 28% sodium
methoxide in MeOH (7.59 ml, 37.3 mmol) at room temperature.

The reaction mixture was stirred for 35 min at room temperature,
and the solution was washed with brine, dried over MgSO, and
concentrated. Product 6 was obtained as a colorless solid (2.25 g,
3.35 mmol, 92.5%) and used without further purification for the
next reaction. '"H NMR (CDCl;, 400 MHz): 6(ppm): —0.882 (bs,
6H), —0.051 (s, 6H), 0.782 (s, 18H), 1.143 (s, 12H), 4.083 (s, 3H),
4.287 (t, 2H), 4.446 (t, 2H), 4.548 (bs, 1H), 4.918 (s, 2H), 6.797 (d,
2H), 7.269 (d, 2H), 8.020 (s, 1H). *C NMR (CDCl;, 300 MHz):
J(ppm): —5.097, —3.951, 17.813, 26.119, 42.563, 53.762, 65.839,
67.610, 93.268, 113.590, 115.346, 131.912, 134.584, 140.057,
153.623, 157.661, 159.295, 161.532. HRMS (FAB): m/z calcd for
C;;HiN,O,Si, (M + HJ*) 672.40, found 672.41.

2-Amino-9-(2-{4-[1-(tert-butyldimethylsilanyloxy)-4,4,5,5-tetra-
methyl-3-(1-methyl-1-trimethylsilanylethoxy )imidazolidin-2-yl]-
phenoxy }ethyl)-1,9-dihydro-purin-6-one (7). To a solution of 6
(716.5 mg, 1.07 mmol) dissolved in dry DMF (17 ml) and dry
MeCN (6 ml) was added dropwise Me;Sil (0.75 ml, 5.55 mol).
The reaction mixture was stirred at room temperature for 23 h,
and then was treated with water, basified with 10% NaOH agq.
The organic layer was extracted with a mixed solvent of CH,Cl,
and MeOH, washed with brine, and dried over MgSO,. The
solvent was evaporated under reduced pressure, and the residue
was purified on silica gel. Elution with CH,Cl,-MeOH (12 : 1)
gave 7 as a colorless solid (318.2 mg, 0.484 mmol, 45.2%). 'H
NMR (DMSO, 400 MHz): 6(ppm): —0.900 (bs, 6H), —0.066 (s,
6H), 0.755 (s, 18H), 1.111 (s, 12H), 4.243 (d, 2H), 4.309 (d, 2H),
4.477 (bs, 1H), 6.462 (s, 2H), 6.894 (d, 2H), 7.216 (d, 2H), 7.680
(s, 1H), 10.554 (s, 1H). *C NMR (DMSO, 300 MHz): d(ppm):
—5.083, —3.945, 17.575, 26.056, 42.088, 65.685, 67.273, 93.125,
113.672, 116.436, 131.452, 133.101, 137.697, 151.178, 153.606,
156.774, 157.942. HRMS (FAB): m/z calcd for Cy,HN;0,Si,
(IM + HJ*) 658.39, found 658.39.

2-Amino-9-{2-[4-(1-o0xyl-3-o0xido-4,4,5,5-tetramethyl-imida-
zolidin-2-yl)phenoxy]ethyl }-1,9-dihydropurin-6-one (1). To a so-
lution of 7 (152.0 mg, 0.231 mmol) dissolved in DMF (2 ml)
and THF (14 ml) was added dropwise a 1.0 M solution of
tetrabutylammonium fluoride in THF (2.85 ml, 2.85 mol). The
reaction mixture was stirred at room temperature for 14 h, and
the solvent was evaporated, and the crude product was purified
on silica gel. Elution with CH,Cl,-MeOH (15 : 1) and CH,Cl,—
MeOH (5: 1) gave 1 as a blue solid (79.3 mg, 0.186 mmol, 80.5%).
HRMS (FAB): m/z caled for C,0H,sN,O, ([M + H]") 427.19, found
427.19.
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Oxidation of the thymine methyl group produces two stable products, non-mutagenic
S-hydroxymethyluracil and highly mutagenic 5-formyluracil. We have calculated the interaction energy
of base-pair formation involving 5-formyluracil bound to the natural DNA bases adenine (A), cytosine
(C), guanine (G), and thymine (T), and discuss the effects of the 5-formyl group with respect to similar
base-pairs containing uracil, 5-hydroxyuracil, thymine (5-methyluracil), and 5-hydroxycytosine. The
interaction geometries and energies were calculated four ways: (a) using density functional theory
(DFT) without basis set super-position error (BSSE) corrections, (b) using DFT with BSSE correction
of geometries and energies, (c) using Moller—Plesset second order perturbation theory (MP2) without
BSSE correction, and (d) using MP2 with BSSE geometry and energy correction. All calculations used
the 6-311G(d,p) basis set. Notably, we find that the A:5-formyluracil base-pair is more stable than the
precursor A:T base-pair. The relative order of base-pair stabilities is A:5-Fo-U > G:5-Fo-U >

C:5-Fo-U > T:5-Fo-U.

Introduction

DNA undergoes constant damage due to various environmental
factors, such as ionizing radiations and reactive oxygen species
that cause numerous covalent, irreversible modifications to the
bases or the deoxyribose sugars in DNA."? Some of these
modifications miscode or block DNA replication and lead to
a variety of diseases including cancer and diseases of aging.’*
During oxidation, pyrimidine bases are frequently modified at
the 5™ position. Oxidation of the thymine methyl group yields
S-hydroxymethyluracil (5-Hm-U) and 5-formyl uracil (5-Fo-U)*
(Scheme 1). Several lines of evidence show that 5-Hm-U doesn’t
miscode or block DNA replication, and exhibits normal base-
pairing properties.*” 5-Hm-U pairs only with adenine during
DNA replication.® Therefore, 5-Hm-U is an innocuous lesion.
In contrast 5-Fo-U residues miscode at very high frequency.*'
The high mutagenic potential of 5-Fo-U is attributed to the strong
electron-withdrawing formyl group that would reduce the electron
density in the pyrimidine ring and would render the glycosidic
bond weaker. Besides, the highly reactive -CHO group can interact

o CHy o CHOH cho
4,

H= Ny_s\ss— H [oxidation] = "?_\S_ H  [oxidation] HoN D
3NN —————— b— NG —_— »— N
02 \dFi o dR o dR

Thymine 5-Hydroxymethyluracil 5-Formyluracil

Scheme 1 Products of thymine oxidation.
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nates of all complexes at the BSSE-free MP2 theory level. See DOI:
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with DNA-binding proteins and potentially interfere with their
functions. Bacterial and mammalian cells contain multiple repair
enzymes to excise 5-Fo-U from their respective DNA."

Oxidation of thymine to 5-Fo-U had been shown to promote
the misincorporation of guanine and decreases the incorporation
of adenine during DNA replication.”” Furthermore, the primer
terminus containing the 5-Fo-U:G pair was more readily extended
than that containing a T:G pair. During DNA synthesis using
DNA polymerase I Kf, 5-Fo-dUTP could be substituted for dCTP,
and the substitution efficiency increased with increasing pH. The
pH-dependent ability of 5-Fo-U in the template to incorporate
dGTP, and the ability to substitute dCTP in DNA synthesis,
suggested the presence of an ionized form of 5-Fo-U. The pK,
of the 5-Fo-UTP is determined to be 8.6."* So, when pH > pK,,
the ionized form of 5-Fo-U will be the predominant form, and it
would form a Watson—Crick type base-pair with G, while the keto
form (when pH < pK,) would form a wobble base-pair. However,
under physiological conditions, the keto form of 5-Fo-U would be
the predominant form.

5-Fo-U can form base-pairs with all four DNA bases. However,
whether the formation of all such base-pairs occurs in vivo is
not known. Melting temperatures, obtained from UV-monitored
thermal melting curves of 5-Fo-U containing DNA duplexes, were
in the order of: A > G > T > C." The DNA repair enzyme, XPC-
HR23B recognizes and excises 5-Fo-U lesions from DNA. This
enzyme is shown to bind very strongly to 5-Fo-U:C, moderately to
5-Fo-U:G and 5-Fo-U:T pairs, and very weakly to the 5-Fo-U:A
pairs, in DNA duplexes.”s The excision activity was also found to
follow the same order, suggesting that the efficiency of the DNA
repair enzyme depends on the instability of the 5-Fo-U base-pair.

Quantum mechanical research into DNA base-pair and base
stacking interaction energies have been the subject of several excel-
lent reviews,'*'® and previous work described the relative energies
of 5-Fo-U in the cis- vs. trans-configurations.”* Recently,**
we described the base-pairing interactions of uracil and
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5-hydroxy-uracil (5-OH-U) with the standard DNA bases, and
here we describe the base-pairing interactions of 5-Fo-U and
compare these with our previous results for U and 5-OH-U base-
pairs.

Results and discussion

Among the standard DNA bases, 5-Fo-U forms base-pairs
with A, G and C with similar energies of —13.5, —13.3 and
—13.0 kcal mol™', respectively, determined at the BSSE-free
MP2 level of theory (Table 1). Although the 5-Fo-U base-pairs
formed with A and G are within 0.2 kcal mol™' of each other
at three levels of theory, the energies differ by 1.3 kcal mol™' at
the BSSE-contaminated MP2 level of theory. It must be noted
that the base-pairs formed with cytosine are twisted nearly 40
degrees, and thus they would be much less stable in the context
of a DNA duplex than these calculations would suggest. Both
conformations of the T:5-Fo-U base-pairs are significantly weaker,
with interaction energies of —10.3 kcal mol™' (conformation 1)
and —10.1 kcal mol™" (conformation 2).

When adenine base-pairs with uracil or a derivative, the adenine
forms a hydrogen bond with the uracil O4 oxygen (Fig. 1).
Comparing the base-pairs formed by adenine with either uracil, 5-
Fo-U or 5-OH-U (Fig. 1), the calculations show that the 5-hydroxy
substitution and the 5-formyl substitution stabilize the base-pair,
by 0.4 and 0.6 kcal mol~!, respectively, versus the isoenergetic U- or
T-containing base-pairs (Table 1). Thus, the A:5-Fo-U base-pair is
more stable than the parental A:T (“A:5-methyl-uracil”) base-pair
from which it was produced. This has clear implications regarding

Table 1 Hydrogen bond strengths® (kcal mol™") of 5-formyluracil, 5-
hydroxyuracil and uracil bases paired with standard DNA bases and
comparison to standard Watson—Crick (WC) GC and AT base-pairs

Base_pair AEDFT AEDFTABSSE AEMPZ AEMPZ,BSSE
G:CWC 283  -278 280  —249
G : 5-OH-C 282  -278 278  —247
G : 5-OH-U* ~169  —158 ~180  —149
G:U —154  —14.1 165  —134
G :5-Fo-U 153 —l14.1 —-163  —13.3
A:5-Fo-U 154 —139 ~17.6  —13.5
A:5-OH-U? 152 —134 175 —13.3
AU 152 —132 —172  —129
A:TWC —15.1 —13.1 ~172  —129
C:5-Fo-U 146  —134 ~162  —13.1
C:5-OH-U* —134  —121 154  —122
c:u ~137 —124 ~153  —12.0
T:5-0H-UQ2y  —132  —11.5 144  —109
T:5-Fo-UQ2) ~122  —106 ~13.6  —10.1
T:UQY —12.1 ~10.2 ~133 -9.8
T: 5-Fo-U(1) —124  —109 —137  —10.3
T:50H-UIY  —125  —10.6 ~134  —102
T:UY —123  -10.5 —13.4 9.9

“ All geometries and energies were optimized at the theory level indicated
using the 6-311G(d,p) basis set. DFT was performed with B3LYP. BSSE
geometry optimizations used the counterpoise method. The BSSE-free
optimized interaction energies include deformation energies, and they are
therefore equal to the complexation energies of the dimers. For the BSSE-
contaminated calculations (AEP*" and AE*™?), neither the geometry nor
the energy have been corrected for BSSE. For the BSSE-free calculations
(AEPFTESSE and AEFMP2BSSE) " hoth the geometries and the energies have
been corrected for BSSE. Thermal and zero point energy corrections were
not made. * Values reproduced from ref. 22—reproduced by permission of
the Royal Society of Chemistry.

its stability and therefore its ability to lead to mutations upon
replication. However, it has been suggested that the glycosidic
bond of 5-Fo-U is significantly less stable (148 day half-life under
physiological conditions) than that of uracil, due to the presence
of the strong electron-withdrawing formyl group at the 5" position.
Therefore, depurination may remove this damaged base from the
DNA over several months. Although the substitution site is two
bonds distant from the glycosidic bond, the present calculations
indicate a consistently larger glycosidic bond (0.0016 to 0.0045 A)
in free or base-paired 5-Fo-U (see ESI) compared to uracil and
5-OH-U, and this is consistent with the suggestion that the 5-Fo-U
glycosidic bond is weaker and more labile than the same bond in
U or 5-OH-U.

Comparing the base-pairs formed by guanine with either uracil
or 5-Fo-U (Fig. 1), it is interesting to note that the electron
withdrawing effects of the formyl group have a very modest effect
on the base-pair energy (Table 1). The energies of these two base-
pairs differ by only 0.2 kcal mol™' at the BSSE-contaminated
MP2 level. In contrast, an electron donating 5-hydroxy substituent
stabilizes this base-pair by 1.6 kcal mol™'. We previously**
rationalized this stabilization as arising from the formation of an
internal hydrogen bond between the uracil 5-OH proton and the
04 oxygen for base-pairs in which the O4 oxygen is not involved
in a base-pairing hydrogen bond. Such a bond would pull electron
density towards the O4 oxygen and away from the C4 carbon, and
therefore also from the neighboring N3 and H3 atoms, making
them more electrophilic. The O4 oxygen is only 2.11 A from the
hydroxyl proton in 5-OH-U, but it is 2.59 A from the aldehydic
proton in 5-Fo-U and the aldehyde proton, not being attached to
a heteroatom, cannot form hydrogen bonds. For comparison, we
calculated the energy of the G:5-OH-C base-pair, and found that
this base-pair is 0.2 kcal mol™" less stable than the Watson—Crick
GC base-pair. Because cytosine contains an amino group at the
C4 position rather than a carbonyl group, the hydroxyl proton of
5-OH-C is rotated nearly 70 degrees out of the base-pair plane to
avoid steric interaction with the cytosine amino protons. Because
of this rotation, the hydroxyl proton of 5-OH-C cannot form an
internal hydrogen bond and thus no stabilization is observed.

In both of the T:5-Fo-U base-pairs, the interaction energy
is slightly stabilized compared to the corresponding T:U base-
pair. In the T:5-Fo-U(1) conformation, the interaction energy
(—10.3 kcal mol™"), is 0.4 kcal mol~! more stable than the T:U(1)
base-pair. In the T:5-Fo-U(2) base-pair, the interaction energy
(—10.1 kcal mol™") is 0.3 kcal mol~! more stable than the T:U(2)
base-pair. For both uracil and 5-formyl uracil pairing with T, con-
formation 1 is preferred. In contrast, conformation 2 is preferred
by 0.7 kcal mol~" when the uracil has a 5-hydroxy substitution. The
conformation 2 base-pairing pattern, using the O2 oxygen and the
H3 proton of the uracil, is similar to that of pairing with G, and
so the same internal hydrogen bonding interactions suggested for
the stability enhancement of the G:5-OH-U base-pair pertains
to the T:5-OH-U(2) base-pair as well. This effect is not present
for the base-pairs involving thymine in the other conformation,
and the energies of the T:U, T:5-OH-U and T:5-Fo-U base-
pairs, —9.9, —10.2 and —10.3 kcal mol™', respectively, reflect
this.

The base-pair formed between cytosine and 5-Fo-U is signifi-
cantly more stable than those formed between cytosine and uracil
or 5-OH-U at all levels of theory used. At the BSSE-free MP2

This journal is © The Royal Society of Chemistry 2007

Org. Biomol. Chem., 2007, 5, 1554-1558 | 1555





H, H, H
N  N-H---0 N N-H---0 o}
I 7 \ A ~ 7 A H
N~ N---H-N H H N~ N--H-N Y \
me N »_N\ N N-H--0 o Me N rN N N-H---Q  Me
H 0 r \ H O m VAR
Me j N N\ e N N---H-N A\
N N---H-N I N N
Me N N Me ’ N
A:U H 0 Me A:5-Fo-U O Me
A:5-OH-U H A:T
o) o) 0
H-N \> H H-N \ M H\
0’ --H- -
(/N ; c§>_N\ o \o (/N 9 /)_N\ H-N O
N N-H0 e W /N\z/_<N-H"O Me CHAN Y
Me N N o Me = (/N 0 N,
NH ¢ V; ¢ o/>_N\ HN‘H N~2/_<N-H"O Me
N -H"" M / —
H Wi N-H e vl N
e — N-H
G:U N-H G:5-Fo-U .
H G:5-OH-C
G:5-0H-U
H \ H H
N-H-. N'H~~\ o H-N
A\
/ \ Y H </ . \ _H-N \
Necpoy N \ H H-N o- )
= S o S S S A
M/ 9 r N N\ \ Me O o) l\Vl N— N-H"O Me
€ O Me N-oony N € / —
Cc:u N H-N Me N—(
ve 0 O)-N\ C:5-FoU N~y
Me H G:C
C:5-OH-U H\
o O H
o H { o} o}
H JHAN D {
HANC HiC 07 N _.H-N
Hs3C 0~ />—N 3 d ’/>_M HsC O />—N
(0 ) 7 N-n ¢ SN
74 N H/ Me / - Me
- N~ N-H
/N_< Me/ 9 N_§
Me 0 Me Y
T:Um T:5-OH-U (1) T:5-Fo-U (1)
HiC. O
HiC. O 2/_4 H
HiC. O N-H---
¢ N-H--- : H N— Q 0
R 4 \ / N
N ) H N-H---0 0 Me  O=-H-N| N
ME O=-H-N N4 3 N
N M O-p-N N o
o e
Me )—N\
T:UQ O Me T:5-Fo-U (2)
T:5-0H-U (2)

Fig. 1 Base-pairs incorporating uracil (U), 5-formyl uracil (5-Fo-U), and 5-hydroxy uracil (5-OH-U).

theory level, the energy of the C:5-Fo-U base-pair (—13.0) is 1.0
and 0.8 kcal mol~! more stable than those of either the C:U (—12.0)
or the C:5-OH-U (—12.2) base-pairs.

Results presented in Table 1 show that the 5-Fo-U:C base-pair is
more stable than the 5-Fo-U:T pair, at all levels of theory. However,
melting temperatures' and relative excision activities by DNA
repair enzymes® suggest otherwise. Our ab initio calculations were
done on isolated base-pairs while the experiments were done on
DNA duplexes. Our results indicate that the 5-Fo-U:C base-pair
will have significantly higher propeller twist (ca. 40°) than the other

base-pairs, and hence will cause significant disruption of base
stacking within the duplex DNA. Therefore, it is reasonable
to expect that the presence of the 5-Fo-U:C base-pair would
destabilize the DNA duplex more than the presence of the 5-
Fo-U:T pair would do.

Effect of BSSE corrections

Among the DFT calculations without BSSE geometry correc-
tions, the over-estimations in base-pair stability are nucleotide

1556 | Org. Biomol. Chem., 2007, 5, 1554-1558

This journal is © The Royal Society of Chemistry 2007





Table 2 Hydrogen bond distances of structures shown in Fig. 1 calculated at different levels of theory

DFT DFT (BSSE-free) MP2 MP2 (BSSE-free)
Base-pair rn/A /A rn/A /A rn/A /A rn/A /A
G : C WC* *1.77 1.91 *1.79 1.94 *1.78 1.89 #1.86 1.98
G : 5-OH-U? *1.79 *#1.80 *1.81 *1.83 *1.77 #1.79 *1.86 *1.88
G : 5-Fo-U *#1.79 *1.84 *#1.82 #1.87 *1.81 *1.82 *#1.89 *1.91
G : 5-OH-C* *1.77 *1.90 *1.79 1.94 *1.79 1.89 *1.87 1.97
G:U *1.81 *1.83 *1.84 *1.86 *1.79 *1.84 *1.87 *1.94
A : 5-Fo-U 1.80 #1.94 1.84 #1.96 1.78 *1.97 1.87 *2.03
A : 5-OH-U? 1.80 *1.96 1.84 *1.98 1.77 *1.98 1.87 *2.04
AU 1.82 #1.93 1.87 *1.94 1.80 *1.95 1.90 #2.01
A:T WC? 1.82 #1.93 1.87 #1.94 1.80 #1.95 1.90 #2.01
C:5-Fo-U *1.87 1.91 *1.89 1.96 1.85 *1.90 1.97 *1.98
C:5-OH-U* *1.88 1.94 *1.91 1.99 1.85 *1.90 1.99 *1.99
c:u *1.84 1.95 #1.87 2.01 #1.87 1.88 #1.95 2.01
T : 5-Fo-U(2) *1.83 *1.90 *1.87 *1.94 *1.83 *#1.89 *1.92 *#1.99
T:5-OH-UQ)* #1.82 *1.85 *1.86 *#1.89 #1.82 *1.84 #1.91 *1.94
T:UQ) *1.86 *]1.87 *1.90 *1.90 *1.86 *1.86 #1.95 *1.95
T : 5-Fo-U(1) *#1.82 *1.90 *1.85 *1.93 *1.81 *].88 *1.91 *#1.99
T:5-0OH-U(1) *1.84 *#1.89 *1.88 #1.92 *1.83 *1.88 #1.92 *1.98
T: U1y *1.85 *1.87 *1.89 *1.90 *1.84 *1.86 *1.94 *1.96

* Indicates a hydrogen bond involving a carbonyl group.® 73 = 1.92, 1.94, 1.93 and 2.01* at the DFT, DFT (BSSE-free), MP2 and MP2 (BSSE-free) levels,
respectively. * Values taken from ref. 22—reproduced by permission of the Royal Society of Chemistry.

dependent. For the base-pairs involving C:5-X-U (X = H, OH,
CHO) the BSSE ranges from 1.2 to 1.3 kcal mol~!, while the over-
estimations for the analogous A, G and T base-pairs range from
1.5t0 2.0, 1.1 to 1.3, and 1.5 to 1.9 kcal mol~", respectively. Thus,
the BSSE error is generally smaller for the G and C bases when
bound to uracil or a 5-substituted uracil, and the BSSE error
is about 50% larger for the nucleotides A or T when bound to
uracil or a 5-substituted uracil. However, the smaller BSSE error
is observed for the G:5-OH-C and GC Watson—Crick base-pairs,
which have BSSE energy errors of only 0.4 and 0.5 kcal mol™,
respectively.

At the DFT theory level, geometry corrections for BSSE had a
larger effect on the hydrogen bond lengths that utilize a nitrogen
atom as the proton acceptor than do hydrogen bonds in which
a carbonyl group serves as the proton acceptor (Table 2). In the
base-pairs with either A or C pairing with a uracil derivative,
the hydrogen bond between the uracil H3 proton and the A or
C nitrogen atom electron donor is generally lengthened by 0.04—
0.05 A, while the remaining hydrogen bond is only lengthened by
0.01 t0 0.03 A.

Among the BSSE-contaminated MP2 calculations, the BSSE
energy errors are considerably larger than those observed for
the DFT calculations. The largest energy contaminations were
observed in the A:5-X-U (X = H, OH, CHO) base-pairs, where
the errors ranged from 4.1 to 4.3 kcal mol™'. For the analogous
base-pairsinvolving 5-X-U paired with C, G or T, the errors ranged
from3.1t03.3,3.0to 3.1and 3.2 to 3.5 kcal mol ™', respectively. The
G:C and G:5-OH-C base-pairs had BSSE energy contaminations
of 3.1 kcal mol™!, similar to those in the G:5-X-U base-pairs. This
contrasts considerably with the DFT calculations in which the
G:C and G:5-OH-C base-pairs had relatively low BSSE energy
contaminations.

Geometry changes from the BSSE corrections at the MP2
theory level provided larger increases (~0.06 to 0.14 A) to the
hydrogen bond lengths (Table 2). In general, the hydrogen bond

length increases are roughly about twice as large in the MP2
calculations as they are at the DFT level of theory.

Experimental

All calculations were performed with GAUSSIAN 98% using
the 6-311G(d,p) basis set and methods previously described.*
Geometry and energy corrections for BSSE used the Counterpoise
Correction method of Boys and Bernardi* implemented in
GAUSSIAN 98 as outlined by Simon, Duran and Dannenberg.?
Two orientations are possible for the formyl group of 5-Fo-U. The
formyl oxygen can be either cis or trans to the keto group at the 4™*
position (Fig. 1). The trans rotamer was previously shown to be
more stable than the cis isomer,”* and our results agree, indicating
that the trans rotamer is favored by —5.5 and —4.4 kcal mol™" at
the DFT and MP2 theory levels, respectively, compared to the cis
rotamer. Therefore, all base-pair calculations reported here were
carried out using the trans isomer of 5-Fo-U.

A medium quality basis set was used due to the extensive
time requirement of obtaining BSSE-free geometries. Sponer and
Hobza estimated® that the dispersion error due to the use of
a moderate-sized basis set, rather than a complete basis set, is
approximately —2.0 to —3.0 kcal mol~', and their more recent
results*” bear this out. The method used here, however, provides
for more accurate geometries and the BSSE corrections are more
significant (up to —4.3 kcal mol™") than the error due to an
incomplete basis set.

Conclusions

The thymine oxidation product 5-Fo-U can form stable base-pairs
with the standard DNA bases with decreasing stability in the order
A:5-Fo-U > G:5-Fo-U > C:5-Fo-U > T:5-Fo-U. However, in
the C:5-Fo-U base-pair, the bases are twisted about 40 degrees
relative to one another, and so in the context of a DNA duplex,
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one could expect this pair base to be much less stable than
these calculations on isolated bases would suggest. The A:5-Fo-U
base-pair is 0.6 kcal mol™' more stable than the precursor A:T
base-pair from which it might arise. Thus, a 5-Fo-U-deoxyribose-
triphosphate preferentially binds opposite an A and thus does not
lead to mutations upon later replication at that site.
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Ruthenium tetroxide (1 mol%) has been used as a catalyst for the oxidative mono-cyclization of
1,5,9-trienes and polyenes. The poly-unsaturated substrates underwent mono-cyclization with a high
degree of diastereo- and positionselectivity to produce mono-tetrahydrofuran diols with a varying
degree of unsaturation. Up to four new stereogenic centers were created in this single step

transformation. The remarkable positionselectivity appears to be a result of relative electronic
properties of the double bonds within the polyolefinic substrates in conjunction with conformational

constraints.

Introduction

Selective transformations at specific sites of a polyfunctional
substrate represent a significant challenge of current organic
chemistry. In particular, the discrimination of similar or identical
functional groups in a comparable chemical environment is a non-
trivial synthetic task. For example, the selective oxidation of spe-
cific double bond(s) of a polyene substrate is generally difficult to
achieve, especially in the absence of other directing functionality.'
Different types of selectivity, such as stereo-, position-, and
chemoselectivity have to be addressed simultaneously.

A number of terpenoid natural products consist of a tetrahy-
drofuran (THF) ring system along with a varying degree of
unsaturation within the side chain (Fig. 1).2

OH OMe

COOH 2 OH
1 Kuhistanol C

3 Quassiol A

Fig.1 Terpenoid mono-THF natural products.

Biogenetically, such compounds are believed to be derived from
an appropriate 1,5,9-triene (or polyene) precursor.’® In a key
step of the biosynthesis, this triene (or polyene) is enzymatically
epoxidized to yield a diepoxide with a high degree of selectivity
(Scheme 1). A final spontaneous, or again enzyme catalyzed,
cyclization furnishes the natural product (Scheme 1). Other
mechanisms may be conceivable,® however, the diepoxide pathway
appears most likely.**

Whereas nature’s complex enzyme machinery is capable of
achieving a high degree of selectivity, simple catalyst systems

Freie Universitdt Berlin, Institut fiir Chemie und Biochemie, Takustrasse 3,
14195, Berlin, Germany. E-mail: stark@chemie.fu-berlin.de; Fax: ++49-30-
838 55367, Tel: ++49-30-838 52677

T Electronic supplementary information (ESI) available: Additional exper-
imental details and analytical data. See DOI: 10.1039/b702877f
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Scheme 1 Proposed biosynthetic pathway to terpenoid mono-THF
natural products.

often fail.! Therefore, a biomimetic approach is anticipated to
be difficult primarily due to low positionselectivity both for
the epoxidation as well as for the hydrolytic epoxide opening—
cyclization step, particularly for higher polyene substrates. An
alternative chemical pathway to THF-diols is the direct oxidative
cyclization of 1,5-dienes. Such unique cyclization reactions have
been achieved using various d°-metal-oxo-reagents (Scheme 2).°
Applications to polyene substrates, especially attempts to achieve
mono-cyclizations, have rarely been reported.”®

dati R? R®
. _ oxidation R! R4
Z R : O

I
oo

Scheme 2 Direct oxidative cyclization of 1,5-dienes.

We recently described a method for the catalytic oxidative
cyclization of 1,5-dienes to furnish tetrahydrofurans® and 1,6-
dienes to yield tetrahydropyrans.’® In continuation of this work,
we were attracted to extend the scope of this methodology
to 1,5,9-trienes and polyenes. The aim of the present study
was to develop a protocol for the selective mono-cyclization
of polyene substrates. In order to obtain synthetically useful
amounts of mono-cyclization product, high levels of control
over both position- and diastereoselectivity have to be achieved.
Moreover, other oxidatively sensitive functionality within the
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product (including other double bonds) need to be sufficiently
stable under the reaction conditions.

Results and discussion

Initial experiments using conditions similar to those recently
developed for simple 1,5-dienes showed that the desired mono-
cyclization product of farnesol derivatives was formed, albeit in
low yield. For these experiments, 0.2 mol% ruthenium tetroxide"'
(generated by in situ oxidation of ruthenium(1ir) chloride) was used
as a catalyst and sodium periodate on wet silica'? was employed
as the terminal oxidant.” As solvent, a mixture of THF-CH,CI,
(9: 1) was used.® Under these conditions, the cyclization reaction of
the 1,5,9-trienes did not go to completion and the majority of the
starting material was recovered untouched. Moreover, a varying
amount of undesired overoxidation product, ketol 10 (Scheme 3),
was detected.

Therefore, optimization of several reaction parameters was
necessary to achieve complete conversion of the starting material
and to suppress the formation of unwanted overoxidation product
(cf. Scheme 3). For the optimization process, farnesol derivatives
4a and 4b (Scheme 3) were chosen as substrates to allow facile
UV-detection during the course of the reaction. It proved to be
important to change the solvent mixture (THF-CH,Cl, 9 : 1)
to THF only in order to achieve complete conversion within

Table 1 Oxidative mono-cyclization of farnesol derived substrates

3 eq. NalOy4 /wet silica, OH OH
« ~ ~ 1 mol% RuCls, THF, it. 7a-b
OPG
4a-b
W/\OPG
PG =TBDPS, Bz
OH o

10a-b

Scheme 3 Optimized reaction conditions for the mono-cyclization of
1,5,9-triene substrates.

24 h. A more polar solvent is generally believed to facilitate
hydrolysis of ruthenium-ester intermediates and thus improve
reaction rates.”® Increasing the amount of pre-catalyst from 0.2 to
1 mol% ruthenium(1ir) chloride and the amount of NalO, on wet
silica from 2.2 to 3 equivalents shortened the reaction time to only
4-6 h (depending on substrate) at 0 °C. Performing the reaction
at ambient temperature allowed complete conversion of starting
trienes within 1-4 h, without any loss of selectivity regarding posi-
tionselectivity as well as the diol-ketol ratio (7 : 10, ¢f- Scheme 3).
Moreover, the three stereogenic centres of these products were
established with high diastereoselectivity (>95 : 5 dr), and other
isomers such as trans-THFs were generally not detectable.’
Several farnesol derivatives were subjected to this optimized
protocol (Table 1). Pleasingly, a range of protecting groups and
functional groups were compatible with these conditions. Thus,

Entry Substrate Product Reaction time Yield (%)*
1 4h 46 (58)
X X Xopc : NX-"0orB0PS
HO OH
PG = TBDPS, Bz, p-NO,-Bz, Ac 7a
2 da-d 1h 67 (83)
H X 0Bz
HO OH
7b
3 2.5 h 58 (75)
z X OBz-p-NO,
HO OH
Te
4 1h 44 (60)
: X OAc
HO OH
7d
’ W e He
N X X N
F 07| ™ F
5 HO OH
8
6 o] 0 10 min. 69 (85)°
A NS A o™ WO/\
6 HO OH

« All yields are isolated yields; yields in parentheses include the overoxidation product. ® Reaction was incomplete and therefore quenched as no further
conversion was detected by TLC. ¢ E-Z 6 : 1 for the substrate as well as for the product.
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farnesol with different protecting groups gave the mono-THF
products in good yields. The best result in this series (Table 1,
entry 1-4) was obtained using a simple benzoate protecting group.
Notably, even farnesyl fluoride could be used as a substrate
providing the fluorinated mono-THF 8 in good yield (53/64%).
The best yield (69/85%) as well as the highest reaction rate
was observed using ethyl farnesoate 6 as a substrate (Table 1,
entry 6). In the case of farnesyl acetone, a complex mixture
of products was obtained (data not shown). Generally, the
cyclization reaction occurred involving the two double bonds
with higher electron density leaving the olefin with a neighboring
electron-withdrawing substituent unreacted. Cyclization involving
the two other double bonds was not observed in any case,
clearly demonstrating that for olefins bearing (slightly) different
electronic properties a high degree of positionselectivity can be
achieved.

The remarkably low reactivity of the remaining olefin of the
mono-cyclization products towards the strong oxidant, ruthe-
nium tetroxide, prompted us to investigate the fate of oxidiz-
able functionality within the primary cyclization products. We
therefore resubmitted THF-diols 7a and 7b to the cyclization
reaction conditions (Scheme 4). Interestingly, both the olefin
and the secondary alcohol remained intact for several hours
at room temperature. Only at extended reaction times (>24 h)

Table 2 Oxidative mono-cyclization of non-terpenoid 1,5,9-trienes

3 eq. NalOy4 on wet silica,
1 mol% RuClz, THF, it,

OH
MOR W\OR

24-36h
HO OH HO OH OH
7 23
a:R=TBDPS a:26 %
b:R=Bz b:7 %

Scheme 4 Oxidative side reaction at extended reaction time.

were small amounts of dihydroxylation products 23a and 23b
detectable (Scheme 4). Taking into account that ruthenium
tetroxide catalyzed transformations are highly pH-dependent, the
low propensity of oxidative side reactions appears to be a result
of the essentially neutral reaction medium."* Alcohol oxidations
would require high pH-values' whereas (flash)-dihydroxylations'®
or ketohydroxylations'” are efficient only under strongly acidic
conditions.

The high levels of selectivity achieved for the oxidative cycliza-
tion of oligo-prenyl triene derivatives prompted us to investigate
other non-terpenoid trienes. The results of this investigation are
summarized in Table 2. As expected, in the case of these mono-
and disubstituted alkene substrates, somewhat lower yields were
obtained.* Similar to ethyl farnesoate, ester and diester substrates
underwent rapid conversion providing the corresponding THF-
diols in good yield (Table 2, entry 1 and 2). Products 19-22 were

Entry Substrate Product Reaction time Yield (%)*
1 o o] S min. 36
\/\/\/\/\)J\oa Moa
11 HO OH
17
2 o) o] o] S min. 42
FON N A X" okt EtOWOEt
0 HO OH
12 18
3 OTBDPS /\w 1 ht 21
X N X H E X
13 HO OH
19
4 0Bz 0Bz 3h 36
W /\:/Q\:}\/\
14 HO OH
20
3 0Bz OBz 3h 24
X X AN : X
HO OH
15
21
6 w 8 o N
X X AN : A
16 HO OH

@ All yields are isolated yields. * Reaction was incomplete and therefore quenched as no further conversion was detected by TLC.
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obtained as a 1 : 1 mixture of diastereoisomers concerning the
protected alcohol stereogenic center. However, in the case of the
benzoate protected alcohols (20 and 21), the two diastereoiso-
mers could be separated by column chromatography providing
diastereomerically pure material. For all trienes shown in Table 2
no overoxidation product was isolated.

It was also possible to apply our reaction conditions to polyene
substrates. As shown in Table 3, tetraenes 24-27 underwent
smooth mono-cyclization in good yields. For these tetraenes as
well as for the trienes (¢f Table 1 and 2), no poly-cyclization
products were observed and only a single regioisomer was formed.
Interestingly, attachment of suitable acceptor substituents (CO,Et
and CH,0Ac) to the terminal olefin allowed us to reverse the
positionselectivity to the two internal double bonds. Thus, synthet-
ically useful C,-symmetric THF-diols 31 and 32 were accessible
in good yields (Table 3, entry 3 and 4). We also investigated the
oxidative cyclization of commercially available and inexpensive
hexaene, squalene (28). For this triterpene, the reaction always
stopped after about 30 minutes reaction time leaving most of
the starting material unreacted. However, despite the presence
of six competing trisubstituted olefins in this substrate, only two
constitutional isomers (easily distinguished and assigned by their
different MS-fragmentation patterns) were detectable. The mono-
THF-diol products 33 and 34, again accompanied by some ketol
product, were isolated in 31% combined yield. It is also noteworthy
that cyclization product 33 represents a dideoxy-derivative of
quassiol A (3) (¢f Fig. 1).

Mechanism and rationale for the observed positionselectivity

Mechanistically, we suppose a similar pathway as has been previ-
ously suggested for the oxidative cyclization of simple 1,5-dienes."
Accordingly, THF-formation results from two consecutive [3 +
2] cycloaddition events between the unsaturated substrate and
ruthenium in high oxidation states (+VIII and +VI; ¢f. Scheme 2
and 5). The excellent diastercoselectivity of this transformation is
believed to result from the second highly ordered intramolecular
addition event. Therefore the reaction leads to the exclusive
formation of 2,5-cis-substituted THF-products. The position-
selectivity observed for the oxidation of these polyunsaturated
substrates appears to be primarily controlled by (marginal)
electronic differences of the double bonds; with the initial attack
to one of the electron rich olefins.? At least for higher polyenes,
a second element of control has to be taken into consideration
in order to account for the experimental findings. Thus, a certain
degree of self-coiling of higher hydrocarbons in the polar reaction
medium?" would lead to effective shielding of the internal double
bond(s) from oxidative attack and at the same time expose the
terminal position for reaction (pathway A in Scheme 5). This
“conformational-steric effect” may also be operative for trienes
such as farnesol derivatives again leading to preferential attack
at the terminal isopropylidene unit. Alternative reaction of the
internal double bond (pathway B in Scheme 5) would produce a
regioisomeric ruthenium(vi) diester. The subsequent electronically
driven cyclization step, however, would render the two possible
pathways (A and B in Scheme 5) indistinguishable by formation
of identical THF-products. After cyclization, rapid hydrolysis
of the ruthenium ester intermediate has to occur to prevent
intramolecular oxidative side reactions. Taken together, the initial

RuO, RuO,4
X X R
pathway A pathway B
PI™ <N 7 RN\
o~fo A
o R
L (O J
\ﬁ“/
©)  leno
- RuGzin
R
oY
HO OH

Scheme 5 Mechanistic proposal for the oxidative mono-cyclization of
polyenes and rationale for the observed positionselectivity.

[3 + 2] cycloaddition to the most electron rich and most accessible
olefin dictates the positionselectivity of the process. Despite the
presence of the strong oxidant ruthenium tetroxide, oxidation of
remaining olefins (and other functionality) within the products
was slow and easily controlled resulting in a highly chemoselective
and practical oxidation procedure.

Conclusions

In summary, we have presented a general and efficient procedure
for the oxidative mono-cyclization of 1,5,9-trienes and polyenes.
As a result of conformational constraints and relative electronic
density within the polyolefin substrates, a high degree of po-
sitionselectivity was observed. In addition, the hydroxy-flanked
mono-THF products were obtained as single diastereoisomers.
This oxidation reaction has been applied to compounds with three,
four, and six double bonds to produce mono-cyclized THF-diols
with a varying degree of unsaturation. Our current work in this
area is focused on synthetic applications of this mono-cyclization
methodolgy. The progress of these investigations will be reported
in due course.

Experimental
General remarks

All reagents were used as purchased from commercial suppliers.
Solvents were purified by conventional methods prior to use.
Column chromatography: Merck silica gel 60, 0.040-0.063 mm
(230-400 mesh). TLC: pre-coated aluminium sheets, Merck silica
gel 60, F,s,; detection by UV or by cerium/molybdenum solution
[phosphomolybdic acid (25 g), Ce(SO,),-H,O (10 g), concd H,SO,
(60 ml), H,O (940 ml)]. 'H and “C NMR spectra were recorded
at room temperature in CDCl; on a Bruker AC 500 spectrometer.
Chemical shifts J are given relative to TMS as internal standard or
relative to the resonance of the solvent ("H: CDCl;, 6 = 7.24 ppm,;
BC: CDCl;, 6 = 77.0 ppm). Coupling constants are measured
in hertz. Mass spectra were recorded with a Varian MAT 771,
MAT 112 S. FT-IR spectra were recorded with a Nicolet 5 SXC
with DTGS detector. Elemental analyses were recorded on a
Perkin-Elmer 2400 CHN elemental analyzer. All substrates were
prepared according to standard procedures.
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General procedure for the oxidative mono-cyclization of
1,5,9-trienes and polyenes

To a solution of 0.5 mmol of the polyene substrate in 10 ml THF,
2.33 g (3 eq.) NalO, on wet silica’ are added. Then 0.1 ml of a
0.05 M solution of RuCl; in water are added and the reaction is
stirred at room temperature until either complete consumption of
the starting material or no further reaction progress is detected
by TLC. The reaction is quenched by addition of 1 ml (excess)
of i-propanol. After filtration, the solvent is evaporated under
reduced pressure. The crude product is purified by silica gel
chromatography using a mixture of hexane—ethyl acetate as eluent.

Benzoic acid  6-hydroxy-6-[5-(1-hydroxy-1-methyl-ethyl)-2-
methyl-tetrahydro-furan-2-yl]-3-methyl-hex-2-enyl ester (7b). IR
(KBr): v 3420, 2973, 2930, 2875, 1717, 1451, 1379, 1315,
1273, 1070, 714; NMR: 64 1.05 (3 H, s, C(2)-CH;), 1.14 (3 H,
s, C(5)-C(OH)(CH;),), 1.21 (3 H, s, C(5)-C(OH)(CH}),), 1.53
(2H, m, C(2)-CH(OH)CH,), 1.63 (1 H,m, C(3)-H*), 1.75 (3 H, s,
CH,C(CH;)=CH), 1.86 (3 H, m, C4)-H, and C(3)-H"),
2.10 (1 H, C(2)-CH(OH)CH,CH"), 2.34 (1 H, C(2)-CH(OH)-
CH,CH"), 3.38 (1 H, m, C(2)-CH(OH)), 3.83 (1 H, m, C(5)-H),
4.82(2H,d,J7.0,CH,0Bz),5.48 (1 H,m, CH,C(CH;)=CHCH,),
7.41 (2 H, m, Ar), 7.52 (1 H, m, Ar), 8.02 (2 H, m, Ar); d¢
16.6 (CH,C(CH;)=CHCH,), 20.9 (C(5)-C(OH)(CHs;),), 24.8
(C(2)-CH,;), 26.6 (C(4)), 27.3 (C(5)-C(OH)(CHj;),), 30.0 (C(2)-
CH(OH)CH,), 35.2 (C(3)), 36.3 (C(2)-CH(OH)CH,CH,), 61.8
(CH,0Bz), 71.6 (C(5)-COH(CH,;),), 77.0 (C(2)-COHCH,), 85.2
(C(5)), 85.8(C(2)), 118.6 (CH,C(CH;)=CHCH,), 128.3 (2 x Ar),
129.6 (2 x Ar), 132.8 (Ar), 142.3 (CH,C(CH,;)=CHCH,), 166.6
(OC(=0)Ar); MS (EI) m/z 377 ((MH]*, 1%), 359 ((M-H,O]J",
1), 333 ((MH-C;H,]*, 1) 318 ((IMH-C(CH,),OH]*, 1), 275 (1),
251 (2), 239 (2), 233 ([M—(CH,),(OH)C-THF-CH,]*, 1), 227
(IM-BzO-CH,CH,]*, 6), 209 ([227-H,0]*, 3), 143 ([(CH,),(OH)-
THF-CH;]*, 100), 125 ([143-H,0]+, 28) 105 ([PhCOJ*, 595), 71
([THF-HJ*, 34), 59 ([C(CH;),OH]*, 14), 43 ([C;H,]*, 72); HRMS
(EI) m/z 377.2342 ((MH]*, C,,H;;05 requires 377.2328).

Benzoic acid 6-|5-(1-hydroxy-1-methyl-ethyl)-2-methyl-tetra-
hydro-furan-2-yl]-3-methyl-6-oxo-hex-2-enyl ester (10b). EA:
Found C, 70.1; H, 8.0; C,,H;,O; requires C, 70.0; H, 7.8%; IR
(KBr): vy 3441, 2976, 1778, 1717, 1602, 1451, 1381, 1274, 1113,
714;NMR:oy 1.04 (3H, s, C(5)-C(OH)(CH;),), 1.23 (3H, s, C(5)-
C(OH)(CH,),), 1.34 (3 H, s, C(2)-CH;), 1.71 (3 H, s, CH,C-
(CH;)=CH), 1.75 (3 H, m, C(4)-H, and C(3)-H"), 2.17 (1 H, m,
C(3)-H"), 2.27 (2 H, m, C(2)-CH(=0)CH,), 2.67 (2 H, m, C(2)-
CH(OH)CH,CH,), 3.18 (1 H, br s, OH), 3.84 (1 H, m, C(5)-H),
477(2H,d,J7.0,CH,0Bz), 541 (1 H,tq,J 7.0 and 1.2, CH,C-
(CH;)=CHCH,), 7.36 (2 H, m, Ar), 7.47 (1 H, m, Ar), 7.96 (2 H,
m, Ar); oc 16.6 (CH,C(CH;)=CHCH,), 23.7 (C(2)-CH,), 24.8
(C(5)-C(OH)(CH;),), 25.7(C(4)), 27.5 (C(5)-C(OH)(CHj;),), 32.8
(C(2)-C(=0)CH,), 35.1 (C(3)), 35.9 (C(2)-CH(OH)CH,CH,),
61.4 (CH,0OBz), 70.5 (C(5)-C(OH)(CHj;),), 86.6 (C(5)), 88.0
(C(2)), 118.8 (CH,C(CH;)=CHCH,), 128.1 (2 x Ar), 129.4 (3 x
Ar), 132.6 (Ar), 140.9 (CH,C(CH;)=CHCH,), 166.3 (OC(=0)-
Ar), 212.0 (C(2)-C(=0)CH,); MS (EI) m/z 374 (IM]*, 1%),
252 ((IM-PhCO,H]J", 1), 237 (IM-CH;-PhCO,H]", 2), 194 (M-
(CH;),C(OH)-PhCO,]*, 3), 143 ([(CH,),C(OH)-THF-CH;]*,
100), 125 ([143-H,0]*, 17), 105 ([PhCOJ*, 33).

6-Hydroxy-6-|5-(1-hydroxy-1-methyl-ethyl)-2-methyl-tetra-
hydro-furan-2-yl]-3-methyl-hex-2-enoic acid ethyl ester (9). EA:
Found C, 64.60; H, 10.22; C,;H;,0s requires C, 64.94; H, 9.62%;
IR (KBr): v, 3406, 2975, 2934, 2873, 1715, 1647, 1447, 1378,
1225, 1147; NMR: ¢4 1.07 (3 H, s, C2)-CH;), 1.11 (3 H, s,
C(5)-C(OH)(CH;),), 1.19 (3 H, s, C(5)-C(OH)(CH5;),), 1.22 (3 H,
t, J 7.2, C(=0)OCH,CH;), 1.53 (2 H, m, C(2)-CHOHCH,),
1.60 (I H, m, C(3)-H*), 1.84 (3 H, m, C(4)-H, and C(3)-
H"), 2.11 (3 H, d, J 1.2, CH,C(CH;)=CHCO,Et), 2.14 (1 H,
C(2)-CH(OH)CH,CH"),2.41 (1 H,C(2)-CH(OH)CH,CH"), 3.31
(1 H, m, C(2-CHOH), 3.80 (1 H, m, C(5-H), 4.08 (2 H,
q,J 7.2, C(=0)OCH,CHj;), 5.64 (1 H, q, J 1.2, CH,C(CH,)=CH-
CO,Et);d¢ 14.2(C(=0)OCH,CH,), 18.8 (CH,C(CH;)=CHCH,),
21.2 (C(5)-COH(CHs;),), 24.9 (C(2)-CH;), 26.6 (C(4)), 27.3
(C(5)-COH(CH;),), 29.8 (C(2)-CH(OH)CH,), 35.2 (C(3)), 37.7
(C(2-CH(OH)CH,CH,), 59.4/59.8 (C(=O)OCH,CH;), 71.6
(C(5)-C(OH)(CH,),), 76.7 (C(2-COHCH,), 85.2 (C(5)), 85.6
(C(2)), 115.6/116.8 (CH,C(CH;)=CHC(=0)), 159.8 (CH,C-
(CH;)=CHC(=0)), 166.8 (CHC(=0O)OEt); MS (EI) m/z 314
(IM]*, 1%), 299 (IM-CH,]*, 1), 296 (IM-H,O]*, 1), 281 ((M-CH;—
H,0J", 2), 251 ((M-H,0-OEt]*, 5), 235 ([296-EtOH]*, 1), 191 (4),
171 (IM—(CH,),(OH)C-THF-CH;]*, 19), 143 ([(CH;),(OH)C-
THF-CH;]*, 100), 125 ([143-H,0]", 36), 71 ([THF-H]*, 35), 59
([(CH;),COHT*, 19), 43 ([C;H,]*, 75); HRMS (EI) m/z 314.2086
(IM]*, C,;H3,05 requires 314.2093).

6-[5-(1-Hydroxy-1-methyl-ethyl)-2-methyl-tetrahydro-furan-2-
yl]-3-methyl-6-oxo-hex-2-enoic acid ethyl ester (ketol corresponding
to compound 9). EA: Found C, 65.00; H, 9.18; C,;H0Os requires
C, 65.36; H, 9.03; IR (KBr): v, 3453, 2977, 2934, 1713, 1649,
1448, 1369, 1226, 1148, 1050; NMR: 6,4 1.07/1.08 (3 H, s, Me),
1.22/1.24(3H,t,J 7.2, C(=0)OCH,CH,), 1.27/1.28 (3 H, s, Me),
1.38/1.39 (3 H, s, Me), 1.78 (4 H, m, C(3)-H, and C(4)-H.,),
2.12 (3 H, d, J 1.3, C(CH;)=CHCO,Et), 2.22 (1 H, m, C(2)-
C(=0)CH,CH"), 2.37 (1 H, C(2-C(=0)CH,CH"), 2.72/2.74
(2 H, m, C(2)-C(=0)CH,), 2.83 (1 H, br s, OH), 3.88 (1 H, m,
C(5)-H), 4.09/4.11 (2 H, q, J 7.2, C(=0)OCH,CHy;), 5.62/5.66
(1H,dt, J3.7and 1.3, CH,C(CH;)=CHCO,Et); . 14.2 (C(=0)-
OCH,CH,), 18.9 (CH,C(CH,;)=CHCH,), 23.9 (C(5)-COH-
(CHa,),), 24.9 (C(2)-CH,), 25.9 (C(4)), 27.7/27.8 (C(5)-COH-
(CH;),), 34.3 (C(2)-C(=0O)CH,), 34.8/35.4 (C(3)), 35.9/36.1
(C(2)-C(=0)CH,(CH,),59.6 (C(=O)OCH,CH;), 70.8 (C(5)-COH-
(CH;),), 86.8 (C(5)), 88.2 (C(2)), 116.0/116.9 (CH,C(CH;)-
=CHC(=0)), 158.0 (CH,C(CH;)=CHC(=0)), 166.6 (CHC(=0)-
OEt), 212.0 (THF-C(=0)CH,); MS (EI) m/z 312 ([M]*, 1%),
297 ((M-CH;]*, 1), 267 ((M-OEt]*, 4), 251 ((M-EtOH-CH,]",
3), 143 ([(CH;),(OH)C-THF-CH;]*, 100), 125 ([143-H,0]", 19),
43 (IC3H,]*, 47.6); HRMS (EI) m/z 312.1946 ([M]*, C,;HxOs
requires 312.1937).

6-Hydroxy-6-(5-hydroxymethyl-tetrahydro-furan-2-yl)-hex-2-
enoic acid ethyl ester (17). IR (KBr): v, 3416, 2978, 2939, 2876,
1719, 1653, 1369, 1272, 1199, 1044; NMR: 6, 1.24 3 H, t, J
7.2, C(=0)OCH,CH;), 1.55 (2 H, m, C(2)-CH(OH)CH,), 1.76
(C(4)-H,),1.89(C(3)-H,),2.26 (1 H,m, C(2)-CH(OH)CH,CH"),
239 (1 H, m, CQ)-CH(OH)CH,CH’), 340 (1 H, m,
C(5)-CH(OH)), 3.47 (1 H, dd, J 11.5 and 4.8, C(2)-C(OH)H"),
3.71 (1 H, dd, J 11.5 and 2.9, C(2)-C(OH)H"), 3.79 (1 H, m,
C(2)-H), 4.04 (C(5)-H),4.13 (2 H, q, J 7.2, C(=0)OCH ,CH,;),
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5.80 (1 H, dd, J 15.5 and 1.5, CH=CHCO,EY), 6.93 (1 H, dt, J
15.5 and 7.0, CH=CHCO,EY); d. 14.2 (C(=0)OCH, CH,), 27.0
(C(3)), 28.1 (C(4)), 28.3 (C(2)-CH(OH)CH,CH.), 32.2 (C(2)-
CH(OH)CH,), 60.2 (C(=0)OCH,CH,), 64.9 (C(5)-CH,OH),
73.3 (C(2)-CH(OH)CH,CH,), 80.0 (C(5)), 82.9 (C(2)), 121.5
(CH=CHC(=0)OE), 148.7 (CH=CHC(=0)OEt), 166.7 (C(=O)-
OEt); MS (EI) m/z 258 ((M]+, 1%), 240 (M-H,O[", 1), 227
(IM-CH,OH]J", 4), 213 (M-OE]*, 4), 158 ([EtOC(=0)CH=CH-
(CH,),CH(OH) + HJ*, 34), 111 ([158-EtOH]*, 41), 101 (CH,OH—
THEFJ*, 76), 57 (CH-CO,]*, 100), 29 (CH,CH,]*, 54); HRMS (EI)
m/z 240.1362 ((M-H,OJ*, C,,H,,0, requires 240.1358).

6-|5-(Ethoxycarbonyl-hydroxy-methyl)-tetrahydro-furan-2-yl]-
6-hydroxy-hex-2-enoic acid ethyl ester (18). IR (KBr): v, 3445,
2982, 1736, 1447, 1371, 1271, 1199, 1129, 1043, 863; NMR:
oy 1.22 3 H, t, J 7.2, CH=CHC(=0)OCH,CH;), 1.25 (3 H,
t,J 7.2, CH(OH)C(=0)OCH,CH;), 1.55 (2 H, 2 x m, C(2)-CH-
(OH)CH,), 1.92 (2 H, m, C(3)-H,), 1.96 (1 H, m, C(4)-H"),
2.08 (1 H, m, C(4)-H"), 2.23 (1 H, m, C(2)-CH(OH)CH,CH"),
2.36 (1 H, m, C(2-CH(OH)CH,CH"), 3.39 (1 H, m, C(2)-CH-
(OH)CH,), 3.79 (1 H, m, C(2)-H), 4.06 (1 H, d, J 2.0, C(5)-
CH(OH)CO,Et),4.12(2H, q,J 7.2, CH=CHC(=0)OCH,CH;),
421 (2 H, m, C(5)-CH(OH)C(=0)OCH,CH,;), 4.31 (1 H, m,
C(5)-H), 5.78 (1 H, td, J 15.7 and 1.5, CH=CHCO,Et), 6.96
(1 H, dt, J 15.7 and 7.0, CH=CHCO,Et); 6. 14.1/14.2 (2 x C-
(=0O)OCH, CH,;), 27.5 (C(3)), 28.2 (C(4)), 28.3 (C(2)-CH(OH)-
CH,CH,), 32.6 (C(2-CH(OH)CH,), 60.1 (CH=CHC(=0)-
OCH,CH,), 61.8 (C(5)-CH(OH)C(=0)OCH,CH,;), 72.7 (C(5)-
CH(OH)CO,Et), 73.0 (C(2)-CH(OH)CH,), 79.8 (C(5)), 82.8
(C(2)), 121.5 (CH=CHCO,Et), 148.7 (CH=CHCO,Et), 166.6
(CH=CHC(=0)OEt), 173.1 (C(5)-CH(OH)C(=0O)OEt); MS
(EI) m/z 330 (IM]*, 1%), 328 (IM-H,]*, 1), 302 (M + H-CH;-
CH,J*, 3), 285 ([IM-OEt]*, 11), 239 ((M-CO,Et-H,O0]*, 12), 227
(IM-CH(OH)CO,Et]*, 24), 173 (IM-CH(OH)(CH,),CH=CH-
CO,Et]*, 41), 158 ([EtOC(=0)CH=CH(CH,),CH(OH) + HJ*,
53), 111 ([173-OEt-OH]*, 68), 99 ([CH=CHCH,Et]*, 79), 71
(ITHF + HJ*, 100); HRMS (EI) m/z 330.1669 (IM]*, C,sH,0,
requires 330.1679).

Benzoic acid  1-{hydroxy-[5-(1-hydroxy-propyl)-tetrahydro-
furan-2-yl]-methyl}-but-3-enyl ester (20). Complete data for
the first diastereoisomer of compound 20. IR (KBr): v, 3418,
2964,2935,2878,1718, 1451,1275,1112,1071,1027,970,917,713;
NMR:d, 093 3H, t,J 7.5, C(5)-CH(OH)CH,CH;), 1.50 (2 H,
m, C(5)-CH(OH)CH,CH;), 1.87 (2 H, m, C(4)-H,), 1.96 2 H, m,
C(3)-H,),2.60 (1 H, m, CH,=CHCH"), 2.70 (1 H, m, CH,=CH-
CH?"), 3.36 (1 H, m, C(5)-CH(OH)CH,CH,), 3.67 (1 H, dd, J
6.6 and 2.9, C(2)-CH(OH)), 3.83 (1 H, dt, J 7.0 and 4.0, C(5)-
H),4.09 (1 H,dt,J7.0and 2.9, C(2)-H), 5.04 (1 H, m, H,C=CH-
CH,), 5.11 (1 H,ddd, J 17.0 and 3.2 and 1.5, H,C=CHCH,), 5.19
(1 H, ddd, J 7.6 and 6.6 and 3.9, C(2)-CH(OH)CH(OBz)CH,),
5.83(1 H, m, H,C=CHCH,), 7.41 (2 H, m, Ar), 7.53 (1 H, m, Ar),
8.02 (2 H, m, Ar); ¢ 10.2 (C(5)-CH(OH)CH,CH,), 27.2 (C(5)-
CH(OH)CH,CHj;), 28.1 (C(4)), 28.5(C(3)), 34.9 (H,C=CHCH,),
74.2 (C(2)-CH(OH)), 74.9 (C(2)-CH(OH)CH(OBz)CH,), 75.5
(C(5)-CH(OH)CH,CH;), 78.4 (C(2)), 82.1 (C(5)), 118.0 (H,C=
CH-CH,), 128.3 (2 x Ar), 129.6 (2 x Ar), 133.0 (Ar), 133.6 (Ar),
166.1 (CHOC(=0)Ph); MS (EI) m/z 305 ((M-CH;CH,]*, 1%),
275 ((IM-CH;CH,CH(OH)]*, 10), 205 ([H,C=CHCH,CH(OC-
(=0)Ph)CH(OH)]*, 15), 154 ((M-CH,CH=CH,-PhCO,-H,0J*,

9), 129 (IM-205]*, 31), 105 ([PhCO]*, 100), 77 ([C.H;]*, 26);
HRMS (EI) m/z 305.1393 ((M-CH,CH,]*, C,;H,,Os requires
305.1389).

NMR data for the second diastereoisomer of compound 20.
NMR: o, 0.88 (3 H, t, J 7.4, C(5)-CH(OH)CH,CH,), 1.39 (2 H,
m, C(5)-CH(OH)CH,CHj;), 1.78 (1 H, m, C(4)-H“), 1.87 (2 H,
m, C(4)-H’, C(3)-H"), 1.96 (1 H, m, C(3)-H"), 2.57 (2 H, m,
CH,CH=CH,), 3.30 (1 H, dt, J 8.3 and 4.6, C(5)-CH(OH)CHS,-
CH,), 3.60 (1 H, dd, J 4.0 and 4.0, C(2)-CH(OH)), 3.78 (1 H, dt,
J 7.0 and 4.8, C(5)-H), 4.06 (1 H, dt, J 7.0 and 4.0, C(2)-H),
5.03 (1 H, m, H,C=CHCH,), 5.13 (1 H, ddd, J 17.0 and 3.2 and
1.4, H,C=CHCH,), 5.28 (1 H, ddd, J 7.6 and 5.0 and 4.2, C(2)-
CH(OH)CH(OBz)CH,), 5.79 (1 H, m, H,C=CHCH,), 7.40 2 H,
m, Ar), 7.52 (1 H, m, Ar), 8.03 (2 H, m, Ar); d. 10.1 (C(5)-CH-
(OH)CH,CH,), 27.0 (C(5)-CH(OH)CH,CH,), 27.8 (C(4)), 28.5
(C(3)), 35.4 (H,C=CHCH,), 74.3 (C(2)-CH(OH)), 74.6 (C(2)-
CH(OH)CH(OBz)CH,), 754 (C(5)-CH(OH)CH,CH;), 79.5
(C(2)), 82.4 (C(5)), 118.2 (H,C=CH-CH,), 128.3 (2 x Ar), 129.7
(2 x Ar), 133.0 (Ar), 133.4 (Ar), 166.3 (CHOC(=0O)Ph); IR and
MS data are the same as for the first diastereoisomer.

4-Nitro-benzoic acid 1-{hydroxy-[5-(1-hydroxy-propyl)-tetra-
hydro-furan-2-yl]-methyl}-but-3-enyl ester (22). IR (KBr): v,
3402, 2965, 2940, 2879, 1724, 1608, 1528, 1348, 1272, 1104, 1015,
920, 874, 837, 784, 720; NMR: dy 0.91/0.94 3 H, t, J 7.4, C(5)-
CH(OH)CH,CH,;), 1.35 (2 H, m, C(5)-CH(OH)CH,CH,;), 1.75
(1 H, m, C(4)-H"), 1.98 (3 H, m, C(4)-H", C(3)-H), 2.55 (2 H,
m, CH,CH=CH,), 3.58/3.67 (2 H, m, C(2)-CH(OH)), 3.68/3.81
(1 H, m, C(5)-CH(OH)CH,CH,;), 3.90 (1 H, m, C(5)-H), 4.09
(1H,m, C(2)-H),5.08 (1H, m, H,C=CHCH,), 5.24/5.36 (1 H, m,
C(2)-CH(OH)CH(OBzNO,)CH,), 5.79 (1 H, m, H,C=CHCH,),
8.22 (4 H, m, Ar); dc 10.3 (C(5)-CH(OH)CH,CH,), 24.0 (C(3)),
26.2/26.4(C(5)-CH(OH)CH,CH;), 29.0 (C(4)), 35.0/35.4 (H,C=
CHCH,), 74.0/74.2 (C(5)-CH(OH)CH,CH,), 74.4/74.8 (C(2)-
CH(OH)), 75.8/76.0 (C(2)-CH(OH)CH(OBzNO,)CH,), 77.7/
78.9 (C(2)), 82.6/82.8 (C(5)), 118.2/118.4 (H,C=CH-CH,),
123.4/123.5 (2 x Ar), 130.7/130.8 (2 x Ar), 150.5 (Ar-NO,),
164.1/164.7 (CHOC(=0)Ph); MS (EI) m/z 338 ((M-CH,CH=
CH.J*, 5%), 320 ((M-CH,;CH,CH(OH)]*, 56), 251 ([320-THF +
H]*, 6), 150 ((JO,N-PhCOJ*, 100), 129 (J[CH;CH,CH(OH)-
THF]*, 72), 104 ([CsH,—COJ", 35); HRMS (EI) m/z 338.1238
(IM—CH,CH=CH,]*, C,sH,NO; requires 338.1240).

2-(tert-Butyl-diphenyl-silanyloxy)-1-|5-(1-hydroxy-propyl)-
tetrahydro-furan-2-yl]-pent-4-en-1-ol (19). IR (KBr): v, 3366,
3072,2961,2931, 2857, 1640, 1589, 1428, 1111, 911, 822, 740, 702,
611, 506; NMR: o, 0.95 (3 H, 2 x t, J 7.4, C(5-CH(OH)CHS,-
CH;), 1.05 (9 H, 2 x s, SiC(CH;);), 1.43 (2 H, m, C(5)-CH(OH)-
CH,CH;), 1.72 (4 H, m, C(3)-H, and C(4)-H), 2.20 (1 H, m, H,-
C=CHCH,),2.39(1 H,m, H,C=CHCH,), 3.21/3.26 (1 H, 2 x m,
C(2)-CH(OH)CH(OR)CH,), 3.42 (1 H, m, C(2)-CH(OH)),
3.71/3.80 (1 H, m, C(5)-CH(OH)CH,CH;), 3.84 (1 H, m, C(5)-
H), 4.03/4.10 (1 H, 2 x m, C(2)-H), 5.67/5.79 (1 H, 2 x dddd,
J 16.9 and 10.3 and 7.6 and 6.6/J 17.2 and 10.3 and 7.4 and 6.9,
H,C=CHCH,), 7.41 (6 H, m, Ar), 7.70 (4 H, m, Ar);
Jdc 10.1/10.3 (C(5)-CH(OH)CH,CH;), 19.4 (SiC(CH;);, 27.1
(SiC(CHs;);), 27.0/27.2 C(5)-CH(OH)CH,CH;), 27.9/28.0
(C4)), 28.0/28.1 (C(3)), 37.1/37.7 (H,C=CHCH,), 73.9/74.0
(C(2)),75.0/75.5 (C(2)-CH(OH)), 75.6/75.7 (C(2)-CH(OH) CH-
(OR)CH,), 77.8/78.8 (C(5)), 82.0/82.2 (C(5-CH(OH)),
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117.2/117.6 (H,C=CHCH,), 127.4/127.5 (2 x Ar), 127.6/127.8
(2 x Ar), 129.7 (Ar), 129.8/129.9 (Ar), 133.4/133.6 (Ar), 133.7/
133.9 (Ar), 134.0/134.8 (H,C=CHCH,), 135.8/136.0 (2 x Ar),
136.0 (2 x Ar); MS (EI) m/z 411 ((M-C,H,J", 8%), 333
(IM-C,H,~C4H,J", 28), 285 ([333-CH,CH=CH, CH,CH,]", 17),
199 ([Ph,SiOH]*, 100), 135 ((M—'BuPh,SiOH-CH,CH=CH, 2
H,OJ", 53), 71 ([THF + HJ*, 46), 57 ([C,HL,]*, 55); HRMS (EI)
m/z 411.1988 (IM-C,H,]*, C»,H,, 0,Si requires 411.1992).

4-Nitro-benzoic acid 1-allyl-6-hydroxy-6-[S-(1-hydroxy-1-
methyl-ethyl)-2-methyl-tetrahydro-furan-2-yl]-3-methyl-hex-2-enyl
ester (30). EA: Found C, 65.15; H, 7.84, N, 2.95; C,sH3sNO;,
requires C, 65.06; H, 7.64; N, 3.03%; IR (KBr): v, 3433, 2972,
2932,2971, 1721, 1608, 1528, 1273, 784, 720; NMR: d, 1.05/1.08
(3H,2 x s, Me), 1.12(3H, 2 x s, Me), 1.18/1.20 B3 H, 2 x s,
Me), 1.49 (2 H, m, C(2)-C(OH)CH,), 1.60 (1 H, m, C(3)-H*), 1.77
(3 H, t, J 1.5, C(2)-CH;), 1.84 (3 H, m, C(3)-H’ and C(4)-
H,),2.07 (1 H, m, C(2)-C(OH)CH,CH"), 2.29 (1 H, m, C(2)-C-
(OH)CH,CH?"),2.44 (1 H, m, CH,CH=CH,), 2.50 (1 H, m, CH .-
CH=CH,), 3.33 (1 H, m, C(2)-CH(OH)), 3.81 (1 H, m, C(5)-H),
5.05 (1 H, m, CH,CH=CH,), 5.10 (I H, m, CH,CH=CH,),
527 (1 H, dq, J 9.1 and 1.2, CH,C(CH;)=CHCH(OR)CH,-
CH=CH,), 5.75 (2 H, m, CH(OR)CH,CH=CH,), 8.16 (2 H, m,
Ar), 822 (2 H, dt, J 8.9 and 2.0, Ar); d. 16.9/17.0 (CH,C-
(CH;)=CH), 20.8/21.0 (Me), 24.9 (Me), 26.6 (C(4)), 27.3 (Me),
29.9/30.0 (C(2)-C(OH)CH,), 35.1 (C(3)), 36.3 (C(2)-C(OH)-
CH,CH,), 39.3/39.4 (CH,CH=CH,), 71.5 (C(5)-C(OH)(CH;),),
72.5/72.6 (CH(OR)CH,CH=CH,), 76.7 (C(2)-CH(OH), 85.1
(C(2)), 85.7 (C(5)), 118.1 (CH,CH=CH,), 122.4/122.5 (CH,-
C(CH;)=CH), 1234 (2 x Ar), 130.6 (2 x Ar), 133.0 (CH,-
CH=CH,), 136.1 (Ar), 140.6/141.7 (CH,C(CH;)=CH), 150.4
(Ar), 164.0 (O,N-Ph—C(=0)OR); MS (EI) m/z 462 (IMH]*, 1%),
443 (IM-H,0J*, 1), 294 ([IM-O,N-Ph—-CO,H]*, 2), 279 ([294-
Mel*, 9), 235 (IM-O,N-PhCO-C(CH,;),OHJ*, 12), 167 ([O,N-—
Ph-CO,HJ*, 58), 143 ([(CH;),(OH)C-THF-CH;]*, 100), 125
([143-H,0]*, 64); HRMS (EI) m/z 443.2311 ([M-H,OJ*,
CysH33sNO, requires 443.2308).

4-Nitro-benzoic acid 1-allyl-6-[5-(1-hydroxy-1-methyl-ethyl)-2-
methyl-tetrahydro-furan-2-yl]-3-methyl-6-oxo-hex-2-enyl ester (ke-
tol corresponding to compound 30). IR (KBr): v, 3445, 2976,
2930, 1718, 1608, 1529, 1348, 1275, 1117, 1102, 721; NMR:
on 1.04/1.07 (3 H, s, Me), 1.26 (3 H, s, Me), 1.37 (3 H, s, Me),
1.70 (1 H, m, C(3)-H“), 1.77 (3 H, s, Me), 1.78 (2 H, m, C(2)-C-
(=0)CH,), 2.19 (1 H, m, C(3)-H"?), 2.28 (2 H, m, C(4)-H.),
2.44 (1 H, m, C(2)-C(=0)CH,CH"), 2.50 (1 H, m, C(2)-C(=0)-
CH,CH"), 2.65 (2 H, m, CH,CH=CH,), 3.05 (1 H, br s, OH),
3.87 (1 H, m, C(5)-H), 5.06 (1 H, m, CH,CH=CH,), 5.09 (1 H,
m, CH,CH=CH,), 5.24 (1 H, m, CH,C(CH,;)=CHCH(OR)),
5.74 (2 H, m, CH(OR)CH,CH=CH,), 8.16 (2 H, dt, J 9.0 and
2.1, Ar), 824 (2 H, dt, J 9.0 and 2.1, Ar); d. 17.1 (CH,-
C(CH;)=CH), 23.9 (Me), 24.8 (Me), 25.8 (C(4)), 27.8 (Me),
33.0 (C(2)-C(=0)CH,), 35.3 (C(3)), 36.1 (C(2)-C(=0O)CH,CH,),
39.3 (CH,CH=CH,), 70.7 (C(5)-C(OH)(CHs;),), 72.2 (CH(OR)-
CH,CH=CH,), 86.8 (C(5)), 88.2 (C(2)), 118.3 (CH,CH=CH,),
122.8 (CH,C(CH;)=CH), 123.4 (2 x Ar), 130.6 (2 x Ar), 132.8
CH,CH=CH,), 136.0 (Ar), 140.5 (CH,C(CH;)=CH), 150.4 (Ar),
163.9 (O,N-Ph-C(=0)OR); MS (EI) m/z 460 (M + H]*, 1%), 400
(IM—(CH,),(OH)CT", 1), 277 (IM-O,N-Ph—-CO-H,0-CH;]*, 4),
234 (IM-0,N-Ph—-CO,-H,0-CH,CH=CH,]*, 5), 178 ((M-O,N-

Ph—(CH;),(OH)C-THF-CH,-OJ*, 6), 167 ((M + H-O,N-Ph-
CO-(CH;),(OH)C-THF-CH;]*, 6), 143 ([(CH;),(OH)C-THF-
CH;]*, 100), 125 ([143-H,0]*, 25); HRMS (EI) m/z 400.1766
(IM—C(CH;),0H]*, C,,H,,0O6N requires 400.1760).

6-[5-(5-Ethoxycarbonyl- 1-hydroxy-pent-4-enyl)-tetrahydro-
furan-2-yl]-6-hydroxy-hex-2-enoic acid ethyl ester (31). IR (KBr):
Ve 3431, 2978, 2937, 2875, 1713, 1653, 1446, 1369, 1044,
981, 922, 854, 714; NMR: 64 1.22 (6 H, t, J 7.2, CO,CH,-
CH;), 1.54 (2 H, m, C(2)-CH(OH)CH,), 1.60 (2 H, m, C(2)-CH-
(OH)CH,), 1.72 (2 H, m, C(3)-H*), 1.88 (2 H, m, C(3)-H"),
2.26 (2 H, m, C(2)-CH(OH)CH,CH,), 2.37 (2 H, m, C(2)-CH-
(OH)CH,CH,), 3.38 (2 H, m, (C(2)-CH(OH)CH,), 3.77 (2 H, m,
C(2-H),4.11 (4H, q,J 7.2, CO,CH,CH,), 5.79 (2 H, dt, J 15.5
and 1.5, CH=CHCO,Et), 691 (2 H, dt, J 15.5 and 6.9,
CH=CHCO,Et); 6. 14.1 (CO,CH,CH,), 27.9 (C(3)), 28.3 (C(2)-
CH(OH)CH,CH,), 32.3 (C(2)-CH(OH)CH,), 60.1 (CO,CH,-
CH,;), 73.1 (C(2)-CH(OH)), 82.5 (C(2)), 121.5 (CH=CHCO,E),
148.7 (CH=CHCO,Et), 166.6 (CO,Et); MS (EI) m/z 384 ((M]*,
1%), 366 (IM-H,OJ", 1), 339 (IM-OEt]*, 7), 293 ([IM-OEt-
EtOH]*, 25), 258 (IMH-(CH,),CH=CHC(=0)OE(t]*, 10) 228
([EtOC(=0)CH=CH—(CH,),CH(OH)-THF + H]*, 51), 181
([EtOC(=0)CH=CH-(CH,),CH(OH)THF-EtOH]*, 84), 157
(IM-228]*, 100), 135 ([EtOC(=0O)CH=CH(CH,),CH(OH)THF-
EtOH-CO-H,0J", 38), 111 ([157-EtOH]*, 76); HRMS (EI) m/z
384.2144 (IM]*, CH3,O; requires 384.2148).

6-[5-(5-Ethoxycarbonyl-1-hydroxy - pent-4-enyl)- tetrahydro -
furan-2-yl]-6-oxo-hex-2-enoic acid ethyl ester (ketol corresponding
to compound 31). IR (KBr): v,,, 3437, 2981, 2939, 1717, 1654,
1368, 1271, 1198, 1043, 979, 855; NMR: o4 1.21 (6 H, 2 x t,
J 7.2, C(=0)OCH,CH;), 1.55 (1 H, m, C(5)-CH(OH)CH,),
1.70 (2 H, m, C(5)-CH(OH)CH, and C(4)-H“), 1.92 (2 H, m,
C(4)-H" and C(3)-H*), 2.20 (1 H, m, C(3)-H"), 2.27 (1 H, m,
C(5-CH(OH)CH,CH"), 2.42 (3 H, m, C(5)-CH(OH)CH,CH"
and C(2)-C(=0)CH,CH,), 2.59 (2 H, m, C(2)-C(=0)CH,), 3.38
(1 H, m, C(5)-CH(OH)CH,), 3.43 (1 H, br s, OH), 3.90 (1 H,
m, C(5)-H), 4.10 (4 H, 2 x q, J 7.2, C(=0)OCH,CH,), 4.44
(1 H,dd, J8.9and 4.7, C(2)-H), 5.78 (2 H, m, CH=CHCO,Et),
6.83 (1 H, ddd, J 15.4 and 6.7 and 6.7, CH=CHCO,Et), 6.92
(1 H, ddd, J 15.4 and 6.5 and 6.5, CH=CHCO,Et); J. 14.1
(2 C, C(=0)OCH,CH;), 25.4 (C(2)-C(=0O)CH,CH,), 26.7
(C4)), 28.4 (C(5)-CH(OH)CH,CH,), 29.2 (C(3)), 32.9 (C(5)-
CH(OH)CH,), 36.6 (C(2)-C(=0)CH,), 60.0 (C(=0O)OCH,CH,;),
60.2 (C(=0)OCH,CH,), 71.4 (C(5)-CH(OH)CH,), 82.6 (C(9)),
83.9 (C(2)), 121.5 (CH(OH)(CH,),CH=CH), 122.2 (C(=0)-
(CH,),CH=CH), 146.5 (C(=0O)(CH,),CH=CH), 148.6 (CH-
(OH)CH,CH, CH=CH), 166.2 (C(=0)0Et), 166.5 (C(=0O)OEt),
210.2 (C(2)-C(=0)CH,); MS (EI) m/z 382 (IM]*, 5%), 354 ((M—
Et + HJ*, 3), 337 ((M-OEt]*, 11), 291 (IM-CO,Et-H,0]*, 11),
227 (IM-C(=0)(CH,),CH=CHCO,Et]*, 79), 181 ([227-EtOH]",
100), 135 ([227-CO,Et-H,0]*", 51), 99 ([EtOC(=0O)CH=CHJ",
80), 71 ([THF + HJ*, 77), 29 ((CH,CH;]*, 71); HRMS (EI) m/z
381.1894 (IM-H]*, C, H»O; requires 381.1913).

1-[S-(1-Hydroxy-1,5-dimethyl-hex-4-enyl)-2-methyl-tetrahydro-
furan-2-yl]-5,9,13-trimethyl-tetradeca-4,8,12-trien-1-ol (34). IR
(KBr): vinyx 3404, 2967, 2925, 2856, 1449, 1376, 1076; NMR: 6 1.05
(3H,s, Me), 1.11 (3 H, s, Me), 1.45 (3 H, m, C(2)-CH(OH)CH,)
and C(5)-C(CH;)(OH)CH"), 1.57 (6 H, s, 2 x Me), 1.58 (1 H, m,
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C(5)-CH(CH;)(OH)CH"), 1.59 (3 H, s, Me), 1.60 (3 H, s, Me),
1.65 (6 H, s, 2 x Me), 1.86 (3 H, m, C(3)-H, and C(4)-H"), 1.94
and 2.03 (12 H, 2 x m, 5 x CH, and C(4)-H" and C(2)-CH-
(OH)CH,CH"),2.22 (1 H, m, C(2)-CH(OH)CH,CH"), 3.37 (1 H,
dd, J 9.8 and 2.3, C(2)-CH(OH)CH,), 3.86 (1 H, m, C(5)-H),
5.09 (4 H, m, 4 x C=CH); dc 15.9 (Me), 16.0 (Me), 17.6 (2 x
Me), 20.8 (Me), 21.8 (Me), 22.4 (CH,), 24.9 (CH,), 25.6 (2 x Me),
26.4 (C(4)), 26.6 (CH,), 26.7 (CH,), 32.2 (C(2)-CH(OH)CH,),
35.0 (C(3)), 39.7 (2 x CH,), 40.1 (C(5)-C(CH;)(OH)CH,), 73.2
(C(5)-C(CH;)(OH)CH,), 77.1 (C(2)-CH(OH)CH,), 83.8 (C(5)),
85.6 (C(2)), 124.0 (C=CH), 124.2 (C=CH), 124.4 (C=CH),
124.6 (C=CH), 131.2 ((CH;),C=CH), 131.5 ((CH,),C=CH),
134.9 (CH,C(CH;)=CH), 135.7 (CH,C(CH;)=CH); MS (EI)
m/z 460 (IM]*, 2%), 442 (IM-H,0l*, 6), 373 ((IM-H,0—(CH,),-
C=CHCH,]*, 12), 360 ((M—(CH;),C=CH(CH,),-OH]*, 10), 278
([360—(CH;),C=CHCH]", 23), 247 ([C(=0)(CH,),CH=C(CH,)-
(CH,),CH=C(CH;)(CH,),CH=C(CH,),]*, 22), 227 ([(CH,),C-
(CH;)(OH)-THF(CH;)-CH(OH)(CH,),CHJ*, 16), 211 ([(CH,),)-
C=CH(CH,),C(CH;)-(OH)-THF-CH;]", 62), 135 ([247-(CH5;),-
C=CHCH,-C=0-CH.;]", 395), 69 ([(CH,),C=CHCH,]*, 100).

1-[5-(1-Hydroxy-1-methyl-ethyl)-2-methyl-tetrahydro-furan-2-
yl]-4,9,13,17-tetramethyl-octadeca-4,8,12,16-tetraen-1-ol (33).
IR (KBr): vy, 3416, 2968, 2926, 1448, 1376, 1080, 951; NMR:
oy 1.09 (3 H, s, Me), 1.13 (3 H, s, Me), 1.20 (3 H, s, Me), 1.48
(2 H, m, C(2-CH(OH)CH,), 1.56 (6 H, s, 2 x Me), 1.58 (3 H, s,
Me), 1.59 (1 H, m, C(3)-H"“), 1.64 (6 H, s, 2 x Me), 1.86 (3 H, m,
C(3)-H" and C(4)-H,), 1.98 (13 H, m, 6 x CH, and C(2)-
CH(OH)CH,CH?"), 2.23 (1 H, m, C(2)-CH(OH)CH,CH?), 3.36
(1H, m, C(2)-CH(OH)CH,), 3.82 (1 H,m, C(5)-H), 5.08 3 H, m,
3 x C=CH),5.17(1 H,m, C=CH); dc 15.9 (2 x Me), 16.0 (Me),
21.0 (Me), 24.8 (Me), 25.6 (2 x Me), 26.7 (C(4)), 27.3 (Me), 28.2
(2 x CH,), 30.3 (C(2)-CH(OH)CH,), 35.1 (C(3)), 36.6 (C(2)-CH-
(OH)CH,CH,), 39.7 (2 x CH,), 71.5 (C(5)-C(OH)(CH,),), 77.2
(C(2)-CH(OH)CH,), 85.2 (C(5)), 85.8 (C(2)), 124.1 (C=CH),
124.2 (C=CH), 124.3 (C=CH), 124.6 (C=CH), 131.1 ((CH;),-
C=CH), 134.8 (CH,C(CH;)=CH), 135.0 (CH,C(CH;)=CH),
135.1 (CH,C(CH;)=CH); MS (EI) m/z 460 (IM]*, 5%), 442
(IM-H,0J*, 6), 425 ([M-H,O-OH]*, 3), 373 ((IM-H,0—-(CH;),-
C=CHCH,]*, 2), 227 ([(CH;),(OH)C-THF(CH;)CH(OH)-
(CH,),)C(CH;)-H]*, 14), 143 (|[(CH;),(OH)C-THF-CH;]*, 100),
125 ([143-H,O0]*, 18), 69 ([(CH;),C=CHCH,]*, 69); HRMS (EI)
m/z460.3921 (IM]*, C;,Hs,0; requires 460.3916).

1-[5-(1-Hydroxy-1,5-dimethyl-hex-4-enyl)-2-methyl-tetrahydro-
furan-2-yl]-5,9,13-trimethyl-tetradeca-4,8,12-trien-1-one (ketol
corresponding to compound 34). IR (KBr): v, 3435, 2973,
2933, 1713, 1452, 1377, 1154, 1108, 1063; NMR: ¢, 1.01 (3 H,
s, Me), 1.19 (3 H, s, Me), 1.37 (3 H, s, Me), 1.51 (1 H, m, C(5)-
C(CH;)(OH)CH%),1.55(3H, s, Me), 1.56 (3H, s, Me), 1.58 (3H, s,
Me), 1.64 (6 H, s, 2 x Me), 1.66 (1 H, m, C(5)-C(CH;)(OH)CH"),
1.76 (3 H, m, C(4)-H, and C(3)-H“), 1.98 (10 H, m, 5 x CH,),
2.23 (3 H, m, C(3)-H" and C(2)-C(=0)CH,CH,), 2.51 (2 H, m,
C(2)-C(=0)CH,), 3.22 (1 H, br s, OH), 3.91 (1 H, m, C(5)-H),
5.05(3H, m, 3 x C=CH), 5.10 (1 H, m, C=CH); 6. 15.9 (Me),
16.0 (Me), 17.6 (2 x Me), 21.6 (Me), 22.3 (C(2)-C(=0)CH,CH,),
22.6 (CH,), 23.8 (Me), 25.5 (C(4)), 25.6 (2 x Me), 26.5 (CH,),
26.7 (CH,), 29.4 (CH,), 35.9 (C(3)), 37.2 (C(2)-C(=0)CH,), 39.6
(CH,), 39.7 (CH,), 40.5 (C(5)-C(CH;)(OH)CH,), 72.3 (C(5)-
C(CH;)(OH)CH,), 85.5 (C(5)), 88.0 (C(2)), 122.5 (C=CH), 124.0

(C=CH), 124.3 (C=CH), 124.7 (C=CH), 131.2 (C=CH), 135.0
(2 x C=CH), 136.6 (C=CH); MS (EI) m/z 458 (IM]*, 2%), 440
(IM-H,OJ", 2), 371 ((M-H,O—(CH,),C=CHCH.]", 1), 332 (M-
(CH,),C=CH(CH.),C(OH)(CH,) + HJ*,2), 211 ([((CH,),C=CH-
(CH,),C(OH)(CH,)-THF-CH,J*, 63), 193 ([211-H,O", 19), 69
([(CH,),C=CHCH.]", 100), 43 ([C,H,]*, 64).

1-[5-(1-Hydroxy-1-methyl-ethyl)-2-methyl-tetrahydro-furan-2-
yl]-4,9,13,17-tetramethyl-octadeca-4,8,12,16-tetraen-1-one (ketol
corresponding to compound 33). IR (KBr): v, 3437, 2974, 2932,
1715, 1453, 1379; NMR: 64 1.06 (3 H, s, Me), 1.26 (3 H, s, Me),
1.38 (3 H, s, Me), 1.56 (12 H, s, 4 x Me), 1.64 (3 H, s, Me), 1.75
(3 H, m, C(3)-H“ and C(4)-H), 1.99 (12 H, m, (CH;),C=CH-
(CH,),C(CH;)=CH(CH.,),C(CH;)C=CH(CH.),), 2.20 (3 H, m,
C(2)-C(=0)CH, and C(3)-H"), 2.60 (2 H, m, C(2)-C(=0)CHS,-
CH,), 3.20 (1 H, br s, OH), 3.87 (1 H, m, C(5)-H), 5.07
(4H,m, (CH;),C=CH(CH,),C(CH;)=CH(CH,),C(CH;)C=CH-
(CH,),CH=C(CH;)CH,); d¢ 15.9 (Me), 16.0 (Me), 16.1 (Me),
17.6 (Me), 23.9 (Me), 24.2 (Me), 25.6 (Me), 25.8 (C(3)), 26.6
(CH,), 26.7 (CH,), 27.8 (CH,), 28.0 (Me), 28.2 (CH,), 33.3
(C(2)-C(=0)CH,), 35.9 (C(2)-C(=0)CH,CH,), 36.1 (C(4)), 39.7
(2 x CH,), 70.5 ((CH;),C(OH)), 86.8 (C(5)), 88.2 (C(2)),
124.0 (CH=C), 124.2 (CH=C), 124.3 (CH=C), 125.0 (CH=C),
131.1 (CH=C), 133.7 (CH=C), 134.8 (CH=C), 135.2 (CH=C(),
213.0 (C(2)-C(=0)CH,); (EI) m/z 458 (IM]*, 1%), 389 ([M—
(CH;),C=CHCH.]*, 1), 225 ([(CH;),(OH)C-THF(CH;)-C(=0)-
(CH,),C(CH;)-H]*, 5), 143 ([(CH;),(OH)C-THF-CH;]*, 100),
125 ((M-H,0]*, 32), 69 ([(CH;),C=CHCH,]*, 100); HRMS (EI)
m/z 458.3754 (IM]*, C3,H5,O; requires 458.3760).

Acknowledgements

The support of this research by the Deutsche Forschungsgemein-
schaft (Project: STA 634/1-1) and the Fonds der Chemischen
Industrie (fellowship to S.G.) is gratefully acknowledged. The
authors thank Prof. H.-U. Reissig for generous support and helpful
discussions.

Notes and references

1 For selected examples on positionselective oxidative transformations
of polyenes, see: (@) E. E. van Tamelen and T. J. Curphey, Tetrahedron
Lett., 1962, 3, 121-124; (b) E. E. van Tamelen and K. B. Sharpless,
Tetrahedron Lett., 1967, 8, 2655-2659; (¢) K. Imai, S. Marumo and
T. Ohtaki, Tetrahedron Lett., 1976, 17, 1211-1214; (d) R. Breslow and
L. M. Maresca, Tetrahedron Lett., 1978, 19, 887-890; (e) 1. Ichinose,
T. Hosogai and T. Kato, Synthesis, 1978, 605-607; (f) A. Messeguer, F.
Sanchez-Baeza, J. Casas and B. D. Hammock, Tetrahedron, 1991, 47,
1291-1302; (g) G. A. Crispino and K. B. Sharpless, Tetrahedron Lett.,
1992, 33, 4273-4274; (h) D. Xu, G. A. Crispino and K. B. Sharpless,
J. Am. Chem. Soc., 1992, 114, 7570-7571; (i) A.-M. Lluch, F. Sanchez-
Baeza, A. Messeguer, C. Fusco and R. Curci, Tetrahedron, 1993, 49,
6299-6308; (j) E. J. Corey, M. C. Noe and S. Lin, Tetrahedron Lett.,
1995, 36, 8741-8744; (k) S. Sakaguchi, Y. Nishiyama and Y. Ishii,
J. Org. Chem., 1996, 61, 5307-5311; (/) B. Hauptfleisch and B. Franck,
Tetrahedron Lett., 1997, 38, 383-386; (m) R. R. French, P. Holzer, M. G.
Leuenberger and W.-D. Woggon, Angew. Chem., 2000, 112, 1321-1323,
(Angew. Chem., Int. Ed., 2000, 39, 1267-1269); (n) E. J. Corey and J.
Zhang, Org. Lett., 2001, 3, 3211-3214.

2 (@) W. Herz and R. P. Sharma, J. Org. Chem., 1975, 40, 192-199;
(b) W. F. Tinto, S. McLean, W. F. Reynolds and C. A. G. Carter,
Tetrahedron Lett., 1993, 34, 1705-1708; (¢) B. Bian and I. A. van
Altena, Aust. J. Chem., 1998, 51, 1157-1165; (d) B. Chen, K. Kawazoe,
Y. Takaishi, G. Honda, M. Itoh, Y. Takeda, O. K. Kodzhimatov and
O. Ashurmetov, J. Nat. Prod., 2000, 63, 362-365.

This journal is © The Royal Society of Chemistry 2007

Org. Biomol. Chem., 2007, 5, 1605-1614 | 1613





3 C. A. Townsend and A. Basak, Tetrahedron, 1991, 47, 2591-2602.

4 For recent support for the polyepoxide cyclization pathway in polyether
biosynthesis, see: (@) Z. A. Hughes-Thomas, C. B. W. Stark, I. U. B6hm,
J. Staunton and P. F. Leadlay, Angew. Chem., 2003, 115, 4613-4616,
(Angew. Chem., Int. Ed., 2003, 42, 4475-4478); (b) A. Bhatt, C. B. W.
Stark, B. M. Harvey, A. R. Gallimore, J. B. Spencer, J. Staunton and
P. F. Leadlay, Angew. Chem., 2005, 117, 7237-7240, (Angew. Chem.,
Int. Ed., 2005, 44, 7075-7078).

5 For a discussion on different modes of oxidative cyclizations in
polyether natural product biosynthesis, see: (a) U. Koert, Angew. Chem.,
1995, 107, 326-328, (Angew. Chem., Int. Ed., 1995, 34, 298-300);
(b) A. R. Gallimore and J. B. Spencer, Angew. Chem., 2006, 118, 4514—
4521, (Angew. Chem., Int. Ed., 2006, 45, 4406-4413).

6 Representative references for the oxidative cyclization of 1,5-dienes.
With ruthenium tetroxide: (¢) P. H. J. Carlsen, T. Katsuki, V. S.
Martin and K. B. Sharpless, J. Org. Chem., 1981, 46, 3936-3938; (b) L.
Albarella, D. Musumeci and D. Sica, Eur. J. Org. Chem., 2001, 997—
1003; (¢) V. Piccialli and N. Cavallo, Tetrahedron Lett., 2001, 42, 4695—
4699; (d) B. Lygo, D. Slack and C. Wilson, Tetrahedron Lett., 2005,
46, 6629-6632; see also ref. 9 and 10. With potassium permanganate:
(e) E. Klein and W. Rojahn, Tetrahedron, 1965, 21, 2353-2358; (f) D. M.
Walba, M. D. Wand and M. C. Wilkes, J. Am. Chem. Soc., 1979,
101, 4396-4397; (g) P. J. Kocienski, R. C. D. Brown, A. Pommier, M.
Procter and B. Schmidt, J. Chem. Soc., Perkin Trans. 1, 1998, 9-39;
(h) R. C. D. Brown and J. F. Keily, Angew. Chem., 2001, 113, 4628—
4630, (Angew. Chem., Int. Ed., 2001, 40, 4496-4498); (i) A. R. L. Cecil
and R. C. D. Brown, Org. Lett., 2002, 4, 3715-3718; see also ref. 19.
With osmium tetroxide: (j) M. de Champdoré, M. Lasalvia and V.
Piccialli, Tetrahedron Lett., 1998, 39, 9781-9784; (k) T. J. Donohoe and
S. Butterworth, Angew. Chem., 2003, 115, 978-981, (Angew. Chem., Int.
Ed., 2003, 42, 948-951); see also ref. 8.

7 For oxidative poly-cyclizations of 1,5,9-polyenes and related substrates,

see: (a) F. E. McDonald and T. B. Towne, J. Am. Chem. Soc., 1994,

116, 7921-7922; (b) T. B. Towne and F. E. McDonald, J. Am. Chem.

Soc., 1997, 119, 6022-6028; (¢) S. C. Sinha, A. Sinha, S. C. Sinha

and E. Keinan, J. Am. Chem. Soc., 1997, 119, 12014-12015; (d) S. C.

Sinha, E. Keinan and S. C. Sinha, J Am. Chem. Soc., 1998, 120,

9076-9077; (e) E. Keinan and S. C. Sinha, Pure Appl. Chem., 2002,

74, 93-105; (f) R. C. D. Brown, C. J. Bataille, R. M. Hughes, A.

Kenney and T. J. Luker, J. Org. Chem., 2002, 67, 8079-8085; (g) G.

Bifulco, T. Caserta, L. Gomez-Paloma and V. Piccialli, Tetrahedron

Lett., 2002, 43, 9265-9269; (h) V. Piccialli, T. Caserta, L. Caruso,

L. Gomez-Paloma and G. Bifulco, Tetrahedron, 2006, 62, 10989—

11007.

For a tethered oxidative mono-cyclization of a farnesyl derivative, see:

T. J. Donohoe, J. J. G. Winter, M. Helliwell and G. Stemp, Tetrahedron

Lett., 2001, 42, 971-974.

(a) S. Roth, S. Gohler, H. Cheng and C. B. W. Stark, Eur. J. Org. Chem.,

2005, 4109-4118; (b) H. Goksel and C. B. W. Stark, Org. Lett., 2006, 8,

3433-3436.

(o)

o

10 S. Roth and C. B. W. Stark, Angew. Chem., 2006, 118, 6364-6367,
(Angew. Chem., Int. Ed., 20006, 45, 6218-6221).

11 For a recent review on ruthenium tetroxide catalyzed reactions, see:
(a) B. Plietker, Synthesis, 2005, 2453-2472; for a general survey on
ruthenium catalyzed oxidation reactions, see: () S.-I. Murahashi and
N. Komiya, Oxidation Reactions in Ruthenium in Organic Synthesis,
ed. S.-I. Murahashi, Wiley-VCH, Weinheim, 2004, ch. 3, pp. 53-95;
(¢) I. W. C. E. Arends, T. Kodama and R. A. Sheldon, in Ruthenium
Catalysts in Fine Chemistry, Topics in Organometallic Chemistry, ed.
C. Bruneau and P. H. Dixneuf, Springer-Verlag, Berlin, Heidelberg,
2004, vol. 11, pp. 277-321.

12 Y.-L. Zhong and T. K. M. Shing, J. Org. Chem., 1997, 62, 2622-2624;
see also ref. 9 and 10.

13 For a discussion of solvent effects on the hydrolysis of ruthenium esters,
see ref. 6a and 9a.

14 The pH of the reaction medium was measured to be between 5 and 6
at the outset of the oxidation reaction.

15 (a) S. Giddings and A. Mills, J. Org. Chem., 1988, 53, 1103-1107; (b) L.
Gonsalvi, I. W. C. E. Arends and R. A. Sheldon, Chem. Commun.,
2002, 202-203; (¢) L. Gonsalvi, I. W. C. E. Arends, P. Moilanen and
R. A. Sheldon, Adv. Synth. Catal., 2003, 345, 1321-1328.

16 (a) T. K. M. Shing, V. M. F. Tai and E. K. W. Tam, Angew. Chem.,
1994, 106, 2408-2409, (Angew. Chem., Int. Ed., 1994, 33, 2312-2313);
(b) B. Plietker and M. Niggemann, Org. Lett.,2003,5,3353-3356; (c) B.
Plietker, M. Niggemann and A. Pollrich, Org. Biomol. Chem., 2004, 2,
1116-1124; (d) B. Plietker and M. Niggemann, J. Org. Chem., 2005, 70,
2402-2405.

17 (a) B. Plietker, J. Org. Chem., 2003, 68, 7123-7125; (b) B. Plictker,
J. Org. Chem., 2004, 69, 8287-8296; (c) B. Plietker, Eur. J. Org. Chem.,
2005, 1919-1929.

18 Terminal alkenes are known to show an increased susceptibility to
oxidative side reactions, for details see ref. 6.

19 (a) J. E. Baldwin, M. J. Crossley and E.-M. M. Lehtonen, J. Chem. Soc.,
Chem. Commun., 1979, 918-920; (b) S. Wolfe and C. F. Ingold, J. Am.
Chem. Soc., 1981, 103, 940-941.

20 It is interesting to note that in permanganate promoted oxidative

cyclizations, a reversed positionselectivity is observed with the primary

attack at the least electron rich double bond, ¢f:: (@) R. C. D. Brown,

R. M. Hughes, J. Keily and A. Kenney, Chem. Commun., 2000, 1735-

1736; (b) G. D. Head, W. G. Wittingham and R. C. D. Brown, Synlett,

2004, 1734-1739.

(a) J. L. Broeker, R. W. Hoffmann and K. N. Houk, J. Am. Chem. Soc.,

1991, 113, 5006-5017; (b) T. Facke and S. Berger, J. Am. Chem. Soc.,

1995, 117, 9547-9550; (¢) T. J. Zahn, M. B. Ksebati and R. A. Gibbs,

Tetrahedron Lett., 1998, 39, 3991-3994; for opposite findings on the

isoprenoid conformation in solution, see: (d) T. J. Zahn, M. Eilers, Z.

Guo, M. B. Ksebati, M. Simon, J. D. Scholten, S. O. Smith and R. A.

Gibbs, J. Am. Chem. Soc., 2000, 122, 7153-7164; for an investigation

on the solid state structure of squalene, see: J. Ernst and J.-H. Fuhrhop,

Liebigs Ann. Chem., 1979, 1635-1642.

2

[

1614 | Org. Biomol. Chem., 2007, 5, 1605-1614

This journal is © The Royal Society of Chemistry 2007






PAPER

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

Novel template-assembled oligosaccharide clusters as epitope mimics for
HIV-neutralizing antibody 2G12. Design, synthesis, and antibody binding

studyf

Jingsong Wang, Hengguang Li, Guozhang Zou and Lai-Xi Wang*

Received 27th February 2007, Accepted 26th March 2007
First published as an Advance Article on the web 17th April 2007
DOI: 10.1039/b702961f

The synthesis of a new class of template-assembled oligomannose clusters as the mimics of the epitope
of the HIV-neutralizing antibody 2G12 is described. The novel oligomannose clusters were successfully
assembled on a cyclic decapeptide template using the Cu()-catalyzed 1,3-dipolar cycloaddition of
azides to alkynes by introducing four units of a synthetic D1 arm tetrasaccharide
(Manal,2Manal,2Manal,3Mana-) of high-mannose N-glycan on one face of the template and two
T-helper epitope peptides on the other face of the template. Their binding to human antibody 2G12
was studied using surface plasmon resonance (SPR) technology. It was found that while the synthetic
monomeric D1 arm oligosaccharide and its fluorinated derivative interacted with 2G12 only weakly,
the corresponding template-assembled oligosaccharide clusters showed high affinity to antibody 2G12,
indicating a clear clustering effect in 2G12 recognition. Interestingly, the fluorinated D1 arm cluster, in
which the 6-OH of the terminal mannosyl residue was replaced with a fluorine atom, showed a distinct
kinetic model in 2G12 binding as compared with the cluster of the natural D1 arm oligosaccharides.
The oligosaccharide clusters with varied length of spacer demonstrated different affinity to 2G12,
suggesting that an appropriate spatial orientation of the sugar chains in the cluster was crucial for high
affinity binding to the antibody 2G12. It was also found that the introduction of two T-helper epitopes
onto the template did not affect the structural integrity of the oligomannose cluster. The novel synthetic

glycoconjugates represent a new type of immunogen that may be able to raise carbohydrate-specific

neutralizing antibodies against HIV-1.

Introduction

AIDS is caused by the infection of the human immunodeficiency
virus (HIV).! Tt is considered that the best hope to control the
worldwide epidemic of HIV/AIDS is an effective preventive HI'V-
1 vaccine. However, development of an effective HIV-1 vaccine
has faced many difficulties.** Under the pressure of host immune
surveillance, HIV-1 has evolved a number of defense mechanisms
to evade immune attacks, including frequent mutation of neu-
tralizing epitopes; conformational masking of receptor binding
sites; heavy glycosylations to form an evolving glycan shield;
and formation of envelope glycoprotein complexes to occlude
conserved epitopes.>® Therefore, a major challenge in HIV vaccine
design is to identify unique neutralizing epitopes on the HIV-1
envelope capable of eliciting broadly neutralizing antibodies to
break down the strong viral defense. The existence of a few human
monoclonal antibodies such as 2F5, 4E10, b12, and 2G12 that
are able to neutralize a broad range of HIV-1 primary isolates
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410-706-5068, Tel: 001-410-706-4982

T Electronic supplementary information (ESI) available: Experimental
details for the synthesis of the fluorinated glycosyl donor 6, the glycosyl
acceptor 11, and the succinimidyl 8-azido-3,6-dioxaoctanoate 17, and the
ESI-MS and HPLC profiles of the synthetic glycopeptides 21, 22, 23, 24,
25 and 27. See DOI: 10.1039/b702961f

suggests the presence of unique neutralizing epitopes on the viral
envelope that can be explored for immunogen design.” Among
them, the human antibody 2G12 was revealed to target a novel
oligomannose cluster present on HIV-1 gp120.%°

Initial biochemical and mutational studies have demonstrated
that the epitope of antibody 2G12 involves a novel oligomannose
cluster consisting of several high-mannose type N-glycans with
terminal Manal,2Man residues.’®** Subsequent 2G12-binding
studies with defined oligosaccharides and synthetic clusters have
indicated that the terminal Manol,2Man unit was essential for
2G12 recognition but a Manal,2Man unit alone was not sufficient
for an effective binding to 2G12.%7 The full-size Man9 was shown
to have the highest affinity to 2G12 among several natural high-
mannose oligosaccharides.™ Interestingly, the synthetic mannose
tetrasaccharide (Man4) corresponding to the D1 arm of Man9
was revealed to have comparable affinity to the antibody as
that of the Man9 moiety.”® The structural requirement of the
oligosaccharide subunit for 2G12 binding was confirmed by recent
X-ray structural studies on the 2G12-oligomannose complexes.'®*
Since 2G12 recognizes an oligomannose cluster with at least
two sugar chains, we have initiated a project aiming to create
template-assembled oligomannose clusters to mimic the 2G12
epitope found on gp120."*'5 For example, we have demonstrated
that the galactose-based tetravalent Man9-cluster (Tetra-Man9)
was 73-fold and 5000-fold more effective in binding to 2G12 than
the monomeric Man,GIcNAc and ManGlcNAc, respectively.*
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These binding data suggest that synthetic oligomannose clusters
such as the Tetra-Man9 provides a mimic to the 2G12 epitope.
We have recently conjugated the oligomannose cluster Tetra-
Man9 to a carrier protein keyhole limpet hemocyanin (KLH),
and our immunization studies with the KLH conjugate have
demonstrated that the glycoconjugate could induce moderate
carbohydrate-specific antibodies in rabbits, which were weakly
cross-reactive to HIV-1 gp120.%° However, it was observed that the
majority of antibody responses were directed to the linkers and
the template, which drastically dilutes the immune response to the
oligomannose cluster. Indeed, the undesired immune responses
to the linkers and/or template is of a particular concern when
dealing with weakly immunogenic carbohydrate antigens such as
those found on HIV and human cancers.*' As a continuous effort
in developing a carbohydrate-based HIV-1 vaccine,® we report
in this paper the synthesis of a new class of template-assembled
oligomannose clusters using a novel cyclic peptide as the template
that are expected to have low immunogenicity and the D1 arm
tetramannose (Man4) oligosaccharide as the 2G12-recognizing
subunits. The oligomannose clusters were efficiently assembled
using the Cu(1)-catalyzed 1,3-dipolar cycloaddition between azides
and alkynes. The binding of the synthetic clusters and human
antibody 2G12 were studied using surface plasmon resonance
(SPR) technology.

Results and discussion
Design

Our previous work on the 2G12 binding of synthetic oligomannose
clusters has demonstrated that an appropriate template-assembled
oligomannose cluster could exhibit much higher affinity to
2G12 than the monomeric oligomannose, showing a clustering
effect in the antibody—antigen interactions.'*" In addition, our
preliminary immunization studies indicated that it was possible
to induce carbohydrate-specific antibodies using glycoconjugates
containing an oligomannose cluster, but the nature of the linker
and template was crucial in determining the immune responses
because the maleimide linkers and/or the template in the first
generation conjugate vaccines were found to induce predom-
inantly linker/template-specific antibodies, which significantly
suppresses the antibody responses to the oligomannose epitope.?

The immunization data suggest that the choice of appropriate
linkers and template is of paramount importance in dealing with
weakly immunogenic epitopes such as the self-like high-mannose
type oligosaccharides. As a continuous effort in designing a
better immunogen, we have chosen the regioselectively addressable
functionalized template (RAFT) as the template for oligosaccha-
ride cluster assembling and the D1 arm tetramannose (Man4)
oligosaccharide (Manal,2Manal,2Manal,3Mana-) of the high-
mannose type N-glycan (Fig. 1A) as the 2G12 recognizing sub-
units. RAFT is a novel cyclic decapeptide containing two proline-
glycine moieties as beta-turn inducers that stabilize the template
conformations and up to 6 selectively protected lysine residues.”*2
Thus, the cyclic decapeptide provides two functional faces, one for
the attachment of oligosaccharide moieties and the other for the
attachment of T-helper peptide epitopes. The conjugation of the
oligosaccharide cluster to a T-helper epitope or a carrier protein
is important to create an effective immunogen capable of raising
long-lasting IgG type antibodies.”’** Recent immunization studies
have demonstrated that the cyclic peptide template could serve as
a non-immunogenic scaffold for assembling multiepitopic anti-
cancer vaccines bearing clustered tumor-associated carbohydrate
antigens.*® Based on these considerations, we have designed a novel
template-assembled oligomannose cluster immunogen, in which
four a-linked Man4 oligosaccharides corresponding to the D1
arm of Man,GlcNAc, were introduced at one face of the cyclic
peptide template to form a novel cluster, and two universal T-
helper epitopes corresponding to the sequence (aa830-844) of
tetanus toxoid** were introduced at the other face of the cyclic
template (Fig. 1B).

The D1 arm tetrasaccharide was chosen because its binding
affinity to 2G12 was shown to be comparable to the largest
oligomannose Man,GIlcNAc,."® X-Ray structural studies have
also confirmed that the D1 arm residues account for more than
85% of the 2G12 Fab contacts to Man,GlcNAc,.'"®" Moreover,
considering the weak immunogenicity of the high-mannose type
N-glycans that may be regarded as “self” antigens by the immune
system, we also decided to selectively modify the terminal mannose
residue of the D1 arm Man4 at the 6-position with a fluorine
atom, which may still behave as a hydrogen-bonding acceptor
but the unnatural modification may enhance the immunogenicity
of the oligomannose cluster. To assemble the designed immuno-
gen, we decided to attach the multiple functionality to the
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Fig. 1

Structures of ManyGIcNAc, (A) and the designed template-assembled glycopeptide vaccine (B).
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cyclic template by the highly efficient copper(i)-catalyzed 1,3-
dipolar azide-alkyne cycloaddition.**** This will introduce the
1,2,3-triazole linkers in the glycoconjugate. Compared to the
hydrophobic aminohexyl and maleimide linkers, the hydrophilic
1,2,3-triazole linkers are expected to be less immunogenic. The
successful synthesis of such triazole-linked glycoconjugates will
allow the evaluation of whether the triazole-linker is truly an
immune-compatible linker for conjugate vaccines when applied
for immunization studies.

Synthesis

The synthesis of the D1 arm oligosaccharide and its derivatives
is summarized in Scheme 1. TMSOTf-catalyzed glycosidation
between the mannosyl trichloroacetimidate 1 and acceptor 3 gave
the disaccharide 4. The 2'-O-acetyl group in 4 was selectively
removed by mild acidic hydrolysis to give the intermediate 5
Glycosidation of 5 with the mannosyl trichloroacetimidate 1
or the 6-deoxy-6-fluoro-mannosyl trichloroacetimidate 6, which

was prepared in several steps (see ESIt), gave the trisaccharide
derivatives 7 and 8, respectively. After conversion to the cor-
responding trisaccharide trichloroacetimidates 9 and 10, these
glycosyl donors were coupled with the glycosyl acceptor 11 to
afford the tetrasaccharide derivatives 12 and 13, respectively, with
the desired a-glycosidic linkages. Treatment of compounds 12 and
13 with 80% aqueous acetic acid at elevated temperature to remove
the benzylidene group, followed by de-O-acylation with MeONa-—
MeOH gave the D1 arm tetrasaccharide 14 and the fluorinated
D1 arm tetrasaccharide 15, respectively. The compounds were
purified and further characterized as their per-O-acetylated forms.
The tetrasaccharide derivatives contain an azido functionality at
the aglycon portion that will be used for conjugation to the cyclic
peptide template through click chemistry. To prepare a longer
spacer at the aglycon for comparative studies, the azido group in
compound 14 was reduced to an amino group by hydrogenation
to give 16, which was then coupled with the azido-containing
derivative 17 to provide another tetrasaccharide derivative 18
(Scheme 1).
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Scheme 1

Reagents and conditions: a) 1) TMSOTf, CH,Cl,, 82%; 2) MeONa, MeOH, 95%; b) TMSOTf, CH,Cl,, 83%; ¢) CH;COCI-MeOH, 72%;

d) TMSOTT, CH,Cl,, 82% for 7, 78% for 8; ¢) 1) PdCl,, MeOH, 90%; 2) CCL;CN, DBU, 85% for 9, 88% and 81% for 10; f) TMSOTf, CH,Cl,, 77% for
12, 73% for 13; g) 1) 80% AcOH, 60 °C; 2) NaOCH,~CH;OH; 3) Ac,0-Py; 4) NaOCH;-CH;O0H, 76% for 14 over 4 steps, 75% for 15 over 4 steps;

h) H,, Pd/C, 98%; 1) 0.05M NaHCO;, CH;CN-H,O 1 : 1, 74%.
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77%; 2) 90% TFA, 93%; e) CuSO, (0.2 mol. equiv.), sodium ascorbate (0.4 mol. equiv.), z-BuOH-H,O (1

To synthesize the cyclic decapeptide template 19, a distinctly
protected linear decapeptide, in which two Lys residues were
protected with Boc groups and the remaining four Lys residues
were protected with Dde protecting groups, was prepared by au-
tomated peptide synthesizer on an acidic sensitive resin, NovaSyn
TGT. After being released from the resin by mild acidic hydrolysis,
the fully protected linear peptide was cyclized by treatment with
HBTU-DIPEA in DMF to give the corresponding cyclic peptide
in excellent yield. Then the Dde protecting groups were selectively
removed by treatment with 2% hydrazine® in DMF to give the
cyclic peptide 19 with four free amino groups on one face of
the template. Introduction of alkynyl groups to the template was
achieved by coupling four propynoic acid moieties to compound
19 using DCC as the coupling reagent to give the corresponding
conjugate in 77% yield, from which the two Boc groups were
selectively removed by treatment with TFA to afford the alkynyl
derivative 20 in 93% yield (Scheme 2).

After successful preparation of the alkynyl cyclic decapeptide
template, the copper(1)-catalyzed dipolar cycloaddition was first
examined using the monosaccharide azide derivative 2 in the
presence of CuSO, and sodium ascorbate in a mixed solvent (z-

: 1), over 90% for 21, 22, 23, and 24.

BuOH-H,O, 1 : 1), following the reported procedures.**> The
reaction was monitored by HPLC analysis. It was found that the
reaction between 2 and 20 at rt proceeded very slowly, resulting
in a mixture of mono-, di-, tri- and tetra-substituted products as
revealed by ESI-MS analysis of the HPLC peaks (data not shown).
Only a fraction of starting materials was consumed even after
2 days. However, it was observed that the cycloaddition proceeded
smoothly and quickly when the reaction mixture was heated and
stirred at 60 °C. As revealed by HPLC, all of the alkynyl template
was consumed in 30 min at 60 °C to give a mixture of di- (peak
2), tri- (peak 3) and tetra-substituted (peak 4) products (Fig. 2).
After 6 h, the reaction went to completion to give the single final
product (peak 4), which was characterized by MS and NMR as the
desired tetra-substituted compound 21. '"H NMR of 21 revealed
only a singlet signal at 8.5 ppm for the proton of the resulting 1,2,3-
triazole, suggesting the sole formation of the 1,4-substituted 1,2,3-
triazole, rather than a mixture with the 1,5-substituted isomer
(which would appear at ca. 8.3 ppm as a singlet). The results
confirm that the Cu(1)-catalyzed 1,3-dipolar cycloaddition results
in a regioselective formation of the 1,4-substituted derivative even
at an elevated temperature.**# Similarly, the Cu(1)-catalyzed
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Fig. 2 Monitoring the reaction of 1,3-dipolar cycloaddition between
azido sugar 2 and the alkynyl template 20. Peak 1, cyclic peptide 20;
peaks 2 and 3, reaction intermediates; and peak 4, the final adduct 21.

cycloaddition of the tetrasaccharide derivatives 14, 15, and 18
with the tetra-alkynyl template 20 proceeded very efficiently at an
elevated temperature to give the corresponding oligosaccharide
clusters 22-24 in more than 90% isolated yields. The results
indicate that the Cu(1)-catalyzed dipolar cycloaddition of azides to
alkynes provides a neat and highly efficient means for constructing
even large oligosaccharide clusters.

Finally, to construct an effective immunogen capable of eliciting
T-cell dependent immune responses such as IgG type antibodies,
two T-helper peptides derived from tetanus toxoid (aa830-844)%
were successfully introduced into the fluorinated oligosaccharide
cluster 23. Thus, the oligosaccharide cluster 23 that contains two
free amino groups at the down face was reacted with the activated
ester 17 to give the azido-containing oligosaccharide cluster 25.
The azido groups in 25 were then reacted with the alkynylated
T-helper peptide 26, again through Cu(1)-catalyzed cycloaddition,
affording the fully synthetic vaccine candidate 27 in 70% isolated
yield (Scheme 3).

Antibody binding studies

With the synthetic oligosaccharide clusters in hand, their binding
to the human antibody 2G12 was analyzed utilizing surface
plasmon resonance (SPR) technology. Binding experiments were
carried out with a Biacore 3000 system in a HBS-P buffer. The
immobilization of antibody 2G12 to the CMS5 sensor chip was
performed based on a previously reported procedure.’” Briefly,
the chip surface was activated by injection of EDC-NHS for
7 min at 5 ul min~', followed by injection of 20 pg ml~' 2G12
solution in an acetate buffer (10 mM pH 5.5) until the target
level of 10000 response units (RU) was reached, and then the
surface was saturated by 7 min pulse of ethanol amine HCI (1 M,
pH 8.5) at 5 ul min~'. A reference surface was prepared by a
similar procedure, but without the injection of antibody solution.
Each compound was injected to reference and the antibody-
activated surface channels, and the binding profile was obtained
by an automatic subtraction of the reference surface signal from
the 2G12-activated surface signal. The sensor surface between
runs was regenerated with a short pulse of 3.5 M MgCl,. It was
found that, at 10 uM concentrations, all the synthetic monomeric
D1 arm oligosaccharides 14, 15, and 18, as well as the natural
high-mannose type N-glycan Man,GIcNAc,Asn, did not show
apparent binding to antibody 2G12, with the signal responses
being around the detection threshold (below 5 RU). The results
are in agreement with the previous observation by Danishefsky
and co-workers that synthetic monomeric glycopeptides carrying
a single high-mannose type N-glycan did not bind to 2G12 at
10 uM as measured by SPR technology.” The template-assembled
mannose cluster 21 did not show detectable 2G12 binding at
10 uM, either (data not shown). The results indicate that neither
single oligomannose nor the cluster of terminal a-mannosides
is sufficient for 2G12 binding. However, it was found that the
synthetic oligosaccharide clusters carrying four units of the DI
arm tetrasaccharide and its fluorinated derivative, namely clusters
22, 23, and 24, have demonstrated apparent affinity to antibody
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2G12. Under the measuring conditions (10 uM, at 30 sec), for
example, the binding response units (RU) for the oligosaccharide
clusters 22, 23, and 24 are 105, 43, 142 RU, respectively. The
fluorinated derivative 23 also exhibits significant affinity to 2G12,
despite at a reduced efficiency in comparison with the natural D1
arm cluster 22. It was observed that the cluster 24 with an extended
spacer showed higher affinity to 2G12 than the cluster 22 that has
a relatively short spacer. The data suggest that an appropriate
spatial orientation of the sugar chains in the cluster is crucial for
high affinity binding to the antibody 2G12.

In order to probe the binding nature of synthetic oligosaccha-
ride clusters, we performed kinetic studies with compounds 22,
23, and 24. The experiments were carried out at six different
concentrations at 10.0, 5.00, 2.50, 1.25, 0.625, and 0.312 uM
(Fig. 3). The observed binding profiles for compounds 22 and
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Fig. 3 SPR kinetic studies on the 2G12-binding to compounds 22-24
at 10.0 (A), 5.00 (B), 2.50 (C), 1.25 (D), 0.625 (E), 0.312 (F) uM
concentrations, respectively.

24 are similar, but both of them showed rather complex kinetics
that do not fit into a simple 1 : 1 Langmuir model.* The observed
profile implies multiple association and dissociation (fast and slow)
steps that may involve a required conformational adjustment for
the binding of subsequent oligosaccharide chains in the cluster.*
These experimental data are similar to the kinetic studies for the
2G12-binding of a bivalent Man,GlcNAc,-containing glycopep-
tide reported by Danishefsky and co-workers."” Interestingly, it
was found that the binding profile of the fluorinated oligomannose
cluster 23 was different from the non-fluorinated clusters, and
could fit perfectly to the 1 : 1 Langmuir model. Kinetic studies
gave R, =47.2RU, Ka=3.79¢’, Kd =2.64 ¢~°, whereas Chi2 =
0.49. The data suggested the existence of a typical first order kinetic
process in the antigen—antibody binding. Considering the fact that
the only structural difference between the clusters 22 and 23 is
the replacement of the 6-OH group in the terminal mannosyl
residue in 22 by a fluorine atom in 23, the different binding
kinetic outcome between 22 and 23 may implicate a different
2G12-binding model for the two compounds. Since fluorine and
hydroxyl groups have different capabilities in hydrogen bonding,
it is likely that the interaction of the fluorinated compound 23
with antibody 2G12 does not induce significant conformational
changes in the antibody, thus resulting in an apparent first
order binding, whereas the interaction between the cluster 22
and antibody 2G12 may cause conformational changes in the
antibody and shows a complex kinetic process. An alternative
explanation for this difference may be the existence of many
preexisting antibody conformations (conformational diversity).*
Thus, different antigens may interact preferably with different
conformational isomers with or without induced fit isomerization
that would lead to high-affinity interactions.

Finally, the 2G12-binding of the fully synthetic vaccine can-
didate 27 containing two T-helper peptides was examined. It
was found that compound 27 demonstrated almost identical
binding profiles and kinetic outcome to those of the corresponding
fluorinated oligosaccharide cluster 23 (data not shown). This result
suggested that the introduction of the T-helper epitopes onto the
cyclic decapeptide template did not affect the structural integrity
of the fluorinated oligosaccharide cluster formed at the other face
of the template. Therefore, the novel synthetic glycoconjugate
represents a valuable immunogen that may be able to raise
carbohydrate-specific neutralizing antibodies against HIV-1.

Conclusion

The synthesis of a new class of template-assembled oligomannose
clusters as the mimics of the epitope of human antibody 2G12
was described. The experimental data indicate that the Cu(1)-
catalyzed 1,3-dipolar cycloaddition of azides and alkynes is highly
efficient for constructing conjugate vaccines containing large
oligosaccharide clusters and free T-helper epitopes. The binding
studies with the synthetic oligosaccharide clusters have revealed
an interesting, distinct kinetic outcome for the different synthetic
antigens. The data implicate a distinct binding mechanism for the
fluorinated and natural D1 arm clusters that may involve antibody
conformational changes during the antigen—antibody interactions.
Oligosaccharide cluster 24, with an extended spacer, showed
higher affinity to 2G12 than the cluster 22, that has a relatively
short spacer; these results suggest that an appropriate spatial
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orientation of the sugar chains in the cluster is crucial for high
affinity binding to antibody 2G12. The successful construction
of the fully synthetic immunogens that contain both the novel
oligosaccharide clusters and T-helper epitopes has now laid the
foundation for further immunization studies in animals to evaluate
whether the vaccine candidates are able to elicit carbohydrate-
specific neutralizing antibodies against HIV-1.

Experimental
General procedures

TLC was performed on aluminium plates coated with silica gel
60 with detection by charring with 10% (v/v) sulfuric acid in
methanol or by UV detection. Flash column chromatography was
performed on silica gel 60 (230400 mesh). '"H and *C NMR, and
2D NMR spectra were recorded on a 500 NMR spectrometer
in CDCl;, D,0, or CD;OD, as specified. Chemical shifts are
expressed in ppm. The ESI-MS spectra were measured on a single
quadruple mass spectrometer. Analytical RP-HPLC was carried
out on a CI18 column (3.9 x 150 mm) at 40 °C. The column
was eluted with a linear gradient of 0-90% MeCN containing
0.1% TFA at a flow rate of 1 mL min~' over 25 minutes, unless
otherwise specified. Peptides and glycopeptides were detected at
double wavelengths (214 and 280 nm). Preparative RP-HPLC was
performed on a preparative C18 column (19 x 300 mm). The
column was eluted with a suitable gradient of MeCN containing
0.1% TFA at 12 mL min~".

2-(2-Azidoethoxy)ethyl-o-D-mannopyranoside (2). 2-O-Acetyl-
3,4,6-tri-O-benzoyl-o-D-mannopyranosyl trichloroacetimidate 147
(200 mg, 0.295 mmol) and 2-(2-azidoethoxy)-ethanol (100 mg,
0.76 mmol) were dried together under high vacuum for 2 h. The
mixture was dissolved in anhydrous CH,Cl, (20 mL). TMSOTf
(10 pl, 0.05 mmol) was added and the mixture was stirred under
an argon atmosphere at rt overnight. The mixture was neutralized
with triethylamine and concentrated under vacuum. The residue
was purified by flash silica gel column chromatography (hexanes—
EtOAc 1 : 1) to give a white solid (167 mg). The solid was
dissolved in MeOH (10 mL) and a solution of MeONa in MeOH
(0.5 M, 0.3 mL) was added. The mixture was stirred at rt for 1 h,
then neutralized by adding Dowex 50W (H*). After filtration, the
filtrate was concentrated to give compound 2 (68 mg, 78% over
two steps) as a white solid. dy (500 MHz, CD;0D): 4.84 (d, 1 H,
J = 1.5 Hz, H-1), 3.91-3.59 (m, 12 H), 3.42 (t, 2 H, J = 5.0 Hz,
CH,N;3); ¢ (CD;0D, 125 MHz): 6 = 100.4, 73.2, 71.2, 70.7, 69.9,
69.8, 67.2, 606.5, 61.5, 50.4.

Allyl 2-O-acetyl-3,4,6-tri- O-benzoyl-a-D-mannopyranosyl-
1 - 2)-3.4,6-tri-O-benzoyl-o-D-mannopyranoside (4). To a
solution of allyl-3,4,6-tri-O-benzoyl-o-D-mannopyranoside 3*
(532 mg, 1.0 mmol) and 2-O-acetyl-3,4,6-tri-O-benzoyl-o-D-
mannopyranosyl trichloroacetimidate 1 (810 mg, 1.20 mmol)
in anhydrous CH,Cl, (10 mL) was added TMSOTf (10 ul,
0.05 mmol) under an argon atmosphere. The mixture was stirred
at rt for 10 h and neutralized with triethylamine. The mixture was
then concentrated under vacuum and the residue was purified by
flash silica gel column chromatography (hexanes-EtOAc 5 : 1)
to give 4 (870 mg, 83%) as a white foam. d, (500 MHz, CDCl,):
8.11-7.33 (m, 30 H, Ph), 6.03 (t, | H, J = 9.9 Hz, H-4), 5.97-5.88

(m, 4 H, -CH=CH,, H-3, H-3, H-4), 5.76 (t, 1 H, J = 2.5 Hz,
H-2),5.33(dd, 1 H, J = 1.0, 17.0 Hz, 1/2 CH,=CHCH,), 5.26
(dd, 1 H, J = 1.0, 10.0 Hz, 1/2 CH,=CHCH,), 5.21 (d, | H, J =
1.7 Hz, H-1), 5.15 (d, 1 H, J = 1.4 Hz, H-1), 4.70-4.50 (m, 5 H,
H-5, 4 H-6), 4.46-4.40 (m, 2 H, H-2, H-5), 4.20-3.89 (m, 2 H,
CH,CH=CH,), 2.08 (s, 3H, COCH,); d. (CDCl,, 125 MHz):
169.4, 166.4, 166.1, 165.7, 165.6, 165.3, 165.0, 133.6, 133.5, 133.4,
133.3, 133.2, 133.2, 133.2, 133.1, 130.2, 130.0, 130.0, 129.9, 129.9,
129.9, 129.8, 129.8, 129.7, 129.7, 129.3, 129.1, 128.9, 128.8, 128.6,
128.5, 128.5, 128.5, 128.4, 118.1, 99.6, 98.0, 70.9, 69.8, 69.6,
69.0, 68.8, 67.6, 67.2, 63.7, 63.4, 20.6; ESI-MS: m/z: caled for
CyH,,0,: 1048.3; found: 1049.2 [M + HJ*, 1071.2 [M + Nal*.

Allyl 3,4,6-tri-O-benzoyl-a-D-mannopyranosyl-(1 — 2)-3,4,6-tri-
O-benzoyl-o-D-mannopyranoside (5). To a solution of 4 (500 mg,
0.476 mmol) in anhydrous CH;OH (30 mL) was added acetyl
chloride (1.0 mL). The mixture was stirred at 40 °C for 4 h,
when TLC (hexanes—EtOAc 2 : 1) indicated that the selective
de-O-acetylation was complete to give a less mobile spot. The
mixture was concentrated under reduced pressure, and the residue
was purified by flash silica gel column chromatography (hexanes—
EtOAc3:1)to give 5 (348 mg, 72%) as a white foam. oy (500 MHz,
CDCl;): 8.14-7.36 (m, 30 H, Ph), 6.05 (t, | H, J = 9.9 Hz, H-4),
599 (t, 1 H, J =9.8 Hz, H-4), 5.94 (m, | H, CH=CH,), 5.89 (dd,
1 H,J=3.1,99 Hz, H-3), 5.85(dd, | H, J = 3.1, 9.8 Hz, H-3),
5.33(dd, 1 H,J=1.0,17.0Hz, 1/2 CH,=CHCH,), 5.25(dd, 1 H,
J =1.0, 10.0 Hz, 1/2 CH,=CHCH,), 5.24 (d, | H, J = 1.1 Hz,
H-1'), 522 (d, 1 H, J = 1.2 Hz, H-1), 4.68-4.50 (m, 6 H), 4.48
(t, 1 H, J = 3.0 Hz, H-2), 4.45 (m, 1 H, H-5), 4.21-3.91 (m, 2 H,
CH,CH=CH,); § (CDCl;, 125 MHz): 166.4, 166.2, 165.7, 165.6,
165.4,165.3,133.5, 133.4, 133.3, 133.1, 133.1, 129.9, 129.8, 129.8,
129.7,129.7, 129.3 129.1, 129.0, 129.0, 128.6, 128.5, 128.4, 128.4,
128.3, 128.3, 118.1, 101.6, 98.1, 72.3, 71.4, 69.7, 69.4, 68.9, 68.8,
67.5, 67.0, 63.7, 63.6; ESI-MS: m/z: calcd for Cs;Hs,0,,: 1007.0;
found: 1007.5.

Allyl 2-O-acetyl-3,4,6-tri- O-benzoyl-a-pD-mannopyranosyl-(1 —
2)-3,4,6-tri-O-benzoyl-o-D-mannopyranosyl-(1 — 2)-3,4,6-tri-O-
benzoyl-o-D-mannopyranoside (7). To a solution of 1 (485 mg,
0.72 mmol) and 5 (600 mg, 0.6 mmol) in anhydrous CH,Cl,
(20 mL) was added TMSOTT (5 pL, 0.026 mmol). The reaction
mixture was stirred at rt overnight and was then neutralized with
triethylamine. The mixture was concentrated under reduced pres-
sure, and the residue was subject to flash column chromatography
(hexanes-EtOAc 2 : 1) to give compound 7 (750 mg, 82%) as
a white foam. Jy4 (500 MHz, CDCl;): 8.15-7.30 (m, 45 H, Ph),
6.09-5.90 (m, 3 H, H-3",H-4, H-4"), 5.95 (m,1 H, -CH=CH,),
5.90-5.80 (m, 3 H, H-3, H-3', H-4), 5.63 (t, | H, J = 2.0 Hz, H-2"),
5.47 (s,1 H,H-1"), 5.37-5.27 (m, 2 H, CH,=CHCH,), 5.20 (s, 1 H,
H-1'),4.92 (s, | H, H-1), 4.70-4.30 (m, 10 H), 4.28-3.96 (m, 2 H,
CH,CH=CH,), 4.18 (m, 1 H, H-6), 2.09 (s, 3 H, COCH;); dc
(CDCl;, 125 MHz): 169.1, 166.3, 166.2, 165.8, 165.7, 165.6, 165.4,
165.3,165.2,165.0, 133.4, 133.3, 133.3, 133.3, 133.2, 133.1, 133.1,
130.1, 130.0, 130.0, 129.7, 129.6, 129.5, 129.1, 129.1, 129.0, 128.9,
128.9, 128.8, 128.7, 128.6, 128.5, 128.4, 128.3, 128.3, 128.2, 128.2,
118.0,100.1,99.8,98.0,71.1,70.4,69.7, 69.6, 69.5, 68.9, 68.8, 67 .4,
67.0, 63.9, 63.7, 63.4, 20.7; ESI-MS: m/z: calcd for CyH,O:
1522.5; found: 1523.6.
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Allyl  2,3,4-tri-O-benzoyl-6-deoxy-6-fluoro-a-D-mannopyrano-
syl-(1 — 2)-3,4,6-tri-O-benzoyl-o-D-mannopyranosyl-(1 — 2)-
3,4,6-tri-O-benzoyl-o-D-mannopyranoside (8). To a solution of 5
(650 mg, 0.646 mmol) and 6 (500 mg, 0.707 mmol) in anhydrous
CH,Cl, (20 mL) was added TMSOTT (5 uL, 0.026 mmol). The
mixture was stirred at rt under an argon atmosphere overnight
and was then neutralized with triethylamine. The mixture was
concentrated under reduced pressure, and the residue was purified
by flash column chromatography (hexanes—EtOAc 2 : 1) to give
compound 8 (750 mg, 78%) as a white foam. J, (500 MHz,
CDCl,): 8.15-7.20 (m, 45 H, Ph), 6.09-5.90 (m, 5 H, H-2", H-3",
H-4, H-4", CH=CH,), 5.90-5.80 (m, 3 H, H-3, H-3, H-4), 5.48
(s,1 H, H-1"), 5.37-5.27 (m, 2 H, CH,=CHCH,), 5.24 (s, 1 H,
H-1),4.92 (s, 1 H, H-1), 4.70-4.30 (m, 9 H), 4.57 (m, 2 H, H-6"),
4.28-3.96 (m, 2 H, CH,CH=CH,); d. (CDCl;, 125 MHz): 166.4,
166.3, 165.8, 165.6, 165.5, 165.4, 165.3, 165.1, 164.9, 133.6, 133.5,
133.3,133.3, 133.2, 133.1, 133.1, 130.1, 130.0, 130.0, 129.9, 129.8,
129.8,129.2,129.2, 129.1, 129.0, 128.9, 128.8, 128.7, 128.6, 128.5,
128.4,128.3, 128.3, 128.2, 128.2, 118.1, 100.4, 99.8, 98.1, 81.3 (d,
Jer = 175.0 Hz, C-6"), 71.4, 70.5, 70.4, 70.3, 70.0, 69.7, 69.6,
69.0, 68.8, 67.5, 67.4, 65.9, 65.9, 63.7; ESI-MS: m/z: caled for
CgH; FO,,: 1482.4; found: 1483.5.

2-0-Acetyl-3,4,6-tri-O-benzoyl-o-D-mannopyranosyl-(1 — 2)-
3,4,6-tri- O-benzoyl-a-D-mannopyranosyl-(1 — 2)-3,4,6-tri-O-ben-
zoyl-o-D-mannopyranosyl trichloroacetimidate (9). To a solution
of 7 (500 mg, 0.33 mmol) in anhydrous CH;OH (30 mL) was
added PdCl, (0.30 g), the mixture was stirred at 40 °C for 4 h,
when TLC (2 : 1 hexanes-EtOAc) indicated the completion of the
de-O-allylation. The mixture was filtered through a pad of celite.
The filtrate was concentrated, and the residue was purified by flash
silica gel column chromatography (hexanes-EtOAc 2 : 1) to give
the corresponding hemiacetal (440 mg, 90%) as a white foam. dy
(500 MHz, CDCl;): 8.10-7.29 (m, 45 H, Ph), 6.00-5.88 (m, 3 H,
H-3", H-4, H-4"), 5.84-5.78 (m, 3 H, H-3, H-3', H-4), 5.58 (t, 1
H, J = 2.0 Hz, H-2"), 5.54 (s, | H, H-1"), 5.42 (s, 1 H, H-1"), 4.90
(s, 1H, H-1), 4.64-4.50 (m, 7 H), 4.50-4.20 (m, 4 H), 2.08 (s, 3 H,
COCH;); 6 (CDCl;, 125 MHz): 169.1, 166.5, 166.2, 166.2, 165.9,
165.7,165.6, 165.4, 165.3, 165.0, 133.3, 133.2, 133.0, 130.1, 130.0,
130.0, 129.9, 129.8, 129.7, 129.7, 129.6, 129.4, 129.2, 129.1, 129.0,
128.9, 128.6, 128.4, 128.4, 128.3, 100.2, 99.8, 93.3, 69.6, 69.5, 68.9,
67.7, 67.0, 63.9, 63.7, 20.7; ESI-MS: m/z: calcd for CgHo9Os:
1482.3; found: 1483.6 [M + HJ*, 1505.8 [M + Na]*.

The above prepared hemiacetal (450 mg, 0.303 mmol) was
dissolved in CH,Cl, (40 mL), then trichloroacetonitrile (3 mL)
and DBU (0.3 mL) were added. The reaction mixture was
stirred at room temperature overnight. The reaction mixture was
concentrated under vacuum and the residue was purified by flash
silica gel column chromatography (hexanes—EtOAc 4 : 1) to give
imidate 9 (420 mg, 85%) as a white foam. dy (500 MHz, CDCl,):
8.79 (s, 1 H, HN=), 8.16-7.29 (m, 45 H, Ph), 6.68 (d, | H, J =
2.4 Hz, H-1), 6.12-6.06 (t, 2 H, J = 9.5 Hz, H-4', H-4"), 6.00 (dd,
1 H, J =3.5,10 Hz, H-3"), 5.93 (dd, 1 H, J = 2.5, 8.5 Hz, H-3),
5.88-5.85 (m, 2 H, H-3, H-4), 5.68 (s, 1 H, H-2"), 5.62 (s, 1 H,
H-17),5.03 (s, 1 H, H-1),4.79 (t, | H, J = 3.0 Hz, H-2"), 4.74 (dd,
1H,J=23,11.7Hz, H-6"), 4.70-4.58 (m, 5 H), 4.56 (t, | H, J =
2.0 Hz, H-2), 4.45 (m, 1H), 4.32 (m, 1 H, H-5), 4.17 (m, 1H, H-6),
2.08 (s, 3 H, COCH;); . (CDCl;, 125 MHz): 169.1, 166.3, 166.2,
165.9, 165.6, 165.5, 165.4, 165.3, 165.2, 165.0, 160.0, 133.5, 133.4,

133.4,133.3,133.2, 133.1, 133.0, 130.0, 130.0, 129.9, 129.9, 129.8,
129.8,129.7,129.7, 129.6, 129.3, 129.0, 128.9, 128.9, 128.8, 128.8,
128.6,128.5, 128.5, 128.4,128.4, 128.3,99.7,96.3,90.7, 71.7, 70.5,
70.0, 69.6, 69.5, 69.5, 67.1, 67.0, 63.5, 63.3, 63.2, 20.6.

2,3,4-tri-O-Benzoyl-6-deoxy-6-fluoro-o-D-mannopyranosyl-(1 —
2)-3,4,6-tri-O-benzoyl-0-D-mannopyranosyl-(1 — 2)-3,4,6-tri-O-
benzoyl-a-D-mannopyranosyl trichloroacetimidate (10). To a so-
lution of 8 (600 mg, 0.40 mmol) in anhydrous MeOH (80 mL)
was added PdCl, (0.30 g) and the mixture was stirred at 40 °C for
4h, when TLC (hexanes-EtOAc 2 : 1) indicated the completion of
de-O-allylation. The mixture was filtered through a pad of celite
and the filtrate was concentrated. The residue was purified by flash
silica gel column chromatography (hexanes—EtOAc 2 : 1) to give
the corresponding hemiacetal (510 mg, 88%) as a white foam. oy
(500 MHz, CDCl;): 8.15-7.20 (m, 45 H, Ph), 6.10-5.80 (m, 7 H,
H-2", H-3, H-3, H-3", H-4, H-4, H-4"), 5.64 (s, 1 H, H-1"), 5.46
(d,1H,J=1.3Hz,H-1"),5.04(d, | H,J =1.5Hz, H-1),4.74-4.30
(m, 11 H); 0 (CDCl;, 125 MHz): 166.5, 166.3, 165.9, 165.7, 165.6,
165.5,165.3,165.0, 164.9, 133.6, 133.5, 133.4, 133.3, 133.3, 133.2,
133.1, 133.0, 130.1, 130.0, 130.0, 129.9, 129.8, 129.7, 129.7, 129.6,
129.4,129.2,129.1, 129.0, 128.9, 128.6, 128.4, 128.4, 128.3, 100.3,
99.7, 93.5, 81.1 (d, Jor = 175 Hz, C-6"), 71.1, 70.5, 70.4, 70.0,
69.7, 68.8, 67.4, 67.0, 65.9, 63.7, 60.5.

The above hemiacetal (450 mg, 0.312 mmol) was dissolved in
CH,Cl, (20 mL), then trichloroacetonitrile (0.32 mL, 3.12 mmol)
and DBU (0.06 mL) were added. The reaction mixture was
stirred at room temperature overnight. The reaction mixture was
concentrated under vacuum and the residue was purified by flash
silica gel column chromatography (hexanes—EtOAc 4 : 1) to give
imidate 10 (400 mg, 81%) as a white foam. J;; (500 MHz, CDCl,):
8.78 (s, | H, HN=CCCl,), 8.18-7.20 (m, 45 H, Ph), 6.68 (d, 1 H,
J=2.4Hz, H-1),6.17-6.13 (t,2H, J = 10.0 Hz, H-4, H-4"), 6.03
(dd, 1 H, J = 3.5, 10 Hz, H-3"), 6.00 (dd, 1 H, J = 3.5, 9.5 Hz,
H-3'),5.91(dd, 1 H,J =3.0,9.0 Hz, H-3), 5.90 (t, IH, J = 9.5 Hz,
H-4),5.85(dd, 1 H,J =1.3,3.5Hz, H-2"),5.57 (s, 1 H, H-1"), 5.10
(s, | H, H-1"),4.81 (t, 1 H, J = 3.0 Hz, H-2"), 4.77-4.62 (ddd, 2 H,
J =23,11.7,44.0 Hz, H-6"), 4.76-4.60 (m, 3 H), 4.57 (dd, 1 H,
J =1.0, 3.0 Hz, H-2), 4.48-4.28 (m, 4 H); J. (CDCl;, 125 MHz):
166.3, 166.2, 165.8, 165.6, 165.5, 165.3, 165.2, 165.0, 164.9, 160.1,
133.6, 133.5, 133.5, 133.4, 133.2, 133.1, 130.1, 130.0, 130.0, 129.9,
129.9, 129.8, 129.8, 129.7, 129.7, 129.6, 129.3, 129.0, 128.9, 128.9,
128.8, 128.8, 128.6, 128.5, 128.5, 128.4, 128.4, 128.3, 99.7, 96.3,
90.7, 81.2 (d, Jc¢ = 175 Hz, C-6"), 71.6, 70.5, 70.0, 70.0, 69.6,
67.1, 65.8, 63.5, 63.5, 63.2.

2-(2-Azidoethoxy)ethyl 2-O-acetyl-3,4,6-tri-O-benzoyl-o-D-man-
nopyranosyl-(1 —  2)-3,4,6-tri-O-benzoyl-0-D-mannopyranosyl-
(1 — 2)-3,4,6-tri-O-benzoyl-o-D-mannopyranosyl-(1 — 3)-4,6-O-
benzylidene-2-O-benzoyl-a-D-mannopyranoside (12). To a solu-
tion of 9 (197 mg, 0.12 mmol) and 11 (42 mg, 0.0866 mmol)
in anhydrous CH,Cl, (10 mL) was added TMSOTf (3 uL,
0.02 mmol). The mixture was stirred under an argon atmosphere
at rt overnight and was neutralized by triethylamine. The mixture
was concentrated under reduced pressure, and the residue was
purified by column chromatography (hexanes-EtOAc 2 : 1) to
give compound 12 (130 mg, 77%) as a white foam. dy (500 MHz,
CDCl,): 8.38-6.90 (m, 55 H, Ph), 6.10-5.95 (m, 2 H, H-4", H-4"),
5.93-5.70 (m, 3 H, H-3", H-3", H-4), 5.83 (s, | H, PhCH), 5.76
(dd, 1 H, J = 1.0, 3.5 Hz, H-2), 5.63 (s, | H, H-1"), 5.60-5.40
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(m, 2 H), 5.39 (s, | H, H-1), 5.15 (s, | H, H-1), 491 (s, 1 H,
H-1'), 4.83-4.60 (m, 5 H), 4.50-3.67 (m, 17 H), 3.44 (t, 2 H, J =
5.0 Hz, CH,N,), 2.01 (s, 3 H, CH,CO); 5. (CDCL,, 125 MHz):
169.1, 166.4, 166.0, 165.7, 165.5, 165.2, 164.9, 137.0, 133.6, 133.2,
133.2, 133.1, 132.8, 130.1, 130.0, 130.0, 129.9, 129.9, 129.8, 129.8,
129.7, 129.6, 129.4, 129.2, 129.2, 129.1, 129.0, 128.8, 128.7, 128.5,
128.5, 128.4, 128.4, 128.4, 128.3, 128.2, 125.8, 110.0, 103.6, 101.7,
99.7,99.0, 72.1, 71.7, 70.6, 70.3, 70.2, 69.6, 69.5, 69.4, 68.8, 67.0,
66.7, 63.7, 63.6, 63.6, 62.9, 62.9, 50.7, 20.6.

2-(2-Azidoethoxy)ethyl 2,3,4,-tri-O-benzoyl-6-deoxy-6-fluoro-a-
D-mannopyranosyl-(1 — 2)-3,4,6-tri-O-benzoyl-a-D-mannopyra-
nosyl-(1 — 2)-3,4,6-tri-O-benzoyl-o0-D-mannopyranosyl-(1 — 3)-
4,6-O-benzylidene-2-benzoyl-a-D-mannopyranoside (13). To a so-
lution of 10 (240 mg, 0.15 mmol) and 11 (61 mg, 0.125 mmol)
in anhydrous CH,Cl, (10 mL) was added TMSOTf (3 uL,
0.02 mmol). The mixture was stirred under an argon atmosphere
at rt overnight and was then neutralized by triethylamine. The
mixture was concentrated under reduced pressure, and the residue
was purified by column chromatography (hexanes—EtOAc2: 1) to
give compound 13 (175 mg, 73%) as a white foam. Jy (500 MHz,
CDCl;): 8.32-6.82 (m, 55 H, Ph), 6.11-5.98 (m, 2 H, H-4", H-4"),
5.97-5.78 (m, 3 H, H-3", H-3", H-4'), 5.79 (s, | H, PhCH), 5.72
(dd, 1 H, J = 1.0, 3.5 Hz, H-2), 5.64 (s, 1 H, H-1"), 5.64-5.58 (m,
1 H), 542 (s, | H, H-1"), 5.14 (s, 1 H, H-1), 493 (s, 1 H, H-1"),
4.80-4.56 (m, 5 H), 4.48-3.67 (m, 17 H), 3.44 (t,2H, J/ = 5.0 Hz,
CH,N;); dc (CDCl;, 125 MHz): 166.5, 166.1, 166.0, 165.5, 165.4,
165.3,165.2, 165.1, 165.0, 164.9, 137.1, 133.6, 133.5, 133.3, 133.2,
133.0, 132.8, 130.1, 130.1, 130.0, 130.0, 129.9, 129.8, 129.7, 129.2,
129.2,129.2, 129.1, 129.1, 128.9, 128.7, 128.7, 128.6, 128.6, 128.6,
128.5, 128.5, 128.4, 128.4, 128.2, 125.9, 101.7, 100.1, 99.7, 99.0,
81.2 (d, Jor = 175 Hz, C-0"), 72.2, 70.5, 70.3, 70.2, 70.0, 69.7,
69.5, 69.4, 68.9, 67.1, 63.7, 63.0, 50.7.

2-(2-Azidoethoxy)ethyl a-pD-mannopyranosyl-(1 — 2)-a-D-man-
nopyranosyl-(1 — 2)-o-D-mannopyranosyl-(1 — 3)-a-D-manno-
pyranoside (14). A solution of 12 (170 mg, 0.0872 mmol) in
aqueous acetic acid (80%, 10 mL) was stirred at 60 °C. After
10 h, TLC indicated the completion of de-benzylidenation. The
reaction mixture was concentrated under reduced pressure. The
residue was dissolved in MeOH (10 mL), to which a solution of
MeONa in MeOH (0.5 M, 0.5 mL) was added. The mixture was
stirred at rt overnight. After neutralized with Dowex 50W (H"),
the mixture was filtered and the filtrate was concentrated. The
residue was then dissolved into pyridine-Ac,O (10 mL, 1 : 1) and
resulting mixture was stirred overnight. The reaction mixture was
concentrated under reduced pressure and the residue was purified
by flash chromatography to give the corresponding O-acetylated
derivative (90 mg, 78%) as a white solid. J,; (500 MHz, CDCl):
5.44 (dd, 1 H, J = 3.5, 10.0 Hz, H-3"), 5.39-5.28 (m, 7 H), 5.19
(dd, 1 H, J =3.0,9.5Hz, H-3"), 5.17 (d, 1 H, J = 1.8 Hz, H-1"),
5.04(d, 1 H,J =2.0Hz, H-1"),4.99 (dd, 1 H, J/ = 1.8 Hz, H-1),
493(dd, 1 H,J=1.8Hz,H-1"),4.34-4.10 (m, 12 H), 4.08-4.02 (m,
2 H),3.96 (t, J = 2.5Hz, 1 H), 3.90-3.84 (m, 1 H), 3.76-3.68 (m,
5SH), 342 (t,2H,J=5.5Hz, CH,N;), 2.42-2.06 (135,39 H, 13
CH;CO); . (CDCl;, 125 MHz): 170.9, 170.8, 170.7, 170.5, 170.4,
170.0, 169.9, 169.8, 169.7, 169.7, 169.5, 169.5, 169.4, 100.2, 99.5,
99.3,97.5, 74.2, 70.7, 70.1, 70.0, 69.9, 69.7, 69.6, 69.5, 69.4, 68.4,
68.3, 68.0, 67.0, 66.5, 66.1, 65.7, 62.6, 62.4, 62.1, 62.0, 50.7, 20.9,

20.8, 20.8, 20.7, 20.7, 20.6; ESI-MS: m/z: calcd for Cs,H,5sN;Os;:
1326.2, found: 1327.2 [M + HJ*.

To a solution of the above compound (80 mg, 0.0603 mmol)
in anhydrous MeOH (5 mL) was added a solution of MeONa in
MeOH (0.5 M, 0.2 mL). The mixture was stirred at rt for 2 h, and
then neutralized by Dowex S0W (H*). The mixture was filtered
and the filtrate was concentrated to give 14 (45 mg, 98%) as a
white solid. d,; (500 MHz, CD;OD): 542 (d, 1 H, J = 1.5 Hz, H-
17),5.34(d, 1 H,J =1.5Hz,H-1"),5.03(d, 1 H,J =2.0 Hz, H-1),
4.82(d, 1 H, J = 1.5Hz, H-1"), 4.08-4.01 (m, 4 H), 3.98-3.59 (m,
26 H), 3.42 (t, 2 H, J = 5.0 Hz, CH,N;); . (CD;0D, 125 MHz):
102.7, 100.9, 100.6, 100.5, 79.1, 78.9, 78.8, 73.7, 73.6, 73.4, 71.1,
70.7,70.5, 70.1, 69.9, 67.7, 67.4, 66.6, 66.3, 61.8, 61.6, 61.4, 50.4;
ESI-MS: m/z: calcd for C,3HyyN;O5: 779.7; found: 780.5 [M +
HJ*, 803.1 [M + Na]*.

2-(2-Azidoethoxy)ethyl 6-deoxy-6-fluoro-o-p-mannopyranosyl-
(1 — 2)-0-pD-mannopyranosyl-(1 — 2)-a-D-mannopyranosyl-(1 —
3)-a-D-mannopyranoside (15). A solution of 13 (180 mg,
0.0941 mmol) in aqueous acetic acid (80%, 10 mL) was stirred
at 60 °C. After 10 h, TLC indicated the completion of de-
benzylidenation. The mixture was concentrated under reduced
pressure, and the residue was dissolved in MeOH (10 mL), to
which a solution of MeONa in MeOH (0.5 M, 0.5 mL) was
added. The mixture was stirred overnight and then neutralized
with Dowex 50W (H*). The mixture was filtered and the filtrate was
concentrated. The residue was dissolved in pyridine-Ac,O (10 mL,
1 : 1) and the resulting solution was stirred overnight. The solvent
was removed under reduced pressure and the residue was purified
by flash column chromatography to give the corresponding O-
acetylated compound (90 mg, 78%) as a white solid. oy (500 MHz,
CDCl;): 5.45(dd, 1 H,J =3.5,10.0 Hz, H-3"), 5.39-5.21 (m, 7 H),
521(dd, 1 H, J = 3.0, 9.5 Hz, H-3"), 5.14 (d, | H, J = 1.8 Hz,
H-17),5.04 (d, 1 H, J = 2.0 Hz, H-1"),4.99 (dd, | H, J = 1.8 Hz,
H-1),4.92 (dd, | H, J = 1.8 Hz. H-1"), 4.56-4.45 (m, 2 H, H-6"),
4.30-4.08 (m, 10 H), 4.05-3.95 (m, 2 H), 3.90 (t, / = 2.5 Hz, 1 H),
3.90-3.84 (m, 1 H), 3.72-3.68 (m, 5 H), 3.42 (t,2 H, J = 5.5 Hz,
CH,N;), 2.42-2.06 (125,36 H, 12 CH;CO); 6 (CDCl;, 125 MHz):
170.9, 170.8, 170.7, 170.4, 170.0, 169.9, 169.8, 169.7, 169.7, 169.5,
169.5, 169.4, 100.3, 99.9, 99.3,97.5, 81.8 (d, J- = 175 Hz, C-6"),
74.9, 70.8, 70.1, 70.0, 69.8, 69.7, 69.6, 69.5, 69.4, 68.5, 68.3, 67.8,
67.1, 66.2, 65.8, 62.5, 62.2, 62.1, 61.9, 50.7, 20.9, 20.8, 20.8, 20.7,
20.7, 20.6; ESI-MS: m/z: caled for C5,H,, FN305;: 1286.1; found:
1286.4 [M + H]".

To a solution of the O-acetylated compound (70 mg,
0.0544 mmol) in anhydrous MeOH (5 mL) was added a solution
of MeONa in MeOH (0.5 M, 0.2 mL). The mixture was stirred
at rt for 2 h, and then neutralized with Dowex 50W (H*). The
reaction mixture was filtered and the filtrate was concentrated to
give 15 (41 mg, 95%) as a white solid. Jy (500 MHz, CD;0D):
540(d, 1 H,J =1.5Hz H-1"),525(d, 1 H, J = 1.5 Hz, H-1"),
5.05(d, 1 H,J =2.0 Hz, H-1),4.82 (d, 1 H, J = 1.5 Hz, H-1"),
4.72-4.60 (m, 2 H, H-6"), 4.09-4.01 (m, 4 H), 3.98-3.59 (m, 24 H),
3.42 (t,2 H, J = 5.0 Hz, CH,Nj3); 6 (CD;0D, 125 MHz): 102.8,
101.0, 100.8, 100.5, 82.1 (d, J- r = 175 Hz, C-6"), 79.1, 78.8, 78.8,
73.7,73.6, 73.5,72.3, 72.1, 71.1, 70.7, 70.6, 70.4, 70.0, 69.9, 67.8,
67.7, 66.6, 66.3, 66.0, 61.8, 61.6, 61.4, 50.4; ESI-MS: m/z: calcd
for C,xHFN;O,,: 779.7; found: 781.5 [M + HJ*, 804.2 [M + Na]*.
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2-(2-Aminoethoxy)ethyl o-D-mannopyranosyl-(1 — 2)-0-D-
mannopyranosyl-(1 — 2)-o-D-mannopyranosyl-(1 — 3)-0-D-
mannopyranoside (16). A mixture of 14 (20 mg, 0.0257 mmol)
and 10% Pd/C (20 mg) in MeOH (100 mL) was stirred under H,
at 40 PSI for 2 h. The mixture was filtered through a pad of celite,
and the filtrate was concentrated under vacuum to give 16 (18 mg,
98%) as a white solid. d,; (500 MHz, CD;0D): 5.29 (s, 1 H, H-1"),
5.24(d, 1 H,J=1.5Hz,H-1"),498 (d, | HJ = 1.5 Hz, H-1), 4.81
(d, 1 HJ = 1.2 Hz, H-1), 4.04-4.00 (m, 4 H), 3.94-3.56 (m, 28
H); ESI-MS: m/z: caled for CxHs5 NO,,: 753.7; found: 754.4 [M
+ HJ*.

2-(2-(8-Azido-3,6-dioxaoctanamido)ethoxy)ethyl-a-D-mannopy-
ranosyl-(1 — 2)-o-D-mannopyranosyl-(1 — 2)-o-D-mannopy-
ranosyl-(1 — 3)-a-D-mannopyranoside (18). Compound 16
(5.6 mg, 0.0076 mmol) was dissolved in aqueous NaHCO,
(50 mM, 2 mL) containing MeCN (1 mL) and MeOH (0.1 mL).
To the solution was added a solution of 17 (5 mg, 0.0175 mmol)
in MeCN (1 mL). The mixture was stirred at rt for 3 h and then
lyophilized. The residue was loaded onto a column of Sephadex
G-10 and eluted with 0.1 M HOAc. The fractions containing the
product were pooled and lyophilized to give 18 (5.2 mg, 74%)
as a white foam. Jy (500 MHz, CD;OD): 529 (d, 1 H, J =
1.5 Hz, H-1"), 5.24 (d, 1 H, J = 1.5 Hz, H-1"),4.98 (d, l H, J =
1.5 Hz, H-1), 481 (d, 1 H, J = 1.5 Hz, H-1), 4.05-3.97 (m, 6
H), 3.94-3.56 (m, 32 H), 3.46 (t, 2 H, / = 5.0 Hz,), 3.41 (t, 2 H,
J = 5.0 Hz, CH,N;); ESI-MS: m/z: calcd for C3,HgN,Os5: 924.8;
found: 925.6 [M + HJ".

The orthogonally protected linear decapeptide. Peptide synthe-
sis was performed on an automatic peptide synthesizer using
distinctly protected fluorenylmethyloxycarbonyl (Fmoc)-amino
acids as building blocks, HATU as the coupling reagent, and
Fmoc-Lys(Boc)-NovaSyn TGT acidic sensitive resin as the solid
support. The linear peptide was synthesized on a 0.4 mmole scale
and cleaved from resin by treatment with 50% acetic acid in
DCM for 2 h at rt. The crude peptide was precipitated by cold
ethyl ether and purified by preparative RP-HPLC. The column
was eluted with 30% MeCN containing 0.1% TFA in 40 min to
give the linear decapeptide (810 mg, 95%). ESI-MS caled. for
CinH 6N 0550 M = 2120.74; found: 2121.83 (M + H)'*, 1061.36
(M + 2H)*, 707.88 (M + 3H)**, 874.49 (M — Boc + 3H)*, 641.17
(M — 2Boc + 3H)*.

The fully protected cyclic decapeptide. The linear peptide
obtained above (30 mg, 14 umol) was dissolved in 40 mL
acetonitrile. To the solution was added 0.5 M 2-(1 H-benzotriazole-
1-y1)-1,1,3,3-tetramethylaminium hexafluorophosphate (HBTU)
(28 umol) in DMF and 1.0 M diisopropylethylamine (DIPEA).
The mixture was gently shaken at rt for 2 h. The reaction
mixture was diluted with 30 mL water and lyophilized. The crude
cyclic peptide was subjected to purification by preparative RP-
HPLC. The peptide was eluted with 30% MeCN containing 0.1%
TFA in 40 min to give the fully protected cyclic decapeptide (26 mg,
88%). ESI-MS calcd. for C,;,;H N ;;O»: M = 2102.72; found:
2103.59 (M + H)'*, 1052.32 (M + 2H)*, 668.47 (M — Boc +
3H)*, 635.15 (M — 2Boc + 3H)*".

The selectively deprotected cyclic decapeptide 19. The above-
obtained cyclic peptide (29 mg, 0.014 mmol) was dissolved in
10 mL 2% hydrazine in DMF, and gently shaken at rt for 20 min to

selectively remove the Dde protecting groups. The reaction mixture
was neutralized with acetic acid to pH 7.0, diluted with 40 mL
water, and lyophilized. The crude de-protected cyclic peptide was
purified by RP-HPLC to give the compound 19 (15 mg, 84%).
ESI-MS calcd. for CioH,;sNsO4: M = 1277.60; found: 1278.03
(M + H)", 639.40 (M + 2H)**, 589.55 (M — Boc + 2H)**, 539.39
(M — 2Boc + 2H)*, 359.93 (M — 2Boc + 3H)**.

c[Lys(-propynoic amide)-Lys-Lys (-propynoic amide)-Pro-Gly-
Lys(-propynoic amide)-Lys-Lys (propynoic amide)-Pro-Gly| (20).
To a solution of cyclic peptide 19 (26 mg, 0.02 mmol) in
DMF (5 mL), were added propynoic acid (11.2 mg, 0.16 mmol)
and dicyclohexylcarbodiimide (DCC) (32 mg, 0.16 mmol). The
resulting mixture was shaken at rt for 30 min. After dilution
with water (50 mL), the suspension was filtered and the filtrate
was lyophilized. The crude acylated cyclic peptide was subject
to preparative RP-HPLC to give the corresponding acylated
cyclic decapeptide (23 mg, 77%). ESI-MS calcd for C;,H 3N O 5:
1484.80; found: 1485.67 [M + H]*, 743.52 [M + 2H]**, 693.35[M —
Boc + 2HJ*, 642.73[M — 2Boc + 2H]**, 428.62 [M — 2Boc + 3H]**.

To selectively remove the Boc protective groups, the above
acylated cyclic peptide (23 mg, 0.015 mmol) was treated with 90%
TFA in DCM at rt for 10 min, then the solution was diluted with
water and lyophilized. The product was purified by preparative
RP-HPLC to give the alkynylized cyclic decapeptide 20 (18 mg,
93%). ESI-MS caled. for C;,Ho, N (O,4: 1284.70; found: 1285.64
[M + HJ*, 643.32 [M + 2H]*.

Synthesis of glycopeptides 21-24. General procedures. To a
solution of the individual azido-tagged oligosaccharide (2, 14,
15, or 18) (5.0 mol. equiv), the alkynyl-substituted cyclic peptide
20 (1.0 mg, 0.78 umol, 1 mol. equiv.) in an aqueous -BuOH
(50%, 0.95 mL) were added CuSO, (10 mM in 1 : 1 --BuOH-H,O0,
15 pl, 0.15 pmol, 0.2 mol. equiv.) and sodium ascorbate (20 mM
in 1 :1 BuOH-H,0, 15 pl, 0.30 umol, 0.4 mol. equiv.). The
reaction mixture was stirred at 60 °C. The reaction was monitored
by RP-HPLC. After 6-12 h, HPLC indicated the completion of
the 1,3-dipolar cycloaddition to give a single product. The product
was easily purified by preparative RP-HPLC to give the template-
assembled oligosaccharide cluster (21-24).

Glycopeptide 21.  J; (500 MHz, D,0): 8.48 (s, 4 H, H-triazole),
494 (s, 4 H, 4 H-1); ESI-MS: m/z: calcd for C,,H ;5sNyOy:
2457.62; found: 1230.3 [M + 2HJ**, 841.5[M + 3Na]**, 820.7 [M +
3HJ*, 766.6 [M + 3H-Man]**, 712.6 [M + 3H-2Man]**, 658.6 [M +
3H-3Man]**.

Glycopeptide 22. o (500 MHz, D,0): 8.48 (s, 4 H, H-triazole),
5.45(s,4H,4H-1"),5.36 (s,4H,4 H-1"),5.05(s,4 H,4 H-1),4.83
(s, 4 H, 4 H-1"); ESI-MS: m/z: caled for C,,,Hy55N50,p: 4403.5;
found: 1469.2 [M + 3HJ**, 1115.6 [M + 2H + 2Na]*.

Glycopeptide 23. 0, (500 MHz, D,0): 8.48 (s, 4 H, H-triazole),
5.41(s,4H,4H-1"),5.27(s,4H,4 H-1"),5.07 (s,4 H,4 H-1), 4.83
(s, 4 H, 4 H-1"); ESI-MS: m/ z: calcd for C,;,Hy54NosOos Fy: 4411.5;
found: 1471.9 [M + 3HJ**, 1118.0 [M + H + 3Na]*, 1113.8 [M +
2H + 2Na]*, 1109.8 [M + 3H + Na]*.

Glycopeptide 24. J; (500 MHz, D,0): 8.48 (s, 4 H, H-triazole),
5.41(s,4H,4H-1"),5.27(s,4H,4H-1"),5.07(s,4H,4 H-1), 4.83
(s, 4 H, 4 H-1"); ESI-MS: m/z: caled for CosH33;, N3, 0,14 4984.1;
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found: 1662.9 [M + 3HJ*, 1260.8 [M + H + 3Na]*, 1257.0 [M +
2H + 2Na]*, 1253.6 [M + 3H + Nal*.

Glycopeptide 25. Compound 23 (2.0 mg, 0.45 pumol) was
dissolved in 2 mL 0.05 M NaHCO;, 1 mL CH;CN and 0.1 mL
methanol. To this solution, compound 17 (5§ mg, 0.0175 mmol) in
I mL CH;CN was added, and the reaction mixture was stirred at
room temperature for 1 h. The mixture was purified by RP-HPLC
and lyophilized to give compound 25 as a white foam (1.9 mg,
90%). ESI-MS: m/z: caled for C ssH30,N3,0,0,F,: 4753.5; found:
1586 [M + 3HJ*, 1423.5 [M + 3H-FMan3]*, 1369.2 [M + 3H-
FMan4]*, 1260.3 [M + 3H-2FMan3]**, 1206.0 [M + 3H-FMan3-
FMan4]**,1098.0[M + 3H-3FMan3}**, 1039.6 [M + 3H-2FMan3-
FMan4]*.

Alkynyl-tagged T-helper peptide 26. Peptide synthesis was
performed on a Pioneer automatic peptide synthesizer (Applied
Biosystems) using fluorenylmethyloxycarbonyl (Fmoc)-protected
amino acids as building blocks, HATU as the coupling reagent,
and PAL-PEG-PS resin as the solid support. The peptide was
synthesized on a 0.4 mmole scale. After removal of the Fmoc in the
last amino acid at the N-terminus, propynoic acid was reacted with
the peptide resin in DMF using HATU as coupling reagent. The
resin was treated with 95% TFA to remove the protecting groups
and retrieve the peptide from the resin. The crude peptide was
precipitated in ethyl ether and purified through RP-HPLC to give
the desired compound 26. ESI-MS: m/z: caled for: Cg;H 50N 9Ons:
1776.0; found: 1776.9 [M + H]*, 889.0 [M + 2HJ*".

Glycopeptide 27. To a solution of compound 26 (1.0 mg,
0.56 umol) and oligosaccharide cluster 25 (0.50 mg, 0.105 pmol)
in aqueous -BuOH (50%, 0.25 mL) were added CuSO, (10 mM
inl:1¢-BuOH-H,0, 2 ul, 0.02 pmol, 0.2 mol. equiv.) and sodium
ascorbate (20 mM in 1 : 1 --BuOH-H,O0, 2 pl, 0.40 umol, 0.4 mol.
equiv.). The reaction mixture was stirred at 60 °C for 24 h and the
product was purified by preparative RP-HPLC to give 27 (0.6 mg,
70%) as a white foam. ESI-MS: m/z: calcd for Cs5,Hs6oN7, O, 50Fy:
8305.5; found: 1662.7 [M + 5SHJ**, 1385.6 [M + 6H]*".

Binding studies

Surface plasmon resonance (SPR) technology was used for
analyzing the binding of the synthetic oligomannoses and their
clusters to monoclonal antibody (mAb) 2G12. The experiments
were carried out with a biacore 3000 system in a HBS-P buffer
(10 mM Hepes, 150 mM NacCl, 0.005% surfactant P20, pH 7.4)
at 25 °C. For coupling of mAb 2G12 to CMS5 sensor chip, the
chip surface was activated by injection of EDC-NHS for 7 min
at 5 uL min~!, followed by injection of 20 ug mL~' mAb 2G12
solution in an acetate buffer (10 mM pH 5.5) until the target level
of 10 000 response units (RU) was reached. The reaction was then
quenched by injection of ethanolamine HCI (1 M, pH 8.5) for
7min at 5 pL min~'. A reference surface was prepared by a similar
procedure, but without the injection of antibody solution. Each
synthetic compound was injected to reference and mAb 2G12
channels, and a binding profile was obtained by subtraction of the
reference surface signal from the mAb 2G12 surface signal. For
a kinetic study, three analytes, compounds 22-24, at six different
concentrations were injected at 30 uL min~' for 4 min, followed
by 5 min dissociation. The censor surface was regenerated with a

short pulse of 3.5 M MgCl, with a flow rate of 100 uL min~" for
30 seconds.
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The cycloaddition of acetylenes with azides to give the corresponding 1,4-disubstituted 1,2,3-triazoles is
reported using immobilised reagents and scavengers in pre-packed glass tubes in a modular flow reactor.

Introduction

In this and the following communication,! we describe applica-
tions and further concepts for the use of modular continuous
flow reactor systems. These methods are gaining popularity for
the preparation of fine chemicals at the micro- and meso-fluidic
levels® as well as for small-scale manufacturing production.?

Our own efforts in this area have focused on flow
hydrogenation,* microwave-assisted flow chemistry® and the use
of microfluidic chips together with pre-packed tubes containing
immobilised reagents and scavengers to effect the multi-step
synthesis of natural products,® peptides’ and medicinally relevant
heterocyclic systems.* The appropriate use of flow techniques
allows direct access to target compounds in high purity, avoiding
technically demanding and time consuming work-up and pu-
rification procedures common to conventional batch-chemistry
processes.

The pioneering work of Huisgen® on the [3 + 2] cycloaddition
of acetylenic compounds with azides leading to 1,4-disubstituted
1,2,3-triazoles, followed by recent modifications by Mendal' and
Sharpless (Click chemistry),'! has become an important strategy in
a variety of applications; including organic synthesis (Scheme 1),
material science and cell biology.’ In this paper, we report on the
use of a small footprint modular flow reactor to accomplish this
useful transformation on gram scale with a variety of acetylene
and azide building blocks. As reported in our previous com-
munications describing flow-chemistry applications,*® the flow
reactor and pumping system is based on a modified automated
HPLC unit and fraction collector. The work described herein was
carried out using the Syrris AFRICA®" flow pumping system, a
commercially available platform which can be readily adapted to
incorporate the necessary sequence of pre-packed flow columns
when combined with a Vapourtec R4®'* column heater unit.
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Scheme 1 Copper(1)-mediated 1,2,3-triazole formation.
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Results and discussion

Recently, Girard" described the successful immobilisation of a
copper(l) iodide species to a solid support, an Amberlyst A-21
free base® (PS-NMe,), and applied it as a catalyst in a batch-
mode cycloaddition reaction. Our own experiments under flow
conditions reported here also use a copper-modified Amberlyst A-
21 resin, which produces the highest loading resin (1.33 mmol g™
by mass increase) whilst retaining the basic functionality necessary
for the mechanism of the cycloaddition reaction.!” As the copper is
only attached to the resin by weak co-ordination to the amine lone
pair, the copper species is expected to leach to some extent into
the solution phase. Indeed this is confirmed by the blue or green
tinted solutions obtained when these reactions are run in batch
mode. This problem is easily solved by the use of Quadrapure™
TU (QP-TU) metal-scavenging resin.'® Stirring the resin with the
batch solution results in complete removal of the colour from the
solution in less than 30 minutes (Scheme 2).

R—N; Q@ NMe,cul .
NZ
) cHeh )\\/\N_R.
< Y
R——H Then J,J\ R
Q@ N7 NH,

Scheme 2 Improved batch method.

Our initial investigations into a flow-based process revealed that
excess azide was required to drive the reaction to completion in
only a single pass through the flow reactor. The excess azide,
contaminating the triazole product, could be removed by flowing
the reaction solution through a column of phosphine resin (PS-
PPh,),” thus capturing the azide onto the solid phase as an
iminophosphorane via a Staudinger reaction (Scheme 3).°

In practice, the azide (0.15-0.2 M, 1.5-2 equiv.) and terminal
alkyne (1 equiv.) components are dissolved in DCM and injected
into a manual load reagent loop, which is connected in-line with
the flow system. Multiple reagent stores can be configured in
this way for successive iterative additions of different reagent
combinations. The contents of a particular reagent loop (typically
I mL or 5 mL) are then introduced into the flow stream and
pumped through the columns containing the supported reagents,
generating the specified 1,2,3-triazole product.

Glass Omnifit® columns® containing the PS-NMe,, Cul com-
plex (0.1 equiv), QP-TU (100 mg) and then PS-PPh, (3 equiv.) are
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placed in series. The columns are prewashed with DCM, then the
reagent solution is introduced at 30 pL min~'. After the calculated
time for the starting materials to have passed through all of the
columns has elapsed (time equivalent to filling the reagent loop
three times), the flow rate is increased to 250 uLL min™' to elute
the product from the columns. A back-pressure regulator was
placed in-line at the exit of the flow stream and set to ~7 bar (100
psi) to ensure a uniform flow stream. The resulting solution was
then concentrated using a Vapourtec V-10® solvent evaporator,*!
providing a solid product ready for analysis. Following this
procedure, the products in Table 1 were obtained without the need
for further purification; all purities were assessed as being >95%,
as determined by LC-MS and 'H- and *C-NMR.

Normally the flow reactions were operated to deliver 20-200 mg
of product; however in one experiment 1.5 g of the triazole (entry 2,
Table 1) was produced as a continuous flow process after 3 hours.
This modified process used 2 equiv. of propargylic alcohol, 400 mg
of PS-NMe,. Cul and 200 mg of QP-TU, and was flowed at
100 uL min~', followed by washing at 250 pLL min~'. The excess
propargylic alcohol was removed in vacuo, to give the product in
85% yield and >95% purity.

In addition to the potential scalability demonstrated above, this
continuous flow system has additional advantages over conven-
tional batch procedures for the preparation of 1,2,3-triazoles. For
example, both the acetylenes (prepared via a Sonogashira reac-
tion), and the azides® can be generated in-line by flow-chemistry
methods. From a safety view point, this ability to form and trap
reactive intermediates in-line without manual intervention by the
chemist reduces their exposure to such potentially explosive and
highly toxic chemical inputs.

Furthermore, the nature of the flow process means that the
reactants are exposed to a much higher apparent concentration of
the copper catalyst, allowing reduced catalyst loading. Finally, due
to the very short residence/reaction times and the easy exclusion
of oxygen from the system, Glaser homocoupling, a common side
reaction in this type of synthesis, is prevented ensuring that the
products require no further purification.

Conclusion

In conclusion, the application of a modular flow reactor to
the continuous preparation of 1,4-disubstitued 1,2,3-triazoles
described above illustrates further the potential of these systems
for the on-demand preparation of chemical substances.
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Two water-soluble tris(2-aminoethylamine) (tren) capped iron porphyrins were synthesized. The
stability of their dioxygen adducts was studied in phosphate buffer, leading to half-life times around

7 min for the oxygenated species.

Introduction

Dioxygen transport and storage have been studied at the fun-
damental level for over 35 years as hemoglobin (Hb) and
myoglobin (Mb) synthetic models." In most studies, the models
were composed of more or less functionalized porphyrins soluble
in organic solvents such as toluene or benzene.? However, although
water-solubility at physiological pH is a prerequisite for any
efficient dioxygen carrier, this type of water soluble carrier based
on synthetic heme is rather scarce in the literature.® Actually,
in organic solvents, the main decomposition mechanism of the
oxygenated complex occurs via formation of the p-peroxo complex
and is now properly controlled by steric hindrance.* Conversely,
in a protic medium, the superoxo complex resulting from the
coordination of dioxygen to a five-coordinated heme can be
protonated according to the mechanism described by Momenteau
and Reed (Scheme 1).° This mechanism also explains why species
that cannot form dimers for steric reasons, are able to decompose.®

LPFe' + O,
LPFe(O,) + H,0

LPFe(0,)
LPFe''(OH) + HO,

2 HO, H0; + O,

Scheme 1 Water-driven decomposition of oxygen adducts.

Various strategies have been used to investigate the few attempts
to obtain stable dioxygen species in aqueous media. Among
them, the formation of an ensemble composed of a cationic iron
porphyrin embedded in a cyclodextrin unit via the fifth ligand of
the iron was studied.” The half-life time of this complex at 5°Cina
mixture of DMF-water was 40 min. Another approach consisted
of the formation of phospholipidic bilayer vesicles reported by
Tsuchida ez al. and leading to the more advanced system.? Indeed,
starting from a known dioxygen carrier, namely the picket-fence
of Collman,’ the authors have elongated the original pickets with
zwitterionic phospholipid groups. In an aqueous medium, these
“lipido-porphyrins” form vesicles of about 100 nm of diameter. In
the presence of an excess of axial base, the reversible formation of
an oxygenated complex was observed, as its decomposition was
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(LC.M.V.), 35042, Rennes Cedex, France. E-mail: Bernard. Boitrel@univ-
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delayed by the lipidic environment. Later on, the incorporation
of the iron picket-fence porphyrin bearing an intramolecular fifth
ligand on human serum albumin led to a particularly interesting
system in a physiological medium." For instance, the authors have
demonstrated the efficiency of their system in delivering dioxygen
in the organism while the oxygenated complex exhibited an in-
vivo half-life time of 4.1 h at 37 °C. An impressive result was
also reported by Kano et al. in 2005."" Indeed, they prepared
a very stable 1 : 1 complex (hemoCD) between iron(i) meso-
tetrakis-(p-sulfonatophenyl)porphyrin and a per-O-methylated f-
cyclodextrin dimer having a pyridine linker. This complex was
found to bind reversibly dioxygen in aqueous solution. More
recently, a water-soluble cobalt porphyrin was reported and its
dioxygen binding studied by ESR spectroscopy, with an iron
analogue too transient to analyze."

We ourselves have reported a series of tren-capped iron por-
phyrins with specially high affinities for dioxygen in organic
solvents.”® Recently, we have also probed the influence of a nitro-
phenol residue attached at the periphery of the tren pocket and
shown that electrostatic repulsion could significantly decrease the
dioxygen affinity in toluene.'*'> However, these molecules suffer
from a poor water-solubility and it appears that dioxygen binding
of a synthetic five-coordinate iron(i1) porphyrin alone has not
been studied in an aqueous medium, so far. This is the reason why,
herein, we report the synthesis of various alkylated and acylated
tren-capped iron porphyrins as well as the study of two water-
soluble synthetic heme complexes towards dioxygen binding at
room temperature.

Results and discussion

Starting from porphyrin 1 for which a high affinity for dioxygen
has been measured in toluene, the basic idea of this study consists
of tethering on the tren residue various groups that are expected to
induce water-solubility. Therefore, it was logical to select groups
such as aliphatic acids, polyethylene glycol derivatives (PEG) or
methyl pyridinium as these three residues grafted at the periphery
of a macrocycle lead usually to water soluble compounds.’® Thus,
porphyrin 1 was first alkylated with 2-bromoethyl acetate and
the resulting porphyrin 2 was treated with potassium hydroxide
in ethanol to saponify the two ester groups, leading to 3.
Unfortunately, the latter proved not to be water-soluble at all.
Therefore, we decided to acylate the two secondary amino
functions of 1 with succinic anhydride. Indeed, with this synthetic
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pathway, in one single step, we could elongate the alkyl chain
bearing the acid group while avoiding the preliminary ester group
which has to be hydrolyzed, and obtain compound 4 (Scheme 2).
This compound, as expected was found to be water-soluble in
phosphate buffer. Two other options were also considered to
functionalize porphyrin 1. The first consists of a typical acylation
reaction with isonicotinoyl chloride to obtain porphyrin 5, which
was permethylated with methyl iodide affording water-soluble por-
phyrin 6. We also experimented with the reaction of acetic acid 2-
[2-(2-amino-ethoxy)-ethoxy]-ethyl ester 12 with 1, via activation of
1 by diphosgene. Indeed, we chose to transform the bromo deriva-
tive 10 in the amino compound 12 via 11, as we did not succeed
in alkylating the amine groups of 1 directly with 10. In contrast,
the reaction of 1 with 12 and diphosgene proceeded easily under
mild conditions. However, whether acetylated or not, the two
resulting bis-PEG porphyrins, 7 and 8 respectively, did not exhibit
the expected water-solubility. This result is really unpredictable in
as much as it was known that tethering two PEG spacers on an
expanded porphyrin clearly leads to a water-soluble compound.”’

2: R = -CH,CO,Et, M = H,H

3: R = -CH,COH, M = HH
iii, iv
4:R = -CO-CHy-CH,CO,H, M = H,H

4Fe: R = -CO-CH,-CH,COLH, M = Fe-L

5:R=-CO N, M=HH N
AR ) N N
o
€]
—o & A
6: R =-CO- — M=HH
\ ) \ Q
[}
—\® CI
6Fe:R=-CO-<\ /N—- M = Fe-L

7: R = -CO-N-(CHp-CH,0)3-COCHz, M = H,H

8: R =-CO-N~(CH,-CH;0)3-H, M =H,H

Scheme 2 Synthesis of various tren-capped porphyrins (L = pyridine).
Reagents: i, acryloyl chloride, NEt;, THF, ii, tren, CHCl,-MeOH, 50 °C;
iii, 2-bromoethyl acetate, THF, NEt;, — 2; then KOH, EtOH, — 3; succinic
anhydride, acetic acid, 60 °C, — 4; isonicotinoyl chloride, NEt;, THF, — 5;
Mel, HCI (2 equiv.), DMF, — 6; diphosgene + 12 (see Scheme 3), CH,Cl,,
0°C, — 7;7 + K,CO;, MeOH, 60 °C, — 8; iv, 4 + iron bromide, THF,
65 °C, then pyridine (L), — 4Fe; 6 + iron bromide, DMF, 120 °C, then
pyridine (L) — 6Fe.

Finally, having in hand two water-soluble ligands 4 and 6, after
iron(11) insertion according to a well-described methodology,'® the
iron complexes were dissolved in a phosphate buffered solution to
which a large excess of pyridine (5 drops for 10 mg of porphyrin)
has previously been added to form the five-coordinate complex.
It should be noted here that this method is only suitable with
those capped porphyrins for which it has been unambiguously

HO O o OH v O 0o O OH
(AN, —_— \(\_/ \_J
(o] 9
vi
[o]
0O o O N vii 0 o O Br
Y\_/\_j\__/ 0 — Y\_/\_/u
0] (o]
11 10
vili
O 0 O NH;
Y\_/\_/\_/
o 12

Scheme 3 Synthesis of PEG-like substituents. Reagents: v, CH;COCI,
pyridine, 0 °C then rt overnight, vi, NBS, Ph;P, CH,Cl,, —20 °C; vii,
potassium phthalimide, Ph;P, THF, 0 °C; viii, hydrazine, absolute ethanol,
reflux overnight.

demonstrated that pyridine—or in general, the axial base—was
not able to coordinate inside the pocket to occupy the sixth
coordination site of iron(I1). At this point, a first UV-vis. spectrum
was recorded and then dioxygen added.

In the presence of dioxygen, both complexes 4Fe and 6Fe formed
a six-coordinate complex with a typical blue-shifted (from 424 nm
to 420 nm) Soret band as illustrated on Fig. 1 for 6Fe. This blue
shift was more pronounced in the case of 4Fe (from 436 nm to
419 nm). Moreover, for the latter, if the UV-vis. absorbance at
436 nm is monitored, it is observed that the absorbance decreased
rapidly (¢,, = 3.3 min, see page S6, supplementary informationt)
instead of being stable in equilibrium conditions which would
allow an equilibrium rate measurement, an observation consistent
with an oxidation of the complex in a few minutes. Indeed,
the reversible decoordination of dioxygen was probed by argon
bubbling but without any success.

Fe'O,

Fell
2 4
1.8 4
1.6
1.4
1.2 1
1
0.8
0.6
0.4
0.2
0 T T T T T 1

350 400 450 500
A [nm]

Absorbance

Fig. 1 UV-vis. monitoring of dioxygen binding on 6Fe + pyridine
(phosphate buffer, pH = 7.4, 25 °C).

The same experiment was carried out with iron complex 6Fe.
A similar evolution of the UV-vis. spectra (Fig. 1) was observed
with first, the formation of the oxygen adduct and then, a slow
oxidation of the latter leading to an irreversible reaction. It should
be noted that the half-life time of pyridine-6Fe-O, is twice longer
than that of pyridine-4Fe-O, (¢,,, = 7 min, Fig. 2). Even if this
difference is not marked, it remains nevertheless significant as the
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t [min]

Fig. 2 Decrease of the absorbance at 424 nm upon dioxygen binding on
6Fe + pyridine (phosphate buffer, pH = 7.4, 25 °C).

structure of the capped molecule is exactly the same. The only
structural difference between 4 and 6 consists of the flexible arms
in 4 bearing a terminal carboxylic group. The lower dioxygen
affinity of 4Fe appears inconsistent with the fact that a carboxylic
group around the dioxygen binding site is in favour of a more
stable oxygenated complex. Indeed, it has already been reported
in the case of a Co"-0, “C-clamp” porphyrin, that the presence
of a carboxylic acid around the porphyrin can induce a high O,
binding in DMF solution.” In this instance, the carboxylic group
was brought by a Kemp triacid residue and therefore was located
in a “lateral hanged” position. Incidentally, this location was
unambiguously established by an X-ray structure of the free-base
porphyrin. In our case, although we do not have this structural
evidence for porphyrin 4, in light of the crystallographic data of
the basic scaffold of 1,% it is quite possible that the succinic motif
is long enough to allow the terminal group to fold back towards
the center of the pocket built by the tren and to interact with
the bound dioxygen. But in phosphate buffer at pH = 7.4, the
equilibrium between the carboxylic and the carboxylate forms is
slightly in favour of the deprotonated species and the latter is
expected to destabilize the superoxo complex. In the case of 6Fe
bearing a shorter arm, this type of interaction can be ruled out for
steric reasons.

Conclusions

In this work, we have shown that water-soluble tren-capped iron
porphyrins exhibit a relative stability in the presence of dioxygen,
without the need of any additional component but a nitrogen base
as pyridine. The dioxygen affinity of the complex depends on the
nature of the peripheral groups attached to the cap. We propose
that the possible interaction of a carboxylate flexible arm with the
bound superoxo complex may result in a smaller stability of the
dioxygen adduct in phosphate buffer.

Experimental

Compounds 1 and 2 were synthesized according to published
procedures.”

@-5,10,15,20-{2-[3,3',3",3"~(N,N,N’,N"-Tris(2-aminoethyl)-
amine)(/N',N"-bis(4-(succinate)propionamido)-tetrapropionamido]-
tetraphenyl } porphyrin 4

C,0HgN,Oy. In a round bottom flask equipped with a stir bar,
porphyrin 1 (0.09 mmol, 100 mg) was charged with acetic acid

(10 mL). The reaction mixture was heated to 60 °C then succinic
anhydride (0.38 mmol, 38.6 mg) was added. The solution was
stirred overnight then diethyl ether was added. The precipitate
was filtrated, dissolved in THF and precipitated again with diethyl
ether. The crude product was dried for several hours and the
expected compound was obtained in 88% yield (105 mg). Jy
(500.13 MHz, DMSO-d,, 343 K) —2.86 (2H, broad s), —2.74
(2H, s, -NH,,,), —1.29 (2H, broad s), —1.15 (2H, broad s), 0.48
(2H,t,J =8.3),1.50 (6H, m), 1.65 (4H, broad s), 2.11 (2H, m), 2.28
(2H, m), 2.39 (6H, m), 2.61 (4H, m), 3.23 (4H, broad s), 7.49 (2H,
t,J =7.3,H,,),7.59 (4H,m, H,,,), 7.75 (1H,d, J = 7.3, H,,), 7.85
(5H, m, H,,,), 8.13 (2H, d, J = 7.1, H,,), 8.31 (2H, broad s, H,,,),
8.50 (2H, s, Hy,,), 8.53 (2H, s, Hy,,,), 8.63 (2H, d, J = 4.4, Hy,,,),
8.79 (2H, d, J = 4.4, H;,,), 8.83 (2H, s, -NHCO), 9.70 (2H, s,
-NHCO) and 12.83 (2H, broad s, -COOH); m/z (ESI HRMS)
1259.5075 ([M + Na]* C,iHx N, O Na requires 1259.5079).

4Fe

In a dry-box, a solution of porphyrin 4 (0.008 mmol, 10 mg) in
THF (6 mL) was added iron(11) bromide (0.1 mmol, 20 mg). The
mixture was stirred overnight at 65 °C, then pentane was added.
The precipitate was filtrated, washed with a benzene-methanol
(10 : 1) mixture and dried for several hours. m/z (ESI HRMS)
1290.4380 (IM]* C,yHg N, O, Fe requires 1290.4374); Soret (Amax,
phosphate buffer pH 7.4): 4Fe + pyridine: 436 nm, + O,: 419 nm.

@-5,10,15,20-{2-[3,3',3",3"~(N,N,N',N"-Tris(2-aminoethyl)-
amine)(/V',N"-bis(4-carbamoyl-pyridine)tetra-propionamido]-
tetraphenyl } porphyrin 5

C,Hg N ,Oq. In a 100 mL round bottom flask, isonicotinic acid
(0.48 mmol, 59 mg) was added with thionyl chloride (10 mL).
The reaction was stirred at 80 °C overnight then evaporated
under vacuum and dried with benzene. The resulting powder was
dissolved in THF (60 mL) then Et;N (2 mL), pyridine (1 mL) and
porphyrin 1 (0.19 mmol, 200 mg) were added. The reaction mixture
was stirred for 1.5 h at room temperature then solvents were
removed under vacuum. The resulting powder was dissolved in
CHCI, and directly loaded on a silica gel chromatography column.
The expected compound eluted with CHCL;-NH;, was obtained
in 99% yield (239 mg). oy (500.13 MHz, DMSO-dq, 323 K) —2.71
(4H, broad s, -NH,,, + CH,.,), —0.67 (4H, broad s), 0.59 (3H,
broadt, J =17,8), 1.39 (2H, broad s), 1.51 (6H, broad s), 1.61 (3H,
m), 2.11 (2H, m), 2.21 (2H, m), 3.01 (4H, m), 7.31 (4H, d, J =4.1,
H;pidine), 7.53 (4H, q, J = 7.3, H,,,,), 7.65(2H,d, J =7.2,H,,), 7.78
(6H, m, H,,), 8.06 2H, d, J = 7.2, H,.,), 8.20 (2H, broad s, H,,,),
8.46 (2H, s, Hy,y,), 8.53 (2H, d, J = 4.3, Hy,,,), 8.65 (4H, d, J = 4.1,
Hopyriaine)> 8.70 (2H, s, Hy,,), 8.76 (2H, d, J = 4.3, H,,,), 8.78 2H, s,
-NHCO) and 9.67 (2H, s, -NHCO); m/z (ESI HRMS) 1269.5203
(IM + Na]* C,,HN,O4Na requires 1269.5187); A,..(CH,Cl,)/nm
(107%¢/dm* mol~' em™") 420.0 (370.0), 513.0 (19.5), 546.0 (3.9),
586.5(6.1), 642.0 (1.6).

@-5,10,15,20-{2-[3,3',3",3"-(N,N,N',N"-Tris(2-aminoethyl)-
amine)(/N’, N"-bis(4-carbamoyl-1-methyl-pyridinium)-
tetrapropionamido]tetraphenyl} porphyrin 6

C,H;,N,O4. In a 100 mL round bottom flask, porphyrin 5
(0.08 mmol, 100 mg) was charged with DMF (20 mL) then
HCl 1 M (0.16 mmol, 160 pL) in diethyl ether was added.
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The reaction was stirred at room temperature 30 min then Mel
(4.0 mmol, 250 pL) was added dropwise. The reaction was
stirred at room temperature overnight then evaporated under
vacuum. The resulting powder was dissolved in DMF (6 mL)
then Et;N (0.16 mmol, 23 uL) was added and the mixture stirred
at room temperature for 1 h. Isopropanol (8 mL) and diethyl
ether were added. The precipitate was filtrated, dissolved in
MeOH and precipitated again with diethyl ether. Iodide anions
were exchanged by chloride ions over an Amberlite TRA-900
resin in MeOH solution, and finally precipitated after filtration
by addition of diethyl ether. The crude product was dried for
several hours and the expected compound was obtained in 77%
yield (83 mg). dy (500.13 MHz, DMSO-d,, 343 K) —2.66 (2H, s,
-NH,,,), —2.55 (2H, broad s), —0.71 (2H, broad s), —0.41 (2H,
broad s), 0.66 (2H, broad t, / = 7,5), 0.76 (2H, broad s), 1.30 (2H,
broad s), 1.38 (2H, broad s), 1.58 (4H, broad s), 1.70 (2H, m), 2.10
(2H, m), 2.38 (2H, broad t, J/ = 10.6), 2.88 (2H, broad s), 3.01 (2H,
broad d, J = 8.5), 4.41 (6H, s, -Pyr*-CHj;), 7.54 2H, t, J = 7.8,
H,.), 7.57 CH, t, J = 7.8, H,,), 7.74 (2H, d, J = 8.0, H,,,), 7.79
(4H,t,J =177, H,.), 7.84 2H, t, J = 7.4, H,,,), 7.99 (4H, d, J =
6.0, Hsppidine), 8.03 (d, 2H, J = 7.4 Hz, H,,,), 8.23 2H, d, J = 7.7,
H.,.), 8.48 (2H, s, Hy,,,), 8.50 (2H, s, -NHCO), 8.63 (2H, d, J =
4.6, Hy,,.), 8.74 (2H, s, Hy,,), 8.77 (2H, d, J = 4.6, H,,), 9.08 (4H,
d, J = 6.01, Hyppigine), 9-55 (2H, s, -NHCO); m/z (ESI HRMS)
638.2887 (IM]** C;sH,,N,,O4 requires 638.2879); An.(phosphate
buffer, pH 7.4)/nm (10°¢/dm® mol™' cm™") 417.0 (333.1), 514.0
(15.8), 547.5 (3.4), 587.5 (4.6), 643.5 (1.4).

6Fe

In a dry-box, a solution of porphyrin 6 (0.007 mmol, 10 mg)
in DMF (6 mL) was added iron(ir) bromide (0.1 mmol, 20 mg).
The mixture was stirred for one day at 120 °C, then solvent was
evaporated. The resulting powder was dissolved in a methanol-
THF mixture, then pentane was added. The precipitate was
filtrated, washed with THF and dried for several hours. m/z
(ESTHRMS) 665.2480 ((M]** C;cH;,N,,04°¢ Fe requires 665.2476);
Soret (L., phosphate buffer pH 7.4): 6Fe + pyridine: 424 nm, +
0,: 420 nm.
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The use of three orthogonally tagged phosphine reagents to assist chemical work-up via phase-switch
scavenging in conjunction with a modular flow reactor is described. These techniques (acidic, basic and
Click chemistry) are used to prepare various amides and tri-substituted guanidines from in situ

generated iminophosphoranes.

One of the most time-consuming and work-intensive aspects
of a chemical synthesis is the isolation of the desired product
in high purity. Indeed, the necessity for repeated purification
can be a major productivity limiting factor when conducting
multi-step synthetic sequences. We have held a longstanding
interest in the development' and use® of immobilised reagents®
to alleviate these purification bottlenecks. We and others have
also been advocating their integration into flow based processes.*
However, it is recognised that these immobilised systems often
react more slowly than their solution phase counterparts. Elevated
temperatures, particularly utilising focused microwave heating,®
can sometimes compensate for this loss of reactivity; however,
another solution which circumvents the problem involves the de-
velopment of specially designed soluble ‘tagged’ reagents (solution
phase reagents with designed functionality that allows their facile
removal from the reaction medium).® Recent examples include
the use of bipyridyl or boronic acids which can be selectively
scavenged from the reaction solution.™® Alternatively, concepts
such as ‘impurity annihilation’ can be applied by, for example,
metathesis induced polymerisation of unwanted by-products and
waste components.” In addition, Curran has pioneered the use of
appending polyfluorinated chains to chemically active species to
facilitate a phase-switch of the undesired impurities by fluorous
phase extraction.'

Phosphorus reagents are well recognised as being extremely use-
ful for effecting a variety of chemical transformations,' but their
by-products, typically phosphine oxides, are notoriously difficult
to completely remove and often require multiple chromatographic
cycles. Here we describe how tagged phosphine reagents can
be used to bring about useful chemical reactions and then be
transformed by orthogonal processes that allow phase-switching
of spent reagents from solution to a scavenging support material
in a modular flow reactor system. In this way products can be
obtained in good yields and high purities without the need for
conventional manual work-up and purification protocols.

“Innovative Technology Centre (ACS), Department of Chemistry, Lensfield
Road, Cambridge, UK CB2 1EW. E-mail: svl1000@cam.ac.uk; Fax: +44
(0)1223 336442, Tel: +44 (0)1223 336398

!Syngenta, Jealott’s Hill International Research Centre, Bracknell, Berk-
shire, UK RG42 6EY

‘Pfizer Global Research and Development, Sandwich, Kent, UK CT13 9NJ

Our initial investigations were concerned with the use of
simple acidic or basic tags. For example, phosphine 1'* (Fig. 1)
could be removed using macroporous polymer supported toluene
sulfonic acid (MP-TsOH)." This molecule (1) was of particular
interest because of our earlier success in using bipyridine tagged
species with selective metal chelating phase-switch mediators for
conducting organic synthesis.?

Ph_P. o] o

Fig. 1 Tagged phosphine species 1, 2 and 3.

Similarly, an acidic tag such as that present in phosphine 2 could
be trapped using polymer supported carbonate (PS-NaCO;)."
However, the reactive nature of the acidic functionality means
it is incompatible with many desired chemistries. As a result,
modified phosphine 3'° was prepared and used as a masked tagged
reagent which required removal of the fert-butyl group before
sequestering onto the solid phase. This deprotection was readily
achieved following Douglas’s'® procedure (treatment with TFA
and trimethylsilane) followed by evaporation of the TFA and
removal of phosphine 2 with the addition of a supported carbonate
base and passage through a short plug of silica. During this
research programme a modified procedure was devised enabling
complete removal of the fert-butyl group via treatment with MP-
TsOH in DCM under microwave heating at 120 °C for 30 minutes.
In batch mode this enables a one-pot deprotection and scavenging
protocol to be employed using a mixed acid-base resin bed as a
consequence of the site isolation of the immobilised reagents."”
Thus, the procedure offers immediate advantages for speed of
reaction work-up and reagent handling.

Other masked carboxylic acids were also examined (Fmoc and
SEM ester functionalities)™® but these capping units were generi-
cally less stable and proved to be problematic in the subsequent
chemical transformations. We therefore selected phosphine 3 as
our reagent of choice with the added advantage that it was easy to
prepare in multigram quantities. This tagged reagent 3 as well as
pyridine 1 were then applied to the preparation of various amides
and guanidines using a modular flow reactor.
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Scheme 1 Flow approach to amide formation.

Iminophosphorane reaction with acid chlorides

Our initial experiments involved the evaluation of the tagged
reagents 1 and 3 as phosphine sources in a reaction with benzyl
azide to yield the corresponding iminophosphorane 4. This was
in turn reacted with an acid chloride to furnish an intermediate
imidoyl chloride.”*? Under the reaction conditions the reactive
imidoyl chloride spontaneously hydrolysed on the microfluidic
chip to give the corresponding amide derivative which was isolated
(Scheme 1).

The pumping system employed for this chemistry was either a
Syrris AFRICA® unit,®" or a pair of standard HPLC pumps.?
The phosphine (0.1 M, 1 equiv.), azide (0.1 M, 1 equiv.) and
DMAP (0.05 equiv.) (which was found to dramatically accelerate
the reaction) were premixed as a solution in MeCN and loaded
into an in-line reagent loop (1-5 mL). A second matching sample
reservoir containing the acid chloride component (0.3 M, 3 equiv.)
was also charged and the two feeds brought together at a flow
rate of 25 uL min™" on a 250 uL microfluidic chip which was
heated to 80 °C. An excess of the acid chloride was found to be
necessary as the reaction did not proceed to completion with equal
stoichiometry. Two volume equivalents of the reagent loops were
pumped through the reactor to permit the starting materials to
react on the chip and allow sufficient time for scavenging the excess
acid chloride with a prepacked column® of Quadrapure™ BZA
(QP-BZA),* a benzylamine resin (3 equiv.). The flow rate was then
increased to 250 uL min~! to elute the products. This was required
due to a significant retention of the reaction components, however
this was easily compensated for by the increased flow rates. A
back pressure regulator of ~7 bar (100 psi) was installed in-line
at the exit of the flow stream in order to ensure a uniform flow
profile.

In the first experiment using phosphine 1 as the tagged reagent,
an additional column of MP-TsOH (3 equiv.) was placed after
the QP-BZA column. Interestingly it was discovered that both the
pyridine tagged reagent and the resultant amide coupling products
were captured by the immobilised acid. Even when substituting
a weaker carboxylic acid (PS-CO,H)* into the system and using
repeated washing sequences with different solvents (DCM, MeOH
and MeCN) the amide product could never be isolated free from
the pyridine tagged reagent (1).

Table 1 Amides synthesised in flow

Amide Isolated yield (%)
(@] 81
N
F
) 73
H
CN
o) 76
NO.
H
71

(o]
N
@/\H)J\Q\
OMe

“ Based on the phosphine reagent used. Purity >95% by NMR and LC-MS.

Phosphine 3 proved more successful; following unmasking of
the acid tag (steps ii-iv; Scheme 1) the removal of the phosphine
oxide by-product 5 could be selectively achieved using PS-NaCO,
(3 equiv.). A small example series of amides were prepared in good
yields and high purities (Table 1).

Iminophosphorane reaction with isothiocyanates

Following the successful generation of amides in flow (described
above), a more ambitious three component coupling sequence
was investigated. This involved a preliminary reaction between
an isothiocyanate and an aza-Wittig substrate (4) leading to a
reactive carbodiimide intermediate along with a phosphine sulfide
by-product 6.2¢ The carbodiimide could then be intercepted with
various amines to afford tri-substituted guanidines (Scheme 2).
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Scheme 2 Formation of guanidines in flow.

However, the reaction to prepare the intermediate carbodiimide
failed to reach completion when equimolar quantities of the
isothiocyanate and iminophosphorane were employed. The use
of an excess of isothiocyanate required an in-line nucleophilic
scavenging cartridge e.g. QP-BZA to eliminate the excess but this
also resulted in removal of the desired carbodiimide. Employing
excesses of the isothiocyanate and the secondary amine input
resulted in the formation of thiourea by-products which proved
impossible to selectively sequester from the reaction stream.
Ultimately a sub-stoichiometric amount of the isothiocyanate
compared to the iminophosphorane was used to ensure that the
reaction went to completion on the microfluidic reactor chip.
The excess iminophosphorane was subsequently quenched by
passage through an immobilised isocyanate resin yielding an
immobilised carbodiimide and the derivatised phosphine oxide
5 as a contaminant.

The final optimised experimental procedure involved initial
formation of the iminophosphorane 4 through the reaction of
phosphine 3 (0.1 M, 1 equiv.) and an azide (0.1 M, 1 equiv.) in
acetonitrile for 15 minutes prior to its introduction to the reactor.
The aza-Wittig component was then injected along with a stream
of the isothiocyanate (0.075 M, 0.75 equiv.) at equal flow rates of
25 uL min~' into a 1000 pL microfluidic chip heated to 110 °C. The
system was maintained with a constant backpressure (7 bar)
to suppress any solvent boiling, with the elevated temperatures
also helping to preserve the solubility of the substrates and
intermediates. The resulting solution was directly eluted into a
connected glass column containing immobilised isocyanate (PS-
NCO:; 6 equiv.),”” heated to 90 °C using a Vapourtec R-4 column
heater (Fig. 2).® The PS-NCO resin reacted with the remaining
iminophosphorane creating the tagged by-product 5 which could
be scavenged in a subsequent step. Twice the combined volume
of the sample loops was metered through the reactor supplying
the required residence times before the flow rate was increased to
250 pL min~! to elute the product from the column. The solution
was dispensed into a vial containing the volatile amine (5 equiv.),
which reacted with the carbodiimide to form the desired guanidine.
The solution was then evaporated using a Vapourtec V-10%® solvent
evaporator?® to remove the solvent and excess amine. The tagged
reagent was then unmasked using the Douglas procedure (steps ii—
iv; Scheme 2) prior to sequestering with an immobilised carbonate

Fig.2 System set-up.

base. The guanidines (Table 2) were isolated as their free bases in
good yields and excellent purities following passage through a
short plug of silica.

The previously described procedure was also modified to
permit the incorporation of non-volatile amine components.
In this alternative sequence the product output from the PS-
isocyanate column was combined directly with a solution of the
amine (0.5 equiv.). The reaction mixture was treated with QP-
BZA (3 equiv.) to facilitate removal of the excess carbodiimide.
Following filtration of the QP-BZA the solution was subjected to
the same unmasking and scavenging routine as employed above
(Scheme 2), allowing isolation of the desired products in good
yields and excellent purities (Table 3).

Terminal alkyne substituted phosphine as an orthogonal tagging
strategy

The use of an acid (2) or base (1) tagged phosphine reagent is
not always suitable, particularly with substrates sensitive to these
functionalities or possessing similar properties themselves. We
therefore examined a neutral tagging strategy. The attachment
of the terminal alkyne functionalised phosphine such as 7% (or

1564 | Org. Biomol. Chem., 2007, 5, 1562-1568
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Table 2 Guanidines synthesised using phosphine 3

Product Isolated yield (%) Product Isolated yield (%0)*
O 82 CN 74
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“ Calculated compared to the isothiocyanate used. Purity >95% as measured by LC-MS and NMR.

the phosphine oxide 8) onto an azide capped solid phase is
an especially mild process, requiring only catalytic base and a
copper(l) salt (Schemes 3, 4).

This third tagged reagent 7 was devised to take advantage of
our proceeding communication® on the preparation of 1,2,3-
triazoles® commonly referred to as Click chemistry. Phosphine
7 was prepared in 91% isolated yield over two steps (Scheme 3)

utilising a lithium—halogen exchange followed by a PS-NaCO; in
MeOH induced silyl deprotection.

Two methods were found to be effective for the removal of the
phosphine oxide by-product 8 (Scheme 4). Firstly, treatment with
an immobilised azide (PS-BnN;;* 5 equiv.) and catalytic amounts
of copper(1) iodide (3 mol%) and N,N-diisopropylethylamine
(DIPEA),* permanently bound the phosphine oxide 8 to the solid

This journal is © The Royal Society of Chemistry 2007
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Table 3 Guanidines made using non-volatile amines and phosphine 3

Table 4 Guanidines synthesised using phosphine 7

Product Isolated yield (%0)

Product Isolated yield (%0)*

Ph 85
W

P
e

CN 71

o~ j oN
F/EjﬂH

“Calculated compared to the amine used. Purity >95% by NMR and
LC-MS.

Ph,P.
i) "BuLi, THF, -78 °C
Then PPh,CI
. S
s i) MeOH, PS-NaCO; 7 N H

Scheme 3 Formation of terminal alkyne functionalised phosphine 7.

O<ppn,
| @ Ns cul, DIPEA
DCMj\ o
Th
! e O/\N Pth
8

“ppn,
Q@ NMe,Cul

\
N3
O T
2 gy
COH

Scheme 4 Removal of phosphine oxide 8.

phase as 9 (Scheme 4). The flow stream was subsequently passed
through a column containing QP-TU* to remove any copper
residues. The second capture method involves attaching phos-
phine oxide 8 to a functionalised azide; this method is outlined
in our preceding paper using copper(l)-mediated cycloaddition
reactions.® In this example, a carboxylic acid functionalised azide
was used and the newly functionalised phosphine oxide by-product
10 was removed using PS-NaCO,; (5 equiv.). This reversible

o 84

NEt, 74

“ Calculated compared to isothiocyanate used. Purity >95% by NMR and
LC-MS.

binding mechanism (release by treatment with AcOH) allows the
phosphine oxide 10 to be recovered. In principle this molecule
could be reduced to the phosphine with or without protection of
the carboxylic acid and used as a tagged reagent itself.

Phosphine 7 was evaluated using a similar procedure as
described above for the formation of the guanidines (Scheme 2).
The oxide or sulfide by-product of phosphine 7 was successfully
scavenged by covalent attachment to the solid phase using the PS-
BnN; resin (5 equiv.). No additional base catalyst was necessary
in these examples due to the inherent basicity of the guanidine
products (Table 4).

In conclusion, it has been shown that various tagged phos-
phines and their by-products, especially those bearing a masked
carboxylic acid, can be easily removed by phase-switch scavenging
from the reaction stream in a modular flow reactor system. As
an application of these methods a three component coupling of
isothiocyanates, azides and amines delivers guanidines in good
yields and high purities. However, the concepts developed here
have wider-ranging implications for flow chemistry in general. For
example, the generation and in situ use of reactive intermediates,
coupled with the simplification of the purification procedure using
tagged reagents and the on-demand synthesis of compounds
through high levels of automation.
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The syntheses of catechol-containing mycobactin S and T analogs are described. These analogs
incorporate a catechol-glycine moiety in place of the phenol-oxazoline of the naturally occurring
mycobactins S and T. Studies indicated that the new siderophore analogs bind iron, and promote the
growth of a number of microbes, especially strains of mycobacteria, as expected.

Introduction

The mycobactins are a unique class of microbial siderophores
found in the cell walls of all species of mycobacteria.! The
structures and function of these interesting compounds were
described in an elegant series of studies by Snow in the 1960s that
was summarized in a superb review in 1970.2 Extended studies
revealed that the mycobactins sequester and bind iron(11r) with
three bidentate ligands: a phenol-oxazoline and two hydroxamic
acids. Besides revealing that mycobactins are important growth
factors for various strains of mycobacteria, Snow also found
that mycobactins from one type of mycobacteria antagonized the
growth of others. Over time, the potential for the development
of selective antimycobacterial agents based on altered structures
of mycobactins became known as “Snow’s hypothesis.” Demon-
strating this hypothesis became even more intriguing with further
elucidation of the complex mechanisms employed by mycobacteria
for assimilation of iron,*® the determination of details related
to biosyntheses of mycobactins® and demonstrations of the
absolute dependence of mycobacterial growth and virulence on
iron acquisition.>’

Tuberculosis (TB) remains the most severe bacterial disease
in the world and infects nearly one third of the world’s pop-
ulation (over two billion people) in latent form.® Active forms
of TB are especially prevalent in immune compromised patients
and each year millions die. Treatment of infections due to
Mycobacterium tuberculosis, the causative agent of this dreaded
disease, remains complex and new chemotherapeutic approaches
are needed. Since M. tuberculosis also depends critically on
iron assimilation and metabolism for survival and virulence, it
expends significant energy on maintaining proper iron balance.
Under iron deficient conditions, upregulated gene expression
enhances biosynthesis of mycobacterial siderophores and other
iron sequestration machinery. Conditions of iron excess also result
in induction of down regulatory processes since iron induced free
radical processes can be degradative. Thus, the need for careful
control of a critical balance of iron may provide an “Achilles
heel” for the development of selective new tuberculosis and other
antimicrobial agents. At least three methods of utilizing the iron
assimilatory processes of mycobacteria for potential therapeutic
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development are being considered. Recent elegant independent
studies by the groups of Aldrich® and Quadri'® have shown that
designed inhibitors of early steps of siderophore (mycobactin)
biosyntheses by M. tuberculosis are potent antiTB agents. Our
laboratories and others have reported that drug conjugates of
siderophores can lead to the development of microbe-selective
“Trojan horse” compounds that utilize microbial iron assimila-
tion processes for active transport of antibiotics into bacteria."
Additional studies from our laboratories and others have shown
that synthetic analogs of the mycobactins also serve as effective
antimycobacterial, and antiTB, agents, presumably by interfering
with iron assimilation.'? For example, we have demonstrated that
synthetic mycobactin S, with an (S)-methyl group configuration
in the butyrate linker region, inhibits the growth of Mycobacteria
tuberculosis H37Rv while mycobactin T, with an (R)-methyl group
configuration, promotes growth (Fig. 1)'* and substitution of the
butyrate linker of the natural mycobactins with a a-Boc-protected
a,B-diaminopropionate linker results in potent inhibition of the
growth of TB."* Continuation of the search for compounds capable
of influencing essential iron assimilation processes in microbes led
us to consider syntheses of additional mycobactin analogs.

Of all the known Fe(111) binding ligands of naturally occurring
siderophores, the 2,3-hydroxybenzene (catechol) ligand binds most
tightly to Fe(i)." Replacement of the natural phenol-oxazoline
iron binding component of the mycobactins with a catechol ligand
was anticipated to extend structure—activity relationship (SAR)
studies of mycobactins and analogs. Herein, we describe the
syntheses and biological studies of catechol mycobactin analogs 1
and 2. The butyrate linker regions of mycobactins S and T were
included in the syntheses of the new analogs to probe whether
or not the stereochemistry of the methyl group would affect the
activity of the analogs as it does with natural mycobactins S and T.

Results and discussion

As shown below for the retrosynthesis of 1 (Scheme 1), the assem-
bly of mycobactins typically proceeds through condensation of the
corresponding mycobactic acid and cobactin fragments. These,
in turn, consist of (L)-lysine-based hydroxamate iron binding
ligands, present in both the linear and cyclic forms, respectively.
The importance of e-N-hydroxylysine and 3-N-hydroxyornithine
derivatives for the syntheses of various siderophores has prompted
considerable interest in the development of methods for gen-
eration of hydroxylamines and hydroxamic acids from amines

This journal is © The Royal Society of Chemistry 2007
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(Scheme 2).'*?! In this case we synthesized both the acyclic and
cyclic lysine derived hydroxamic acids using the stable, storable
and readily accessible nitrone intermediate 3 shown in Scheme 3.

Thus, condensation of Z-(L)-lysine with freshly distilled ben-
zaldehyde was followed by dry m-CPBA-mediated oxidation of
the intermediate imine to form the corresponding oxaziridine
3. Isomerization under acidic conditions led to nitrone 4 in
good overall yield from the starting protected amino acid. The
reported syntheses of the azepine hydroxamic acid 6 relied upon
TBDPS protection of the generated hydroxamic acid. Efforts to
eliminate the need for this protecting group were elaborated.
Formation of the pre-cyclization hydroxylamine HCI salt of 5 was
accomplished by the action of 1.1 equivalents of NH,OH(HCI)
on nitrone 4 at elevated temperatures in MeOH. Cyclization was
accomplished using 1.1 and 1.2 equivalents of EDC and HOALt,
respectively, under basic, high dilution conditions. After reverse
phase chromatography, hydroxamic acid 6 was obtained in 55%
overall yield from the nitrone 4.

Acyclic hydroxamic acid 9 was also readily prepared from the
lysine nitrone. Thus, treatment of nitrone 4 with NH,OH(HCI)
resulted in the formation of hydroxylamine 5. Reaction of 5 with
SOCI, in MeOH gave methyl ester 7. The &-N-hydroxylysine
methyl ester was then treated with a large excess of palmitoyl
chloride and NaHCO; in CH,Cl, to provide bis-acylated hydrox-
ylamine 8 in excellent yield. According to precedent, solvolytic
removal of the O-palmitoyl group from the hydroxamate with
6% DIPEA in MeOH resulted in the formation of the known
Z-protected lysine hydroxamic acid 9."

Using a literature procedure,® 2,3 dihydroxybenzoic acid
was reacted with BnBr and KOH in DMSO to give the 2,3-
benzyloxybenzoic acid 10 in good yield (Scheme 4). The formation
of an amide bond with this acid and glycine methyl ester has
also been reported but with no experimental detail.** Treatment
of 10 with oxalyl chloride and catalytic DMF led to the acid
chloride, which, upon treatment with glycine methyl ester gave
amide 11 in excellent yield. Saponification of the methyl ester of 11
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Scheme 4  Reagents and conditions: a. 1) Oxalyl chloride, DMF (cat.), benzene, 0 °C to rt, 3 h, 2) glycine methyl ester(HCl), NaHCO,, CH;CN, rt, 12 h
(91%). b. LiOH, THE, H,O, rt, 12 h (quant.). c. 1) 9a, EDC, HOAt, DMAP, DMF, rt, 16 h (53%). d. H,, Pd-C, MeOH, rt and pressure, 1 h (quant.).

produced the corresponding acid which was coupled to free amine
9a, obtained from hydrogenolysis of 9, to give the key catechol-
containing mycobactic acid methyl ester 12.

Completion of the syntheses of the target compounds required
the preparation of cobactins S and T. Cobactins S and T
consist of (S)- or (R)-hydroxy butyrate linked by an amide bond

to the cyclic, lysine-based hydroxamic acid derived from ester
hydrolysis of mycobactins S and T, similar to the retrosynthesis
scheme shown earlier. Using commercially available (S)- or (R)-3-
hydroxybutyric acid sodium salts, separate EDC/HOAt-mediated
coupling reactions were attempted with the amine 6a resulting
from hydrogenolytic removal of the Z-protecting group of 6.
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d. 7a, EDC, 24 h (41-55%). e. H,, 10% Pd-C, MeOH, rt (80-98%)).

The reactions employed DMF as the solvent and, after the
starting materials were consumed, the aqueous work-ups proved
to be quite troublesome. Isolation of the cobactins from the
aqueous DMF/water solutions was extremely inefficient. Since
other solvents were not as effective as DMF in peptide bond
formation in the presence of hydroxamic acids, an alternative one-
pot, two coupling reaction protocol was found to be moderately
effective.

A one flask/two EDC/HOAt-mediated coupling reaction se-
quence has been employed in the synthesis of a mycobactin
analog." For the generation of the catechol analogs, the reac-
tions to form cobactins S and T were performed, in the same
manner, for 24 h (Scheme 5). Concurrently, the methyl ester
of 12 was saponified. After the 24 h reaction time, acid 12a
and another 1.1 equivalents of EDC were added. This protocol
generated the benzyl protected analogs 14a,b in 41% overall yield
for the (S)-methyl group configuration and 54% for the (R)-
methyl group configuration. Pd—C catalyzed hydrogenolysis of the
benzyl protecting groups provided the target compounds 1 and 2
cleanly.

As with many peptides, the presence of rotational isomers,
detected in the NMR spectra of synthetic analogs, is possible.
Distinguishing them from diastereomers can be quite time con-
suming. This proved to be the case with compounds 14a,b and 1,2.
Splitting of peaks in both the '"H and *C NMR spectra was noted.
With the bis-benzylated intermediates 14a,b, the splitting of peaks

was severe and extended to the peaks corresponding to the methyl
and methylene groups of the butyrate linker. Upon hydrogenation
of the benzyl groups, giving rise to analogs 12a,b, the splitting
of peaks was lessened overall and completely eliminated from
the signals corresponding to the methyl and methylene groups
in the "H NMR, thus indicating that peak multiplicity arose from
rotation isomers and not from diastereomers.

Assays of synthetic conjugates 1 and 2

The relative iron binding capacity of the desferri- or ferri-
siderophores is often determined by the chrome azurol S (CAS)
assay.” Usually, the diameter of the resulting orange halo in mm
for a 5 uL sample reflects the extent of binding. However, as
indicated we have found that the test is not always positive with
very hydrophobic siderophores or analogs that tend to precipitate
in the assay. Also, of course, the CAS assay cannot work with iron
bound siderophores. As shown in Tables 1-3 below, the synthetic
mycobactin analogs, 1 and 2, did give a positive CAS test while
authentic mycobactin J, which contains iron, was negative, and the
more hydrophilic trihydroxamate, desferrioxamine B (Desferal),
was very responsive, as expected. With the iron binding affinity
of 1 and 2 confirmed, the compounds were also tested for their
ability to inhibit or promote the growth of various bacterial strains,
including mycobacteria. Potential antibacterial activity of the
compounds was studied by determination of minimal inhibitory

Table 1 Growth promotion of Gram-negative strains by mycobactin analogs 1 and 2, and desferrioxamine (Desferal)
P. aeruginosa E. coli S. typhimurium
Compound CAS K799/WT ATCC 9027 NCTC 10662 ATCC 25922 enb-7
1 ++ A A 13 14 0
2 + 0 13 All 12 0
Desferal ++++ 40 38 40 H20 14

“Samples (5 pg) were applied to 6 mm diameter discs and the growth zones are given in mm. Additional indicators are: H = inhibition of growth in mm,

A = small indication of growth.
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Table 2 Growth promotion of mycobacterial strains by mycobactin analogs 1 and 2, and mycobactin J*

Mycobacterium smegmatis

Compound CAS SG 987 SG 987-M10 mc’155 mc’155-M24 mc?155-B1l mc?155-M24-B3 mc?155-M24-U3
1 ++ 32 16 17 17 14 H7/A14

2 + 24 16 18 15 8 H7/A
Mycobactin J — 25 15 16 15 12 15

“Samples (5 pg) were applied to 6 mm diameter discs and the growth zones are given in mm. Additional indicators are: H = inhibition of growth in mm,

A = small indication of growth.

Table 3 Characteristics of the M. smegmatis strains used in these studies

Mycobacterium smegmatis

Bacterial strains/characteristic SG 987 SG 987-M 10 mc?155 mc?155-M24 mc?155-Bl mc?*155-M24-B3 mc?155-M24-U3

Biosynthesis of:

Exochelin + - + + — — +

Mycobactin + + + — + - _

Exochelin permease + + + + + — —
concentrations (MIC) according to the NCCLS guidelines using Conclusions

the micro broth dilution method.** Neither 1 nor 2 displayed
antibiotic activity against Gram-positive and Gram-negative
bacteria or against mycobacteria under normal assay conditions
(data not shown).

The desferrimycobactin analogs 1 and 2 were also studied for
their ability to promote the growth of a series of Gram-negative
bacteria and a larger set of mycobacteria since the latter were
anticipated to be most responsive. Growth zones surrounding
the discs were read after 1 day for P. aeruginosa, E. coli and
S. typhimurium strains and after two days for M. smegmatis
strains. The results are summarized in Tables 1 and 2. Table 3
provides characteristics of the mycobacterial strains used. Indeed,
as expected, mycobacteria were more responsive to 1 and 2 as
growth promoters than were the Gram-negative bacteria. In fact,
with mycobacteria, analogs 1 and 2 were generally as effective
as natural mycobactin J. While in most cases normal zones of
growth promotion were observed, in a few instances additional
affects were noted as designated by the descriptor “H” (inhibition)
in Tables 1 and 2. This less common phenomenon is not yet
well understood, but might be due to the ability of the applied
desferrisiderophore or analog to scavenge the trace of iron that
remains in the specially prepared iron depleted media used for
the assays. Thus, at higher concentration of the siderophore
and depending on the individual mode of iron uptake for a
specific strain, the microbes are additionally stressed for the
essential nutrient. This type of growth inhibition is reflected by
an inhibition-like zone near the compound loaded paper disc
where the concentration of the siderophore is highest and before
the growth zone appears. The two analogs were also tested for
possible anti-tuberculosis activity at the Tuberculosis Acquisition
And Coordinating Facility (TAACF) and found to not inhibit
the growth of M. tuberculosis (2% and 0% inhibition for 1 and 2,
respectively, at 6.25 pg mL™"). Thus, syntheses and studies of 1
and 2 demonstrate that novel analogs of natural mycobactins can
be used by mycobacteria for microbial growth.

The synthesis of catechol containing mycobactin S and T analogs
has been accomplished. The novel catechol analogs were demon-
strated to bind iron as reflected by the standard CAS assay.
Consistent with their similarity to the natural mycobactins, they
preferentially promoted the growth of the mycobacterial strains
studied relative to other bacteria. The potential use of these
compounds as mycobacterial selective drug delivery agents is
under consideration.

Experimental

Lysine nitrone 4

To a solution of KOH (1.05 g, 19.0 mmol) and 5 g of 3 A molecular
sieves in 50 mL of MeOH at room temperature was added Z-(1)-
lysine (5.00 g, 17.8 mmol). When the stirred solution became clear,
benzaldehyde (2.08 g, 19.6 mmol) was added and the mixture was
stirred for an additional 16 h at room temperature. The mixture
was filtered and the solvents removed under reduced pressure to
give the crude imine product. The residue was taken up in 40 mL
of MeOH and cooled to 0 °C. Dry m-CPBA (3.70 g, 21.4 mmol),
dissolved in 50 mL of MeOH, was added dropwise over 20 min
and the resulting solution was stirred for an additional 2 h at
0 °C. The reaction mixture was filtered and the solvents removed
under reduced pressure. Isomerization of the crude oxaziridine
was accomplished by the addition of 25 mL of TFA followed by
25 mL of CH,Cl, to the residue under a nitrogen atmosphere.
The solution was stirred for 1 h at room temperature and the
solvents removed under reduced pressure. The residue was taken
up in 60 mL of EtOAc and cooled to 0 °C under a nitrogen
atmosphere. Benzaldehyde (1 mL) was added and the solution was
stirred overnight while coming to room temperature. The solvents
were removed under reduced pressure and the residue purified
by flash chromatography (80% CH,Cl, : 20% acetone to remove
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m-CPBA and PhCHO, then gradient elution to 15% MeOH : 65%
CH,Cl, : 20% acetone) to give 4.50 g (66% yield) of the product
nitrone as a pale yellow oil. "H NMR (300 MHz, CD,CN) ¢ 8.24—
8.21 (m, 2H), 7.60 (s, 1H), 7.43-7.26 (m, 8H), 6.14 (d, 1H, J =
8.06 Hz), 5.35-4.85 (br s, 1H), 5.02 (s, 2H), 4.14-4.08 (m, 1H),
3.87 (t, 2H, J = 6.84 Hz), 1.94-1.34 (m, 6H); "C NMR (75 MHz,
CD;CN) ¢ 174.6, 157.3, 138.1, 137.1, 131.7, 131.5, 129.9, 129.5,
129.4, 128.9, 128.7, 67.1, 66.9, 58.9, 31.9, 27.8, 23.3; IR (neat)
3323, 3064, 2953, 1713, 1531 cm™'; HRFABMS for C,;H,sN,O;
(MH") caled 385.1763, found 385.1750.

Azepinone hydroxamic acid 6

Lysine nitrone 4 (1.00 g, 2.87 mmol) and hydroxylamine hy-
drochloride (0.22 g, 3.16 mmol) were dissolved in 10 mL of
MeOH and heated in a 60 °C oil bath for 20 min and allowed
to cool. The solution was concentrated, taken up in distilled H,O
and extracted with diethyl ether until there was no more by-
product in the organic phase as detected by TLC. The aqueous
solvent was removed under reduced pressure. Residual water was
removed azeotropically under reduced pressure with benzene and
methanol. The crude hydroxylamine in 90 mL of 7 : 2 CH;CN :
DMF was added dropwise over 2 h to a stirred solution of EDC
(546 mg, 2.84 mmol), HOAt (355 mg, 2.61 mmol), and NaHCO;
(996 mg, 11.9 mmol) in 50 mL of 7 : 2 CH;CN : DMF. The
solution was stirred for 48 h at room temperature. The CH;CN
was removed under reduced pressure and EtOAc and H,O were
added. The aqueous layer was acidified to approximately pH 2 with
1 N HCI and extracted with EtOAc until no more product could
be detected by TLC. The combined organic extracts were washed
twice with 5% NaHCO; and once with brine. The organic layer
was dried with Na,SO,, filtered and concentrated. The residue
was purified by Cj; reverse phase silica gel chromatography (3 :
2 H,O : THF) to give 363 mg (55% yield) of the product as an
amorphous white solid. '"H NMR (300 MHz, CD;0OD) ¢ 7.37—
7.28 (m, 5SH), 5.08 (s, 2H), 4.35 (d, 1H, J = 11.48 Hz), 3.91 (dd,
1H, J = 11.23, 16.11 Hz), 3.66 (d, 1H, J = 15.87 Hz), 2.00-1.50
(m, 6H); *CNMR (75 MHz, CD;0D)¢ 171.3,157.9,138.2,129.4,
129.0, 128.8, 67.6, 54.3, 53.9, 32.0, 28.6, 26.9; IR (neat) 3333, 3125,
2917, 1688, 1650, 1622, 1529 cm™'; HRFABMS for C,H,)N,O,
(MH") caled 279.1345, found 279.1352.

Bis-palmitoyl lysine hydroxylamine 8

Lysine nitrone 4 (1.48 g, 3.86 mmol) and NH,OH(HCI) (0.295 g,
4.25 mmol) were dissolved in 25 mL of MeOH and heated in a
65 °C oil bath for 17 min. The solution was allowed to cool to room
temperature and was placed in an ice water bath. SOCI, (3.26 g,
27.4 mmol) was added and the solution was stirred for 16 h while
coming to room temperature. The solvents were removed under
reduced pressure and saturated NaHCO; and CH,Cl, were added.
The layers were separated and the aqueous layer was extracted
three times with CH,Cl,. The combined organic extracts were
dried with NaS,O,, filtered and concentrated. This residue was
purified by silica gel chromatography (9 : 1 CH,Cl, : EtOAc
to remove impurities, then EtOAc to 95 : 5 EtOAc : MeOH).
The resulting hydroxylamine was then dissolved in 120 mL of
CH,Cl, and NaHCO; (2.59 g, 31.0 mmol) and palmitoyl chloride
(4.24 g, 15.4 mmol) were added and the mixture was stirred

at room temperature for 16 h. The solvent was removed under
reduced pressure and the residue was taken up in EtOAc. The
organic layer was washed with water, twice with 1 N HCI, and
twice with brine. The organic solution was dried with NaS,O,,
filtered and concentrated. The residue was purified by silica gel
chromatography (CH,Cl, to 16 : 1 CH,Cl, : EtOAc) to give 2.89 g
(95% yield) of the product as a white solid. "H NMR (300 MHz,
CDCl;) 6 7.34-7.25 (m, 5H), 5.66 (br d, 1H, J = 8.55 Hz), 5.10 (s,
2H), 4.36-4.31 (m, 1H), 3.37 (s, 3H), 3.69-3.58 (m, 2H), 2.42 (t,
2H,J =7.45Hz),2.17 (brt,2H, J =7.32 Hz), 1.82-1.18 (m, 58H),
0.87 (t, 6H, J = 6.32 Hz); *C NMR (75 MHz, CDCl;) 6 178.1,
173.0, 171.6, 156.1, 136.4, 128.7, 128.4, 128.3, 67.2, 53.9, 52.6,
34.0, 32.5, 32.1, 32.0, 29.9, 29.8, 29.7, 29.6, 29.5, 29.4, 29.3, 26.7,
24.9,24.5,22.9,22.4,14.3; IR (neat) 3332, 2924, 2853, 1790, 1725,
1674 cm™'; HRFABMS for C,H;N,O, (MH*) caled 787.6200,
found 787.6218.

Dibenzyloxybenzoylglycine methyl ester 11

2,3-Benzyloxybenzoic acid 10 (0.500 g, 1.50 mmol) was added
to S mL of benzene and cooled to 0 °C. Oxalyl chloride (0.762 g,
6.00 mmol) was added followed by one drop of DMF. The reaction
was stirred for 12 h while coming to room temperature. The
solution was concentrated and dissolved in 10 mL of CH,;CN. At
room temperature, NaHCO; (1.26 g, 15.00 mmol) was added
followed by the HCI salt of glycine methyl ester (0.208 g,
1.65 mmol). The reaction was stirred for 24 h and the solvents
removed under reduced pressure. The residue was taken up in
EtOAc and washed with 1 N HCI, water, and brine. The organic
layer was dried with NaS,0,, filtered and concentrated. The
residue was purified by silica gel chromatography (4 : 1 hexanes :
EtOAc) to give 0.553 g (91% yield) of the product as a white solid.
'"H NMR (300 MHz, CDCl;) ¢ 8.52-8.44 (m, 1H), 7.73 (dd, 1H,
J = 3.59, 6.05 Hz), 7.49-7.15 (m, 12 H), 5.16 (s, 2H), 5.14 (s,
2H), 4.08 (d, 2H, J = 5.46 Hz), 3.73 (s, 3H); “C NMR (75 MHz,
CDCl;) ¢ 170.3, 165.5, 152.0, 147.2, 136.5, 129.2, 128.9, 128.7,
128.6, 128.5, 128.0, 126.8, 124.6, 123.5, 117.5, 76.6, 71.5, 52.4,
41.7; IR (neat) 3380, 3032, 2951, 1748, 1660 cm~'; HRFABMS for
C,,H,,NO;s (MH") calcd 406.1654, found 406.1641.

Catechol-containing mycobactic acid methyl ester analog 12

To methyl ester 11 (0.468 g, 1.15 mmol) in 10 mL of 1 : 1 THF :
water was added LiOH (0.138 g, 5.75 mmol) at room temperature.
The reaction was stirred for 12 h, diluted with water, and acidified
to pH = 2 with 1 N HCI. The aqueous layer was extracted
three times with EtOAc. The combined organic extracts were
washed with water and brine. The organic solution was dried with
NaS,0,, filtered and concentrated to give acid 11a which was used
immediately in the next reaction. In a separate flask, a solution of 9
(0.760 g, 1.39 mmol) in 10 mL of MeOH was purged with nitrogen.
Pd-C (10%, 10% weight) was added and a hydrogen atmosphere
was established with a balloon. The solution was stirred for 45 min
at room temperature and was filtered through Celite. Acid 11a
(0.400 g, 1.02 mmol), amine 9a (0.421 g, 1.02 mmol), HOAt
(0.139 g, 1.02 mmol), and catalytic DM AP were dissolved in S mL
of DMF at room temperature. EDC (0.215 g, 1.12 mmol) was
added and the solution was stirred for 16 h and diluted with
water. The solution was extracted three times with EtOAc. The
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combined organic extracts were washed with 1 N HCI, water, 5%
NaHCO;, and brine. The organic solution was dried with NaS,0,,
filtered and concentrated. The residue was purified by silica gel
chromatography (4 : 1 to 2 : 1 hexanes : EtOAc) to give 0.425 g
(53% yield) of the product as an amorphous white solid. 'H NMR
(600 MHz, CD;0D) ¢ 7.49 (brd, 1H, J = 7.56 Hz), 7.43 (dd, 1H,
J =1.50,7.92 Hz), 7.39-7.22 (m, 10H), 7.13 (t, IH, J = 8.01 Hz),
5.17 (s, 2H), 5.13 (s, 2H), 4.42 (dd, 1H, J = 4.95, 8.88 Hz), 4.00
(d, 1H, J = 16.80 Hz), 3.94 (d, 1H, J = 16.90 Hz), 3.70 (s, 3H),
3.63-3.54 (m, SH), 2.44-2.42 (m, 2H), 1.88-1.82 (m, 1H), 1.73-
1.54 (m, 5H), 1.39-1.26 (m, 28H), 0.88 (t, 3h, J = 7.10 Hz); “C
NMR (150 MHz, CD;0D) ¢ 175.8, 173.6, 170.7, 167.8, 153.1,
147.4,137.7, 137.4, 130.0, 129.3, 129.1, 129.0, 128.9, 128.7, 128.5,
125.1, 122.7, 118.2, 76.7, 71.9, 53.3, 52.4, 43.3, 32.9, 32.7, 31.7,
30.4, 30.3, 30.2, 30.1, 26.8, 25.6, 23.4, 14.1; IR (neat) 3283, 2924,
2854, 1746, 1643 cm™'; HRFABMS for C,HN;Oy (MH*) caled
788.4850, found 788.4870.

Bis-benzylated catechol-containing mycobactin S analog 14a

A solution of azepine hydroxamic acid 6 (0.053 g, 0.188 mmol) in
SmL of MeOH was purged with nitrogen. Pd—C (10 mol% of 10%
by weight) was added and a hydrogen atmosphere was established
with a balloon. The solution was stirred for 45 min at room
temperature and was filtered through Celite to give a solution of
6a that was used immediately in the next reaction. The filtrate was
concentrated and (R)-3-hydroxybutyric acid sodium salt (0.024 g,
0.188 mmol), HOAt (0.026 g, 0.188 mmol), catalytic DMAP, and
4 mL of DMF were added. EDC (0.040 g, 0.207 mmol) was
added and the solution was stirred at room temperature for 24 h.
Concurrently, 12 (0.150 g, 0.188 mmol) was dissolved in 5 mL of
1: 1 THF : water. LiOH (0.014 g, 0.565 mmol) was added and the
mixture was stirred at room temperature for 12 h. The solution
was diluted with water and acidified to pH = 2 with 1 N HCL
The aqueous solution was extracted three times with EtOAc. The
combined organic extracts were washed with water and brine. The
organic solution was dried with NaS,O,, filtered and concentrated.
The resulting acid, 12a, was added to the above reaction mixture
after 24 h followed by 1.1 equivalents of EDC. The solution
then was stirred for 24 h at room temperature and diluted with
EtOAc. The organic solution was washed with 1 N HCI, water, 5%
NaHCO;, and brine. The organic solution was dried with NaS,0,,
filtered and concentrated. The residue was purified by C,s reverse
phase silica gel chromatography (1 : 1 to 85 : 15 MeOH : H,0)
to give 0.100 g of the product as a clear solid in 41% yield. '"H
NMR (rotational isomers present, major peaks reported when
possible): (600 MHz, CD;0D) ¢ 7.51-7.49 (m, 1H), 7.44-7.42 (m,
1H), 7.40-7.23 (m, 10H), 7.16-7.13 (m, 1H), 5.19 (s, 2H), 5.14 (s,
2H), 4.64-4.58 (m, 1H),4.40 (dd, 1H, J =4.65,8.70 Hz),4.13-4.10
(m, 1H), 4.03-3.90 (m, 3H), 3.67-3.55 (m, 3H), 2.43 (dd, 2H, J =
6.63, 14.64 Hz), 2.39 (dd, 1H, J = 7.85, 14.04 Hz), 2.33 (dd, 1H,
J =4.97, 14.05 Hz), 1.97-1.87 (m, 2H), 1.81-1.54 (m, 8H), 1.40—
1.23 (m, 28H), 1.20 (d, 3H, J = 6.30 Hz), 0.88 (t, 3H, J = 7.05 Hz);
“C NMR (rotational isomers present, major peaks reported when
possible): (150 MHz, CD,0D) ¢ 176.3, 173.6, 171.5, 171.2, 171.1,
168.4, 153.7, 148.0, 138.3, 138.0, 130.5, 129.8, 129.6, 129.5, 129.4,
129.2,129.1, 125.6, 123.2, 118.7,77.2, 72.4, 66.2, 54.2, 53.9, 53.4,
53.0, 46.4,46.2, 43.9,43.7, 33.5, 33.2, 32.5, 31.8, 31.0, 30.9, 30.8,
30.7, 30.6, 28.8, 27.4, 27.3, 27.1, 26.1, 24.0, 23.9, 23.3, 14.6; IR

(neat) 3306, 2925, 1634 cm™'; HRFABMS for CssHgN;O,, (MH")
caled 986.5854, found 986.5884.

Catechol-containing mycobactin S analog 1

A solution of 14a (0.050 g, 0.051 mmol) in 3 mL of MeOH was
purged with nitrogen. Pd—C (10 mol% of 10% by weight) was
added and a hydrogen atmosphere was established with a balloon.
The solution was stirred for 3 h at room temperature. The mixture
was filtered through a KimWipe plug/pipette and the filtrate was
concentrated. The procedure was repeated until no catalyst was
visible in the filtrate. The residue was purified by Cj; reverse phase
silica gel chromatography (1 : 1 to 85 : 15 MeOH : H,0) to give
0.033 g (98% yield) of the product as a clear glassy solid. "H NMR
(rotational isomers present, major peaks reported when possible):
(600 MHz, CD;0D) ¢ 7.25 (dd, 1H, J = 1.19, 8.06 Hz), 6.93 (dd,
1H, J = 1.46, 7.80 Hz), 6.72 (t, IH, J = 8.00 Hz), 4.63 (q, 1H,
J = 11.24 Hz), 4.53-4.50 (m, 1H), 4.14-4.00 (m, 4H), 3.70-3.57
(m, 3H), 2.45 (br t, 2H, J = 7.63 Hz), 2.39 (dd, 1H, J = 7.69,
14.04 Hz), 2.33 (dd, 1H, J = 5.00, 14.16 Hz), 2.01-1.23 (m, 38H),
1.19 (d, 3H, J = 6.23 Hz), 0.89 (t, 3H, J = 7.08 Hz); “"C NMR
(rotational isomers present, major peaks reported when possible):
(150 MHz, CD;0OD) § 176.3, 174.2, 173.5, 172.0, 171.8, 171.2,
170.7,150.4, 147.5,129.9, 119.8, 116.8, 66.2, 66.1, 54.2, 54.1, 53.8,
53.4,53.3, 53.0, 52.7, 52.6, 46.3, 43.5, 33.4, 33.2, 31.9, 31.8, 30.9,
30.8, 30.7, 30.6, 28.8, 27.4, 26.1, 23.9, 23.8, 23.3, 14.6; IR (neat)
3307, 2924, 2853, 1636 cm™'; HRFABMS for C,, HixN;O,, (MH*)
caled 806.4915, found 806.4896.

Catechol-containing mycobactin T analog 2

A solution of 14b was hydrogenated and purified as the catechol
containing mycobactin S analog to provide 0.040 g (98% yield) of
a clear glassy solid. "H NMR (rotational isomers present, major
peaks reported when possible): (600 MHz, CD,OD) ¢ 7.25 (dd,
1H, J = 0.85, 8.06 Hz), 6.93 (dd, 1H, J = 1.41, 7.88 Hz), 6.72 (t,
1H, J =8.00 Hz), 4.65-4.60 (m, 1H), 4.53-4.51 (m, 1H), 4.16-4.00
(m, 4H), 3.69-3.56 (m, 3H), 2.45 (br t, 2H, J = 7.63 Hz), 2.36 (d,
1H, J = 7.45 Hz), 2.35 (d, 1H, J = 5.50 Hz), 2.00-1.27 (m, 38H),
1.20 (d, 3H, J = 6.23 Hz), 0.89 (t, 3H, J = 7.08 Hz); “"C NMR
(rotational isomers present, major peaks reported when possible):
(150 MHz, CD;0OD) ¢ 176.3, 173.4, 172.0, 171.9, 170.8, 170.7,
150.4, 147.5,120.0, 119.8, 119.2, 116.7, 66.1, 54.1, 53.3, 53.2, 52.7,
52.6,46.1, 43.5, 33.5, 33.2, 32.0, 31.9, 31.8, 31.0, 30.9, 30.8, 30.7,
30.6, 28.9, 28.8, 27.4, 27.3, 27.1, 23.9, 23.8, 23.6, 14.6; IR (neat)
3298, 2924, 2854, 1640 cm~'; HRFABMS for C,; H,N;O,, (MH*)
caled 806.4915, found 806.4952.

Bacterial strains

Test organisms from Culture Collections (ATCC, NCTC) and
from the stock of the Hans Knoell Institute (SG) included: Bacillus
subtilis (ATCC 6633), Staphylococcus aureus (SG 511), Mycobac-
terium smegmatis (SG 987, mc?155% and mutants thereof?*?’),
Escherichia coli (ATCC 25922), Klebsiella pneumoniae (ATTC
10031), Serratia marcescens (SG 621), Stenotrophomonas mal-
tophilia GN 12853 (kindly provided by the Episome Institute,
Gunma (Japan)),?® Pseudomonas aeruginosa (ATCC 27853, ATCC
9027, NCTC 10662), (SG 137), K799/WT, K799/61 (wild type
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and permeability mutant),” E. coli DC 0, DC 2 (wild type and
permeability mutant).®®

MIC determination

The bacteria described were grown overnight at 37 °C in Mueller—
Hinton broth (MHB) (Difco). 50 uL of a compound solution of
400 pg mL~" were serially diluted by a factor of two with MHB
in microtiter plates. Then the wells were inoculated with 50 puL
of the bacterial solution to give a final concentration of 5 x 10°
CFU mL". After the microtiter plates were incubated at 37 °C
for 24 h, the MIC values were read with a Nepheloscan Ascent
1.4 automatic plate reader (Labsystems, Vantaa, Finland) as the
lowest dilution of antibiotic allowing no visible growth.

Siderophore assays

Utilization of compounds 1 and 2 as siderophores was determined
by a growth promotion assay as described.??” Strains were
suspended in the iron depleted agar media hindering normal
bacterial growth. The inoculated media were poured into Petri
dishes. Siderophore solutions (2 mM, 5 pL) were applied on paper
discs of 6 mm in diameter on the surface of the agar plates.
Growth zones surrounding the discs were read after 1 day for
P, aeruginosa, E. coli and S. typhimurium strains and after 2 days
for M. smegmatis strains.
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"H NMR studies are reported of the reactions in [*H¢]-DMSO of 4-nitrobenzofurazan, 2a, and its
7-chloro- and 7-methoxy-derivatives, 2b and 2¢ respectively, with anions derived from nitromethane, 3,
nitroethane, 4, and 2-nitropropane, 5. The initial reactions result in c-adduct formation by carbanion
attack at the 5-position of 2a—c and in the case of reaction of 2a with 5 the adduct at the 7-position is
also observed. These reactions may be followed by base catalysed elimination of nitrous acid to yield
anionic alkene derivatives. Kinetic and equilibrium measurements of these reactions were made
spectrophotometrically in methanol. The carbon nucleophilicities of the carbanions decrease in the
order 3 > 4 > 5, as also found in their reactions with benzhydrylium cations, and are much lower than
the nucleophilicities of some cyano-substituted carbanions. Comparison with corresponding c-adduct
forming reactions of 1,3,5-trinitrobenzene, TNB, show that here 2 and TNB have similar
electrophilicity, although the value of the intrinsic rate coefficient k&, = 0.05, for reaction of 2 is rather
lower than that, k, = 0.20, for the TNB reactions. Literature data suggest that for reaction with a
variety of nucleophiles 2 and TNB show similar electrophilicities. Measurements of the rates of
elimination of nitrous acid from some 5-adducts in methanol catalysed by methoxide ions are reported.
Values of rate constants may be influenced both by steric requirements at the reaction centre and by the

electronic effects of the 7-substituent.

Introduction

There is considerable current interest in measuring quantitatively
nucleophilic and electrophilic reactivities, particularly in carbon—
carbon bond forming reactions.’? The nucleophilicities of many
carbanions have been measured and values for some nitroalkane
anions have recently been assessed by measuring rate constants for
their reactions with benzhydrylium cations and quinone methides
in water,> in DMSO? and in methanol-acetonitrile.* Conversely
the electrophilicities of some superelectrophiles including 1,3,5-
trinitrobenzene, TNB, and 4,6-dinitrobenzofuroxan, DNBF have
been determined by measuring the rate constants for their reac-
tions with some standard nucleophiles, including N-methylpyrrole
and indole, in acetonitrile.>*

Here we report kinetic and equilibrium results for the reactions
of some nitroalkane anions with 4-nitrobenzofurazan and some 7-
substituted derivatives. It is known that the nitroalkane anions may
react to form anionic c-adducts,” such as 1, with DNBF?®® and with
TNB" and there is one report of the reaction of 2-nitropropenide
anion with 4-nitrobenzofurazan." Previous reports have largely
concentrated on determining the structures of the adducts formed
although kinetic data are available for reactions of nitroalkane
anions with TNB in methanol” and with DNBF in water.?
Our results allow the comparisons both of the nucleophilicities

Chemistry Department, Durham University, Durham, UK. DHI 3LE

T Electronic supplementary information (ESI) available: Kinetic data
(Tables 10-16). See DOI: 10.1039/b703154h

i Present address: Department of Chemistry, Umm Alqura University,
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of the nitroalkane anions and of the electrophilicities of the
nitroaromatics in these c-adduct forming reactions. A further
interesting feature is that it is known® that in the presence of
base the initially formed c-adducts, such as 1, may eliminate
nitrous acid to give anionic alkene derivatives. We have for the first
time measured rate constants for related elimination reactions in
methanol.

NO,

Me >C H +

O,N =N
0

Our results also have relevance to studies of nucleophilic
substitution of hydrogen by the vicarious mechanism.”® There
is evidence that the first step in this pathway involves c-adduct
formation' and that it is followed by a base-catalysed elimination
process.’® Overall the vicarious substitution mechanism allows the
formation of neutral carbon—carbon bonded species.

Results and discussion

The reactions of 4-nitrobenzofurazan, 2a, 7-chloro-4-nitro-
benzofurazan, 2b, and 7-methoxy-4-nitrobenzofurazan, 2¢, with
anions derived from nitromethane, 3, nitroethane, 4, and 2-
nitropropane, 5, were studied.
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Cl OMe
= N\ =N = N\
= /O o~ 7/ o~ /O
N
NO, NO, NO,
2a 2b 2¢

'"H NMR measurements were made in [*H¢]-DMSO in order to
determine the structures of the intermediates and products pro-
duced in these reactions. Kinetic and equilibrium measurements
were made in methanol to allow easy comparison with related
results.*®12

'"H NMR results

Data for the parent molecules are in Table 1. Spectra of mixtures
of nitrobenzofurazan derivatives with two molecular equivalents
of nitroalkane and with two equivalents of triethylamine were
recorded immediately after mixing. Subsequent changes in spectra
with time were noted.

Spectra of 4-nitrobenzofurazan, 2a, and nitromethane, 3, mea-
sured under these conditions indicated formation of the 5-adduct,
6a. Bands due to H5, H6 and H7 were observed at 0 4.55, 6.41 and
6.84 respectively. Owing to the chirality of C5, the geminal protons,
H, and H,, of the added CH,NO, group are diastereotopic and
give separate spin-coupled bands. Shifts and coupling constants
are in Table 2. The main evidence that it is the 5-adduct rather than
the isomeric 7-adduct which is observed comes from the value for
the shift of H6. It is known'®® that this value in 5-adducts will
be considerably higher than in 7-adducts. For example in the 2-
nitropropenide adducts, described later, shifts of H6 are ¢ 6.29

and 4.96 in the 5- and 7-adducts respectively. Hence the value of
0 6.41 observed with 2-nitromethane indicates that 6a rather than
its 7-isomer is formed. Spectra of 2b and 2¢ measured under the
same conditions similarly indicate formation of the 5-adducts, 6b
and 6¢ respectively. Shifts and coupling constants are in Table 2.
In each case the initial spectra indicated extensive conversion of
the nitrobenzofurazan derivative to 5-adduct and no bands due to
the unreacted compounds were observed. However with 2a, 2b and
2¢, spectra measured after thirty minutes indicated that irreversible
decomposition had occurred to give unidentified products.

H
H H
H a\ /N\
v—C 0
O,N =
H
NO;~
6a

Spectra of 2a with nitroethane, 4, and triethylamine in [*Hg]-
DMSO initially show two sets of bands due to adducts in the
intensity ratio 2 : 1. The chemical shifts, in Table 3, indicate that
these are both adducts at the 5-position, and the observation of two
sets of bands results from the formation of two chiral centres at C5
and Ca leading to the formation of diastereoisomeric complexes
7a,x and 7a,y. In Scheme 1 only one enantiomer for each is shown.
With increasing time there is no evidence for isomerisation to give
adducts at the 7-position. However the set of bands due to 7a,x
decreases in intensity and is replaced by bands attributable to
8a, the product of elimination of nitrous acid. A quartet, J =
6.8 Hz, at 0 7.65 is observed for HS, with a doublet at ¢ 1.91 for
the methyl group, while spin-coupled bands at ¢ 7.23 and 6.71
are attributed to the H6 and H7 ring hydrogens. The bands due

Table 1 '"H NMR data“ for parent molecules in [*’H¢]-DMSO
H
o Me H /N\
Ha} o
H5 Ho6 H7 OMe Jss  Ja Js 7 =\
ON" |
2a 870 7.85 861 — 72 88 08 NO; NEf, o
2b 8.68 803 - 76 — ; M
2c 8.75 7.06 — 421 86 — — ax (OH =N
_ 0 + HNO
) Me~
- / NO,
H
CHNO,  Me Jaiwe e HE) T
H-_ | /N\O 8a
3 4.43 e C <\
4 4.55 141 72 ON"H T _
5 4.76 146 68 NO,
Triethylamine CH,at242 093 72
Tay
“ Coupling constants in Hz.
Scheme 1
Table 2 'H NMR data“ for 5-adducts formed from nitromethane in [*Hg]-DMSO
0
HS H6 H7 Ha Hb J56 J57 J67 J\b J\S JhS
6a 4.55 6.41 6.84 4.87 5.08 4.8 1.6 10 12 4 5.6
6b 4.66 6.63 — 4.86 5.16 5.2 — — 8.2 3.2 5.6
6¢ 4.59 5.42 — 4.84 4.97 5.2 — — 11.2 4 5.8

“ Coupling constants in Hz.
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Table 3

'"H NMR data“ for 5-adducts and elimination products formed with nitroethane in *H,]-DMSO

0

HS5

H6

H7

HS8

JSé

JMe-S

7a, X

Ta,y

7b, x

b, y

Te, X

Te,y

8a
8b

4.40
4.83

4.54
4.95

4.39
4.87

6.51
6.02

6.74
6.24

5.51
4.98

7.23
7.32

6.85
6.98

6.71

5.44
5.51

5.45
5.46

5.39
5.50

7.65
7.62

1.21
1.21

1.91
1.91

4.8
4.8

5.2

5.4
5.4

10.4
10.2

10.0

2.8
4.0

4.4

2.4
4.0

6.8
6.8

6.8

6.8
6.8

7.0
8.0

“ Coupling constants are in Hz.

to 7a,y remain unchanged after two hours. It should be noted
that from the NMR spectra it is not possible to unambiguously
differentiate the structures 7a,x and 7a,y, so that the assignments
may be reversed.

The spectra of 2b in the presence of nitroethane and triethy-
lamine are shown in Fig. 1. As with 2a, two sets of bands are
observed, in the ratio 1.8 : 1, attributed to the diastereoisomers
7b,x and 7b,y of the 5-adduct. Again the structural assignments
to 7b,x and 7b,y may be reversed. Bands due to H6 are at 6 6.74
and 6.24, for H8 at ¢ 5.45 and 5.46 and for HS at J 4.54 (partially
hidden by the methylene resonance of unreacted nitroethane) and
4.95. With time bands due to 7b,x decrease in intensity coupled
with the appearance of new bands attributed to the product 8b of
elimination of nitrous acid. Chemical shifts are in Table 3.

Spectra of 2¢ with nitroethane and triethylamine similarly
showed the initial formation of diastereoisomeric S5-adducts 7¢,x
and 7¢.y in the ratio 1 : 1. However here there was no evidence for
further reaction and the 5-adducts were stable for up to twenty-
four hours in the presence of excess triethylamine.

It has been shown previously' by Terrier ef al. that the reaction
of 2a with potassium 2-nitropropenide in [*"H¢]-DMSO leads to the
formation of a mixture of the 5-adduct, 9a, and the 7-adduct, 10a,
in an approximate ratio of 1 : 4. Our results obtained by generating
the 2-nitropropenide ion in situ with triethylamine were in excellent
accord with this. Spectra recorded soon after mixing gave bands
due to 9a and 10a in a 1 : 5 ratio. After two hours only bands due
to 10a were observed. After twenty four hours the spectra showed
the formation of 11a the elimination product. These processes are
summarised in Scheme 2, and shifts are in Table 4.

The spectra of 2b in the presence of 2-nitropropane and
triethylamine showed bands due to the 5-adduct, 9b. However
in this case bands due to unreacted 2b were also present indicating
that the equilibrium constant for adduct formation was lower than
for reactions with nitromethane or nitroethane. With time there
was no evidence for isomerisation or elimination, however bands
were observed at 0 5.78 and 8.25, J = 10 Hz attributable' to

NO; NO;

7h,x

. T T 1
6.6 6.4 6.2 6.0 58 5.6 5.4 5.2 5.0 4.8 46  ppm

Cl

8b 86

(i) 8b

Fig. 1 'H NMR spectra, 400 MHz in [’H(]-DMSO, of 7-chloro-4-
nitrobenzofurazan, 0.2 mol dm~?, nitroethane, 0.5 mol dm—, and triethy-
lamine, 1.0 mol dm?, (i) initially and (ii) after 2 hours.

the formation of 7-hydroxy-4-nitrobenzofurazan. Formation of
the hydrolysis product is likely to be due to reaction of 2b with

1648 | Org. Biomol. Chem., 2007, 5, 1646-1654
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Table4 'H NMR data® for o-adducts and elimination products formed
with 2-nitropropane in [*H,]-DMSO

12

H5 H6  H7 Me®  Me?  Js Js Je

9a 495 629 694 ¢ ¢ 56 1.0 10
10a  7.09 496 458 151 145 104 1.6 44
9b 503 650 — 1.40  1.56 6.0 — —
9¢ 494 524 — 1.34  1.54 62 — —
11a 689 6.02 — 1.99 226 104 — —

“Coupling constants are in Hz ® In 9 and 10, the methyl groups are non-
equivalent due to their proximity to the chiral centre at C5. < Hidden by
2-nitropropane signal.

Me H =N
Me
O)N

~_ 7
H _
NO;,

2a + Me,CNO, 9a

Me\lﬂoz Me \C/Me

Me—C_ H

H
=N Npy 1 =N
0 — 0 + HNO,
< <A
H N H N

NO, NO,
10a 11a

7\

Scheme 2

hydroxide ions formed from small amounts of adventitious water
present in the solvent.

In the case of 2¢ bands due to the 5-adduct 9¢ were observed
together with bands due to unreacted parent. No change in
spectrum occurred over twenty four hours. Chemical shifts are
in Table 4.

Before considering the kinetic results it is useful to briefly
discuss the '"H NMR results. Our results show generally that
adducts at the 5-position are formed initially, only in the case
of reaction of 4-nitrobenzofurazan with 2-nitropropenide is the 7-
adduct observed. The usual behaviour of 4-nitrobenzofurazan and
its derivatives with nucleophiles is that 5-adducts are kinetically
favoured while the isomeric 7-adducts are thermodynamically
more stable. This reactivity pattern has been reported for reactions
with methoxide ions'®*?! in methanol, hydroxide ions' in water,
sulfite ions™ in water and aliphatic amines® in DMSO. The
explanation,'* in brief, is that the 5-adducts have fewer resonance
forms available to delocalise negative charge than the 7-adducts
leading to lower kinetic barriers and also lower thermodynamic
stabilities.

The failure to observe 7-adducts from 2a with the anions of
nitromethane and nitroethane is likely to derive from the high
equilibrium constants for formation of the 5-adducts leading
to slow equilibration to their more thermodynamically stable
isomers coupled with alternative reaction pathways, either de-
composition or elimination, for the 5-adducts. In the case of the
2-nitropropenide adduct 9a steric interference between the added
group at the five position and the adjacent NO,~ group will reduce
stability and encourage isomerisation to the thermodynamically
more stable 7-adduct.

Table 5 Variation with time of the relative intensities* of '"H NMR bands
due to diastereoisomeric adducts 7b x and y formed from 7-chloro-4-
nitrobenzofurazan and nitroethane anion

Ratio x-y
[Triethylamine]/mol dm~3 Initial 30 minutes 120 minutes
0.5 1.8 1.2 0.4
1.0 1.8 1.0 0.2
2.0 1.4 0.1 —

“The relative intensities of bands due to H6 at 6 6.74 and 6.24 were
monitored in [*H,]-DMSO solutions containing 2b, 0.2 mol dm~* and
nitroethane, 0.5 mol dm~.

It is interesting that in 2b and 2¢ there is no evidence for nucle-
ophilic attack at the substituted 7-position. This can be attributed
to the steric and electrostatic repulsion’*?! between the entering
carbon base and the leaving group. Makosza and co-workers®
have found in their studies of the vicarious substitution mechanism
that ring halogen atoms, while activating unsubstituted positions,
protect the position they occupy against substitution.

The 'H NMR results show that in the case of nitroethane
adducts 7a and 7b only one of the diastereoisomers eliminates
nitrous acid in the timescale of the experiment. Semi-quantitative
results in which the triethylamine concentration was varied are in
Table 5 and show that elimination is faster at higher base concen-
trations, consistent with a base-catalysed mechanism. Previously®
it has been shown that adducts at the 7-position of DNBF will
similarly undergo elimination. The X-ray crystal structure’® of the
2-nitropropanide adduct shows that the hydrogen and the nitro-
group to be eliminated are in a syn-configuration suggesting the
possibility that a syn-elimination process is involved. In the present
work the fact that only one of the diastereoisomers undergoes
elimination is likely to be due to the stereoelectronic requirements
of the process coupled with the very slow interconversion of the
diastereoisomers. The failure to eliminate of 2-nitropropenide
adducts at the 5-position may be attributed to the very un-
favourable steric interactions between a methyl group and the
adjacent NO,~ group in the possible products, e.g. 12.

Cl
/N\
= /O
Me—/C N
Me NO,;
12

It should be noted that in attempts to replicate the vicarious
substitution pathway**" to give neutral products we examined the
effects of acidification of the anionic elimination products 8 and
11. The addition of concentrated hydrochloric acid to NMR tubes
containing these products prepared in situ gave a complex series
of bands with no evidence for bands expected for substitution
products, such as 13 from 11a. In a preparative experiment the
presence of the anion 11a in a reaction mixture containing 2a,
2-nitropropane and triethylamine in DMSO was confirmed by
negative electrospray mass spectrometry which showed a peak as
expected at m/z 206. On the addition of aqueous hydrochloric acid
a precipitate was obtained and the mass spectrum in acetonitrile
was measured. Under negative electrospray conditions this showed
a small peak at m/z 206 possibly corresponding to M—H for 13.
However many other bands were present at higher mass numbers
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indicating the presence of a mixture of products. The extreme
difficulty in achieving the carbon-protonation required to produce
neutral substitution products in nitrobenzofurazan derivatives
has been noted previously.® However it has been shown that
electrochemical®* or chemical oxidation' of the initially formed
o-adducts, such as 10a, is successful in yielding neutral products.

Me
Me< é _—~H
H N
= /0
H
NO,
13

Kinetic and equilibrium measurements in methanol

These measurements were made spectrophotometrically using
nitroalkane anions generated in situ from the parent nitroalkanes
and sodium methoxide. The pK, values of the nitroalkanes
in methanol are known' to be 15.6, 14.2 and 13.5 for ni-
tromethane, nitroethane and 2-nitropropane respectively allow-
ing the equilibrium concentrations of nitroalkane anions and
methoxide to be calculated. Due to the known reactions of the
4-nitrobenzofurazans with methoxide,'**** it was necessary to
reduce the concentration of free methoxide ions to low values and
this was done by working with [nitroalkane] > [MeO™ |, and/or
by using phenolic buffers to regulate their concentration.

4-Nitrobenzofurazan, 2a

2a shows an absorption maximum at 320 nm, ¢ = 9 x
10° dm® mol~' cm™! in methanol. In the presence of anions derived
from each of 3, 4 and 5 there is a rapid reaction, measurable on
the stopped-flow timescale, resulting in a shift of the maximum
to longer wavelength and with increased absorbance, A, 335 nm,
&¢=1.8 x 10* dm’ mol™' cm™'. Kinetic measurements were made at
25 °C with concentrations of nitroalkane and methoxide in large
excess of the concentrations of 2a. Under these conditions first
order kinetics were observed and the rate constant is designated
as k. In the case of the reactions with 3 and 4 there was also
a very much slower reaction, ky,,, again first order giving rise to
an absorption band at 370 nm. With 5, subsequent reactions were
more complex and were not investigated in detail.

These processes are interpreted in terms of Scheme 3. It is
known that the first step, the equilibration of the nitroalkanes
with methoxide, is rapid.” In view of the 'H NMR results and
known reactivity with other nucleophiles,'®? the faster process
which we observed is likely to form the 5-adduct and eqn (1) will

apply.
ke = ks[R'R*CNO, 7] + k_s (1)

The shift to longer wavelength observed in the slower process
is not consistent with isomerisation to give the 7-adduct since
this process is not expected to involve a substantial change in
absorption maximum.'®* However the bathochromic shift is
consistent with the increased delocalisation expected on formation
of the elimination product.

Results for reaction of 2a with the nitromethane anion are
in Table 6. The first five items show that k., increases linearly

R'R?HCNO, + MeO e R'R2CNO, + MeOH
R R
=N, \ — ks Rl H = N\
0 + RRCNO, =—= Rr—¢ 0
= =
k-5 7
ON g _
NO, NO,
14
R R
H N =N
1 _ k, N
e "0+ MO —s O+ HNO,
R2— i~ 7 RZ‘C N
O,N H _ | -
NO,§ R NO,
15
Scheme 3

with increase in the carbanion concentration and gives a value
for ks of 300 + 20 dm?® mol~' s~'. However the intercept is too
low to allow calculation of a value for k_s. Measurements in
buffer solutions where the methoxide concentration, and hence
carbanion concentrations, are very low but constant give a value
fork_s of (8 £3) x 10~*s~!. An alternative method for determining
k_s is as ks/ K5 using the known value of ks and the value of K,
3.8 x 10° dm? mol™, calculated from amplitudes at completion
of the reaction. This similarly gives a value of 8 x 10~ s7! for
k_s. The final five items in the Table refer to the slow reaction.
The carbanion concentrations here are sufficiently high that initial
conversion of 2a to its 5-adduct is virtually complete. The data fit
eqn (2) so that a plot of ke,

kslow = kel [Meoi] (2)

versus methoxide concentration is linear with zero intercept,
giving a value for ky of 3 £ 0.3 dm?® mol~' s7". It should be noted
that in the dilute solutions in methanol used in the kinetic studies
the elimination reaction proceeded smoothly in this case, whereas
the NMR work showed that in more concentrated solutions in
DMSO other decomposition pathways prevailed.

Corresponding results for the reaction of 2a with the nitroethane
anion are available as supplementary information, ESLT in
Table 10. The values obtained for ks, k_s and K are collected
in Table 8. Measurement of the slow elimination reaction at
370 nm gave a value for k, of 1.4 &+ 0.2 dm® mol™' s7'. It was
noted here that there is also a very much slower process, too slow
for convenient measurement, giving rise to a further increase in
absorbance at 370 nm. The 'H NMR measurements show that
one of the diastereoisomers of the -adduct 7a suffers elimination
very much more rapidly than the other. So these two processes
may represent elimination reactions which occur on different time-
scales.

In the case of 2-nitropropane, a linear plot of kg, versus the
2-nitropropenide concentration allowed values of ks and k_s to be
calculated. Results are in Table 11 available as ESI.{

7-Methoxy-4-nitrobenzofurazan, 2¢c

The parent shows a UV maximum at 375 nm, ¢ = 9.1 x
10° dm® mol™' ecm™". In the presence of nitroalkane anions a
fast process, kg, was observed in which the maximum shifts to
335 nm with increased absorbance. Kinetic measurements made
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Table 6 Kinetic data for the reaction of nitrobenzofurazan® with nitromethane and methoxide in methanol at 25 °C

[Nitromethane]/ [CH,NO, Peq/

mol dm™ [NaOMe]/10* moldm=  [MeO~J’eq/10~* mol dm=—>  10~* mol dm™} kg /87! Ampt  K;°/10°dm® mol™!

0.15 1.0 2.4 0.80 0.24 0.49 —

0.15 1.5 3.6 1.1 0.35 0.59 —

0.15 2.0 4.8 1.5 0.42 0.58 —

0.15 2.5 6.0 1.9 0.62 0.55 —

0.30 2.5 33 2.2 0.65 0.58 —

0.0010 5.0 0.54¢ 0.0011 0.0013 0.19 4.0

0.0015 5.0 0.54¢ 0.0017 0.0018 0.24 4.0

0.0020 5.0 0.54¢ 0.0024 0.0022 0.26 33
I gou /1074 871

0.95 1.1 0.50 1.0 1.9

0.67 1.1 0.70 1.0 2.6

0.90 2.0 1.0 1.9 3.8

0.67 2.2 1.4 2.0 4.8

0.90 3.0 1.5 2.8 4.8

“ Concentration is 5 x 107> mol dm~3. * Calculated using a value for K¢; of 21 dm?® mol~'. ¢ Equilibrium methoxide concentration in bromophenol buffers.
4Measured as a colour forming process at 335 nm. ¢ Calculated as Ampt/(0.60-Ampt)-(CH,NO, ~)eq.” Measured as a forming process at 370 nm.

Table 7 Kinetic data for the reaction of 7-chloro-4-nitrobenzofurazan® with nitroethane and methoxide in methanol at 25 °C

[Nitroethane]/ [MeO~1Peq/ [MeCHNO, Jteq/

mol dm™ [NaOMe]/107* mol dm~3 10~* mol dm™* 10 mol dm™ Kpasi €/ 87! Kgow?/1073 57!
0.050 2.0 0.80 1.90 0.70 1.2

0.050 3.0 1.2 2.90 1.1 1.5

0.050 4.0 1.6 3.80 1.5 1.8

0.050 5.0 2.0 4.80 1.9 2.1

0.010 5.0 1.0 4.90 1.8 1.2

0.025 5.0 4.0 4.6 (2.2 3.6

“Concentration is 5 x 10~° mol dm~. ® Calculated using a value for K¢y of 500 dm* mol™". ¢ Colour forming process at 320-350 nm. “ Colour forming

process at 380 nm. ¢ Some interference from methoxide reaction here.

at 375 nm are reported in Tables 12-14, available as ESI.1 Values
for ks, k_s and K5 are in Table 8. It should be noted that the
equilibrium constant® for formation of the 5-methoxy adduct is
22 dm® mol ™', so that at the equilibrium methoxide concentrations
used here there is no interference from this process. Methoxide may
also add at the 7-position to give a di-methoxy adduct. However
the rate constant, 14.5 dm?® mol~' s7! is sufficiently small that
this process®' cannot compete kinetically with carbanion addition
at the 5-position. As found from the "H NMR spectra there is
no evidence for elimination from the S5-adducts to give alkene
derivatives.

7-Chloro-4-nitrobenzofurazan, 2b

2b shows a UV absorption maximum at 337 nm, ¢ = 1.0 x
10* dm® mol~' cm~'. Reaction with the nitroalkane anions showed
a rapid process, kpy, giving an increase in absorbance but with
little change in 4,,,. Kinetic measurements were made in the range
320-350 nm and values of rate constants were independent of the
wavelength of measurement.

The 7-chloro derivative, 2b, is more reactive than 2a and the
value of the equilibrium constant for formation of 5-methoxy
adduct® is 2800 dm’® mol™'. In the case of the anions from
2-nitropropane and nitroethane it was possible to reduce the
equilibrium concentrations of methoxide ions to sufficiently low

levels to avoid interference from the methoxide reaction. Data for
the reaction with 2-nitropropanide are in Table 15 (ESI{) and lead
to values for k5 10 £ 1 dm* mol™' s' and k5 (5 £ 1) x 1073 s,
Results for reaction with the nitroethane anion are in Table 7.
A linear plot of k,, versus [CH;CHNO, ] gives a value for ks of
400 4 20 dm® mol~' s~'. Here a slow reaction, ky,,, giving a band at
380 nm was observed, indicating that elimination was occurring.
Values of ky,, increase linearly with the methoxide concentration
giving a value for k, 12 dm® mol~' s7'.

In the case of reaction with the nitromethane anion it was not
possible to avoid some interference with the methoxide addition.
The analysis,* in Table 16 given as ESI, leads to a value for ks of
1500 4 200 dm* mol~! s7'.

Comparisons and conclusions
Nucleophilicities

Kinetic and equilibrium results in methanol are summarised
in Table 8. They show that ks values, measuring the carbon
nucleophilicities of the anions, decrease in order nitromethane >
nitroethane > 2-nitropropane. Values of K5, measuring the carbon
basicities, decrease in the same order, and parallel the changes in
proton basicities of the anions measured by the pK, values. It is
worth noting that changes in values of ks are much bigger than
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Table 8 Summary of kinetic and equilibrium data for reaction of 4-nitrobenzofurazan derivatives with nitroalkane anions in methanol at 25 °C

4-Nitrobenzofurazan, 2a

Parent nitroalkane ks/dm? mol~! s7! k_s/1073 s7! Ks/dm?® mol™! pK.
Nitromethane 300 + 20 0.8+0.3 4+£1)x10° 15.6
Nitroethane 80 + 10 1.2+0.2 (6.6 +1) x 10* 14.2
2-Nitropropane 26+£0.2 30+£0.3 870 £+ 100 13.5
7-Chloro-4-nitrobenzofurazan, 2b
Nitromethane 1500 + 100 — — 15.6
Nitroethane 400 £+ 20 — — 14.2
2-Nitropropane 10+1 S+1 (2+£0.5) x 10° 13.5

7-Methoxy-4-nitrobenzofurazan, 2¢

Nitromethane 100 £+ 10 2.5+0.2 (4.04+0.5) x 10* 15.6

Nitroethane 2942 2.1+0.2 (1.4 £0.2) x 10* 14.2

2-Nitropropane 1.4+£0.1 13+£2 110 £20 13.5
1,3,5-Trinitrobenzene* (TNB)

Nitromethane 800 11 7 x 10* 15.6

Nitroethane 34 9 380 14.2

2-Nitropropane 0.36 9 4 13.5

“Values from ref. 12, are for attack at an unsubstituted ring position of TNB and have not been statistically corrected.

those in k_s, probably indicating a product-like transition state for
these reactions.

The nucleophilic reactivity order found here, nitromethane > ni-
troethane > 2-nitropropane, is the same as that found in c-adduct
forming reactions of the anions with 1,3,5-trinitrobenzene,' and
in their reactions with benzhydrylium cations* in methanol-
acetonitrile (91 : 9, v/v). Values of rate constants for nucle-
ophilic attack at the 5-position of 4-nitrobenzofuroxan by ring-
substituted benzyl cyanide carbanions, 16, in methanol are ca.
10* dm® mol™! s7' and are very much higher than those for the
nitroalkane anions.”® Similarly cyano-activated carbanions show
considerably higher reactivities than nitro-activated carbanions
in reactions with benzhydrylium cations in methanol.* The data
available are not sufficient to allow quantitative comparisons but
do suggest an overall similarity, largely independent of the elec-
trophile, in carbanion reactivity patterns in methanol. However,
as reinforced by Mayr et al. recently, nucleophilic reactivities are
very solvent dependent so that change, e.g. to DMSO, results in
large changes in relative nucleophilicity.>*

CHCN

R/\

16

Electrophilicities

The results in Table 8 show that the reactivity order, ks values,
for each of the nitroalkane anions is 2b > 2a > 2¢. The higher
reactivity of 2b than of 2a is consistent with the inductive effect,
on 0.37, expected for chlorine meta to the reaction site at the
5-position.”® The reduced reactivity of 2¢ can be attributed to
resonance stabilisation, 17, between the nitro and methoxy groups

in the parent which is lost, or partially lost, on formation of the
negatively charged adduct."®*

*OMe

17

Values included in Table 8 show that the reactivity of 1,3,5-
trinitrobenzene (TNB) is generally comparable to that of the 4-
nitrobenzofurazans. However the relative reactivity of TNB does
depend to some extent on the identity of the anion, thus for
CH,NO," the order is 2b > TNB > 2a > 2¢, for MeCHNO, ™
2b > 2a > TNB ~ 2¢ and for Me,CNO,” < b > 2a >
2¢ > TNB. TNB, where addition must occur at a ring-position
flanked by two nitro groups, is more sterically demanding than
the 4-nitrobenzofurazans and these orders may indicate some
unfavourable steric interactions in the TNB-adducts, such as 18,
formed from the bulkier anions.

Tom
€
H C/“Noz

O,N @ NO,

18

It is also useful to compare the reactivities of the nitrobenzofu-
razans and TNB in these reactions in terms of their intrinsic reac-
tivities in the Marcus sense.””?* Logarithmic plots of rate constants
versus equilibrium constants in Fig. 2 allow the determination of
a value for the intrinsic rate coefficient, k,, of 0.05 for reaction
at the S-position. Data for each carbanion fit essentially on the

1652 | Org. Biomol. Chem., 2007, 5, 1646-1654

This journal is © The Royal Society of Chemistry 2007





+3

+2

+1

log ks and log k_5
(=3

-2

-3

log K5

Fig. 2 Reactions of anions of nitromethane (@), nitroethane (O),
and 2-nitropropane (x) at the 5-position of 4-nitrobenzofurazan a,
7-choro-4-nitrobenzofurazan b, and 7-methoxy-4-nitrobenzofurazan, c.

same straight lines. The value of 0.05 can be compared with a
value of k,, 0.20 found previously™ for corresponding reactions
of the carbanions with trinitrobenzene derivatives. Values of
intrinsic rate coefficients are thought®-3? to reflect the amount
of electronic-structural reorganisation and solvent reorganisation
accompanying the reaction; the more reorganisation required
the lower the reactivity. The low values obtained for reaction
of the nitroalkane anions, compared for example to reaction of
cyano-activated carbanions,? reflects their structure. In methanol
the anions may be represented by 19 in which the negative
charge is largely on the nitro-group and will be strongly solvated.
Nucleophilic attack via the carbon centre necessitates considerable
reorganisation.

R! 0
/
Ne=N 19
/7N -
R? 0

The lower k, value for the nitrobenzofurazans than for the
TNB derivatives may reflect the very strong solvation by methanol

of the negative charge on the 4-nitro group in structure 14. As
noted previously, reaction at the 7-position of 4-nitrobenzofurazan
occurs more slowly than at the 5-position but leads to more
thermodynamically stable adducts. The inference is that the greater
possibilities of charge delocalisation'? for the 7-adducts leads to
reduced intrinsic reactivity.

Terrier et al. > have ranked strongly electron deficient com-
pounds using their c-adduct forming reactions with a series
of neutral nucleophiles in acetonitrile. Compared to superelec-
trophiles such as DNBF, TNB comes at the lower end of the
electrophilicity scale. Our present results with nitroalkane anions
in methanol suggest that for reaction at the 5-position the 4-
nitrobenzofurazan derivatives have similar electrophilicities to
TNB. However electrophilicity for reaction at the 7-position is
lower than for TNB. In fact, data is available in the literature
allowing the comparison of the reactivities of TNB and 4-
nitrobenzofurazan with a variety of other nucleophiles in a variety
of solvents. The results in Table 9 show that values of rate
constants for nucleophilic attack are remarkably similar for the
two compounds. This suggests that their relative electrophilicities
are largely independent of the nucleophile. Nevertheless there are
large differences in relative values for the reverse reactions leading
to large differences in the thermodynamic stabilities of the adducts
formed.

Elimination reaction

Rate constants for three reactions were measured under conditions
where initial conversion of the substrates to 5-adducts, 14, is largely
complete. Values of first order rate constants increase linearly
with the methoxide concentration indicating a base catalysed
process. It is worth noting that no catalysis was observed from
the more sterically demanding carbanions present in excess. We
have no direct evidence as to the mechanism of the elimination.
However it has been shown that in related eliminations in the
vicarious substitution pathway' an E2-type process has been
found. A pathway involving a transition state such as 20 would
be compatible with our results. The reduction in value of k from
3 to 1.4 dm’ mol™' s™' on going from the nitromethane to the
nitroethane adducts of 2a is likely to be due to increased steric
congestion around the reaction centre. The increase from 1.4 to
12 dm® mol™" s7! for k, for the nitroethane adducts of 2a and
2b will reflect the electronic influence of the chlorine atom at the
7-position.

Table 9 Comparison of the electrophilic reactivities of 4-nitrobenzofurazan, 2a, and 1,3,5-trinitrobenzene (TNB)

2a TNB*

Nucleophile Solvent ks/dm’ mol~'s™! k_s/s7! Ks/dm’ mol™! ke/dm’ mol~' s~! k./s! K/dm?mol™! Ref

SO~ Water 3.3 x 10* 0.020 1.65 x 10° 3.5 x 10* 125 290 18,
33

HO Water 30 0.011 2700 46 13.5 34 19

MeO~ Methanol 1200 8.5 140 7050 305 23 20

4-CNC¢H,CHCN~ Methanol 1.4 x 10% — — 5 x 107 — — 25

n-Butylamine® DMSO 1.7 x 10* — 110 4.5 x 10* — 1000 22

“Values are for reaction at an unsubstituted ring position of TNB and have not been statistically corrected. ® Data here for reaction of 4-nitrobenzofuroxan.
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Experimental

7-Chloro-4-nitrobenzofurazan, 2b, 1,3,5-trinitrobenzene and the
nitroalkanes 3, 4 and 5 were the purest available commercial
samples. 4-Nitrobenzofurazan, 2a, was available from previous
work."® 7-Methoxy-4-nitrobenzofurazan, 2¢, m.p. 113 °C (lit.*
m.p. 115 °C) was prepared by reaction at 40 °C for one hour of 2b
with one equivalent of sodium methoxide in methanol. Solutions
of sodium methoxide were prepared by dissolving clean sodium
in AnalaR methanol under nitrogen. Solutions containing very
low equilibrium concentrations of methoxide ions were prepared
using buffers prepared from 4-bromophenol whose pK, value** in
methanol is 13.61. All other materials and solvents were the purest
available commercial samples.

'"H NMR spectra [*Hq]-DMSO were recorded using a Bruker
Avance-400 MHz instrument. UV-visible spectra and kinetic
measurements were made with an Applied Photophysics SX-17
MYV stopped-flow instrument, or with Shimadzu UV-2101 PC
or Perkin Elmer Lambda 2 spectrophotometers. First order rate
constants, precise to £3% were evaluated using standard methods.
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Bacterial RecA promotes the development and transmission
of antibiotic resistance genes by self-assembling into an ATP-
hydrolyzing filamentous homopolymer on single-stranded
DNA. We report the design of a 29mer peptide based on the
RecA N-terminal domain involved in intermonomer contact
that inhibits RecA filament assembly with an ICs, of 3 pM.

Drug resistance is an ever-increasing problem for modern
chemotherapy of bacterial infectious diseases.'? Although the
mechanisms that facilitate the de novo development, clonal
spread, and horizontal transfer of resistance factors are not fully
understood, the rapid rate at which antibiotic-resistant bacteria
appear is largely due to mutations arising during stress-induced
DNA repair*” and gene transfer between organisms.*® Recently,
the bacterial RecA protein has emerged as a crucial player in
these phenomena.®? Interestingly, RecA has long been known
to influence the ability of bacteria to overcome the metabolic
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T Electronic supplementary information (ESI) available: CD spectra for
peptides, ATPase assays in presence of DTT, MALDI-TOF results for
in-gel chymotrypsin digestion of RecA-peptide conjugates, RP-HPLC
assessment of peptide purity. See DOI: 10.1039/b70315%a

i Materials and Methods MBHA Rink amide resin, HBTU, HOBt, and
appropriately side-chain protected Fmoc-amino acids were purchased
from SynPep (Dublin, CA). All other reagents were purchased from Sigma-
Aldrich (St. Louis, MO), and solvents were from Fisher (Somerville, NJ).
HPLC solvent A was 95% water, 5% acetonitrile, 0.1% TFA, and HPLC
solvent B was 5% water, 95% acetonitrile, 0.1% TFA.

Peptide synthesis INPEPs were prepared using standard manual Fmoc-
solid phase peptide synthesis protocols, cleaved from resin for 3 h using
TFA : thioanisole : anisole : triisopropylsilane : water (88 :5:3:2:2), and
purified by reverse-phase HPLC on C-18 column using a linear gradient
of 0% to 26% HPLC solvent B in HPLC solvent A over 13 min followed
by an additional gradient 26-36% over 20 min. The physical purities of the
peptides were estimated to be >98% using analytical HPLC with a linear
gradient of 0 to 100% HPLC solvent B in HPLC solvent A over 100 min
(see Fig. S4 in ESI). Purified INPEP was identified by ESI-MS: calc’d
(M + H)* = 3222.8, found 3222.3. Pure reduced peptide (INPEP-SH)
ESI-MS: calc’d (M + H)* = 3194.8, found 3195.0. Thiopyridine activated
peptide (INPEP-STP) was obtained from INPEP-SH by a modification
of a known protocol.*® Briefly, INPEP-SH (7.0 mg) was dissolved in a
1:3 mixture of HPLC solvents A to B at 0.1 mg mL~" and reacted with
20 eq. 2,2'-dithiodipyridine for 30 min. After removal of the acetonitrile
by rotary evaporation, the remaining solution was purified by HPLC (see
above) and identified by ESI-MS: calc’d (M + H)* = 3304.8, found 3304.0.
Acetylated peptide (INPEP-SAIlk) was obtained from reaction of 0.9 mM
INPEP-SH with 1 mM iodoacetamide in 100 mM potassium phosphate,
pH 7.2. After 4 h, the product was isolated by HPLC (see above, peak
eluted at 23 min) ESI-MS: calc’d (M + H)* = 3252.8, found 3251.5.
Abbreviations used in text: phosphoenolpyruvate, PEP, lactic dehydro-
genase, LDH, pyruvate kinase, PK, dithiothreitol, DTT, 2-(1H-benzo-
triazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate, HBTU,
N-hydroxybenzotriazole, HOBt, trifluoroacetic acid, TFA.

stress induced by a range of antibacterial agents,*'** and its
functions are also important for other aspects of bacterial
pathogenicity, including the colonization of host environments,?
induction of toxin biosynthesis,'”*® virulence factor production,™
antigenic variation,” and survival responses to antibiotic
chemotherapy.'*'>* These activities, which are ubiquitous among
bacterial species, make RecA an attractive target to attenuate the
rate at which bacterial pathogens become resistant to antibiotic
chemotherapy.

In spite of RecA’s remarkably diverse set of biological activities,
all but one of the protein’s known functions require formation of an
active RecA-DNA filament comprising multiple RecA monomers
(each bound to a molecule of ATP) stoichiometrically coating
DNA to form a multimeric right-handed helical filament with
about 6 RecA monomers and 18 DNA base pairs per turn.* Hence,
the discovery of small molecules that suppress the formation of
such RecA-DNA filaments would be an important step in the
development of agents that modulate the evolution and trans-
mission of antibiotic resistance genes. Unfortunately, no natural
products have been definitely characterized as inhibitors of RecA’s
activities.*>*® To overcome this limitation, we have rationally
developed metal-dithiol complexes®? and nucleotide analogues®**
that inhibit the in vitro activities of pre-formed RecA-DNA
filaments. In this report, however, we describe a peptide inhibitor
designed to prevent the assembly of RecA-DNA filaments—
an obligatory early intermediate in all of RecA activities—by
disrupting the monomer—monomer interfacial contact region.

The o-helix A and B-sheet 0 (Fig. 1, blue) of one RecA monomer
form the key interfacial contacts with helix E and sheet 4 (orange)
of the adjacent monomer in the crystal structure reported by
Story et al*® Previous studies have established the importance
of this contact region, where N-terminal truncation mutants were
deficient in ATPase activity and filament formation.’* Disrup-
tion of interfacial contact regions by peptides has been previously

Fig. 1 RecA filament and intermonomer interface. The N-terminal helix
(blue) packs against the adjacent monomer (orange). Note Cysl16 and
Met 27 sidechains are within H-bonding distances (2.8 A, dashed line).
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reported as an effective strategy for antagonizing protein—protein
interactions (for recent reviews, see references 43-45). With RecA,
however, the N-terminal 30 amino acids proved ineffective as an
inhibitor of RecA activity, requiring a 12 h pre-incubation at 4 °C
to yield ICs, of > 500 uM (data not shown). A cursory inspection
of the N-30 sequence suggested several elements which could lead
to relaxed secondary structure in the 30mer. Therefore, a rational
design strategy was employed to increase the secondary structural
elements involved in the interfacial contact to improve potency in
our designed INhibitory PEPtide (INPEP, Fig. 2).

1 5 10 15 20 25 30
RecA N-30 ATDENKQKATAAAT.GQTEKQFGKGSIMRLG
INPEP Ac-YGGDRORATARALERI ARQHGRUTVMRIT- NH,
INPEP-SH  Ac-YGGDKQKATARATEKIAKOH RIT-NH,
N-Cap Salt Bridge Reactive Cys

Fig. 2 Design of INPEP based on RecA N-terminal domain.

Residues involved in key contacts between monomers (red)
were retained on the designed helical peptide, while residues not
involved in binding were changed to increase structural stability
(blue). The contact region of the native peptide begins at the
Asn in position 5. Here, the neutral Asn residue was changed
to a charged residue Asp to cap the N-terminal dipole of the o-
helix (Fig. 2, boxed sequence), and thus acts as an initiator of
helix formation.***’ Residues Alal2 and GInl6 were changed to
Lys to improve water solubility. Glyl5 was changed to Glu to
both provide an i, i + 4 salt bridge with Lys19*® and improve
helicity. Glul8 was changed to an Ala to increase the positive
character of the peptide while maintaining the helical propensity
at this position. Replacing the anionic Glu residue with Ala was
expected to decrease the potential for inter-peptide salt-bridge
formation that would promote aggregation, and to increase the
Coulombic attraction between the peptide and RecA (pl < 7).
Ser25, Leu29, and Gly30 were all changed to threonine residues
to promote B-strand formation* (Fig. 2, shaded box). Gly24
and Ile26 were changed to valine residues to increase B-strand
propensity*® while maintaining hydrophobic character at those
positions. Lastly, a leader sequence, Tyr-Gly-Gly, was placed at
the helix N-terminus to aid in spectroscopic quantitation. This
peptide, INPEP, demonstrated a higher helical content than the
RecA N-30 peptide (see Fig. S1 in ESIT) and was assessed for its
ability to inhibit RecA’s ATPase activity.

The first step in both RecA-mediated SOS induction and
recombinational DNA repair is the binding of RecA to ATP and
ssDNA to form an active RecA-DNA filament. Active filament
assembly normally results in ATP hydrolysis, which is necessary
for controlling SOS induction as well as for the subsequent
stages of recombinational DNA repair. ATP hydrolysis serves
as a useful indicator of filament activity, and the abrogation of
ATPase activity would be an important aspect of RecA inhibition.
The experimental details of the in vitro ATPase assay have been
described previously.** Briefly, the steady-state rate of ATP
hydrolysis catalyzed by RecA (1 uM) in assay buffer§, at 37 °C with
3 mM ATP was compared before and after the addition of varying
concentrations of peptide inhibitor. The fraction of ATPase
activity remaining was plotted versus the inhibitor concentration
to afford dose-response curves (Fig. 3).
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Fig. 3 RecA in vitro ATPase activity inhibition. Dose dependent
inhibition of RecA ATPase activity by INPEP (), INPEP-SH with
2mM DTT present (V), unreactive, alkylated thiol INPEP-SAIlk (4), and
thiopyridine-activated thiol INPEP-STP (@).

INPEP proved to be an effective inhibitor of RecA activity
with an ICs, of 35 uM (see Fig. 3), a > 20-fold improvement
over the N-30 peptide. Although the absolute ICs, is only
modest, this inhibition is notable in the context of the monomer—
monomer dissociation constant, which lies in the high nM-uM
range.’®% Importantly, assay mixtures which contained the ATP-
regeneration system and coupled NADH reporter system were not
inhibited in the presence of excess INPEP, indicating the specificity
of the peptide for RecA.

To improve the potency of the peptide’s inhibition of RecA,
a second-generation design was considered. The Cys116 residue
of one RecA monomer was noted to be within disulfide bonding
distance of residue 27 (Met) of the subsequent monomer (sce
Fig. 1). To exploit this, Met27 of INPEP was changed to a
Cys residue to give INPEP-SH. We reasoned that a disulfide
formed between this residue and RecA Cysl16 would prevent
the dissociation of INPEP-SH in the presence of competing RecA
monomers, making the inhibition irreversible.

Inhibition of RecA by INPEP-SH under non-reducing condi-
tions was both time- and dose-dependent (Fig. 4A). This result is
indicative of a slow, irreversible inhibition of the ATPase activity
of RecA. Because this assay was performed in the absence of
reductant, disulfide bond formation was presumed to be the cause
of the irreversibility. In confirmation of this hypothesis, addition
of excess dithiothreitol (2 mM) to the assay mixture after complete
inhibition by INPEP-SH resulted in the partial recovery of RecA
ATPase activity (see Fig. S2 in ESI¥).

To explore further the putative relationship between disulfide
formation and inhibition by INPEP-SH, the reactivity of the
cysteine thiol was modulated. First, the ATPase assay was repeated
in the presence of excess DTT. Here, the assay traces did not
display the curvature indicative of time-dependent irreversibility as
in Fig. 4A, but rather remained linear with rates dependent on the
concentration of INPEP-SH in the assay (see Fig. S2 in ESI¥). This
allowed for the fractional inhibition under reducing conditions to
be calculated as a function of increasing concentrations of INPEP-
SH (Fig. 3, ¥), which was essentially identical to the dose-response
observed using INPEP (Fig. 3, ).

Second, to eliminate the possibility of disulfide formation
between INPEP-SH and RecA, the peptidic Cys residue was
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Fig. 4 A. In vitro RecA ATPase activity is irreversibly inhibited by INPEP-SH in a time and dose-dependent manner when performed without
dithiothreitol reductant. The assay was initiated with addition of ssDNA and ATP after 5 min thermal equilibration (note break in data traces). Complete
inhibition is seen after 15 min (20 uM), but INPEP-SH shows minimal effect relative to the uninhibited RecA control (no peptide) at 5 uM. B. Comparative
time-dependent inhibition by 10 uM INPEP-SH without DTT ([J) to same concentration of INPEP (), INPEP-SH + DTT (V¥), INPEP-SAIk (A), and

INPEP-STP (®).

reacted with iodoacetamide to alkylate the thiol. The resultant
peptide, INPEP-SAIK, inhibited RecA ATPase activity (Fig. 3, A)
with an IC,, comparable to that of INPEP and INPEP-SH under
reducing conditions. However, the presence of DTT in the assay
buffer had no influence on the observed ICs, for INPEP-SAlk
(data not shown).

Lastly, to facilitate disulfide formation, the electrophilicity
of the cysteine residue was increased by conjugation with 2-
thiopyridine to yield INPEP-STP. The 2-thiopyridone released
by thiol-disulfide exchange between RecA Cysl116 and INPEP-
STP is resonance stabilized in neutral buffer, and thus provides
the driving force for this reaction.®® A similar derivative using
5-thio(2-nitrobenzoic acid), was used to activate a cysteine thiol
in a peptide-based HIV-1 protease dimerization inhibitor.*® The
concentration-dependent RecA inactivation by INPEP-STP under
non-reducing ATPase assay conditions was measured (Fig. 3,
@®). By making the Cys residue on the INPEP-SH design more
reactive toward free thiols, the apparent potency of the inhibitor
was increased by a factor of 10.

To underscore the tunable reactivity of the peptide’s thiol
functional group, relative RecA activity was plotted over time for
cach inhibitory peptide at 10 uM (Fig. 4B). Using both INPEP (¢)
and INPEP-SAIlk (A), RecA’s activity was indistinguishable from
uninhibited control, or 100% relative activity (dashed line), while
using INPEP-SH in the presence of excess DTT (2 mM) resulted
in approximately 85% relative activity (V). Likewise, INPEP-SH
without DTT present began at 85% relative RecA activity, but
over the course of the assay RecA activity decreased to zero,
presumably as disulfide bond formation progressed (). Using the
same concentration of INPEP-STP (@), however, the enzyme was
completely inactivated at the onset of the experiment (solid line).

no DTT

To assess whether the peptide was stably coupled to RecA, the
assay mixture containing RecA and INPEP-SH was fractionated
by SDS-PAGE and the resulting bands were analyzed by in-gel
digestion MALDI-MS. Fig. 5 shows the mobility shift of the RecA
band when incubated with increasing concentrations of INPEP-
SH. Some higher molecular weight aggregates were also seen in
the silver-stained gels, but all reverted to the original RecA band
if treated with DTT prior to loading on the gel (lanes 7-10).

A similar gel containing only RecA standard and RecA reacted
with INPEP-SH was submitted to UNC’s Proteomics facility
for in-gel digestion with chymotrypsin and subsequent MALDI-
MS characterization of the fragments. Chymotrypsin was used to
produce fragments where each of the three Cys residues in RecA
(90, 116, or 129) were contained in individual fragments. The
cysteine of RecA disulfide-bonded to the reactive Cys in INPEP-
SH should then be identifiable. As anticipated, the fragment
containing Cysl116 was observed to form a covalent bond to
INPEP-SH (see Fig. S4 in ESIf). No fragments corresponding
to Cys90 or Cys129 bound to INPEP-SH were detected.

These results highlight the role of the cysteine residue in the
INPEP design. Under reducing conditions, the peptide half-
maximally inhibited RecA ATPase activity at 30 uM, and the
iodoacetamide-inactivated and methionine peptides showed sim-
ilar activities at 50 uM and 35 puM, respectively. The activated
cysteine (INPEP-STP), however, showed enhanced activity (ICs, =
3uM). This s likely due to an increased rate of disulfide formation,
which results in virtually no time-dependence of the irreversible
inhibition (Fig. 4B).

Taken together, these results demonstrate the inhibitory effect
of INPEP is due to association of the peptide to the RecA protein,
the effectiveness of which is enhanced by disulfide formation. This

2mMDTT
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Fig. 5 SDS-PAGE of ATPase assay using INPEP-SH. Lanes 1-4 show the gel shift of the RecA band relative to reduced RecA standard (lane 5) with
increasing doses of peptide inhibitor (concentrations in uM indicated above gel image) and no DTT in loading buffer. Lanes 7-10 show consolidation of
bands back to reduced RecA upon addition of DTT to loading buffer. Lane 6:42.7 kDa molecular weight marker (NEB #P7702S).
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peptide inhibitor, rationally designed from the RecA sequence,
provides a useful lead for the development of additional peptide
and small molecule inhibitors of RecA activities. Such agents
ultimately have the potential to be used as stand-alone antibiotics
or as adjuvants with existing antibiotics to slow the spread of
antibiotic resistance.
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PK, 15 uM-nts poly(dT).
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Structure-based design of 2-arylamino-4-cyclohexylmethoxy-5-nitroso-
6-aminopyrimidine inhibitors of cyclin-dependent kinase 2
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An efficient synthesis of 2-substituted O*-cyclohexylmethyl-5-nitroso-6-aminopyrimidines from
6-amino-2-mercaptopyrimidin-4-ol has been developed and used to prepare a range of derivatives for
evaluation as inhibitors of cyclin-dependent kinase 2 (CDK?2). The structure—activity relationships
(SARs) are similar to those observed for the corresponding O°-cyclohexylmethoxypurine series with the
2-arylsulfonamide and 2-arylcarboxamide derivatives showing excellent potency. Two compounds, 4-(6-
amino-4-cyclohexylmethoxy-5-nitrosopyrimidin-2-ylamino)- N-(2-hydroxyethyl)benzenesulfonamide
(7q) and 4-(6-amino-4-cyclohexylmethoxy-5-nitrosopyrimidin-2-ylamino)-N-(2,3-dihydroxypropyl)-
benzenesulfonamide (7s), were the most potent with 7Cs, values of 0.7 = 0.1 and 0.8 £+ 0.0 nM against
CDK2, respectively. The SARs determined in this study are discussed with reference to the crystal
structure of 4-(6-amino-4-cyclohexylmethoxy-5-nitrosopyrimidin-2-ylamino)-N-(2,3-dihydroxy-
propyl)benzenesulfonamide (7j) bound to phosphorylated CDK2/cyclin A.

Introduction

The progression of cells through the cell-cycle is a highly ordered
process, which is strictly controlled by the cyclin-dependent kinase
(CDK) family of enzymes and their cyclin partners. Regulation of
the serine-threonine kinase activity of specific CDKs, necessary to
allow the cells to pass through cell-cycle checkpoints, is achieved by
the binding of the cyclin partner and phosphorylation to produce
the fully activated protein kinase complex.! In cancer, the presence
of oncogenic signalling pathways, or the absence of control
resulting from the loss or mutation of tumour suppressor genes,
inevitably results in abnormal cell-cycle control and increased
CDK/cyclin activity.>® For this reason, the development of
potent and selective CDK inhibitors has become an important
therapeutic goal.**

The development of potent and selective small-molecule ATP-
competitive kinase inhibitors has been successful for a number
of therapeutic targets. New drugs have entered clinical use,
notably imatinib that inhibits Ber-Abl kinase and c-Kit kinase,
gefitinib and erlotinib which target the EGFR tyrosine kinase,
and lapatinib, a dual EGFR, Her2 tyrosine kinase inhibitor.”
A large number of small-molecule inhibitors of CDK2 have
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been reported based on a structurally diverse range of scaffolds.
These include derivatives of the monoheterocycles—pyrimidine,?
[1,2,4]triazole,” pyrazole,'® pyridine;'" biheterocycles—purine,'*'*
[1,3,5]triazine-pyridine,’*  1,4,5,6-tetrahydropyrrolo[3,4-c]pyra-
zole,"”  pyrazolo[3,4-c]pyridazine,”® triazolo[1,5-a]pyrimidine,"
pyrazolo[1,5a]pyrimidine;*® triheterocycles—benzodipyrazole,*
aminoimidazo[1,2a]pyridine.?* All the inhibitors are competitive
with ATP, and vary in their potency and selectivity among the
other members of the CDK family and also other unrelated
kinases.

The biological effects of inhibition of CDK2 have been studied
using molecular genetic approaches in cell lines and knockout
animals. Experiments in cell lines have produced conflicting
results, suggesting that CDK2 is not essential for proliferation in
all situations.?** Additionally, CDK2-knockout mice have been
generated which are viable and apparently normal, other than
being infertile.>* These results cast doubt over the inhibition of
CDK2 as a valuable therapeutic target. However, it should be
noted that the absence or attenuation of a protein through genetic
knockdown or knockout does not exactly mirror the situation
where a protein is present at its usual cellular concentration, but
is inactivated through a small-molecule inhibitor. Furthermore,
a number of studies to date have demonstrated anti-tumour
activity in tumour models with CDK2 inhibitors that have
significant activity against other CDKs, including CDK4, CDK7
and CDK9,”? and the first generation of CDK inhibitors has
entered clinical trials as anti-tumour agents.*

We have previously reported the purine NU6102 (1) as a
highly potent and selective ATP-competitive inhibitor of CDK2
(K; = 6 nM), developed from the lead compound O°-cyclohexyl-
methoxyguanine NU2058 (CDK2 K; = 12 uM).?"** The X-ray
crystal structure of 1 bound to CDK2 shows the purine core
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making a triplet of hydrogen bonds within the ATP binding
site and two hydrogen bonds between the sulfonamide group
and Asp86 of CDK2. We have also demonstrated previously
that a series of nitrosopyrimidines are CDK2 inhibitors, e.g.
NU6027 (2; CDK2 K; = 1.3 uM). The nitroso group induces
a ‘purine-mimetic’ conformation by hydrogen bonding to the
adjacent NH, group. The X-ray structure of 2 in complex with
CDK2 shows the pyrimidine binding in a similar orientation
to NU2058 and 1. A limited series of analogues of 2 that
explored similar structural modifications to those leading to the
development of 1 has been communicated.® In this paper we
report the synthesis of an expanded range of 2-arylamino-4-
cyclohexylmethyl-5-nitroso-6-aminopyrimidines, based on 2. The
structure-activity relationships for the inhibition of CDK2 are
discussed with reference to an X-ray crystal structure of a key
inhibitor bound to the CDK2/cyclinA protein complex.

H,NT N7 NH,

Results and discussion
Chemical synthesis

The initial route to the target 2,4-disubstituted pyrimidines used
2,4,6-trichloropyrimidine as the starting material. Substitution
with bis-p-methoxybenzylamine in refluxing ethanol, gave both
the 2- and 4-substituted pyrimidines (3a and 3b), which were
separable by chromatography (Scheme 1). Unambiguous structure
determination for 3a and 3b was not possible from their 'H and
BC NMR spectra, so an X-ray crystal structure was obtained
for 3a that confirmed it as the desired isomer (Fig. 1). A
second substitution of the 2-substituted pyrimidine 3a with p-
methoxyaniline was achieved under more forcing conditions, in
refluxing n-butanol with triethylamine as base, giving the 2.4-
disubstituted pyrimidine 4a, accompanied by the 2,6-disubstituted
product 4b, in a 2 : 3 ratio. Again, X-ray crystallography was used

Fig. 1 Molecular structures of A: 3a; B: 4a from X-ray crystallography.

to unambiguously assign the structure of 4a (Fig. 1). The final sub-
stitution was carried out using sodium cyclohexylmethoxide in cy-
clohexylmethanol, giving the trisubstituted pyrimidine 5. Removal
of the p-methoxybenzyl protecting groups with TFA, followed
by nitrosation, gave 6-amino-2-anilino-4-cyclohexylmethoxy-5-
nitrosopyrimidine (7a). An attempt to follow the same reaction
scheme using 4-amino-N,N-dimethylbenzenesulfonamide, how-
ever, met with failure. The lack of regioselectivity in the initial
substitution, and the formation of unwanted substitution products
in the second step of Scheme 1, rendered this route unsuitable for
the synthesis of a series of analogues.

We considered that a more efficient synthesis could be achieved
from 6-amino-2-mercaptopyrimidin-4-ol, which would allow the
introduction of the anilino and cyclohexylmethoxy substituents
and avoid the complications of regioselectivity seen in Scheme 1.
The mercaptopyrimidine was alkylated to give the n-butyl sulfide
(8) in excellent yield (Scheme 2), and then the cyclohexylmethoxy
group was introduced under Mitsonubu conditions to give 9 in
good yield. Direct displacement of the butylsulfide group from
9 with anilines proved unsuccessful, so the leaving group ability
was improved by oxidation to the sulfone (10) using mCPBA,
prior to displacement with the appropriate anilines to give the
2-arylaminopyrimidines 6b—s. The optimum conditions for the
sulfone displacement were found to be with trifluoroethanol as
solvent and five equivalents of TFA as catalyst, as described
previously.”* Under these conditions, the displacements with
various anilines proceeded in moderate to good yields. For the
final step, nitrosation under standard conditions gave the desired
5-nitrosopyrimidines (7b-s)."

SAR Discussion

A series of 2-arylamino-5-nitrosopyrimidines was prepared and
evaluated for CDK2 inhibitory activity and the results are shown
in Table 1. Compounds lacking the 5-nitroso group (6b, 6e, 6g, 6h,
and 6j) are at least 1 x 10° times less potent as CDK2 inhibitors
compared with their 5-nitroso counterparts (7b, 7e, 7g, 7h, and 7j).
These results are consistent with previous findings which showed
that the 5-nitroso group forms an intramolecular hydrogen bond
with the 6-amino group and orientates one of the amino NH
bonds correctly to interact with the backbone carbonyl of Glu 81
of CDK2.'%3

As predicted from the results in the comparable purine series,*?
the nature and position of the substituent on the N>-aryl moiety
has a profound effect on the CDK inhibitory activity. Small-
lipophilic substituents at the 3-position (7b, 7d, 7e) produced
modest improvements in activity compared with the parent
compound (2, ICsy = 2.2 £+ 0.6 uM for CDK2), whereas polar
substituents attached by a methylene group (7g and 7i) resulted
in up to 60-fold improvements in potency. In line with the
purine series, the introduction of polar substituents at the 4-
aryl position proved favourable. Compounds bearing 4-hydroxy
or 4-carboxamido substituents (7¢ and 7j) showed a 100-fold
improvement in activity, whereas the 4-sulfonamido substituent
7m gave a 2000-fold improvement in activity over the parent 2.

We have previously reported the X-ray crystal structure of
carboxamide 7j bound to the CDK2/cyclin A phosphorylated
on Thr160 (T160pCDK2/cyclin A) (Fig. 2, PDB accession code
10GU).? Compounds 7jand 2 bind in a similar orientation within
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Table 1 Inhibition of CDK2 by 4-cyclohexylmethoxypyrimidines

CDK2 ICs, values (nM)

Compound R X or % inhibition at stated concentration
2¢ — NO 22406
7a® 4-OMe NO 215+ 50
6b 3-Br H 26000 4 6000
7h® 3-Br NO 500 4 200
Tc 4-OH NO 16+3
7d 3-OMe NO 340 + 70
6e 3-SMe H 60000 £ 5000
Te 3-SMe NO 400 £ 100
7t 4-SMe NO 120 4 30
6g 3-CH,CN H 41 % 4% (10 uM)
7g 3-CH,CN NO 33+£3
6h 4-CH,CN H 24000 £ 6000
7h 4-CH,CN NO 64+3
7i 3-CH,OH NO 45421
6j° 4-CONH, H 59000 + 31000
7i 4-CONH, NO 3448
6k 4-CON(CHj;), H 49% (100 uM)
Tk 4-CON(CH,), NO 80 £ 10
6l 4-CON(C,Hy), H 29 + 9% (10 uM)
7 4-CON(C,Hs), NO 200 £ 100
6m’ 4-SO,NH, H 2930 £ 400
Tm® 4-SO,NH, NO 1.0+0.3
6n 4-SO,N(C,Hs), H 33 4 9% (10 uM)
7n 4-SO,N(C,Hjs), NO 86+ 8
70 y 0 NO 8.1+£0.25
A D
4- 0,
7p y NO 19+1
e~ S
S
4- @ \»'JTJ
7q H NO 0.7+£0.1
N7 N"0oH
4- 5,
Tr ’ OH NO 1.3+0.2
*\S/ N \)\
4- 5,
7s H OH NO 0.8+0.0
~g-N \/K/OH
4- 0,

“Ref. 12. ° Ref. 8.

the CDK2 ATP binding site. Compound 7j forms three hydrogen
bonds with the hinge region of the enzyme, namely N6 to the
peptide carbonyl of Glu81, and N1 and N2 to the backbone
amide and carbonyl groups of Leu83, respectively. The 5-nitroso
group forms the anticipated intramolecular hydrogen bond to
N6, locking the molecule into a purine-like conformation. The
N2 aryl ring stacks against the peptide backbone between His84
and GIn85. The orientation of the carboxamide substituent could

not be determined unambiguously. However, the formation of an
additional hydrogen bond from a carboxamide NH to the side
chain of Asp86 is a reasonable interpretation of the data and is
consistent both with the SARs and the observed structure of the
sulfonamide 2. The interaction of at least one carboxamide or
sulfonamide NH with CDK2 can be inferred from the loss of
activity observed for the dialkylcarboxamides (7k and 71) and the
diethylsulfonamide (7n), consistent with the structural data for 7j.
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Fig. 2 A: Crystal structure of 7j bound to Thr160pCDK2/cyclin A,
overall fold. CDK?2 and cyclin A are rendered in green and gold ribbons,
respectively. Compound 7§ occupies the ATP binding site and is drawn in
ball and stick mode with carbon, nitrogen, and oxygen atoms coloured
green, red, and blue, respectively. B: Compound 7j bound to the CDK2
active site. The side chains of selected residues that line the CDK?2 active
site are included. Hydrogen bonds between 7j and CDK2 are drawn as
dashed lines.

The X-ray crystal structure of the T160pCDK2/cyclin
A/purine 2 complex shows that only one of the sulfonamide
protons makes a hydrogen bond to Asp68, suggesting that substi-
tution of the other position may be favourable.® It was anticipated
that the pyrimidines would behave similarly. The monoalkylsulfon-
amides (70-s) retained potent activity, in particular against CDK2.
The 2-hydroxyethyl- and 2,3-dihydroxypropylsulfonamides (7q
and 7s) displayed a modest improvement in activity compared
with the parent 7m, and are amongst the most potent CDK2
inhibitors reported to date. The improvement in activity suggests
that additional interactions may be formed between the additional
hydroxyl group(s) and the enzyme. The formation of additional
favourable hydrogen bonding interactions, in the region accessed
by the sulfonamide substituents, has been observed in the purine
series. For example, the X-ray structure of sulfoxide 8 bound to
CDK2 shows the amine and hydroxyl groups bound to the side
chain carboxyl group of Asp86.%

The CDK selectivity of two of the most potent CDK?2 inhibitors,
the sulfonamide 7m and the hydroxyethylsulfonamide 7q, was
evaluated using a panel of CDK1/cyclinB, CDK4/cyclinD,

Table 2  Selectivity of inhibition of CDKs by 7m and 7q

CDK7/cyclinH, and CDK9/cyclinT (Table 2). Both inhibitors
showed excellent selectivity for CDK2, with around 100-fold
selectivity observed against CDK1/cyclinB, and around 1000-fold
selectivity against the other CDK/cyclin complexes.

Conclusions

Synthesis of 2-substituted O*-cyclohexylmethyl-5-nitroso-6-
aminopyrimidines from 2,4,6-trichloropyrimidine required
the separation of mixtures of regioisomers at the first two
steps and was not amenable to the introduction of a range of
substituents. The improved route, from 6-amino-2-mercaptopyri-
midin-4-0l,® has allowed the preparation of a range of derivatives
for evaluation as inhibitors of CDK2. The structure activity
relationships observed follow similar trends to those for the
corresponding O°-cyclohexylmethoxypurine series, with the
2-arylsulfonamide and 2-arylcarboxamide derivatives showing
excellent potency. Two compounds, 4-(6-amino-4-cyclohexyl-
methoxy-5-nitrosopyrimidin-2-ylamino)-N-(2-hydroxyethyl)ben-
zenesulfonamide (7q) and 4-(6-amino-4-cyclohexylmethoxy-
S-nitrosopyrimidin-2-ylamino)-N-(2,3-dihydroxypropyl)benzene-
sulfonamide (7s), showed excellent potency against CDK2, with
ICs, values of 0.7 £ 0.1 and 0.8 £ 0.0 nM, respectively. Excellent
selectivity within the CDK family was found for 7m and 7q. These
compounds are among the most potent and selective CDK2
inhibitors reported to date.

Experimental

Reagents were purchased from fine chemical vendors, and used as
received unless otherwise stated. Solvents were purified and stored
according to standard procedures. Petrol refers to that fraction in
the boiling range 40-60 °C. Melting points were obtained on a
Stuart Scientific SMP3 apparatus and are uncorrected. Thin layer
chromatography was performed using silica gel plates (Kieselgel
60F,5; 0.2 mm), and visualized with UV light or potassium
permanganate. Chromatography was conducted under medium
pressure on silica (BDH silica gel 40-63 um). Proton ("H) and
carbon (*C) nuclear magnetic resonance (NMR) spectra were
recorded on a Bruker Avance 300 spectrometer at 300 MHz or
75 MHz, repectively, employing TMS or the solvent as internal
standard. NH signals appeared as broad singlets (br s) exchange-
able with D,0. Mass spectra were determined on a Micromass
Autospec M spectrometer in electron impact (EI) mode. Liquid
Chromatography-Mass Spectrometry (LCMS) was carried out
on a Micromass Platform instrument operating in positive and
negative ion electrospray mode, employing a 50 x 4.6 mm C18
column (Supelco Discovery or Waters Symmetry) and a 15 min
gradient elution of 0.05% formic acid and methanol (10-90%).
IR spectra were recorded on a Bio-Rad FTS 3000MX diamond
ATR. FElemental analyses were performed by Butterworth

1Cy, values (nM)
Compound CDK1/B CDK2/A CDK4/D CDK7/H CDK9/T
7m 100 £ 10 1£0.3 1500 £ 500 2800 + 1300 740 £ 100
Tq 56 £ 20 0.7£0.1 1300 £ 500 4800 £ 2600 2630 £ 200
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Laboratories, Middlesex, UK. High-resolution mass spectra were
recorded at the EPSRC Mass Spectrometry Service, Swansea, UK.

2,6-Dichloro-/NV,N-bis(4-methoxybenzyl)pyrimidin-4-amine (3a)

A mixture of 2,4,6-trichloropyrimidine (2.2 mL, 19 mmol) and
bis-(4-methoxybenzyl)amine (4.8 g, 19 mmol) and triethylamine
(3.2 mL, 22.7 mmol) in n-butanol (20 mL) was heated to
75 °C for 3 h, then allowed to cool and concentrated in vacuo.
Chromatography (silica; 10% ethyl acetate, petrol) gave 3a as a
white solid (2.5 g, 33%) mp 129-131 °C; v,,./cm~" 3000, 2838
1610, 1568, 1487, 1127. 4 (300 MHz, d,-DMSO) 3.77 (3H, s,
OCH,;), 4.64 (2H, brs, NCH,), 4.82 (2H, br s, NCH,), 6.89 (1H, s,
H°), 6.94 (4H, d, J = 8.5 Hz, ArH), 6.94 (4H, d, ArH), 7.17 (2H,
brs, ArH), 7.26 (2H, br s, ArH); 6 (125 MHz, d,.-DMSO; DEPT)
50.58 (sp?), 55.82 (sp*), 101.59 (sp), 114.78 (sp), 128.87 (sp), 129.94
(sp), 159.18 (q), 159.42 (q), 159.74 (q), 164.28 (q). m/z (ESI*) =
404 [M + H]*. HRMS (ET) m/ z Calcd for C,0H,yC1,N;0,: 404.0927
[M + H]*. Found 404.0932 [M + H]*. C,,H,yCI,N;0, requires C,
59.42; H, 4.74; N, 10.39; found C, 59.41; H, 4.73 N, 10.33%.

6-Chloro-N*,N*-bis(4-methoxybenzyl)-N*-(4-
methoxyphenyl)pyrimidine-2,4-diamine (4)

A mixture of 3a (1.2 g, 2.9 mmol), p-anisidine (0.44 g, 3.6 mmol),
anhydrous triethylamine (0.50 mL, 3.6 mmol), n-butanol (8§ mL)
and anhydrous DMSO (2 mL) was heated to 95 °C for 3 d, then
allowed to cool and concentrated in vacuo. Water (50 mL) was
added and the mixture was extracted with ethyl acetate (3 x
50 mL). The combined organic extracts were dried (NaSO,) and
concentrated in vacuo. Chromatography (silica; 30% ethyl acetate,
petrol) gave 4 as a red solid (0.43 g, 30%) mp 142-145 °C.
Umax/Cm~': 3263, 3110, 2954-2930, 2831, 1605, 1553, 1500, 1224.
Amax (EtOH): 274, 227 nm. 6y (300 MHz, CDCl;): 3.66 (6H, s,
2 x OCH,;), 3.69 (3H, s, OCH;), 4.52 (4H, br, 2 x N-CH,-), 5.89
(1H, s, CH), 6.66 (2H, d, J/ = 8.9 Hz), 6. 76 (4H, d, J = 8.6
Hz), 7.01 (4H, d, J = 8.6 Hz), 7.28 (2H, d, J = 8.9 Hz) ppm.
dc (75 MHz, CDCl;): 50.9 (N-CH,), 55.6 (OCH;), 55.8(0OCHj;),
93.2, 114.5, 114.7, 122.4, 128.8, 129.3, 133.1, 156.0, 159.6, 159.8,
160.5, 164.4 ppm. m/z (ESI*) 491.24 [M + H]* HRMS (EI) m/z
Calcd for C,;H,;CIN,O5: 491.1844 [M + H]*. Found 491.1841 [M
+ HJ'". C,;H,;CIN,O; requires C, 66.05; H, 5.54; N, 11.41; found
C, 65.83; H, 5.57; N, 11.34%.

N*,N*-bis(4-methoxybenzyl)-N?,N®-bis(4-
methoxyphenyl)pyrimidine-2,4,6-triamine

(0.64 g, 45%) mp 130-133 °C. v, /cm™': 3330 (NH), 3132, 2992
(CH arom), 2897 (CH,), 2835 (OCH), 1579, 1537 (C=C, C=N),
1502 (NRs), 1230 (CH,0). /... (EtOH): 275, 227 nm. 8y, (300 MHz,
CDCL): 3.60 (3H, s, OCH,), 3.63(3H, s, OCH,), 3.65 (6H, s, 2 x
OCH,), 4.46 (4H, br, 2 x N-CH,), 5.13 (1H, s, CH), 6.60-6.66
(4H, dd, J = 9.1. Hz), 6. 71 (4H, d, J = 8.6 Hz), 6,85 (2H, d, J =
8.9), 6.98 (4H, d, J = 8.6 Hz), 7.28 (2H, d, J = 9.0 Hz) ppm. dc
(75 MHz, CDCl,): 50.7 (N-CH,), 55.7, 55.8, 55.9 (OCH,), 75.9,
114.4, 114.5, 114.9, 121.8, 124.9, 128.9, 130.7, 132.9, 134.3, 155.3,
156.9, 159.3, 159.9, 162.8, 164.3 ppm. m/z (ESI*) 578.34 [M +
HJ".

6-(Cyclohexylmethoxy)-N*,N*-bis(4-methoxybenzyl)-/N>-(4-
methoxyphenyl)pyrimidine-2,4-diamine (5)

Sodium (0.036 g, 1.55 mmol) was heated in cyclohexylmethanol
(1.5 mL) at 120 °C under N, for 1 h. 4 (0.38 g, 0.77 mmol) was
added and the mixture heated at 160 °C for 3 h, then allowed to
cool, diluted with petrol (60 mL), and washed with water (3 x
30 mL). The organic layer was dried (Na,SO,) and concentrated
in vacuo. Chromatography (silica; 10% ethyl acetate, petrol) gave 5
as a pale yellow oil containing residual cyclohexylmethanol, which
was used without further purification. (0.88 g). d,; (300 MHz, d,-
DMSO) 0.84-1.38 (m, C¢H,)), 1.68-1.77 (m, CH)), 3.71 (3H, s,
OCH,), 3.76 (6H, s, 2 x OCH;), 4.03 (2H, d, J = 6.7 Hz, OCH,),
4.66 (4H, br s, 2 x NCH,), 5.34 (IH, s, H°), 6.77 2H, d, J =
9.0 Hz, ArH), 6.92 (4H, d, J = 8.5 Hz, ArH), 7.19 (4H, d, J =
8.0 Hz, ArH), 7.58 (2H, d, J = 9.0 Hz, ArH), 8.86 (1H, s, D,O ex,
NH). m/z (ESI*) = 569 [M + H]*.

6-(Cyclohexylmethoxy)-/V*-(4-methoxyphenyl)pyrimidine-2,4-
diamine (6a)

A solution of 5 (0.44 g, corrected to 0.2 mmol) in trifluoroacetic
acid (5 mL) was heated to 60 °C for 5 h, then allowed to
cool, concentrated in vacuo, then diluted with water (20 mL)
and extracted with ethyl acetate (3 x 20 mL). The combined
organic layers were dried (Na,SO,) and concentrated in vacuo.
Chromatography (silica; 30% ethyl acetate, petrol) gave 6a as a
pale brown solid (0.06 g, 91%) mp 102-105 °C. UV 4, (EtOH):
276, 205 nm. v,,,,/cm™': 3341, 3221, 3070, 2966, 2823, 1520, 1496,
1219. 0y (300 MHz, CDCl;): 0.96-1.19 (SH, m, C,H,;), 1.57-1.68
(6H, m, C¢H,,), 3.66 (3H, s, OCH;), 3.93 (2 H, d, J = 6.3 Hz),
4.84 (2H, br, NH,), 5.19 (1H, s, CH), 6.72 (2H, d, J = 9.3 Hz),
7.38 (2H, d, J = 9.3 Hz) ppm. J. (75 MHz, CDCl,): 26.1, 26.8,
30.1,37.8,55.8,71.6,79.2,114.3,121.7, 133.7, 155.6, 159.9, 165.3,
171.7 ppm. m/z (EST*) 329.28 [M + H]*. HRMS (EI) m/z caled
for C;sH,,N,0,: 329.1972 [M + HJ*; found 329.1973 [M + HJ*.

6-(Cyclohexylmethoxy)-/N*-(4-methoxyphenyl)-5-
nitrosopyrimidine-2,4-diamine (7a)

To a solution of 6a (0.05 g, 0.15 mmol) in 30% acetic acid and water
(5 mL) at 80 °C was added sodium nitrite (0.014 g, 0.2 mmol) in
water (0.2 mL) giving a brown precipitate. Heating was continued
for 2 h then the mixture was allowed to cool to room temperature,
and concentrated in vacuo. The residues were dissolved in ethyl
acetate (40 mL) and washed with Na,CO; solution (3 x 20 mL)
and water (2 x 20 mL). The combined organic layers were dried
(Na,SO,) and concentrated in vacuo. Chromatography (silica; 5%
methanol, ethyl acetate) followed by HPLC (Cj, acetonitrile,
water) gave 7a as a dark green solid (0.044 g, 26%) mp 168—
171 °C. vy /cm™": 3288, 3070, 2923, 2851, 1557, 1496, 1446, 1240.
Zmax (EtOH): 368, 292, 244 nm. Jy; (300 MHz, d,-acetone) 0.74—
1.79 (11H, m, CH,)), 3.67 (3H, s, OCHy;), 4.24 (2H, s, OCH,),
6.76 (2H, br s, ArH), 7.32 (1H, br s, D,O ex, NH), 7.66(2H, br s,
ArH), 9.07 (1H, s, D,O ex, NH), 10.33 (1H, s, D,O ex, NH). m/z
(ESI*) = 358 [M + HJ*. ¢ (75 MHz, DMSO): 25.4, 26.3, 29.5,
37.2, 55.7, 72.3, 114.2, 123.5, 131.9, 140.4, 150.3, 156.5, 160.2,
171.6 ppm. m/z (ESI*) 358.26 [M + H]*. HRMS (ESI*) m/z calcd
for C3H,;N50;: 358.1874 [M + HJ*; found 358.1878 [M + HJ*.
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CsH,:N;5O; requires C, 60.49; H, 6.49; N, 19.59; found C, 60.87;
H, 6.49, N, 18.95%

6-Amino-2-n-butylsulfanyl- H*-pyrimidin-4-one (8)

6-Amino-2-mercaptopyrimidin-4-ol ~ monohydrate (5.0 g,
31 mmol) was slurried in EtOH (30 mL) at 50 °C, and treated
with NaOH (3.25 M, 10 mL, 32.1 mmol) and the mixture stirred
for 30 min. 1-Bromobutane (3.45 mL, 32.1 mmol) was added
dropwise to the slurry and stirring continued for 18 h. Water
(10 mL) was added and the mixture stirred for 30 min. After
cooling to room temperature, the mixture was concentrated in
vacuo giving 8 as an off-white solid (5.70 g, 92%): mp 183-186 °C,
lit. 175 °C%; y,,./cm™' 1570, (C=N), 1601 (C=C), 2858-2928
(CH;, CH,), 3271, 3464 (OH, NH,). 6;; (300 MHz, d;-DMSO)
0.89 (3H, t, J = 7 Hz, CH;), 1.31-1.43 (2H, m, CH,CH,),
1.53-1.63 (2H, m, CH;CH,CH,), 3.06 (2H, t, J = 7 Hz, SCH,),
4.87 (1H, s, HS5), 6.43 (2H, br s, NH,, exchangeable with D,0);
dc (125 MHz, d,-DMSO) 13.5 (CH;), 21.3 (CH;CH,), 29.0
(CH;CH,CH,CH,S), 31.0 (CH;CH,CH,CH,S), 81.1 (C5), 163.5
(C6). m/z (ESI*) = 200 [M + H]*.

2-n-Butylsulfanyl-4-cyclohexylmethoxypyrimidin-6-ylamine (9)

To a mixture of 8 (1.50 g, 7.53 mmol), cyclohexylmethanol
(1.39 mL, 11.30 mmol), and PPh; (2.96 g, 11.30 mmol) in
THF (50 mL) was added DEAD (1.78 mL, 11.30) dropwise
over 20 min at 0 °C, and stirring continued for 24 h. The
mixture was concentrated in vacuo yielding a yellow oil which
was stirred in diethyl ether at 0 °C, forming a white precipitate,
which was removed by filtration. The filtrate was collected and
concentrated in vacuo. Chromatography (silica; 20% ethyl acetate,
petrol) followed by recrystallisation (MeOH) gave 9 as a white solid
(1.60 g, 72%): mp 79-82 °C; v, /cm™' 1547, 1583 (C=N), 1631
(C=0), 2850-3156 (CH;, CH,), 3294-3425 (NH,). 5 (200 MHz,
d,-DMSO) 1.08 (3H, t, J/ = 7 Hz, CHj;), 1.22-1.62 (OH, m, C.H,, +
CH;CH,CH,), (6H, m, C;H,)), 3.12 2H, t, / = 7 Hz, SCH,), 4.18
(2H, d, J = 6 Hz, OCH,), 5.57 (1H, s, H5), 6.80 (2H, br s, NH,,
exchangeable with D,0) ppm;d (50 MHz, d,-DMSO) 13.5 (CH;),
21.5 (CH;CH,), 25.5 (C4H,)), 26.3 (C¢H,)), 29.3 (C¢H,)), 31.6
(C4H,)), 32.1 (CH,CH,CH,CH,S), 36.89 (CH;CH,CH,CH,S),
66.6, 70.3 (OCH,), 81.57 (C5), 165.14 (C2), 168.79 (C6), 169.17
(C4) ppm. m/z (ESI") = 296 [M + H]*. C,sH,sN;OS requires: C,
60.98; H, 8.53; N, 14.22; S, 10.85%; found: C, 61.01; H, 8.52; N,
13.85; S, 10.42%.

2-(n-Butane-1-sulfonyl)-4-cyclohexylmethoxypyrimidin-6-ylamine
10

To a stirred solution of 9 (1.0 g, 3.38 mmol) in DCM (20 mL)
was added mCPBA (2.34 g, 13.5 mmol) and stirring continued
for 17 h. The mixture was concentrated in vacuo giving a yellow
solid which was extracted into ethyl acetate (2 x 20 mL). The
combined extracts were washed with saturated sodium sulfite
solution (30 mL) and aqueous NaHCO; solution (30 mL), then
dried (Na,SO,) and concentrated in vacuo yielding 10 as an off-
white solid (0.99 g, 89%). Recrystallisation (ethyl acetate, petrol)
gave a white solid: mp 141-143 °C; v,,,/cm™ 1130 (SO, sym.
str.), 1300 (SO, asym. str.) 1595 (C=N), 1635 (C=C), 2852-3212
(CH;, CH,), 3323, 3424 (NH,). é,; (300 MHz, CDCl;) 0.89 (3H,

t,J =7 Hz, CH;), 1.15-1.18 (5H, m, C¢H,)), 1.41 2H, q, J =7,
15 Hz, CH;CH,CH,), 1.66-1.79 (8H, m, C,H,, + CH,CH,CH,),
3.32-3.38 (2H, m, SO,CH,), 4.05 (2H, d, J = 6 Hz, OCH,),
5.48 (2H, br s, NH,, exchangeable with D,0), 5.75 (1H, s, H5)
ppm; dc (75 MHz, CDCl;) 14.0 (CH;), 22.2 (CH,;CH,), 24.5
(CH;CH,CH,), 26.7 (C,H,)), 27.0 (CcH,,), 30.1 (C¢H,)), 37.7
(C4¢H,)), 51.1 (CH,S0,), 73.0 (OCH,), 89.1 (C5), 164.7 (C2), 165.5
(C6), 171.2 (C4). m/z (EST*) = 328 [M + H]". C;H,;N;0;S
requires C, 55.02; H, 7.70; N, 12.83; found C, 54.88; H, 7.71;
N, 12.63%.

General Procedure A

To a solution of 10 (0.20 g, 0.61 mmol) and the appropriate aniline
(2mol. eq.) in TFE (4 mL) was added TFA (0.24 mL, 3.05 mmol).
The mixture was stirred for 10 min at room temperature, then
heated under reflux for a further 2 h, and concentrated in
vacuo yielding a white solid. The solid was extracted into ethyl
acetate (2 x 20 mL). The combined extracts were washed with
copious amounts of water (100 mL), then dried (Na,SO,), and
concentrated in vacuo.

4-(6-Amino-4-cyclohexylmethoxypyrimidin-2-ylamino)-
benzenesulfonamide (6m)

General Procedure A: 10 (0.30 g, 0.92 mmol), 4-aminobenzene-
sulfonamide (0.32 g, 1.84 mmol), TFE (3 mL), TFA (0.38 mL,
4.60 mmol). HPLC (C18; methanol, water) gave 6m as a white solid
(0.24 g, 69%): mp 177-179 °C; vy /cm~" 1564 (C=C, C=N str.),
1620 (SO,NH,, NH, def.), 2853-2925 (CH,), 3104-3216 (=C-H
str.), 3346 (asym + sym N-H str.), 3471 (NH,); ..« = 210 and
296 nm. dy (300 MHz d,-DMSO) 0.98-1.26 (SH, m, C,H,,), 1.68—
1.78 (6H, m, C;H,,), 4.01 (2H, d, J = 6 Hz, CH,0), 5.29 (1H, s,
HY), 6.43 (2H, s, NH, exchangeable with D,O), 7.13 (2H, s, NH,
exchangeable with D,0), 7.63 (2H, d, J = 9 Hz, ArH), 7.93 (2H,
d, J =9 Hz, ArH), 9.34 (NH, exchangeable with D,0) ppm. m/z
(EST*) = 378 [M + H]*. C;;H,;N;50;S-0.33CH;OH requires: C,
53.54; H, 6.32; N, 18.04; found: C, 53.50; H, 6.20; N, 18.04%.

4-(6-Amino-4-cyclohexylmethoxypyrimidin-2-ylamino)-/NV-(2-
hydroxyethyl)benzenesulfonamide (6q)

General Procedure A: 9 (0.11 g, 0.33 mmol), amino-N-(2-
hydroxyethyl)benzenesulfonamide (0.14 g, 0.65 mmol) TFE
(3mL), TFA (0.13mL, 1.63 mmol). HPLC (C18; methanol, water)
gave 6q as a white solid (0.09 g, 0.22 mmol, 66%). m/z (ESI*) =
422 [M + HJ*.

General Procedure B: Nitrosation

The appropriate pyrimidine was dissolved in aqueous acetic acid
(30%; 3 mL) and the solution was heated to 80 °C, then sodium
nitrite (0.02 g, 0.35 mmol) in water (0.2 mL) was added dropwise.
The mixture was stirred for a further 2 h, then extracted into ethyl
acetate (30 mL). The extract was washed with water (30 mL), dried
(Na,SO,) and concentrated in vacuo.

4-(6-Amino-4-cyclohexylmethoxy-5-nitrosopyrimidin-2-ylamino)-
benzenesulfonamide (7m)

General Procedure B: 6m (0.08 g, 0.20 mmol). HPLC (CI8;
methanol, water) gave 7m as a green solid (0.02 g, 25%): mp
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159-162 °C; vy /cm™' 1528 (N=O str.), 1633 (NH, def.), 2846
3040 (-CH,-), 3280 (asym + sym N-H str.), 3364 (NH,); /y. =
362 nm. dy4 (300 MHz d,-DMSO) 1.00-1.23 (5H, m, C,H,,), 1.71—
1.88 (6H, m, C,H,,), 4.43 (2H, d, J = 6 Hz, CH,0), 7.29 (2H, s,
NH, exchangeable with D,0), 7.73 (2H, d, J = 8 Hz, ArH), 8.00
(2H, s br, ArH), 8.60 (NH, exchangeable with D,0), 10.25 (1H, s,
NH, exchangeable with D,0), 10.60 (NH, exchangeable with D,0)
ppm. m/z (EST*) = 407 [M + H]*. C,;H,,N0,S-0.5CH;CO,H
requires C, 49.53; H, 5.54; N, 19.25; found: C, 49.44; H, 5.37; N,
19.53%.

4-(6-Amino-4-cyclohexylmethoxy-5-nitrosopyrimidin-2-ylamino)-
N-(2-hydroxyethyl)benzenesulfonamide (7q)

General Procedure B: 6q (0.09 g, 0.22 mmol). Recrystallisation
(MeOH) gave 7q as a green solid: mp 193-195 °C; v, /cm™
1522 (N=O0 str.), 1576 (C=N, C=C), 2852-2926 (-CH,-), 3100—
3267 (NH,, OH); A = 362, 263, 239 and 208 nm. Jy (300 MHz
d,-DMSO) 1.05-1.30 (5H, m, C¢H,,), 1.50-1.88 (6H, m, C¢H,)),
2.78 (2H, q, J = 6 Hz, NHCH,), 3.36 (2H, t, CH,OH), 4.39
(2H, d, J = 6 Hz, CH,0), 4.68 (1H, t, OH exchangeable with
D,0), 7.40 (1H, t, NHCH, exchangeable with D,0), 7.71 (2H,
d, J = 8 Hz, ArH), 7.97 (2H, d, J = 8 Hz, ArH) 8.50 (1H, s,
NH exchangeable with D,0) ppm. m/z (ESI*) = 451 [M + HJ*.
CyHyN;O;S-0.5CH;CO,H requires C, 49.99; H, 5.87; N, 17.49;
found: C, 49.67; H, 5.26; N, 17.60%.

Biological Evaluation

Compounds were assayed for the inhibition of human cyclin-
dependent kinases 1 and 2, as described previously.”> The final
ATP concentration within the assay was 12.5 uM.

X-Ray Crystallography+t

Crystals of 3a and 4a were small and weakly diffracting, and
data were collected at 120 K with synchrotron radiation (4 =
0.8462 A) at station 16.2SMX of the Synchrotron Radiation
Source at Daresbury Laboratory, through the EPSRC National
Crystallography Service. Crystal data for 3a: C,0H;,CL,N;0,, M, =
404.3, monoclinic, space group P2,/c, a = 21.9143(10), b =
10.1032(5), ¢ = 8.7088(4) A, f = 98.099(1)°, U = 1908.94(16)
A T=1202) K, Z =4, u =036 mm~', 13035 data measured,
3886 unique (R;,, = 0.029), 246 refined parameters, R (F, F? >
20) = 0.038, R, (F?, all data) = 0.098, S = 1.03, final difference
map within + 0.29 ¢ A, Crystal data for 4a: Cy,H,,CIN,O;,
M, = 491.0, monoclinic, space group C2/¢, a = 16.9620(14), b =
10.7877(9), ¢ = 27.228(2) A, f = 98.375(1)°, U = 4929.0(7) A3,
T=1202)K,Z=8,u=0.19 mm™", 15124 data measured, 5026
unique (R;,, = 0.042), 323 refined parameters, R (F, F*> > 20) =
0.045, R, (F?, all data) = 0.117, S = 1.06, final difference map
within & 0.31 ¢ A,
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A series of indolequinones bearing a range of substituents at the (indol-2-yl)methyl position has been
synthesized. The ability of these indolequinones to act as substrates for recombinant human
NAD(P)H:quinone oxidoreductase (NQO1), a two-electron reductase upregulated in tumour cells, was
determined, along with their toxicity to an isogenic tumour cell line pair that is differentiated as either
NQO1-expressing cells (BE-NQ) or NQO1-null cells (BE-WT). Overall, the 2-substituted
indolequinones were relatively poor substrates for NQO1. Hydroxymethyl groups at C-2 led to higher
rates of reduction, a finding that was observed previously with 3-hydroxymethylated indolequinones.
Predictably, the best substrate had an electron-withdrawing ester group at the indole-2-position. The
indolequinones were generally non-toxic to both cell lines with the exception of those quinones that had
methylaziridine groups at the indole-5-position. These compounds could form DNA cross-links when
activated by reduction and were up to 3-fold more toxic to the BE-NQ cells than the BE-WT cells.

Introduction

The term bioreductive drug describes a range of anticancer
agents that are inactive in their own right, but upon metabolic
reduction are transformed into a cytotoxic species. The drugs act as
substrates for one or more of the reductases that are present in most
cells, and could be effective against tumours in which the activating
reductase enzymes are upregulated. Bioreductive drugs based on
N-oxides and on nitroarenes are known, but it is the quinones
that form the best studied group of compounds. Quinones are
readily reduced in vitro and in vivo, and the selective activation
of agents such as mitomycin C 1 (MMC), a clinically used
antitumour antibiotic and the archetypical quinone bioreductive
alkylating agent, has been widely studied.>® Upon enzymatic
reduction the quinone forms a semiquinone or hydroquinone that
can subsequently form a reactive electrophilic intermediate by
elimination of an appropriate leaving group. In the case of MMC
1, the loss of methanol occurs first to form, after reoxidation,
the indolequinone (mitosene) derivative 2, which upon further
reductive activation can generate electrophilic centres at C-1 and
C-10, the indole-2-carbinyl and 3-carbinyl positions as outlined in
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3564
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T Part 3. For part 2, see reference 1. Electronic supplementary informa-

tion (ESI) available: experimental details and characterization data for
synthetic intermediates. See DOI: 10.1039/b703370b

Scheme 1. This sequential generation of electrophilic centres can
hence lead to cross-linking of DNA. Likewise, the indolequinone
diol EO9 3 is also a potential bi-functional alkylating agent after
loss of water from both the indole 3-carbinyl and vinylogous indole
2-carbinyl positions (Scheme 1).%” The compound has recently re-
entered phase I clinical trials.®

(@) 10
OCONH, Q OCONH;
HaN OMe HoN
N J
Me NH Me N 1| >NH
0 e}
1 mitomycin (MMC) 2 mitosene
A R™
N N
N
N
Me OH
(o]
3 EO9

—> indicate electrophilic centers formed upon quinone reduction

Scheme 1

As a result of their structural relationship to MMC, the
indolequinones have been widely studied, particularly because of
the ability of 3-indolyl carbinyl substituents X 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 2).%7°-12 However, bioreductive
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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, in addition to the cytotoxic iminium derivative
formed on reduction and elimination (Scheme 2).'*"7

As outlined in Scheme 2, indolequinones Q are capable of
efficiently eliminating a range of leaving groups X from the
(indolyl-3-yl)methyl position following two-electron reduction
to the hydroquinone (QH,) or one-electron reduction to the
semiquinone radical (Q°7).” Such one- or two-electron reduc-
tions would be catalyzed in biological systems by, for example,
NADPH:cytochrome ¢ (P450) reductase!' or NAD(P)H:quinone
oxidoreductase 1 (NQOI1, DT-diaphorase) respectively."'*2!

To date the focus has been the fragmentation of groups from
the (indol-3-yl)methyl position of indolequinones (Scheme 2),
notwithstanding the fact that in both MMC 1 and EO9 3
elimination from (indol-2-yl)methyl position also occurs. The role
of 2-indolyl substituents in other indolequinones is less clear, since
relatively few studies have been reported thus far. For example, no
elimination of the carboxylate leaving group — 2-acetoxybenzoate
(aspirin) — occurred upon (one-electron) radiolytic reduction of the
2-substituted indolequinone 4 or the corresponding ‘vinylogous’
derivative 5. On the other hand, the 3-substituted analogue 6
underwent efficient fragmentation upon reduction (Scheme 3).2
Similar results were observed with indolequinone phosphorami-
date prodrugs: upon one-electron reduction, elimination from
the 2-substituted compound 7 was slow in comparison to the
3-substituted analogue 8 (Scheme 3). In contrast, the phospho-
ramidate was rapidly released from both the 2- and 3-substituted
indolequinones 7 and 8 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 have prepared a series
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of indolequinones bearing a range of substituents at the 2-position
and investigated their metabolism by the two-electron reductase
NQOI.

As already mentioned, NQO1 (EC 1.6.99.2) is an obligate
2-electron reductase that is characterized by its ability to use
either NADH or NADPH as cofactor,”? and is involved the
reductive activation of anticancer agents such as mitomycin C
(MMC)."*?72 Recently the 3-dimensional structure of human
NQOI has been solved by two research groups, and resolved to
2.3 A% and 1.7 A% respectively. The structures of the complex
of enzyme with duroquinone® and potentially chemotherapeutic
quinones** have also been solved. We have investigated the
correlation between quinone structure and rate of metabolism by
NQOI and toxicity towards human tumour cell lines, and have
studied both quinolinequinones,**** and indolequinones bearing
a range of substituents at the 3-position.’? The present studies on
indolequinones bearing a range of substituents at the 2-position
extend and complement our earlier work.
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Results and discussion
Synthetic chemistry

The key indolequinones for the present study are shown in Fig. 1.
Indolequinone 9 was obtained from the known 4-benzyloxy-5-
methoxy-1-methylindole-2-methanol™ by hydrogenolysis of the
benzyl protecting group followed by oxidation with potassium
nitrosodisulfonate (Fremy’s salt) (Scheme 4). Similarly indole-
quinone 10 was prepared from the known 4-benzyloxy-5-methoxy-
1-methylindole-2-carboxaldehyde®® by addition of methylmagne-
sium bromide, hydrogenolysis of the benzyl group and Fremy’s
salt oxidation (Scheme 4).
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Me OH Me Che0
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R3 0 Me
MeO
A\ N
N N
Me < > Me Me
(0]
13a R%=Me 14
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Fig. 1
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OBn i. MeMgBr, THF o
ii. Hp, PAIC, me0
MeO A EOAc | ¢ M
——
N iii. (KO3S)2NOe N OH
Me o NaH,PO4 Me
aq Me,CO 0
71%
10
Scheme 4

The 3-alkyl indolequinones 11 were obtained from the corre-
sponding 3-alkyl-5-methoxy-1-methylindole-2-esters 15, prepared

using our modified version of the Bischler indole synthesis.**’
Nitration occurred selectively at the indole-4-position to give the
nitroindoles 16, reduction of which gave the 4-aminoindoles 17.
Reduction of the ester group with lithium aluminium hydride gave
the 4-amino-3-hydroxymethylindoles that, without purification,
were oxidized to the quinones 1la and 11b in good yield
(Scheme 5). The 2-aryloxymethyl derivatives were prepared in
an analogous manner to their 3-substituted analogues. Thus
Mitsunobu reaction of the alcohols with 4-nitrophenol gave the
2-(4-nitrophenoxymethyl) quinones 13a and 13b.

R3 N02 RS

eO HNO3 MeO
N CO,Me N COs,Me
N AcOH N
Me Me

15a R3 = Me 16a R3=Me (59%)
15b RS =Et 16b R3=FEt (62%)
Sn, HCI
EtOH
O R3 NH, R3
MeO i. LiAIH,, MeO
A THF N
ii. (KO33),NO COMe
N oH i 3S)oNOe N
Me NaH,PO, Me
0 aqg acetone
11a R%=Me (58%) 17a R%=Me (95%)
11b R3=Et (54%) 17b R3=Et (94%)

4-NO,-CgH4OH
PhgP, DEAD
THF

O

13a R3=Me (61%)
13b RS = Et (64%)

Scheme 5

The synthesis of quinones 12 and 14 started with the known 5-
methoxy-1,3-dimethylindole 18, readily available from a Bischler
indole synthesis.*® Vilsmeier formylation at the 2-position was
followed by nitration under controlled conditions to prevent over
reaction to give the 4-nitroindole 19 (Scheme 6). Wittig reaction
of 19 gave the frans-alkene 20 in excellent yield. Reduction of
the nitro and ester groups with tin and hydrochloric acid and
di-isobutylaluminium hydride (DIBAL) respectively gave the 4-
aminoindole 21 which was oxidized to the indolequinone 12
using Fremy’s salt (Scheme 6), although some over-oxidation
(21%) of the allylic alcohol to the corresponding aldehyde also
occurred. The allylic alcohol 12 was selected for study because
of its resemblance to EO9 3. Indolequinone 14 was also prepared
from the 4-nitroindole-2-carboxaldehyde 19 as shown in Scheme 6.
Wittig reaction to give the vinyl derivative 22 was followed by a
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2-step reduction to give the 4-aminoindole 23, and oxidation to
the quinone 14 with Fremy’s salt.

Compounds 24-26 were prepared from the quinone 1la
by standard transformations as outlined in Scheme 7. The
quinone 29 bearing an extended linker that can eliminate
“OC¢H,CH,0CONH, (that can further fragment to give a p-
quinonemethide, CO, and ammonia)* was also prepared from
quinone 11a as shown in Scheme 8. Thus Mitsunobu reaction
with 4-(tert-butyldimethylsiloxymethyl)phenol® to give 27, was
followed by removal of the silicon protecting group and conversion
of the alcohol 28 into the carbamate 29. As a comparison,

o Me i. CICO,Ph 0 Me
pyridine
MeO A\ 83% MeO. N
——
N g ii. NHg, N
e O CH,Cl Me OCONH,
le} 62% le}
11a 24
Me
DMF Me DMF
64% A 67%
NH NH
Me Me
o Me A Q Me
N N
A\ N\
N N OCONH
e OH 2
(0] (0]
25 26
Scheme 7

the corresponding 3-substituted derivative 33 was also prepared
from the known indolequinone 30* by way of the Mitsunobu
product 31 and the alcohol 32 as shown in Scheme 8. Finally
three further indolequinones were prepared starting from ethyl 5-
methoxy-1-methylindole-2-carboxylate 34. Vilsmeier formylation
to give the 3-carboxaldehyde 35 was followed by nitration at C-
4, both steps proceeding in high yield (Scheme 9). Reduction
of the nitro compound 36 gave the corresponding amine 37
the structure of which was confirmed by X-ray crystallography
(Fig. 2).* Reduction of both aldehyde and ester groups using
lithium aluminium hydride was followed by oxidation to the 2,3-
bis(hydroxymethyl)indolequinone 38, a compound that has been
prepared previously by a different route.*> Displacement of the

Fig. 2 X-ray crystal structure of ethyl 4-amino-3-formyl-5-methoxy-
1-methylindole-2-carboxylate 37.
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5-methoxy group with 2-methylaziridine gave the corresponding
aziridinylindolequinone 39. Amine 37 was also converted into the
indolequinone 40 by reduction of the aldehyde and oxidation to
the quinone (Scheme 9).

Enzyme studies

In related work, using physical chemical kinetic studies, we
have demonstrated that reductive elimination from the (indol-2-
yl)methyl position occurs most readily via the hydroquinone,*
which in biological systems is most readily accessed by two-
electron reductive activation by the enzyme NQOI1. Therefore we
have examined the ability of a number of our novel 2-substituted
indolequinones to act as substrates for NQO1. Previous studies
have demonstrated that indolequinones bearing good leaving
groups at the (indol-3-yl)methyl position are poor substrates for
the two-electron reducing enzyme NQO1.2** In fact the indole-
quinone analogous to compound 13a with the 4-nitrophenoxy
group at the (indol-3-yl)methyl position, ie. S5-methoxy-1,2-
dimethyl-3-(4-nitrophenoxy)methylindole-4,7-dione, a compound
known as ES936, is a potent mechanism-based inhibitor of the
enzyme.*

In our earlier studies on indolequinone metabolism by recom-
binant human NQOI1, we used an HPLC system that is capable
of quantifying both NADH oxidation and quinone reduction.*?*
To simplify comparisons with these earlier compounds, we have
also used this method in the present study. Quinone reduction is
reversible due to redox cycling of the hydroquinone, so results
(Table 1) are reported as umol NADH oxidized min~' mg™!
NQOI. This HPLC method gives average rates of reduction over a
30-40 minute period. An alternative spectrophotometric method
for determining quinone metabolism uses cytochrome ¢ as the
terminal electron acceptor and gives initial rates of reduction.**
This assay generally gives higher reduction rates than the HPLC
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Table 1 Metabolism of indolequinones by recombinant human NQOI and cytotoxicity of representative indolequinones to BE-NQ (NQO]1-rich) and

BE-WT (NQOI-deficient) human colon carcinoma cell lines

(0] R3
Y. R?
A\
Me %
[e]
Metabolism BE-NQ BE-WT
Cpd X Y R? R? (umol min~! mg™") ICy, (uM) ICy, (uM)
9 OH OMe H H 204 +2.7
10 OH OMe Me H 0.44 £ 0.08
11a OH OMe H Me 249 +£1.27 >50 >50
11b OH OMe H Et 0.19 £0.02
12 “ OMe “ Me 0.35£0.06
13a OAr* OMe H Me 0.23 £ 0.04
13b OAr? OMe H Et 0.09 £+ 0.02
14 H OMe Me Me 0.41 £ 0.08
24 OCONH, OMe H Me 0.30 £ 0.02 >50 >50
25 OH MeAz* H Me 0.27 £0.03 29.8+£8.5 >50
26 OCONH, MeAz* H Me 0.70 £ 0.09 17.6 £2.1 >50
29 H OMe H CH,OAr 0.49 £+ 0.08
33 OAr* OMe H Me 0.53 £0.08
3b8 OH OMe H CH,0OH 12.0£2.0 >50 >50
39 OH MeAz* H CH,OH 0.61 £0.14 493 +1.34 154 +3.38
40 ¢ OMe ¢ CH,OH 65.8+5.0

“Indole 2-substituent is CH=CHCH,OH. * Ar = 4-nitrophenyl. ¢ MeAz = 2-methylaziridinyl. ¢ Ar = 4-carbamoylmethylphenyl. ¢ Indole 2-substituent is

COOEt.

method, but the relative order of metabolism is essentially the
same with two methods (data not shown). Cytotoxicity studies
were also performed on representative quinones with cell survival
being measured using the MTT colorimetric assay. As in our
previous work,! we have used the BE human colon carcinoma
cell line stably transfected with human NQO1 ¢cDNA.* The wild
type BE cells have no measurable NQO1 activity whereas activity
in the transfected cells was 664 + 49 nmol min~' mg™' total cell
protein using dichlorophenolindophenol as the standard electron
acceptor. Hence, we have compared quinone toxicity (Table 1) in
the wild-type BE cells (BE-WT) and the NQO1-transfected BE
cells (BE-NQ).

The enzyme data show that the new indolequinones are
generally quite poor substrates for NQOI1, although compounds
with leaving groups are substrates as opposed to inhibitors. Com-
pounds 13a and 24 with leaving groups at the (indol-2-yl)methyl
position had no inhibitory effect on NQO1 (data not shown)
whereas analogous 3-substituted indolequinones (including the
aforementioned ES936) completely inactivated the enzyme.? Still,
these two compounds, 13a and 24, were relatively poor substrates
for NQOI. The NQOI active site can accommodate a range of
substituents at the indole-2-position since these substituents are
normally oriented towards the entrance to the active site.?**2 Other
factors appear to be more important than steric bulk at C-2 to
the metabolism of these compounds. For example, most of the
better substrates have hydroxymethyl groups at C-2, a finding
that was also observed with the C-3 substituted indolequinones®
suggesting the possibility that hydrogen bonding with active site
residues may be important. The best substrate, 40, has an electron-
withdrawing ester group at C-2, demonstrating the importance of
electronic effects on quinone reduction by NQO1. With regard to
the indole-3-position, steric effects do appear to be more important

here since ethyl substituents lead to much lower rates of reduction
than methyl substituents.

A selection of indolequinones was chosen for cytotoxicity
evaluation in the isogenic cell lines BE-NQ and BE-WT. As
expected, only indolequinones 25, 26 and 39 showed detectable
toxicity to either cell line, since they contain methylaziridine
alkylating groups at C-5. With potential leaving groups at C-2
and/or C-3, they also have the ability to form DNA cross-links, a
more toxic lesion than simple alkylation. All three methylaziridinyl
indolequinones were selectively toxic to the NQOI1-transfected
BE-NQ cells. Indolequinones 26 and 39 were >3 times more toxic
to the BE-NQ cells than the BE-WT cells whereas 25 was ca.
1.6 times more toxic. Selectivity was related to substrate efficiency
as 26 and 39 were also better substrates for NQO1 than 25.

The results presented here complement our previous work on
bioreductive activation of indolequinone antitumour agents by
NQOI1."* Novel indolequinones have been synthesized, character-
ized and studied biologically as substrates for recombinant human
NQOI and for their toxicity to NQO1-rich tumour cells. These
data will be valuable for the design and development of NQO1-
directed antitumour agents that are either intended to act directly
as cytotoxic agents or to release a secondary cytotoxic metabolite
by reductive fragmentation.

Experimental
Chemistry

General procedures. Commercially available reagents were
used throughout without purification unless otherwise stated.
Light petroleum refers to the fraction with bp 40-60 °C and was
distilled before use. Ether refers to diethyl ether. Reactions were
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routinely carried out under a nitrogen or argon atmosphere. Ana-
lytical thin layer chromatography was carried out on aluminium-
backed plates coated with Merck Kieselgel 60 GF,s,, and visual-
ized under UV light at 254 and/or 360 nm. Flash chromatography
was carried out using Merck Kieselgel 60 H silica or Matrex silica
60. Fully characterized compounds were chromatographically
homogeneous. Infrared spectra were recorded in the range 4000
600 cm™' using Nicolet Magna FT-550 or Perkin Elmer FT-1600
spectrometers. NMR spectra were carried out on Bruker 300
and 400 MHz instruments ('H frequencies, corresponding “C
frequencies are 75 and 100 MHz). Chemical shifts are quoted
in ppm with TMS as internal standard. J values are recorded in
Hz. In the "*C spectra, signals corresponding to CH, CH, or CHj,
groups, as assigned from DEPT, are noted; all others are C. High
and low resolution mass spectra were recorded on a Micromass
GCT TDF High Resolution mass spectrometer, or at the EPSRC
Mass Spectrometry Service (Swansea).

The synthesis of the 16 compounds described in Table 1 is
included below. The experimental details and characterization
data for all other compounds are in the Electronic Supplementary
Informationt.

2-Hydroxymethyl-5-methoxy-1-methylindole-4,7-dione 9. (a) A
catalytic quantity of palladium/carbon (10%; ca. 25 mg) was
added to a solution of 4-benzyloxy-5-methoxy-1-methylindole-2-
methanol™ (0.235 g, 0.79 mmol) in methanol (30 ml). The reaction
mixture was stirred under an atmosphere of hydrogen for 12 h.
The catalyst was removed by filtering the crude mixture through
a pad of Celite. The filtrate was evaporated in vacuo and the
residue purified by chromatography (9/1 dichloromethane/ethyl
acetate) to yield 4-hydroxy-5-methoxy-1-methylindole-2-methanol
as an off white crystalline solid, (0.095 g, 58%), mp 168-
171 °C; (Found: M*, 207.0898. C,;H;;NO; requires 207.0895);
Vimax (KBr)/cm™" 3447, 2947, 1514; dy; (300 MHz; dg-acetone) 7.60
(1H,s, ArOH), 6.94 (1 H,d, J 8.7, ArH), 6.80 (1 H, dd, J 8.7, 0.8,
ArH), 6.42 (1 H,d, J0.6,3-H),4.74 (2 H, d, J 5.5, CH,OH), 4.14
(1H,t, J5.5 CH,0OH), 3.82 (3 H, s, OMe), 3.75 (3 H, s, NMe);
dc (100 MHz; dg-acetone) 139.5, 139.4, 139.2, 135.7, 117.8, 110.6
(CH), 99.6 (CH), 97.3 (CH), 58.0 (Me), 56.4 (CH,), 29.2 (Me);
m/z (EI) 207 (M*, 67%), 192 (98), 164 (34).

(b) To a solution of the above phenol (0.078 g, 0.37 mmol) in
acetone (10 ml) was added a solution of potassium nitrosodisul-
fonate (0.31 g, 1.1 mmol) in sodium dihydrogen phosphate buffer
(0.3 M; 10 ml). The mixture was stirred at room temperature for
1 h, extracted with ethyl acetate, the organic layer washed with
water, dried (MgSO,) and concentrated. The crude product was
purified by chromatography (9/1 dichloromethane/ethyl acetate)
to yield the title compound as an orange crystalline solid (0.46 g,
55%), mp 208-210 °C (from dichloromethane/ether); (Found: C,
59.6; H,4.9; N, 6.2. C;;H;,NO, requires C, 59.7; H, 5.0; N, 6.3%);
Amax (MeOH) 440 (log ¢ 2.98), 336 (3.32), 280 (3.87) nm; vy
(KBr)/cm™' 3380, 2930, 1679, 1632, 1587; 64 (300 MHz; CDCl;)
6.53 (1 H,s, 3-H), 5.64 (1 H, s, 6-H),4.66 (2 H, d, J 4.2, CH,OH),
4.00 (3H,s,OMe), 3.82(3H, s, NMe), 2.01 (1 H, brt, CH,OH);
(100 MHz; CDCl;) 179.2, 177.1, 160.1, 139.6, 130.8, 123.5, 107.6
(CH), 107.2 (CH), 56.5 (Me), 56.3 (CH,), 32.8 (Me); m/z (EI) 221
(M*, 8%, 150 (16), 122 (24), 69 (100).

2-(1-Hydroxyethyl)-5-methoxy-1-methylindole-4,7-dione  10.
To a solution of 4-benzyloxy-5-methoxy-1-methylindole-2-

carboxaldehyde® (0.135 g, 0.46 mmol) in THF (20 ml) at —10 °C
was added methylmagnesium bromide (3 M; 0.4 ml, 1.2 mmol).
The mixture was stirred for 1 h, quenched with saturated am-
monium chloride solution and extracted with ethyl acetate. The
organic layer was dried (MgSO,) and concentrated. The crude
product was used directly in the next step without purification.
To a solution of the benzyl ether in ethyl acetate was added a
catalytic quantity of palladium on carbon (5%; 15 mg) and stirred
overnight under an atmosphere of hydrogen. The crude mixture
was filtered through a pad of Celite. The solvent was removed
in vacuo and used directly in the next step without purification.
To a solution of the phenol in acetone (20 ml) was added a
solution of potassium nitrosodisulfonate (0.35 g, 1.3 mmol) in
sodium dihydrogen phosphate buffer (0.3 M; 20 ml). The mixture
was stirred at room temperature overnight. The acetone was
removed in vacuo, and the residue was extracted with ethyl acetate
and washed with saturated ammonium chloride solution. The
organic layer was dried (MgSO,) and concentrated. The residue
was purified by chromatography (ethyl acetate) and recrystallized
(ethyl acetate/hexane) to yield the title compound (0.76 g, 71%),
as an orange solid, mp 166-168 °C; (Found: C, 60.3; H, 5.5;
N, 5.6. C\,H;;NO,.0.2H,0 requires C, 60.3; H, 5.6; N, 5.9%);
(Found: MH*, 236.0924. C,,H;;NO, + H requires 236.0923);
Jmax (DMSO)/nm 444 (log ¢ 3.18), 336 (3.52), 280 (4.04); Vi
(KBr)/cm™" 3483, 2976, 2930, 1671, 1634, 1588; d4 (300 MHz;
CDCL) 6.48 (1 H, s, 3-H), 5.55 (1 H, s, 6-H), 4.85 (1 H, q, J 6.5,
CHMe), 3.97 (3 H, s, OMe), 3.78 (3 H, s, NMe), 1.60 (3 H, d,
J 6.5, CHMe); OH not observed; . (100 MHz; CDCl;) 179.2,
177.1, 160.0, 143.5, 130.5, 123.5, 107.2 (CH), 105.0 (CH), 61.9
(CH), 56.4 (Me), 32.9 (Me), 22.1 (Me); m/z (EI) 235 (M+, 33%),
220 (40), 192 (17).

2-Hydroxymethyl-5-methoxy-1,3-dimethylindole-4,7-dione 11a.
To a suspension of lithium aluminium hydride (0.174 g, 4.58 mmol)
in THF (30 ml) at 0 °C was added a solution of methyl 4-
amino-5-methoxy-1,3-dimethylindole-2-carboxylate 17a (0.379 g,
1.52 mmol) in THF (15 ml). The reaction was allowed to warm
to room temperature and stirred for 30 min. The mixture was
cooled to 0 °C and quenched by the addition of water (0.5 ml),
sodium hydroxide (1 M; 0.5 ml) and silica gel (5 g). The granular
precipitate was filtered off through a pad of Celite. The filtrate
was dried (MgSO,) and concentrated in vacuo to give the alcohol,
which was used directly in the next step without purification or
characterization. To a solution of the above 4-aminoindole in
acetone (100 ml) was added a solution of potassium nitrosodisul-
fonate (1.23 g, 4.59 mmol) in sodium dihydrogen phosphate buffer
(0.3 M; 100 ml). The mixture was stirred at room temperature for
1 h. The acetone was removed in vacuo, the residue was extracted
with dichloromethane and washed with water. The organic layer
was dried (Na,SO,) and concentrated. The crude product was
purified by chromatography, eluting with dichloromethane/ethyl
acetate (3:1), to give the title compound as an orange solid
(0.210 g, 58%), mp 223-224 °C (from ethyl acetate/hexane);
(Found: C, 59.9; H, 5.7; N, 5.8. C,H;;NO,.0.3H,0 requires C,
59.9;H, 5.7; N, 5.8%); (Found: M*, 235.0845. C,,H,;NO, requires
235.0844); A (MeOH)/nm 448 (log ¢ 3.26), 356 (3.43), 280 (4.05);
Vmax (KBr)/cm=' 3452, 3053, 2935, 1665, 1642, 1606, 1503; Jy
(300 MHz; CDCl;) 5.63 (1 H, s, 6-H),4.65(2H,d, J 5.4, CH,OH),
4.02 (3 H, s, OMe), 3.81 (3 H, s, NMe), 2.33 (3 H, s, Me), 1.67
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(1 H, t, J 5.4, CH,OH); 5 (75 MHz; CDCL,) 179.1, 178.0, 160.1,
136.2, 129.6, 121.4, 120.7, 107.0 (CH), 56.5 (Me), 53.1 (CH.), 32.8
(Me), 9.9 (Me); m/z (CI) 236 (MH*, 96%), 220 (22), 206 (40),
200 (100).

3-Ethyl 2-hydroxymethyl-5-methoxy-1-methylindole4,7-dione 11b.
To a suspension of lithium aluminium hydride (0.056 g,
1.5 mmol) in THF (20 ml) at 0 °C was added a solution of
methyl 4-amino-3-ethyl-5-methoxy-1-methylindole-2-carboxylate
17b (0.15 g, 0.59 mmol) in THF (15 ml). The mixture was allowed
to warm to room temperature and stirred for 30 min. The mixture
was cooled to 0 °C and quenched by the addition of water (0.5 ml),
sodium hydroxide (1 M; 0.5 ml) and silica gel (5 g). The granular
precipitate was filtered off through a pad of Celite. The filtrate
was dried (MgSO,) and concentrated in vacuo to give the alcohol,
which was used directly in the next step without purification. To
a solution of the amino indole in acetone (40 ml) was added a
solution of potassium nitrosodisulfonate (0.47 g, 1.7 mmol) in
sodium dihydrogen phosphate buffer (0.3 M; 40 ml). The mixture
was stirred at room temperature for 1 h. The acetone was removed
in vacuo, the residue was extracted with dichloromethane and
washed with water. The organic layer was dried (Na,SO,) and
concentrated. The crude product was purified by chromatography,
eluting with ethyl acetate/dichloromethane (1 : 4), to yield the
title compound as an orange solid (0.081 g, 54%), mp 192-194 °C
(from ethyl acetate/hexane); (Found: C, 62.2; H, 6.0, N, 5.4.
C;H5sNO,-0.1H,0 requires C, 62.2; H, 6.1, N, 5.6%); (Found: M*,
249.1002. C;;H;sNO,.requires 249.1001); Ay, (MeOH)/nm 448
(log € 3.21), 360 (3.38), 280 (4.07); Vax (KBr)/cm™' 3406, 2966,
2925, 1667, 1644, 1601; 6y (300 MHz; CDCl;) 5.60 (1 H, s, 6-H),
4.63 (2 H, d, J 44, CH,0H), 4.00 (3 H, s, OMe), 3.79 3 H, s,
NMe),2.75(2H, q,J 7.5, CH,Me), 1.99 (1 H, br t, CH,OH), 1.12
(3H,t,J 7.5, CH,Me); d- (75 MHz; CDCl;) 179.2, 177.6, 160.1,
135.8,129.8, 127.7, 120.7, 106.9 (CH), 56.5 (Me), 53.0 (CH,), 32.8
(Me), 17.9 (CH,), 15.7 (Me); m/z (EI) 250 (MH*, 100%), 236 (27),
234 (48), 220 (47), 206 (52).

(E)-2-(3-Hydroxypropenyl)-5-methoxy-1,3-dimethylindole-4,7-
dione 12. To a solution of (E)-3-(4-amino-5-methoxy-1,3-
dimethylindol-2-yl)prop-2-en-1-ol 21 (416 mg, 1.69 mmol) in ace-
tone (95 ml) was added a solution of potassium nitrosodisulfonate
(1.86 g, 6.77 mmol) in sodium dihydrogen phosphate buffer (0.3 M;
76 ml). The mixture was stirred at room temperature for 1 h. The
acetone was removed in vacuo, and the residue was stirred at room
temperature in a 1 : 1 mixture of hydrochloric acid (2 M) and
acetone (200 ml) for 1 h. The acetone was removed in vacuo and
the residue was extracted with dichloromethane. The organic layer
was washed with water, dried (MgSO,) filtered and evaporated
under reduced pressure. The crude material was purified by
chromatography eluting with ethyl acetate/light petroleum (1 : 1)
to yield the title compound (262 mg, 52%) as an orange crystalline
solid, mp 206-207 °C; (Found: M*, 261.0991. C,,H,sNO, requires
261.1001); Z,.. (acetonitrile)/nm 472 (log ¢ 3.37), 351 (3.42), 285
(4.04), 258 (4.09); Vynay (KBr)/cm™" 3423, 2926, 2849, 1671, 1639,
1595, 1491, 1451, 1338, 1226, 1170, 1150, 1098, 1030; 5, (300 MHz;
CDCl,) 6.50 (1 H, dt, J 12.1, 1.3, =CH), 6.21 (1 H, dt, J 12.1, 3.7,
=CH), 5.63 (1 H, s, 6-H), 4.41 (2 H, dd, J 3.7, 1.3, CH,0OH), 3.95
(3H, s, NMe), 3.80 (3 H, s, OMe), 2.41 (3 H, s, Me); 5 (100 MHz;
CDCl;) 179.8, 178.2, 159.9, 135.44 (CH), 135.40, 132.6, 122.1,
120.8, 117.0 (CH), 107.2 (CH), 63.4 (CH,), 56.4 (Me), 33.0 (Me),

11.3 (Me); m/z (EI) 261 (M*, 100%), 244 (31), 230 (53), 218 (80),
187 (29), 176 (32), 158 (34).

Mitsunobu reactions: general method. Diethyl azodicarboxy-
late (64 pl, 0.41 mmol) was added to a stirred solution of the
2-hydroxyalkylindolequinone (0.12 mmol), 4-nitrophenol (44 mg,
0.32 mmol) and triphenylphosphine (84 mg, 0.32 mmol) in dry
THF (10 ml) at 0 °C. The reaction mixture was stirred at
room temperature overnight. The mixture was evaporated and
the residue was dissolved in ethyl acetate and washed with
hydrochloric acid (1 M; 10 ml) and sodium hydroxide (1 M; 10 ml),
dried (MgSO,) and concentrated. The crude material was purified
by chromatography.

5-Methoxy-1,3-dimethyl-2-(4-nitrophenoxy)methylindole-4,7-
dione 13a. Purified by chromatography eluting with hex-
ane/ethyl acetate (1:1) to give the title compound (61%) as a yellow
solid, mp 230-232 °C (from ethyl acetate/hexane); (Found: C,
60.3; H,4.3; N, 7.5. C;sH,N,Oq requires C, 60.6; H, 4.5; N, 7.9%);
Amax (MeOH) 436 (log ¢ 3.39), 284 (4.28) nm; v,,,, (KBr)/cm~"' 3114,
3068, 290, 2909, 2838, 1676, 1646, 1596; 6, (300 MHz; CDCl;) 8.25
(2H,d,J9.1, ArH), 7.06 (2 H, d, J 9.1, ArH), 5.70 (1 H, s, 6-H),
5.08 (2 H, s, CH,), 4.00 (3 H, s, OMe), 3.83 (3 H, s, NMe), 2.40 (3
H, s, Me); dc (75 MHz; CDCl;) 179.2, 177.8, 162.8, 160.3, 142.2,
130.9, 130.3, 126.1 (CH), 122.5, 121.4, 114.7 (CH), 107.1 (CH),
59.1 (CH,), 56.6 (Me), 32.9 (Me), 10.2 (Me); m/z (CI) 357 (MH",
95), 298 (22).

3-Ethyl-5-methoxy-1-methyl-2-(4-nitrophenyl)oxymethyl)indole-
4,7-dione 13b. Purified by chromatography eluting with hexane/
ethyl acetate (5:1) to yield the title compound (64%) as a yellow
solid, mp 219-221 °C (from ethyl acetate/hexane); (Found: C,
61.4; H,4.8, N, 7.4. C,yH;N,Oq¢ requires C, 61.6; H, 4.9, N, 7.6%;
Amax (MeOH)/nm 440 (log & 3.26), 288 (4.45); vy, (KBr)/cm™
3114, 3073, 2960, 2934, 1677, 1642, 1592; J,; (300 MHz; CDCl;)
8.26 (2 H, d, J 9.1, ArH), 7.07 (2 H, d, J 9.1, ArH), 5.70 (1
H, s, 6-H), 5.06 (2 H, s, CH2), 4.00 (3 H, s, OMe), 3.84 3 H, s,
NMe), 2.82 (2 H, q,J 7.5, CH,Me), 1.16 3 H, t, J 7.5, CH, Me);
dc (75 MHz; acetone-d) 179.7, 177.5, 164.4, 161.3, 142.8, 132.3,
131.0, 129.2, 126.6 (CH), 121.4, 116.1 (CH), 107.7 (CH), 60.0
(CH,), 56.9 (Me), 33.0 (Me), 18.3 (CH,), 15.7 (Me); m/z (CI) 371
(MH?, 8%), 234 (14), 206 (14), 127 (28), 110 (100).

2-Ethyl-5-methoxy-1,3-dimethylindole-4,7-dione 14. To a solu-
tion of 4-amino-2-ethyl-5-methoxy-1,3-dimethylindole 23 (32 mg,
0.15 mmol) in acetone (9 ml) was added a solution of potassium
nitrosodisulfonate (159 mg, 0.58 mmol) in sodium dihydrogen
phosphate buffer (0.3 M; 7.3 ml). The mixture was stirred at
room temperature for 1 h. The acetone was removed in vacuo,
and the residue was stirred at room temperature in a 1:1 mixture
of hydrochloric acid (3 M) and acetone for 1 h. The acetone was
removed in vacuo, and the resulting residue was extracted with
dichloromethane The organic layer was washed with water, dried
(MgS0,), filtered and evaporated under reduced pressure. The
crude material was purified by chromatography eluting with ethyl
acetate/light petroleum (1 : 1) to yield the title compound (30 mg,
89%) as a red crystalline solid, mp 200-201 °C; (Found: M*,
233.1050. C;;H;sNO; requires 233.1052); A,.. (acetonitrile)/nm
461 (log ¢ 3.35), 356.5 (3.44), 273 (3.99); Vpu (KBr)/cm™' 3434,
2967, 2922, 2851, 1666, 1636, 1596, 1556, 1506, 1456, 1338, 1221,
1156; 0y (300 MHz; CDCl;) 5.55 (1 H, s, 6-H), 3.87 (3 H, s, OMe),
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3.77 3 H, s, NMe), 2.58 (2 H, q, J 7.6, CH,Me), 2.24 (3 H, s,
Me), 1.11 (3 H, t, J 7.6, CH,Me); 6. (75 MHz; CDCL,) 178.5,
178.3, 159.6, 140.7, 128.1, 122.0, 118.3, 106.8 (CH), 56.3 (Me),
32.2 (Me), 16.7 (Me), 13.4 (CH,), 9.8 (Me); m/z (EI) 233 (M",
80%), 218 (100), 203 (16), 190 (34).

2-Carbamoyloxymethyl-5-methoxy-1,3-dimethylindole-4,7-dione
24. (a) To a solution of 2-hydroxymethyl-5-methoxy-1,3-
dimethylindole-4,7-dione 11a (81 mg, 0.37 mmol) in dry pyridine
(6.1 ml) at 0 °C was added phenyl chloroformate (184 pul,
1.48 mmol). The reaction mixture was stirred at 0 °C for 2 h
and at room temperature overnight. The reaction mixture was
evaporated under reduced pressure and the residue was purified by
chromatography eluting with ethyl acetate/light petroleum (1 : 3)
to yield the phenyl carbonate (103 mg, 83%) as a yellow crystalline
solid, mp 124-126 °C, used without further purification; vy,
(KBr)/cm™' 3438, 2926, 1757, 1685, 1641, 1597, 1505, 1269, 1225,
1161; dy4 (300 MHz; CDCl;) 7.38 (2 H, dd, J 8.0, 7.5, ArH), 7.24
(1H,t,J8.0, ArH), 7.16 2 H, d, J 7.5, ArH), 5.67 (1 H, s, 6-H),
5.27(2H, s, CH,), 4.03 (3 H, s, NMe), 3.81 (3 H, s, OMe), 2.40 (3
H, s, Me); o (100 MHz; CDCl;) 179.2, 177.7, 160.4, 153.4, 150.9,
130.8, 130.2, 129.6 (CH), 126.3 (CH), 123.6, 121.4, 120.9 (CH),
107.1 (CH), 58.2 (CH,), 56.5 (Me), 32.8 (Me), 10.0 (Me).

(b) A solution of the above phenyl carbonate (84 mg, 0.28 mmol)
in dry dichloromethane (14 ml) was cooled to —78 °C. Ammonia
gas was bubbled into the solution for 20 min. The mixture was
stirred for 6 h whilst allowing it to warm up to room temperature
The reaction mixture was evaporated under reduced pressure
and the residue was purified by chromatography eluting with
ethyl acetate to yield the title compound (47 mg, 62%) as an
orange crystalline solid, mp 246-247 °C; (Found: MH*, 279.0981.
C;H\4;N,Os + H requires 279.0981); ... (acetonitrile)/nm 428
(log & 3.15), 344 (3.34), 288 (3.96); v, (KBr)/cm™' 3436, 3300,
2916, 1734, 1634, 1596, 1500, 1392, 1325, 1254, 1225, 1158, 1037,
oy (300 MHz; CDCl;) 6.63 (2 H, bs, NH,), 5.79 (1 H, s, 6-H), 5.00
(2 H, s, CH,), 3.89 (3 H, s, NMe), 3.74 (3 H, s, OMe), 2.23 (3
H, s, Me); 6 (100 MHz; CDCl;) 179.0, 177.7, 160.2, 156.6, 134.1,
129.3,121.1, 121.0, 107.5 (CH), 57.0 (Me), 53.8 (CH,), 32.8 (Me),
10.1 (Me); m/z (CI) 279 (MH*, 25%), 192 (55), 112 (65), 98 (100),
84 (60).

2-Hydroxymethyl-1,3-dimethyl-5-(2-methylaziridinyl)indole-4,7-
dione 25. To a solution of 2-hydroxymethyl-5-methoxy-1,3-
dimethylindole-4,7-dione 11a (100 mg, 0.46 mmol) in DMF
(16 ml) was added 2-methylaziridine (1.61 ml, 22.8 mmol). The
reaction mixture was stirred at room temperature for 4 days.
The reaction mixture was diluted with dichloromethane, washed
with brine (3 x 150 ml) and deionized water (2 x 150 ml), dried
(MgS0,), filtered and evaporated under reduced pressure to
yield the title compound (140 mg, 64%) as a red crystalline solid,
mp 148-150 °C; (Found: M*, 260.1160. C,;H,,N,O; requires
260.1161); ... (acetonitrile)/nm 468 (log ¢ 3.30), 356 (3.46), 308
(3.99); Vo (KBr)/cm™" 3360, 2921, 1660, 1624, 1580, 1492, 1463,
1272, 1151, 1007; oy (300 MHz; CDCl;) 5.68 (1 H, s, 6-H), 4.59
(2 H,s, CH,), 3.96 (3 H, s, NMe), 2.30 (3 H, s, Me), 2.23 (1 H, m,
CH), 2.08 (1 H,d, J3.7,CH), 2.04 (1 H,d, J 5.9, CH), 1.42 (3 H,
d, J 5.5, CHMe); OH not observed; o (100 MHz; CDCl;) 179.7,
178.9, 157.2, 136.1, 129.7, 121.9, 120.5, 116.8 (CH), 53.0 (CH,),
36.2 (CH), 34.5 (CH,), 32.7 (Me), 17.7 (Me), 9.9 (Me); m/z (EI)

260 (M*, 61%), 243 (35), 196 (32), 149 (100), 91 (46), 71 (48),
57 (68).

2-Carbamoyloxymethyl-5-(2-methylaziridinyl )- 1,3 -dimethyl-
indole-4,7-dione 26. To a solution of 2-carbamoyloxymethyl-5-
methoxy-1,3-dimethylindole-4,7-dione 24 (41 mg, 0.15 mmol) in
DMF (5 ml) was added 2-methylaziridine (517 pl, 7.3 mmol).
The reaction mixture was stirred at room temperature for 3 days.
The reaction mixture was diluted with dichloromethane, washed
with brine (2 x 150 ml) and deionized water (2 x 150 ml), dried
(MgS0,), filtered and evaporated under reduced pressure to yield
the title compound (30 mg, 67%) as a red crystalline solid, mp 160—
162 °C; (Found: M*, 303.1214. C;sH;N;O, requires 303.1219);
Zmax (acetonitrile)/nm 464 (log ¢ 3.37), 344 (3.55), 312 (4.06); Vyax
(KBr)/cm™' 3436, 3288, 2924, 1729, 1682, 1639, 1586, 1498, 1405,
1321, 1167; 6y (300 MHz; CDCl;) 5.75 (1 H, s, 6-H), 5.09 (2 H, s,
CH.,), 4.71 (2 H, bs, NH,), 3.96 (3 H, s, NMe), 2.37 (3 H, s, Me),
2.25(1 H, m, CH), 2.10 (1 H, d, J 3.7, CH), 2.06 (1 H, d, J 5.8,
CH), 1.43 3 H, d, J 5.5, CHMe); 6. (100 MHz; CDCl;) 179.8,
179.2, 157.6, 156.0, 131.7, 130.2, 122.6, 121.9, 116.6 (CH), 54.9
(CH,), 36.1 (CH), 34.5 (CH,), 32.6 (Me), 17.7 (Me), 9.9 (Me); m/z
(EI) 303 (M*, 8%), 279 (16), 196 (28), 167 (30), 149 (100), 104 (16),
91 (26).

(5-Methoxy-1,3-dimethyl-4,7-dioxoindol-2-yl)methyloxyphenyl-
4-methylcarbamate 29. (a) To a stirred solution of 2-[(4-
hydroxymethyl)phenoxymethyl]-5-methoxy-1,3-dimethyl-indole-
4,7-dione 28 (33 mg, 0.097 mmol) in pyridine (5 ml) was added an
excess of phenyl chloroformate (500 pl). The reaction mixture
was stirred at room temperature overnight and quenched by
addition of water. The reaction mixture was extracted with
dichloromethane, washed twice with aqueous copper sulfate
(10%), dried over MgSO,, filtered and evaporated under reduced
pressure. The residue obtained was purified by chromatography,
eluting with ethyl acetate-light petroleum (1 : 3) to yield the carbon-
ate intermediate, 2-(4-phenylcarbonatemethyl-phenoxymethyl)-5-
methoxy-1,3-dimethyl-indole-4,7-dione, as an orange semi solid
which was used in the next step with no further purification.

(b) The carbonate intermediate was dissolved in dry dichloro-
methane (7 ml) and the solution was cooled down to —78 °C.
Ammonia was bubbled into the solution until the flask is filled
up with liquid ammonia (ca. 25 ml). The reaction mixture was
left to warm up to room temperature until all the ammonia has
disappeared. The reaction mixture was evaporated off under re-
duced pressure and purified by chromatography, eluting with ethyl
acetate/dichloromethane (1 : 2) to yield the title compound (15 mg,
45%) as an orange solid; mp 212-213 °C; A, (acetonitrile)/nm
280 (loge4.11),348 (3.37),432 (3.17); vpa (KBr)/cm™" 3413, 3258,
3207, 2915, 1666, 1692, 1637, 1592, 1493, 1333, 1222, 1175, 1160;
Jn (300 MHz; CDCl;) 7.34 2 H, d, J 8.6, ArH), 6.96 2 H, d, J
8.6, ArH), 5.67 (1 H, s, 6-H), 5.05 (2 H, s, OCH,), 4.98 (2 H, s,
OCH,), 4.68 (2 H, brs, NH,), 3.99 (3 H, s, NMe), 3.82 (3 H, s,
OMe), 2.37 (3 H, s, Me); dc (100 Hz; CDCl;) 179.5, 178.2, 160.5,
158.3, 156.9, 132.5, 130.5 (CH), 129.9, 129.2, 122.4, 121.7, 115.1
(CH), 107.3 (CH), 66.9 (CH,), 58.8 (CH,), 56.8 (Me), 33.2 (Me),
10.4 (Me).

(5-Methoxy-1,2-dimethyl-4,7-dioxoindol-3-yl)methyloxyphenyl-
4-methylcarbamate 33. (a) To a stirred solution of 5-methoxy-3-
(4-hydroxymethylphenoxy)methyl- 1,2-dimethylindole-4,7-dione
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32 (74 mg, 0.22 mmol) in dry pyridine (10 ml) was added an excess
of phenyl chloroformate (1 ml). The reaction mixture was stirred
at room temperature overnight and quenched by addition of water.
The reaction mixture was extracted with dichloromethane, washed
twice with aqueous copper sulfate (10%), dried over MgSO,,
filtered and evaporated under reduced pressure. The residue
was purified by chromatography, eluting with ethyl acetate-light
petroleum (1 : 3) to yield (5-methoxy-1,2-dimethyl-4,7-dioxoindol-
3-yl)methyloxyphenyl-4-methylphenyl carbonate (66 mg, 67%) as
an orange solid; mp 41-43 °C; (Found: M + NH,*, 479.1818.
CyH;NO; + NH, requires 479.1818); A, (acetonitrile)/nm 280
(log € 4.21), 336 (3.55), 452 (3.30); v (KBr)/cm™" 3426, 2922,
2853, 1764, 1675, 1637, 1598, 1510, 1460, 1229, 1179, 1156; oy
(400 MHz; CDCl;) 7.38 (4 H, m, ArH), 7.24 (1 H, m, ArH), 7.15
(2H,d, J 8.0, ArH), 7.00 (2 H, d, J 8.0, ArH), 5.60 (1 H, s, 6-H),
5.30 (2 H,s, OCH,), 5.18 (2 H, s, OCH,), 3.86 (3 H, s, NMe), 3.79
(3 H, s, OMe), 2.28 (3 H, s, Me); ¢ (100 MHz; CDCl;) 179.1,
178.6, 160.0, 159.4, 154.1, 151.5, 138.5, 131.0 (CH), 130.0 (CH),
129.1, 127.5, 126.7, 126.4, 121.7, 121.5 (CH), 117.3, 115.5 (CH),
107.1 (CH), 70.7 (CH,), 60.8 (CH,), 56.9 (Me), 32.7 (Me), 10.3
(Me); m/z (ES) 479 (M + NH,*, 100), 232 (20), 213 (20).

(b) The above carbonate (65 mg, 0.14 mmol) was dissolved
in dry dichloromethane (10 ml) and the solution was cooled
down to —78 °C. Ammonia was bubbled into the solution until
the flask was filled up with liquid ammonia (ca. 40 ml). The
reaction mixture was left to warm up to room temperature until
all the ammonia had disappeared. The reaction mixture was
evaporated under reduced pressure and the residue purified by
chromatography, eluting with ethyl acetate/dichloromethane (1 :
2) to yield the title compound (51 mg, 95%) as a red solid; mp 222—
224 °C; (Found: M + NH,*, 402.1661. C, H,,N,O, + NH, requires
402.1665); /. (acetonitrile)/nm 280 (log ¢ 4.11), 340 (3.41), 452
(3.17); Vo (KBr)/cm™" 3433; 2921, 1732, 1682, 1632, 1598, 1509,
1455, 1328, 1224, 1159; 6, (300 MHz; CDCl;) 7.29 (2 H, d, J
6.6, ArH), 6.98 (2 H, d, J 6.6, ArH), 5.61 (1 H, s, 6-H), 5.30 (2
H, s, OCH,), 5.02 (2 H, s, OCH,), 4.62 (2 H, bs, NH,), 3.88 (3 H, s,
NMe), 3.81 (3 H, s, OMe), 2.30 (3 H, s, Me); o (100 MHz; CDCl;)
178.8,178.2, 159.6, 158.6, 156.7, 138.1, 130.0 (CH), 128.7, 128.5,
121.3,117.0, 115.0 (CH), 106.7 (CH), 66.8 (CH,), 60.4 (CH,), 56.5
(Me), 32.4 (Me), 9.9 (Me); m/z (ES) 402 (M + NH,*, 100), 276
(15).

2,3-Bis(hydroxymethyl)-5-methoxy-1-methylindole-4,7-dione 38.
(a) To a suspension of lithium aluminium hydride (200 mg,
5.22 mmol) in THF (7.7 ml) at 0 °C was added a solution of
ethyl 4-amino-3-formyl-5-methoxy-1-methylindole-2-carboxylate
37 (360 mg, 1.31 mmol) in THF (3.5 ml). The mixture was allowed
to warm up to room temperature, stirred for 30 min, and cooled
to 0 °C before being quenched by the addition of water (1 ml),
NaOH (1 M; 1 ml) and silica gel. The granular precipitate was
filtered off through a pad of Celite. The filtrate was dried over
MgSO,, and concentrated in vacuo to yield 4-amino-5-methoxy-
I-methylindole-2,3-dimethanol (249 mg, 81%) as a brown solid,
which was used in the next step without any further purification.

(b) To a solution of 4-amino-5-methoxy-1-methylindole-2,3-
dimethanol (242 mg, 1.03 mmol) in acetone (62 ml) was added
a solution of potassium nitrosodisulfonate (1.10 g, 3.42 mmol) in
sodium dihydrogen phosphate buffer (0.3 M; 49 ml). The reaction
was stirred at room temperature for 1 h. The excess acetone was

removed in vacuo. The residue was extracted with dichloromethane
and concentrated. The residue was stirred at room temperature in
a 1 : 1 mixture of hydrochloric acid (2 M) and acetone (120 ml) for
1 h. The acetone was removed in vacuo. The resulting residue was
extracted with dichloromethane. The organic layer was washed
with water, dried over MgSQO,, filtered and evaporated under
reduced pressure to yield the title compound (165 mg, 64%) as
an orange crystalline solid, recrystallized from dichloromethane—
pentane; mp 200-202 °C (lit.,** mp 191-193 °C); (Found: C, 57.2;
H, 5.1; N, 6.0. C,,H;NOs requires C, 57.4; H, 5.2; N, 5.6%);
Zmax (acetonitrile)/nm 280 (log ¢ 3.97), 344 (3.38), 440 (3.11); vy
(KBr)/cm™" 3318, 2927, 1672, 1634, 1596, 1507, 1473, 1335, 1224,
1143, 1070; 0y (400 MHz; d,-DMSO) 5.81 (1 H, s, 6-H), 5.20 (1 H,
t,J 5.4,0H),4.71 (1 H,t,J5.4,0H),4.62(2H,d, J 5.4, OCH,),
4.57(2H,d,J5.4,0CH,),3.94 (3 H, s, NMe), 3.79 (3 H, s, OMe);
Jc (100 MHz; d,-DMSO) 179.1, 177.8, 160.1, 139.7, 128.9, 123.4,
120.5, 107.3 (CH), 57.0 (Me), 53.5 (CH,), 51.9 (CH,), 32.9 (Me);
m/z (EI) 251 (M*, 10), 233 (65), 218 (20), 204 (10), 190 (25), 176
(25), 162 (20), 120 (25), 69 (100).

2,3-Bis(hydroxymethyl)-1-methyl-5-(2-methylaziridinyl)indole-
4,7-dione 39. To a solution of 2,3-bis(hydroxymethyl)-5-
methoxy-1-methylindole-4,7-dione 38 (50 mg, 0.20 mmol) in DMF
(7.4 ml) was added 2-methylaziridine (702 pl, 9.96 mmol). The
reaction mixture was stirred at room temperature for 3 days.
The reaction mixture was diluted with ethyl acetate and washed
with brine (150 ml). The aqueous layer was re-extracted with
ethyl acetate and was quenched with hydrochloric acid (2 M).
The combined organic layer was dried over MgSO,, filtered and
evaporated under reduced pressure. The crude material was puri-
fied by chromatography on florisil, eluting with dichloromethane,
then dichloromethane-ethyl acetate (1 : 1) to yield the title
compound (14 mg, 25%) as a red crystalline solid; mp 77-79 °C;
(Found: MH*, 277.1185. C,H\(N,O, + H requires 277.1188);
/max (acetonitrile)/nm 308 (log & 4.04), 352 (3.58), 476 (3.18); Vi
(KBr)/cm™ 3418, 2918, 1636, 1582, 1505, 1455, 1267, 1232, 1136;
Jon (300 MHz; CDCl;) 5.72 (1 H, s, 6-H), 4.65 (2 H, s, OCH,),
4.58 (2 H, s, OCH,), 3.95 (3 H, s, NMe), 2.27 (1 H, m, CH), 2.10
(1 H,d,J6.3,CH), 206 (1 H,d, J 1.1, CH), 1.41 3 H,d, J
5.4, Me); OH not observed; d- (100 MHz; CDCl;) 181.0, 179.2,
157.3, 136.5, 130.8, 123.7, 122.1, 117.1 (CH), 55.6 (CH,), 53.0
(CH,), 36.6 (CH), 34.9 (CH,), 32.9 (Me), 17.9 (Me); m/z (ES) 299
(MNa*, 10%), 277 (M*, 40), 259 (10), 219 (10), 187 (10), 155 (20),
123 (40), 91 (100).

Ethyl 3-hydroxymethyl-5-methoxy-1-methyl-4,7-dioxoindole-2-
carboxylate 40. (a) Sodium borohydride (18 mg, 0.45 mmol)
was added portionwise to a solution of ethyl 4-amino-3-formyl-5-
methoxy-1-methylindole-2-carboxylate 37 (50 mg, 0.18 mmol) in
dry methanol (2 ml) at 0 °C. The reaction mixture was allowed to
warm up to room temperature and stirred for 1 h. The mixture
was cooled to 0 °C, quenched by the addition of water (I ml),
extracted with ether, dried over MgSQ,, filtrated and concentrated
in vacuo to yield ethyl 4-amino-3-hydroxymethyl-5-methoxy-1-
methylindole-2-carboxylate (44 mg, 86%) as a light orange solid;
mp 136-139 °C; v, (KBr)/ecm™' 3359, 3124, 2980, 2875, 1705,
1521, 1403, 1255, 1224, 1128, 1001; 6y (400 MHz; CDCl;) 7.04 (1
H,d,J 6.6, ArH), 6.64 (1 H,d, J 6.6, ArH), 5.19 (2 H, s, CH,OH),
439 (2H,q, J 5.4, OCH,Me), 3.86 (3 H, s, NMe), 3.84 (3 H, s,
OMe), 1.42 (3 H, t, J 5.4, OCH,Me); o (100 MHz; CDCl;) 162.4,
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140.1, 136.2, 131.2, 124.9, 121.7, 117.0, 114.1 (CH), 98.8 (CH),
60.9 (CH,), 58.0 (Me), 56.6 (CH,), 32.1 (Me), 14.3 (Me); m/z (EI)
278 (M*, 40%), 260 (30), 247 (25), 232 (50), 217 (100), 189 (15),
145 (25).

(b) To a solution of ethyl 4-amino-3-hydroxymethyl-5-methoxy-
1-methylindole-2-carboxylate (321 mg, 1.16 mmol) in acetone
(70 ml) was added a solution of potassium nitrosodisulfonate
(1.24 g, 4.62 mmol) in sodium dihydrogen phosphate buffer
(0.3 M, 56 ml). The mixture was stirred at room temperature
for 1 h. The excess acetone was removed in vacuo. The resulting
residue was extracted with dichloromethane and evaporated. The
residue was stirred at room temperature in a 1 : 1 mixture of
hydrochloric acid (2 M) and acetone (140 ml) for 1 h. The acetone
was removed in vacuo. The resulting residue was extracted with
dichloromethane. The organic layer was washed with water, dried
over MgSQO,, filtered and evaporated under reduced pressure.
The residue was purified by chromatography, eluting with ethyl
acetate/dichloromethane (1 : 20) to yield the title compound
(181 mg, 54%) as a light orange crystalline solid, recrystallized
from dichloromethane—pentane; mp 149-151 °C; (Found: C,
57.1; H, 5.0; N, 4.6. C,HsNOg requires C, 57.3; H, 5.2; N,
4.8%); (Found: M + NH,*, 311.1246. C,,H,sNO, + NH, requires
311.1243); ., (acetonitrile)/nm 250 (log ¢ 4.10), 336 (3.37), 408
(3.15); Vo (KBr)/cm™' 3433, 2949, 1708, 1673, 1646, 1604, 1493,
1435, 1374, 1266, 1178, 1047, 1016; 65 (400 MHz; CDCl;) 5.80 (1
H,s, 6-H),5.00 (2 H, s, CH,0),4.40(2H, q,J 7.2, OCH,Me), 4.26
(3 H, s, NMe), 3.86 (3 H, s, OMe), 1.41 3 H, t, J 7.2, OCH, Me);
OH not observed; d. (100 MHz; CDCl;) 179.1, 178.5, 160.7, 160.5,
132.8,132.2,126.3, 121.3, 108.2 (CH), 61.8 (CH,), 56.8 (Me), 56.0
(CH,), 35.2 (Me), 14.2 (Me); m/z (CI) 294 (MH*, 100%), 278 (95),
265 (45), 250 (50), 236 (25).

Biology

Cell culture. BE-WT and BE-NQ cells were a gift from David
Ross (University of Colorado Health Sciences Centre, Denver,
CO). Cell culture components were obtained from Invitrogen
(Grand Island, NY) unless otherwise noted. Cells were grown
in minimum essential medium (MEM) with Earle’s salts, non-
essential amino acids, L-glutamine, penicillin/streptomycin and
supplemented with 10% fetal bovine serum (HyClone Logan, UT).
The cells were incubated at 37 °C under a humidified atmosphere
containing 5% CO,.

HPLC analysis. Reduction of the indolequinones was fol-
lowed by HPLC using an Alltech C18 (5 pm, 250 mm x 4.6 mm)
column with a Waters HPLC system (2487 Dual A Absorbance
detector, two 515 HPLC pumps, 717plus Autosampler, Millen-
nium32 Chromatography Manager). The solvent program used a
linear gradient of 5% to 80% B over 10 min, 80% B for 5 min,
then 80% B to 5% B over 5 min (solution A, 10 mM potassium
phosphate buffer, pH 6.0; solution B, methanol). Reactions were
run in 25 mM Tris—=HCI (pH 7.4) containing 200 uM NADH
(Sigma), 50 uM indolequinone, and recombinant human NQO1
(gift from David Ross, University of Colorado Health Sciences
Centre, Denver, CO). NADH oxidation was quantified at 340 nm
following 30 min incubations at 22 °C.

Cytotoxicity assay. Cytotoxicity was determined using the
MTT colorimetric assay.*® Cells were plated in plates of 96 wells at

a density of 1-2 x 10* cells ml~! and allowed to attach overnight
(16 h). Indolequinone solutions were applied in medium for 2 h.
Indolequinone solutions were removed and replaced with medium
alone, and the 96 well plates were incubated for 5-7 days. MTT
(Sigma) was added to each well (50 pg), and the cells were
incubated for another 4 h. Medium—MTT solutions were removed
carefully by aspiration, the MTT formazan crystals were dissolved
in 100 ul DMSO and absorbance was determined on a plate reader
at 550 nm. ICy, values (concentration at which cell survival equals
50% of control) were determined from plots of percent of control
vs. concentration.
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Garlic has long been considered as a natural remedy against a range of human illnesses, including
various bacterial, viral and fungal infections. This kind of antibiotic activity of garlic has mostly been
associated with the thiosulfinate allicin. Even so, recent studies have pointed towards a significant
biological activity of trisulfides and tetrasulfides found in various A//lium species, including a wide range
of antibiotic properties and the ability of polysulfides to cause the death of certain cancer cells. The
chemistry underlying the biological activity of these polysulfides is currently emerging. It seems to
include a combination of several distinct transformations, such as oxidation reactions, superoxide
radical and peroxide generation, decomposition with release of highly electrophilic S, species,
inhibition of metalloenzymes, disturbance of metal homeostasis and membrane integrity and
interference with different cellular signalling pathways. Further research in this area is required to
provide a better understanding of polysulfide reactions within a biochemical context. This knowledge
may ultimately form the basis for the development of ‘green’ antibiotics, fungicides and possibly

anticancer agents with dramatically reduced side effects in humans.

1. Introduction

For many centuries, empirical folk medicine has considered garlic
and its products, such as garlic oils and powders, as powerful
therapeutic agents. During the last 60 years, countless scientific
studies have been conducted to confirm or refute the apparent
health benefits ascribed to garlic.”® As part of this research,
various biologically active substances have been isolated from the
different Allium species, such as garlic, onions and shallots. Many
of these active ingredients contain sulfur.

Fig. 1 provides a necessarily incomplete overview of some of
the biologically active sulfur species found in garlic. Among them,
allicin has played the major role in garlic research. Today, most
of the chemical and biochemical aspects of allicin formation and
transformation processes are well established. Allicin is formed
from the chemically rather unreactive sulfoxide precursor alliinin a

Division of Bioorganic Chemistry, School of Pharmacy, Building B 2.1,
Universitit des Saarlandes, PO Box 151150, D-66041, Saarbriicken,
Germany. E-mail: c.jacob@mx.uni-saarland.de; Fax: +49 (0)681 302 3464,
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reaction catalysed by the C—S-lyase enzyme alliinase.! Chemically
speaking, allicin is a thiosulfinate, a reactive sulfur species which
kills various bacteria, fungi, yeasts and even cancer cells.** Table 1
provides an incomplete list of key biological activities currently
associated with both, allicin and diallylsulfides. Needless to say,
the biological chemistry of allicin itself is a rapidly expanding and
open area of research, and some of the latest developments in the
field of organosulfur compounds from garlic, including allicin,
have recently been reviewed by Tapiero and colleagues.®

The central role of allicin in garlic chemistry is presently
being challenged by a number of findings which have confirmed
antibiotic and anticancer activities for diallylsulfides similar or
even superior to the ones of allicin.®** During the last six years,
several studies have demonstrated that diallyltrisulfide and dial-
lyltetrasulfide, both occurring naturally in garlic as breakdown
products of allicin, exhibit a wide spectrum of antibacterial,
antifungal, antimicrobial and anticancer activity. Furthermore,
Singh and colleagues could demonstrate in a series of experiments
published in 2005 and 2006 that diallyltrisulfide was able to
selectively attack DU145 and PC3 cancer cells in prostate cancer
models, but not a normal prostate epithelial cell line (PrEC).%5"7

Table 1 A short and incomplete selection of antibacterial and antifungal activities of allicin and diallylsulfides. Where available, toxicity is given as
minimum inhibitory concentration (MIC) in g ml~". Since values were compiled from several studies, which may have used different strains of organisms,
a strict comparison is not always possible. Nonetheless, diallyltrisulfide and tetrasulfide are generally the most active among the diallylsulfides, with
activities comparable to or even exceeding the activity of allicin. Please note that a whole range of various other biological activities, such as antimicrobial
and pesticidal activity and repulsion of insects have also been associated with these garlic ingredients

Organism Allicin Diallylsulfide Diallyldisulfide Diallyltrisulfide Diallyltetrasulfide
Helicobacter pylori® 6-12 2100-4100 100 13-25 3-6

Klebsiella pneumoniae™ — 96-104 72-80 40-48 20-24
Pseudomonas aeruginosa" 15% 80-88 64-72 32-36 12-16
Staphylococcus aureus™ 159 20 4 2 0.5

MRSA" 2861 32 12 8 2

Candida albicans" 0.8% 32 4 1 0.5

Aspergillus niger" 8-3260 40 8 2 1
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Apart from stimulating a therapeutic interest in diallylpoly-
sulfides, these findings also raise several important chemical and
biochemical questions related to the mode of action of trisulfides
and tetrasulfides in biological systems. Why, for instance, are
polysulfides RS, R’ (x > 3) toxic against bacteria, fungi and certain
types of human cells? How do they interact with other cellular
components, such as glutathione (GSH), peptides, proteins, DNA
and membranes? Is there an optimal sulfur-chain length x for
maximum biological activity? How may simple molecules such as
diallyltrisulfide distinguish between normal and cancer cells?

These questions are far from trivial, and quick answers often do
not withstand further scrutiny. Nonetheless, we can be almost
certain that unlike allicin, whose ability to rapidly and indis-
criminately modify thiol groups of peptides and proteins is well
known,'®* diallyltrisulfide and diallyltetrasulfide are somewhat
less reactive towards thiols. Still, they seem to rely on thiols as
intracellular reaction partners to trigger a highly complicated
biological (redox) chemistry which has hardly been explored to
date, yet may explain a lot of the biological findings currently
associated with polysulfides.

In the following sections, we will consider biochemical events
associated with polysulfides from a chemical point of view. In
doing so, we hope to encourage further, urgently needed research
into the chemistry and biochemistry of natural and synthetic
polysulfides and their possible application as antibiotic and
anticancer agents.

2. Antibiotic activities associated with polysulfides

In order to appreciate the need for further natural polysulfide
chemistry and biochemistry research, we must briefly consider
some highlights of the emerging antibiotic activity of these
agents.

Although the formation and transformation pathways of al-
licin and diallylsulfides in the (crushed) garlic clove are closely
related (Fig. 1), compounds such as diallylsulfide, diallyldisulfide,
diallyltrisulfide and diallyltetrasulfide have only recently attracted
an adequate interest among researchers. In garlic chemistry,
polysulfides may be seen as a ‘second generation’ of biologically
active sulfur species, formed by decomposition of allicin, the
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Fig. 1 Selection of biologically important sulfur agents found in garlic. Alliin (1) is enzymatically converted by the C-S-lyase alliinase to allicin (2),
the compound commonly associated with the biological activity of garlic (reaction a). Decomposition and degradation of allicin results in a range
of ‘second generation’ products. Significant concentrations of diallylsufide (3), diallyldisulfide (4), diallyltrisulfide (5) and diallyltetrasulfide (6) are
frequently found in garlic extracts, such as garlic oils (reaction b). The presence of small amounts of diallylpentasulfide (7), diallylhexasulfide (8) and
diallylheptasulfide (9) in garlic oils has occasionally been reported. Higher polysulfides may occur. Other decomposition products of allicin include the
dithiins 3-vinyl-3,4-dihydro-1,2-dithiin (10) and 2-vinyl-2,4-dihydro-1,3-dithiin (11) (reaction ¢) and more complex chemical structures, such as E-ajoene
(12) and Z-ajoene (13) (reaction d). Follow-on reactions of allicin and polysulfides with intracellular thiols result in additional sulfur species, such
as S-allylmercaptocystein (14), i.e. thiolated cysteine and cysteine residues in peptides and proteins. Reduction of polysulfides, e.g. by GSH, result in
allylmercaptan (15), allyl perthiol (16) and possibly allyl hydrotrisulfide (17) (reaction e). Each of these sulfur species exhibits its own chemical properties

and biochemical activity.

initial ‘antibiotic’. Allicin itself is a good biological defence
chemical, since it rapidly, yet specifically reacts with cysteine
residues in peptides and proteins, which may lead to a disruption
of cellular function and cell death. Allicin, however, is also
chemically unstable at room temperature and decomposes to
various polysulfides and other compounds.

Aged garlic products, such as garlic oils and powders, therefore
often contain only a fraction of the allicin found in freshly chopped
or crushed garlic cloves. Instead, they contain considerable
quantities of sulfides, mostly diallylsulfide, disulfide, trisulfide
and tetrasulfide, all of which share with allicin the characteristic
smell of garlic. In practice, the chemical composition of such
preparations varies widely and critically depends on the processing
procedure. For instance, Maslin and colleagues found rather high
concentrations of different diallylsulfides in a particular British

T This may be a good reason why a potential future application of
polysulfides in agriculture or medicine should be based on synthetic
polysulfides, rather than processed plant material.

garlic oil, including 106, 530, 115 and 43 mg g~! mono-, di-, tri-
and tetrasulfide, respectively.®

In contrast, Tsao and Yin have recently found just 1.18 mg g™
diallyldisulfide in garlic oil and 0.94 mg g' in Chinese leek
oil.’ As in Maslin’s sample, the disulfide was the most abundant
of the four major diallylsulfides (RS.R, x between 1 and 4),
accounting for roughly half of the total diallylsulfide content. As
expected, there was less diallyltrisulfide and tetrasulfide in the
Chinese sample (0.75 and 0.37 mg g! in leek oil, respectively).
Surprisingly, however, the diallylmonosulfide concentration in the
Chinese sample was the lowest of the four sulfides with just
0.1l mgg".

Higher polysulfides, such as the diallylpenta-, hexa- and hepta-
sulfide have only sporadically been reported as constituents of gar-
lic, and their concentrations are usually low. Maslin’s team found
10.5 mg g~! diallylpentasulfide and 0.14 mg g~' diallylhexasulfide
among further methyl allyl and dimethyl sulfides.® These findings
confirm similar evidence of diallylpenta-, hexa- and heptasulfide
occurrence in garlic and related extracts.?*>*
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Biological activities of diallylsulfides confirmed to date vary
considerably, and include, among others, antioxidant, antibacte-
rial, antifungal and antimicrobial activities. Table 1 provides an
overview of some of the toxic (antibiotic) activities, which are
the focus of this Perspective.i For instance, Yin and colleagues
have recently tested diallylsulfide, diallyldisulfide, diallyltrisulfide
and diallyltetrasulfide against a variety of bacteria and fungi.
They were able to show antibacterial activity of diallylsulfides
against Escherichia coli, Enterobacter cloacae, Enterococcus fae-
calis, Citrobacter freundii, Pseudomonas aeruginosa, Klebsiella
pneumoniae, Staphylococcus aureus and methicillin-resistant S.
aureus."™? Antifungal activity was confirmed against Candida
albicans, Candida krusei, Candida glabrata, Aspergillus niger,
Aspergillus flavus and Aspergillus fumigatus.'

Together, these toxicity studies give us a general idea as far
as the biological activity of diallylsulfides is concerned. Here,
and in most related studies dealing with the biological activity
of polysulfides, toxicity is particularly pronounced for the tri-
and tetrasulfide. In fact, the increase of antibiotic activity with
increasing numbers of sulfur atoms is a trend observed in many
biological assays, which has led to the insider’s rule of thumb that
“the more sulfur atoms in the polysulfide, the more active it is.”
For instance, Yin and colleagues identified the tetrasulfide as the
most active diallylsulfide, with the trisulfide being around 4, the
disulfide 8 and the monosulfide 40 times less active against S.
aureus compared to the tetrasulfide (Table 1)."

Although most studies do not directly compare toxicity of
polysulfides and allicin, some evidence points also towards
a similar or even higher activity of the diallyltetrasulfide in
contrast to allicin.§ As such, these findings demonstrate nicely
that allicin is not necessarily the sole or most active ‘antibiotic’
in garlic. For instance, Maslin and colleagues compared the
activities of polysulfides and allicin against Helicobacter pylori.
Minimum inhibitory and minimum bactericidal concentrations
of diallyltetrasulfide were similar to or less than the ones of
allicin. As above, diallyltrisulfide was about half as active as the
tetrasulfide (and allicin), while diallyldisulfide was at least 15 and
diallylmonosulfide at least 300 times less active.®

Even so, the correlation between the number of sulfur atoms and
antibiotic activity is more complicated. Based on the (sometimes
vague) data available to date, the following picture emerges:
firstly, the relationship between the number of sulfur atoms (x)
and (selective) toxicity does not seem to be linear. While the
monosulfide is often virtually inactive, the disulfide generally
has some activity, which sharply increases when turning to the
trisulfide. Although there is a further increase for the tetrasulfide,
a plateau in activity seems to be reached with four sulfur
atoms.

For instance, an early, unfortunately also very limited study on
diallyl compounds from cabbage indicated that diallyltetrasulfide
and diallylpentasulfide possess a comparable activity against
Saccharomyces cervisiae.® Although a direct comparison with
this activity is not possible, a preliminary study by Horie et al.

1 Other activities, such as the protection of lipids from peroxidation, may
be related to the lipophilicity and an (oxidised) polysulfide chemistry, and
are discussed elsewhere.?!

§ As will be discussed later, the similarity in biological activity of allicin
and diallyltetrasulfide does not necessarily point towards a common mode
of action.

from 1992 indicates that antioxidant activity sharply increases
from tri- to tetrasulfide, but further increases to penta-, hexa- and
heptasulfide are rather small.*!

Clearly, such a trend in increasing activity is of great interest
for the design and practical use of polysulfide agents as beneficial
toxins, e.g. in medicine and agriculture, and there is an urgent
need to investigate this matter further. On the other hand, it
also sheds some light on the (bio-)chemical mechanisms possi-
bly underlying biological activity. In essence, there seem to be
two major breaks in the relationship between the number of
sulfur atoms in the polysulfide and biological activity (toxicity),
which point towards the emergence of qualitatively different
‘chemistries’.

The first of the two breaks, when moving from the mono-
to the disulfide, is easily explained: while monosulfides do not
act as oxidants and cannot be reduced to thiols, disulfides are
oxidants and can form thiols (RSH). The redox- and metal-
binding chemistries of the thiol-disulfide pair provide the basis
for many different biological events from which the monosulfide
is excluded (see section 5).

The second break between di- and trisulfide is more difficult to
explain. In essence, it may be associated with the perthiol (RSSH)
chemistry, which is unique to tri- and higher sulfides (illustrated for
diallyltetrasulfide in Fig. 2). Tetra-, penta-, hexa- and heptasulfides
may form RSSH and even RS H (x > 2) faster and in higher yields
than the trisulfide, yet there seems to be no major new ‘chemistry’
emerging when going from three to more sulfur atoms, with the
possible exception of S, release (see sections 4 to 6). The penta-,
hexa- and heptasulfides may also be chemically less stable than
the tri- and tetrasulfide, and therefore decompose before they can
fully exert their activity in vivo.

3. Selective activity against cancer cells?

The possible therapeutic significance of diallylsulfides and related
natural polysulfides has been boosted by recent studies on
anticancer effects of diallyltrisulfide. Although these studies must
be considered as preliminary, they have provided insight into
biological activities and rather unexpected regulatory cellular
events associated with polysulfides.

In order to briefly emphasize the importance of these de-
velopments from a pharmacological point of view, it is worth
comparing current efforts to employ allicin and diallyltrisulfide as
anticancer agents. Unlike bacteria, fungi and microbes, cancer
cells are difficult to reach. The cytotoxic effects associated
with allicin and diallylsulfides in cell culture may therefore
not translate into proper anticancer activity in animals. As a
consequence, allicin, being chemically unstable and highly reactive,
has recently played a part in an elegant, yet highly complex
system of antibody-directed enzyme prodrug therapy (ADEPT),
developed during the last couple of years by researchers at
the Weizmann institute.**® This approach employs a cancer cell
selective antibody-alliinase hybrid and alliin as a selective ‘allicin
generating’ system, and has shown some promise in a nude mouse
model.

In contrast, several independent studies published during the
last two to three years have found that diallyltrisulfide may be
stable enough to reach the tumour site without a delivery system.
In addition, it may also selectively attack cancer cells without the
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Fig. 2 Schematic overview of chemical reactions and biochemical actions associated with a polysulfide such as diallyltetrasulfide. Some biochemical
effects, such as binding to hydrophobic parts in proteins and membranes or to metal ions, may be associated with the polysulfide itself. Other biological
activities may be the result of polysulfide reaction products, such as thiols, perthiols and inorganic sulfur species. Please note that almost all biochemical

effects (in blue) are in one way or another detrimental to living cells (see text for details).

need of a complicated delivery or recognition system and by a
biochemical mechanism quite different from the one known for
allicin.

In 2005, Yuan and colleagues reported an important link
between diallyltrisulfide and cancer cell death." They found that
cells of the human gastric cancer cell lines MGC803 and SGC7901
were killed by the trisulfide with an ICs, value of around 7 ug ml='.
Cell death bore certain hallmarks of necrosis and was associated
with significant increases of cell numbers in the G,-M phase and
decreases in the G,-G, phase, as well as an increased expression of
p21.

These findings were mirrored in a study by Seki and colleagues
published the same year, who noticed that proliferation of cells of
the human colon cell lines HCT-15 and DLD-1 was inhibited
by diallyltrisulfide with an ICy value of 11.5 and 13.3 uM,
respectively.” This effect was investigated further and found to
be the result of diallyltrisulfide-induced G,-M cell cycle arrest.
Apoptosis of the cells seemed to be associated with oxidative
modification of B-tubulin: the trisulfide at 10 uM was found to
selectively thiolate B-tubulin cysteine residues Cys-12 and Cys-354
to form S-allylmercaptocysteine modifications and inhibit tubulin
polymerisation and microtubuli formation in an in vitro cell free
system. In contrast, 100 uM concentrations of the corresponding
mono- and disulfide had no effect on microtubuli formation.

Antitumour activity of diallyltrisulfide was also confirmed in a
HCT-15 xenograft mouse model, where the compound signifi-
cantly reduced tumour volume (apparently by necrosis) without
any apparent side effects to the animals.’

The biochemical basis of the cytotoxic behaviour of diallyl-
trisulfide, which stands in stark contrast to its mono- and disulfide
analogues, was also investigated by Singh and colleagues.®!*""
Research of this group demonstrated the ability of diallyltrisulfide
(20-40 pM), but not diallylsulfide or diallyldisulfide (at the same
concentrations), to induce G,-M phase cell cycle arrest in cultured
PC-3 human prostate cancer cells. This event seemed to be related
to a diallyltrisulfide-induced increase in intracellular levels of
oxidative stress. Amazingly, cultured normal prostate epithelial
cells (PrEC) were not affected by diallyltrisulfide, even at 40 to
80 uM concentrations.® Quite surprisingly, these findings point
towards a selective toxicity of diallyltrisulfide in cancer cells, but
not in the corresponding normal cells.

Although such studies will need to be confirmed and expanded
in the future, they indicate that diallyltrisulfide may surpass allicin
as far as chemical stability, toxicity and maybe even selective
targeting are concerned. From a chemist’s point of view, these
rather interesting biochemical findings need to be related to
chemical properties of polysulfides, which seem to be surprisingly
well suited for the various biochemical tasks at hand.
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4. Polysulfides as multifacetted cytotoxins?

In analogy with allicin, disulfides and polysulfides are often
considered as oxidants able to modify protein thiols to mixed
disulfides, with concomitant disturbance of protein function and
subsequent cellular responses, including cell death.® The important
role such thiolation reactions play as part of various cellular
signalling processes is currently becoming apparent. For instance,
a very recent study by Julius and colleagues has linked the covalent
modification of cysteine residues present in the nonselective cation
channel TRPA1 of sensory nerve endings by diallyldisulfide to
acute pain.”*? Disulfides react with thiols, including cysteine
residues in proteins, via thiol-disulfide exchange reactions. The
latter may also be seen as thiolation or thiol oxidation reactions,
since they result in a mixed disulfide at the protein site.

If aspects of this disulfide chemistry are projected to tri- and
tetrasulfides, those compounds may undergo a similar kind of
thiol-polysulfide exchange reaction, which would result in a mixed
disulfide, i.e. thiolated protein, and a reduced species, such as
RSH or RSSH (Fig. 2). For instance, diallyltrisulfide is thought
to thiolate B-tubulin and hence disturb the protein’s biochemical
function.” Similar thiolation reactions have been associated with
calicheamine, which reacts with GSH.?®

This rather straightforward view ignores, however, three major
aspects of polysulfide chemistry. Firstly, thiolation reactions, such
as the modification of B-tubulin, should be reversible in cells with
sufficient levels of reduced glutathione (GSH). In the absence
of oxidative stress, such cells should overcome the effects of
micromolar concentrations of polysulfides rather easily, even if
‘complete’ reduction of a tri- or tetrasulfide may require several
equivalents of GSH (see section 6).

Secondly, while trisulfides and tetrasulfides may be more
reactive towards protein thiols than disulfides, their rates of
reaction are unlikely to be of the same order as the ones of
allicin, which reacts with most thiols within seconds to minutes.'®*
Nonetheless, diallyltetrasulfide and allicin have comparable bio-
logical activities.q

Thirdly, the chemistry polysulfides are able to conduct in a
biological setting is considerably more complex than simple thiol-
polysulfide exchanges and, based on in vitro evidence, may also
include various types of oxidation, radical generation, protein
modification and enzyme inhibition reactions. These ‘additional’
polysulfide reactions also need to be taken into account before a
likely mode of action is proposed. Just focusing on thiolation alone
would be an insult to the chemical diversity of tri- and tetrasulfides.

Initially, it is therefore worth taking an open, unbiased and
all-embracing view when considering the different physical and
chemical properties of polysulfides, and only ruling out individual
possibilities once firm experimental counter-evidence has been
found. The latter may, for instance, come from biological activity
rankings, such as the relationship between the number of sulfur
atoms and activity.

9 Presently available kinetic data on the reactivity of various diallylsulfides
(and allicin) with diverse thiols, including protein thiols, does not allow us
to project exactly how fast polysulfides may modify proteins in vivo. It is
also not possible to judge if such a reaction would be relevant, assuming
the presence of millimolar concentrations of GSH in most cells. GSH may
‘mop up’ most of these oxidants before they can target protein thiols.

Opening the chemist’s treasure chest, we find various oxida-
tion, radical generation and decomposition reactions as well as
enzyme inhibition and hydrophobic interactions associated with
polysulfides and their diverse follow-on products, such as thiols,
perthiols, thiyl radicals, perthiyl radicals, S, and inorganic (poly-
)sulfide anions. In order to explain aspects of the biological activity
of polysulfides, such as toxicity against bacteria, fungi and cancer
cells, one may therefore construct a provisional, necessarily incom-
plete network of chemical reactions and biochemical responses
(Fig. 2).

The network emerging hints at an interplay of several different
chemical reactions, some of which may trigger others, and as a
whole may interfere with response and signalling pathways in cells.
It should be noted upfront that the following discussion of these
processes is speculative at times.

4.1. Thiolation reactions

As mentioned above, one common explanation for the biological
activity of tri- and tetrasulfides is their ability to react with
(protein) thiols. In many ways, this reaction is most familiar to
us, and well known from the thiolation behaviour of disulfides
such as glutathione disulfide (GSSG). Some known examples
of suspected thiolation reactions by diallyltrisulfide have already
been discussed. Although aspects of thiol-polysulfide exchange
reactions involving proteins, such as thermodynamic and kinetic
parameters, are often unknown, a reaction mechanism similar to
the one of the thiol-disulfide exchange reaction is assumed. The
biochemical importance of the reduced product of this exchange
is sometimes ignored. In the case of trisulfides (RSSSR), the
reaction with a thiol (R’'SH) results in a mixed disulfide (RSSR’)
and a persulfide (RSSH). Some researchers consider the latter
as the actual biologically active form of the polysulfide (see
section 5).13282

The case of diallyltetrasulfide is even more complicated since
in theory, this molecule contains two possible positions for
nucleophilic attack, i.e. at one of the two ‘terminal’ S—S-bonds and
at the central S-S-bond. Apparently, attack at the central bond
with formation of a trisulfide (RSSSR’) and a hydropersulfide
(RSSH) are preferred.” Nonetheless, the alternative, i.e. formation
of a disulfide (RSSR’) and a hydrogen trisulfide (RSSSH) from
tetrasulfide should not be completely ruled out at this point.?
RSSSH would, of course, open up an additional set of chemical
reactions, such as S, and reductive S,>~ release.

4.2. Homolytic S-S-bond cleavage

The central S-S-bond in polysulfides (RS,R, x > 4) not only
forms a position for nucleophilic attack, it is also weaker and
slightly longer than the terminal ones, with S—S-bond dissociation
energies of alkyltetrasulfides around 146 kJ mol™', compared to
184 kJ mol™" and 293 kJ mol™!' for the corresponding tri- and
disulfides, respectively.?**! The weakness of this bond is mostly
due to the Lewis character of divalent sulfur which exerts a bond
weakening influence on adjacent bonds. In this case, the perthiyl
radical product (RSS") is stabilised by partial double or n-bond
formation, an effect absent in thiyl radicals (RS").** In essence,
this implies that polysulfides may undergo homolytic S-S-bond
cleavage, resulting in perthiyl radicals (RS,", x > 2). In the case of
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‘Sulfur transfer’ between polysulfides resulting in simultaneous chain shortening/elongation, a process commonly observed for diallylpolysulfides.

Pathway 1 proceeds via a thiosulfoxide intermediate, Pathway 2 via a tetra-coordinated sulfur species. Both pathways are debateable, yet may also be
useful to explain apparent biochemical sulfur transfers, for instance from varacin. In essence, those pathways avoid the need to postulate the existence of

a free S, species.

dimethyltrisulfide and dimethyltetrasulfide, this type of reaction
has been known for several decades.*’ Nonetheless, its biological
importance may only now become apparent, especially since RS,
radicals can also be formed by one-electron oxidation of perthiols
(see section 5).

4.3. S, transfer reactions

Model studies have shown that various polysulfides, such as
benzotrithiepane can formally transfer S, and S; units to
molecules containing one or two conjugated double bonds, such
as norborn(adi)enes.** Recent studies by Greer and colleagues
indicate that this kind of sulfur-transfer reaction may also be
mirrored in Biology. S;-transfer has been associated with the
biological activity of the pentasulfide varacin from Lissoclinum
vareau.** To date, it is still unclear if this transfer occurs as a
concerted action, or if a highly electrophilic, ozone-like S; species
is released from the pentasulfide.

Both pathways are debateable. Neutral S, species (x = 2, 3) are
known to form from elemental sulfur and sulfur compounds at
high temperature,®*=" yet their occurrence in aqueous solution
at room temperature is questionable. Alternative mechanisms for
the transfer of sulfur atoms or S, units may involve the initial
formation of a thiosulfoxide (Fig. 3).>*® Then again, conversion of
a polysulfide to a thiosulfoxide requires considerable energy which
may not be available in vivo or exceed the S—S-bond dissociation
energy.*

4.4. Hydrophobic interactions

Not all explanations concerning the biological activity of polysul-
fides have to be that complicated. One property of longer-chain
polysulfides, which is often ignored, is their similarity with (toxic)
organic solvents, such as nonane and decane, the saturated carbon

analogues of diallyltrisulfide and diallyltetrasulfide, respectively.*
Although such a comparison is speculative at this time, some of
the toxicity of longer chain polysulfides, especially when applied
in higher concentrations, may well result from hydrophobic
interactions, such as disruption of cellular membranes, dissolution
of (nematode) skin, or binding to hydrophobic pockets of proteins
with subsequent unfolding of the protein structure.

Within this context, it is of interest that the structure of
diallylpolysulfides may not be linear. Extensive studies and ab
initio calculations have shown that S-S-S torsion angles in the S,-
units may result in ‘folded’ or even helical arrangements, using +
and — ‘motifs’ as basic structural units.® To date, it is unclear how
such polysulfides behave once they encounter cellular membranes,
cytosolic components, DNA or metal ions.

4.5. Metal binding

The interaction of polysulfides with metal ions represents another
important, yet rather surprising aspect of their chemistry, which
is often ignored. While thiolates are excellent ligands for a range
of (transition) metal ions, most disulfides hardly coordinate to
metal ions. Polysulfides, on the other hand, seem to form metal
complexes, possibly due to their ability to coordinate with several
sulfur atoms at a time and therefore act as multi-dentate ligands.
For instance, Steudel and colleagues have recently calculated
bond energies for a set of lithium-dimethylsulfide complexes. Bind-
ing energies increase from dimethylsulfide to dimethylpentasulfide.

* This does not imply that the allyl-function in diallyltri- and tetrasulfide
is unimportant. Several studies indicate a higher biological activity for
allyl versus propyl analogues. Reasons behind this may include electronic
effects associated with the allyl group and chemical reactivity, metabolic
conversions or physical properties. Interestingly, diallyl-compounds are
commonly associated with garlic, dipropyl-compounds with onions.
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The maximum coordination numbers also increase, from 1 (for the
monosulfide), 2 (for the di- and trisulfide) to 3 (for the tetra- and
pentasulfide).* Is it possible that similar metal binding events
inside living cells lead to a disturbance of intracellular metal
homeostasis or enzyme inhibition via ‘adventitious’ binding to
active site metal ions?

Within this context, it is interesting to note that dimethyldisul-
fide, another natural product from A/lium plant species, exerts its
insecticidal toxicity by inhibiting cytochrome ¢ oxidase.*" Since
this effect is comparable to the one of cyanide, one wonders if
adventitious binding of dimethyldisulfide, or rather its reduced
form, thiomethane (CH;SH), to the active site iron atom of
cytochrome ¢ oxidase is the reason for toxicity. Such inhibitory
reactions are known to occur with various organic thiols and
also HS™ (see sections 5 and 6), and may be more widespread in
biological sulfur chemistry than commonly thought. Then again,
dimethyldisulfide may simply follow ‘classic’ disulfide chemistry
and thiolate cysteine residues essential for enzymatic activity in
cytochrome ¢ oxidase.

To be frank, there is no direct evidence available to date
to indicate direct binding of diallyltri- or tetrasulfide to either
membranes, hydrophobic pockets in proteins or metal ions.
Occasional comparisons of the activity of diallylsulfides with
their sulfur-free carbon-analogues in biological assays indicate,
however, that the sulfur-containing agents are considerably more
active. As a consequence, hydrophobicity alone may not be enough
to explain toxicity of these agents. On the other hand, those
comparisons do not account for three dimensional structural
aspects and metal binding associated with polysulfides. They also
provide only limited information as far as the follow-on products
of polysulfides are concerned.

5. A central role for perthiols?

Several recent biochemical studies conducted on polysulfides
have concluded that hydropersulfides (RSSH, also known as
perthiols) and hydropolysulfides (RS,H, x > 2, also known as
polysulfanes), should be considered the actual active form of
polysulfides in vivo.'** Indeed, RS,H species (x > 2) exhibit an
extensive chemistry on their own. Similar to the broad range of
chemical reactions associated with thiols, RS, H may participate in
redox-reactions, radical chemistry, catalysis and metal binding. In
addition, RS, H species are also able to act as oxidants and release
inorganic S,>~ species, something thiols are unable to do. It is
therefore worthwhile to consider briefly the properties and possible
in vivo formation and reaction pathways of these compounds.

The previous section has already discussed RS,H formation
in the context of trisulfide and tetrasulfide reduction in the
presence of a thiol, such as GSH. Indeed, a thiol-polysulfide
exchange reaction necessarily results in at least one RS, H species
(x > 2), most often a perthiol.”® Assuming that RS .H species
are the biologically active forms of polysulfides, and that their
formation inside living cells is controlled by a reductive step, they
somewhat resemble bioreductive agents, such as the anticancer
drug mitomycin C, which is reductively activated in hypoxic areas
of tumours.* Ts bioreductive activation of a polysulfide to a
perthiol the key to the apparent cancer cell selectivity observed
for diallyltrisulfide by Singh and co-workers?

Currently available data does not yet allow us to answer this
question. Nonetheless, it does allow us to gather a glimpse of the
RS, H chemistry, which in vivo is somewhat different from the one
of thiols (illustrated for allyl perthiol in Fig. 4). First and foremost,
perthiols are considerably more acidic when compared to the
corresponding thiols. For instance, the pK, of allylmercaptan is
9.9, while the pK, of the corresponding perthiol is only around 8.5.
In essence, this implies that reactions requiring the deprotonated
form are likely to proceed considerably faster in the case of the
perthiol as compared to the thiol."

5.1. Generation of reactive oxygen species

This matter becomes particularly important once redox-reactions
at the ‘terminal’ sulfur atom are concerned.t Compared to RSH,
certain RSSH are strong reducing agents which react rapidly with
oxidants, such as dioxygen and oxyhaemoglobin, to form reactive
oxygen species (ROS), such as the superoxide radical anion (O, )
and hydrogen peroxide H,0,)."** This reaction also generates a
perthiyl radical (RS,", x > 2). The latter may dimerise to form
a polysulfide. Alternatively, and in analogy to the thiyl radical
(RS"), it may react with GSH to form a radical anion RS,SG"~,
itself a good reducing agent which may reduce a further molecule
of dioxgen to O," whilst forming a polysulfide RS,SG. Since a
polysulfide is ‘regenerated’, one may consider this as a (pseudo-
)catalytic redox cycle which relies on the polysulfide—perthiol-
perthiyl radical combination to generate ROS from O, whilst
converting RSH to RSSR (Fig. 5).1%

Consumption of thiols and generation of ROS are, of course,
both processes which can severely damage cells by creating
oxidative stress. O,"~ and H,0O, may damage membranes, peptides
and proteins. In the presence of copper or iron ions, they are also
converted to hydroxyl radicals (HO"), a highly aggressive species
which indiscriminately attacks DNA, proteins and membranes.
Since the ROS generating catalytic cycle simultaneously lowers the
content of (antioxidant) thiols, it is particularly vicious and may
explain the toxicity of perthiol-generating tri- and tetrasulfides,
such as the ones found in garlic. It may also in part explain
selectivity for cancer cells since ROS levels in certain cancer cells
are known to be closer to the critical threshold for cell death when
compared to normal cells.

Not surprisingly, several researchers, such as Munday, Gates
and their colleagues have considered this catalytic cycle as the
main explanation of polysulfide toxicity."** ROS generation by
diallyltrisulfide may also explain the findings of elevated levels of
oxidative stress in cancer cells killed by this compound.® Within
this context, Gates and colleagues noticed that the DNA-damage
caused by the pentasulfide varacin is most likely to be the result of
O,'~ generation and not protein thiolation.?*

Similarly, Munday and colleagues have studied the redox
behaviour of diallylsulfides in the presence of GSH and cellular

1 A word of caution: there are often parallel trends between pkK,
values and redox potentials of chemically similar species (e.g. RSH,
RSSH, RSeH), i.e. more acidic species are also generally more reducing.
Nonetheless, acidity of a compound is not a direct cause of particular
redox behaviour.

11 We use the expression pseudo-catalytic since the polysulfide at the
beginning and the one at the end of each cycle are not identical.
Nonetheless, in vitro studies have shown that such as system may perform
several catalytic turnovers before it comes to a halt.
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and disturbance of protein function, as well as the formation of inorganic sulfur species.

oxidants, such as oxyhaemoglobin and methaemoglobin." Using
dioxygen consumption as a measure and superoxide dismutase
and catalase as ‘interceptors’, they found that a mixture of GSH
and oxy-/methaemoglobin (catalytic amounts) in the presence of
diallyltrisulfide and diallyltetrasulfide (catalytic amounts) con-
verted dioxygen to H,O,. In essence, the chain of reduction
reactions starts with GSH, which reduces the polysulfide, and
proceeds via the perthiol and haemoglobin to O,, which is
reduced to H,0,. Interestingly, dioxgen on its own was not
strong enough as an oxidant, ie it did not seem to oxidise
allylperthiol directly and hence no O,*~ was formed in the absence
of haemoglobin. As expected, the diallylmono- and disulfides
were virtually inactive. Furthermore, the dipropyl-analogues of
the diallyltri- and tetrasulfide were also active, albeit their activity
was generally somewhat lower.

Munday’s team was also able to demonstrate GSH depletion
caused by polysulfides, in line with the proposed catalytic mech-
anism and/or the subsequent reaction of H,O, with GSH. Im-
portantly, this study also demonstrated that diallyltrisulfide and
diallyltetrasulfide were able to increase the activity of Phase
2 enzymes quinone reductase and glutathione-S-transferase in
various rat organs. Although a full discussion of these biochemical
findings is beyond the scope of this Perspective, it reminds us that a

living organism is highly complex and that besides simple chemical
redox-processes, cellular signalling, protein expression, changes at
the level of genes and regulation by posttranslational modification
also need to be considered.

5.2. Metal binding

The chemistry of RS H species is not limited to their reaction
with oxidants, such as dioxygen or haemoglobin. Like thiols,
perthiols should be good ligands for (transition) metal ions such
as zinc, copper and iron. Unfortunately, the perthiol coordination
chemistry in vitro and in vivo has hardly been addressed to date
and therefore remains speculative. One notable exception is an
early paper by Sawahata and Neal, who have demonstrated that
benzyl hydrodisulfide (Bn-SSH), but not benzyl mercaptan (Bn-
SH), inhibits hepatic cytochrome P450.5§* The authors at the
time went to a great length to explain this finding. Among other
alternatives, such as cysteine thiolation via benzyl disulfide (Bn—
S-S-Bn), they also speculated about a possible coordination of
the perthiol to the haem iron at the active site.

68 Ironically, this is the same perthiol compound Gates and colleagues
used 23 years later to postulate that superoxide radical anion formation is
the cause of polysulfide/perthiol toxicity in cells (see above).
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that the stoichiometry of the individual reactions has not been included.

The lack of an appropriate biological perthiol coordination
chemistry is most unfortunate, since RSSH and related com-
pounds are likely to bind strongly to a range of free and protein
bound metal ions due to their low pK, values. In turn, this
would make them excellent inhibitors for various copper, zinc and
iron enzymes, such as members of the mitochondrial respiratory
chain, dehydrogenases and hydrolases: perthiols may act either as
‘adventitious ligands’ or by depleting the cytosolic pool of ‘free’
metal ions.

Indeed, adventitious metal-complex formation is a major issue
in enzyme regulation.* Numerous organic thiols are known to act
as superfluous ligands in enzymes, either as regulators or inhibitors
of enzyme activity. For instance, the activity of various matrix
metalloproteases is regulated by cysteine ligands, which are either
part of the pro-enzyme or of specific inhibitor proteins, and which
bind to the active site zinc ion and therefore inhibit substrate
binding.* Similarly, Goto and colleagues have found K; values for
the inhibition of metallo-B-lactamase from Serratia marcescens
by mercaptoacetic acid and 2-mercaptopropionic acid (0.23 and

0.19 uM, respectively), which were around 20 times lower than the
one for GSH (4.6 uM).*” Other examples include the inhibition of
angiotensin converting enzyme by captopril and the inhibition of
carboxypeptidase A by D-cysteine.*®*

Rather than binding to a metal ion at the active site, thiols and
perthiols may also form low molecular weight cytosolic complexes
with zinc, copper and iron ions. This process would reduce the
level of ‘free’ metal ions not bound to proteins and, under certain
conditions, could prevent appropriate metal loading of de novo
synthesised apo-metalloproteins, with adverse effects on protein
function. 9 And finally, the ability of thiols to actively remove
metal ions from the active site of metalloproteins, as observed for
carboxypeptidase A and D-penicillamine,* might also be mirrored
in the case of perthiols.

€9 It should be mentioned that decreasing the level of ‘free’ metal ions
may also be beneficial, especially under conditions of oxidative stress,
where an excess of labile iron causes redox-havoc in the cell. In those cases,
chelators, including thiol agents, are used which exert their antioxidant
effect by complexation of excess metal ions.
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Overall, the area of enzyme inhibition by thiols and perthiols de-
rived from natural polysulfides such as the diallyl- and dipropyldi-
, tri- and tetrasulfides is a promising area for further studies.
For instance, there is little evidence yet of enzyme inhibition by
allylmercaptan, a compound almost certainly formed reductively
from diallyldi-, tri- and tetrasulfide inside the cell. The vast area of
biological perthiol chemistry also remains virtually unexplored.
Do these perthiols bind strongly to active site metal ions with
subsequent inhibition of the enzyme? Can perthiols replace thiols
as ligands in metalloproteins? Do perthiols act as reducing
agents, for instance, can they break disulfide bonds in proteins?
The answers to these and similar questions are crucial for our
understanding of (natural) polysulfide chemistry inside the living
cell.

6. Inorganic sulfide anions

One of the perhaps most interesting aspects of RS .H chemistry
resides within the often ignored fact that such compounds are
oxidants as well as reductants. Hydroper- and polysulfides may
react with GSH to form quite a range of partially protonated S,>~
species. This area of inorganic sulfur species has been reviewed
by Toohey in 1989.%® This review is a goldmine of information as
far as the biological chemistry of S.>~ species is concerned.

Unlike the neutral S, species discussed earlier, these anions are
rather stable and in biochemical terms considerably less aggressive.
If, and to which extent S.*~ formation occurs in vivo will critically
depend on the redox potentials of RS H and thiol species involved,
as well as their relative concentrations. Considering that GSH
occurs in millimolar concentrations in mammalian cells, release of
inorganic sulfur species such as S*~ and S,* from diallyltrisulfide
and diallyltetrasulfide, respectively, becomes a real possibility.
Not surprisingly, reductive release of polysulfide anions from
varacin in vitro has been discussed by Chatterji and Gates, using
mercaptoethanol as a reducing agent.*® If such inorganic sulfur
species are formed inside a living cell, what happens next?

During the last couple of years, it has become apparent that
the biological role of sulfide anions has long been underestimated.
Hydrogen sulfide is formed enzymatically in mammalian tissue by
at least three enzymes, i.e. 3-mercaptopyruvate sulfurtransferase,
cystathionine B-synthase and cystathionase.® Chemical formation
pathways of H,S may include the ‘breakdown’ and reduction of
polysulfides.® In contrast, formation of H,S, (x > 1) in vivo is less
certain.

Once formed, H,S seems to affect a range of biochemical
processes in the cell (Fig. 6). For instance, recent studies by Moore
and colleagues have shown that hydrogen sulfide participates in
intracellular signalling by influencing processes such as vasodi-
latation and inflammation.®> The underlying chemical reactions
and biochemical mechanisms explaining such actions are mostly
unknown, although interactions of HS™ with metal ions, either
free or protein-bound, may, in some instances, provide a plausible
explanation. Indeed, one of major chemical reactions associated
with sulfide anions are complex formations with metal ions such
as zinc, iron and copper. In this respect, the biochemical mode of
action of inorganic sulfide species H,S, may resemble the one of
RS, H (such as mercaptoacetic acid, see above).

To underline the biological significance of H,S, a number of
biological responses towards H,S are emerging at present. A recent

paper in Science, for instance, has shown that “H,S induces a
suspended animation-like state in mice”.** The authors explain
this finding with the inhibition of the iron protein cytochrome ¢
oxidase by the sulfide anion.

In line with these findings, HS™ has been known for many years
to inhibit metalloenzymes, such as carbonic anhydrase, by acting
as adventitious ligand to the metal ion (in this case zinc). Such
studies go back to the 1960s.** Recent work by Supuran and
colleagues has shown that carbonic anhydrase enzymes of the
a-class and the y-class are inhibited by HS™ at concentrations
between 0.6 uM (hCA T enzyme) and 50 pM (Zn-Cam enzyme).*

Other reactions of S,*~ anions under physiological conditions
may include the reaction with dioxygen to form O,"~, H,0, and
sulfur-centred radicals (S,'), similar to the ones discussed for
perthiols. Unlike organic thiols and perthiols, inorganic sulfide
anions are also able to react with disulfide bonds in proteins,
either by reduction of a disulfide to thiols, or by ‘insertion’ into the
disulfide bond (Fig. 6). Such insertion reactions employing S,>~ are
used in synthetic organic chemistry to convert cyclic disulfides to
trisulfides.® It is presently unknown if similar insertions also take
place in vivo, and if they have any biochemical significance. Protein
disulfides may therefore provide additional targets for polysulfide-
derived sulfur species, which in turn may cause damage to the
cell.

More remote possibilities of S,*>~ anion (x > 1) interactions
include the reaction of these anions with the thiol function of
cysteine residues in proteins. Since S,*~ anions can still be reduced
further, thiols can, in principle, attack S-S-bonds in S,*~. If such
a reaction takes place, a sulfur atom is formally transferred from
S.* to the thiol, resulting in a perthiol and S, _,?>~.%® Such cysteine
modifications may inhibit enzymes, yet may also convey activity,
as is the case in bovine liver rhodanese.”

In essence, this area of inorganic, reactive sulfur species in
biology is still in its infancy. It provides ample opportunities
for comprehensive bioorganic and bioinorganic research which
may include mechanistic studies at the molecular level, but
also biochemical investigations considering protein modifications,
signalling pathways and toxicity in cell culture and animals.

7. Outlook

The previous sections have discussed a couple of recent develop-
ments in the field of polysulfides associated with the biological
activity of garlic. From a chemist’s perspective, chemically rather
simple molecules such as diallyltrisulfide and diallyltetrasulfide
seem to be connected with a rather extensive and quite complicated
network of different (bio-)chemical formation and transformation,
signalling and control pathways. Although many of the reactions
we have discussed in the previous sections may ultimately only play
a minor role in the biochemistry of polysulfides, a combination of
several different reactions, rather than just one specific transfor-
mation, is likely to be the source of the (selective) toxicity of the
polysulfides found in garlic.

For example, the reaction of diallyltrisulfide with thiols may,
in the first instance, result in thiolated and therefore damaged
proteins. At the same time, the perthiol product of this initial
reaction would start generating ROS. Depending on the GSH
content of the cell, these ROS may already be sufficient to trigger
cell death. If GSH levels are higher, sulfide anions may be generated
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processes which may result in loss of protein function.

which inhibit essential enzymes by acting as adventitious ligands,
affecting structural disulfide bonds or converting cysteine thiols
into perthiols.

Alternatively, diallyltrisulfide in high concentrations may simply
change the permeability of phospholipid membranes of cells or
‘dissolve’ the skin of nematodes, which would subsequently die
without the polysulfide conducting one single chemical reaction
at all.

The likelihood of any of these scenarios most probably depends
on the organism at hand. At the cellular level, aspects such as redox
state and metal balance may decide which direction the polysulfide
chemistry ultimately takes. In any case, polysulfides would hit
certain cells in more than one way and therefore particularly
hard, which may ultimately also explain the exceptional cytotoxic
properties associated with them.

One of the main consequences of this diverse biological poly-
sulfide chemistry is, of course, that the (bio-)chemical mechanisms
of polysulfide toxicity are dramatically different from the ones
of allicin. The latter is primarily an (unspecific) thiolation agent,
whose reaction products include allyl sulfenic acid, itself also a
thiolation agent, and disulfides.

Considering the chemical and biochemical complexity of poly-
sulfide chemistry discussed here, it should be no surprise that this
area of research provides ample opportunities for future studies at
the interface of chemistry with biochemistry, biology, medicine
and drug design. For instance, there is only vague evidence
regarding the natural occurrence of diallylpenta-, hexa- and
heptasulfide in plants and plant extracts, primarily garlic. Almost
nothing is known about the chemical and metabolic stability or
cytotoxicity of these compounds. Are they considerably more
active than the tri- and tetrasulfide analogues or does biological
activity level off once four sulfur atoms are reached? How stable
are these compounds, and is S; release, as postulated for the
pentasulfide varacin, also an issue as far as diallylpentasulfide
is concerned?

Similarly, the biological chemistry of oxidised polysulfides is
virtually unexplored. While it is known that hydrogen peroxide
can convert disulfides to thiosulfinates and thiosulfonates, similar
reactions with tri- and tetrasulfides have not been studied within
a biochemical context. There is some evidence, however, that
such polysulfide-S-oxides are formed by peroxide-oxidation of
polysulfides. Once generated, they seem to be rather unstable and
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decompose rapidly to form polysulfides and SO,.%* It may well
be that in addition to polysulfide reduction and RSSH formation,
an opposite redox-event, i.e. polysulfide oxidation and subsequent
SO, release, could play a role in the cytotoxicity of polysulfides.

Since such compounds are unstable and highly reactive under
physiological conditions, they may only be present in vivo as tran-
sient chemical species. Furthermore, sulfur has few spectroscopic
properties. As a consequence, questions related to polysulfide
chemistry in vitro and in vivo quickly lead to a rather difficult
area of chemical sulfur research, which is twinned with an equally
demanding set of biochemical studies.

Apart from basic research into the mode(s) of action of
natural polysulfides, future studies may also pay attention to the
pharmacological properties of natural polysulfides. Let’s just for
a second forget about the smell of these compounds and their
association with folk medicine. The diallyl- and dipropylsulfides
discussed here are rather active agents which kill a wide range of
organisms harmful to humans, yet they do not cause too much
harm to us.** As a consequence, such agents may be useful
for therapeutic purposes, e.g. against bacterial infections, fungi
and possibly even against certain types of cancer cells. Their
complicated spectrum of likely modes of action also makes it
highly unlikely that bacteria could develop resistance against
such a combination of cellular insults. At the same time, these
compounds are lipophilic and readily diffuse through cellular
membranes. These properties make them ideal drug candidates
as far as drug delivery and cellular uptake are concerned.

There is also a real potential to use tri- and tetrasulfides in
agriculture. Whilst active against various pests, there is no danger
of contaminating the food chain, since these compounds can be
used at low concentrations (0.1 to 1% in water), decompose after a
while and are metabolised by the plant or animal consuming them.
In the end, only small concentrations would reach the human
consumer, at which point they would rather ‘spice up’ the food
item than pose a health risk.

In conclusion, one may safely state that the field of biolog-
ical polysulfide chemistry contains the right mixture of initial,
sometimes preliminary facts on the one hand, and demanding
research questions on the other, to stimulate many, sometimes
open-ended research projects in the short and medium term. Most
of these programmes will need to be carried out at the interface
of chemistry with other disciplines. Clearly, this area of chemistry
not only smells of garlic, but also of considerable excitement and
success.
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The first enantioselective total syntheses of the f-carboline
alkaloids (—)-isochrysotricine (1) and (—)-isocyclocapitelline
(2) are reported which confirm the absolute configuration of
these natural products. Key steps are the copper-mediated
Sx2'-substitution of propargyl oxiranes 13/14 and the gold-
catalyzed cycloisomerization of a-hydroxyallene 15, resulting
in a highly efficient center-to-axis-to-center chirality transfer.

Homogeneous gold catalysis is an emerging area of transition
metal catalysis with tremendous potential for the synthesis of
complex target molecules.! Based on their ability to activate C-C
double or triple bonds as soft, carbophilic Lewis acids, gold salts
are ideally suited for the formation of C—C and C-heteroatom
bonds by nucleophilic attack at these activated substrates. Ad-
ditionally, reactive C—H bonds can be directly activated by gold
catalysts, opening a second efficient pathway for gold-catalyzed
bond formation. In spite of its utility, however, applications of
homogeneous gold catalysis in (stereoselective) natural product
synthesis are still scarce.? In this paper, we report the first total
syntheses of the B-carboline alkaloids (—)-isochrysotricine and
(—)-isocyclocapitelline, taking advantage of the gold-catalyzed
cycloisomerization of o-hydroxyallenes.

Our group has been interested in the stercoselective synthesis
and transformation of functionalized allenes® for some time.
Recently, we have reported the gold-catalyzed cycloisomerization
of a-hydroxyallenes to 2,5-dihydrofurans* which combines a high
reactivity and excellent axis-to-center chirality transfer with a
tolerance to many functional groups. Moreover, the method
could be extended to the endo-cyclization of B-hydroxyallenes,®
a-/B-aminoallenes,> and o-thioallenes’ to the corresponding 5-
or 6-membered O-, N-, or S-heterocycles (Scheme 1). These
transformations are perfect examples for atom economy.®

R!, ?.%j:k)n
R Hx N

R4 X= s
n=0,

Au(l) or Au(lll)

IIO

R, S R2 R4
1
Scheme1 Gold-catalyzed cycloisomerization of a- or B-heterosubstituted

allenes to 5- and 6-membered heterocycles.

Isochrysotricine (1) and isocyclocapitelline (2) were isolated (to-
gether with their diastereomers chrysotricine and cyclocapitelline)

Organic Chemistry II, University of Dortmund, Otto-Hahn-Strasse 6,
D-44221, Dortmund, Germany. E-mail: norbert.krause@uni-dortmund.de;
Fax: + 49 2317553884, Tel: +49 2317553882

T Electronic supplementary information (ESI) available: NMR data of
compounds 1-3 and 7-16. See DOI: 10.1039/b703995f

in 1999 from the Rubiaceae plant Hedyotis capitellata which has
been widely used in traditional Chinese and Vietnamese herb
medicine.® The constitution and relative configuration of these
B-carboline alkaloids were confirmed by NMR data and an X-
ray analysis; the absolute configuration has not been determined
so far. Studies of the biological activity of isochrysotricine and
isocyclocapitelline have been hampered by the minute amounts
of the alkaloids available from natural sources; for chrysotricine,
however, an interesting in vitro activity against the growth of HL-
60 leukemia cells has been found.' Previous synthetic studies have
been limited to racemic chrysotricine/isochrysotricine' and nor-
isocyclocapitelline.'

Since the absolute configuration of isochrysotricine and isocy-
clocapitelline is unknown, we decided to design a stereodivergent
route which should allow a rapid access to both enantiomers
of 1 and 2 (Scheme 2). Retrosynthetically, isochrysotricine
(1) can be traced back to isocyclocapitelline (N-methylation—
deprotonation), and the B-carboline moiety should be accessible
by Pictet-Spengler-cyclization—aromatization of the aldehyde 3
and tryptamine."" As precursor of tetrahydrofuran 3, we envisaged
the 2,5-dihydrofuran 4 which should be accessible by chemo- and
stereoselective gold-catalyzed cycloisomerization of the allene 5.

=
\ ,N_.- Pictet-Spengler
X7 Me

= N

oo Methylation

/
Cycloisomerization

Scheme 2 Retrosynthesis of (—)-isochrysotricine (1) and (—)-isocyclo-
capitelline (2); PG = protecting group.

Our approch started from the known ester 6 which was
converted into the enynoate 7 by a one-pot reduction—olefination
sequence' (Scheme 3). Efficient transformation into the sec-
ondary alcohol 8 was achieved by standard reduction—oxidation—
Grignard addition. This enyne turned out to be an excellent sub-
strate for a kinetic resolution by Katsuki—Sharpless epoxidation;*
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3. MeMgCl
N £BuOOH N
OH . OH
o, F TOP); o,
2 L-(+)}-DET 2
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£BUOOH
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0 =
MeMgCl Me,,l/-/\‘/'\OH
o Z OH " "CucN, (PhO)P )J)/ OH
2 BnO~ ?
9 (81%) 10 (85%)
AuCl3 (0.05 mol%)
THF
Me.,, H 1. Dess-Martin periodinane
gno—4), © 2. MeMgCl
HO

12 (77%, dr= 60:40)

11 (96%, dr=

98:2)

Scheme 3 Copper-mediated and gold-catalyzed synthesis of 2,5-dihydro-
furan 11 and conversion into tertiary alcohol 12.

with L-(+)-diethyl tartrate, both the epoxide ent-9 (42% yield,
not shown) and the unreacted starting material (R)-8 (43%
yield; configuration assigned according to the Katsuki-Sharpless
mnemonic device') were obtained with >98% ee. The enyne (R)-8
was then converted into oxirane 9 by a matched Katsuki—Sharpless
epoxidation using D-(—)-diethyl tartrate. With both enantiomers
of the epoxyalcohol at hand, we decided to continue our synthesis
with the (R,R,R)-isomer 9 first.

The key steps of the synthesis are the anti-selective copper-
mediated Sy2'-substitution of propargyl oxirane 9, using a
methylmagnesium-cyanocuprate and triphenylphosphite as ligand
to copper,’ and the gold-catalyzed cycloisomerization of the
dihydroxyallene 10 thus formed. This center-to-axis-to-center
chirality transfer proceeds with excellent stereoselectivity (dr =
98 : 2 for 11) and good yield. As expected from previous results,**
only the hydroxy group in a-position participates in the cyclization.
With a catalyst loading of only 0.05 mol% AuCl; in THE," the
cycloisomerization of 10 (over 1900 turnovers on a 2 g-scale!)
belongs to the most efficient transformations reported so far in
homogeneous gold catalysis.

In contrast to these unproblematic steps, the conversion of the
secondary alcohol 11 into the tertiary alcohol 12 turned out to be
tricky. The oxidation of 11 to the corresponding ketone could
be achieved with IBX (2-iodoxybenzoic acid) in DMSO (79%
yield) or with Dess—Martin periodinane™ in CH,Cl, (91% yield).
Unfortunately, this ketone undergoes a very facile epimerization
(probably via the corresponding enol), so that the subsequent
Grignard addition afforded alcohol 12 as a 60 : 40 mixture of
diastereomers. The ease of this epimerization was surprising to us
because the corresponding ketone with a benzyloxymethyl instead
of the benzyloxyethyl side chain is configurationally stable under
the same conditions."”

In order to circumvent this pitfall, we decided to change
the order of events (Scheme 4). Treatment of epoxyalcohol
9 with Dess—Martin periodinane™ (or with IBX; 88% yield)
gave the ketone 13 which turned out to be configurationally
stable. Subsequent Grignard addition and Sy2'-substitution of the
tertiary alcohol 14 to allene 15 proceeded with excellent yield
and without any loss of stereochemical information (>98% ee).
Alternatively, the conversion of 13 into 15 can be carried out in a
tandem Sy2'-substitution—1,2-addition by treating the substrate
first with the methylmagnesium cuprate and then with excess

Dess-Martin >
penodlnane MeMgCI _MeMgCI_ Me,, e OH
CuCN /(J/ OH
B (POYP g K2
13 (89% >98% ee) 14 (97%, >98% ee) 15 (>98% ee)
98% (from 14)/93% (from 13)
MeMgCI/CuCN/(PhO),P, then excess MeMgCl 1
AuCl3 (0.05 mol%)
THF
1. Tryptamine Me, H Dess-Martin Me, H
CF3CO,H \ periodinane y \ H,
2. PdIC OHC 0 Ho—4), © Pa/C
Xylenes, A HO HO
3 (99%) 16 (76%, >98% ee) 12 (97%, 96% de, >98% ee)

2 (53%, >98% ee)
op? =-92.4

1 (quant.)
0p?0=-38.4

Scheme 4 Synthesis of (—)-isocyclocapitelline (2) and (—)-isochrysotricine (1) via 2,5-dihydrofuran 12.
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Grignard reagent in a one-pot procedure. Also this sequence
afforded allenic diol 15 with 93% yield and excellent stereocontrol
(>98% ee). The subsequent axis-to-center chirality transfer by
gold-catalyzed cycloisomerization (0.05 mol% AuCl; in THF)
proceeded as for allene 10 to give the key intermediate with
excellent yield (97%) and high stereochemical purity (96% de,
>98% ee).

The next steps to the target molecules, hydrogenation—
debenzylation of 12 using palladium on charcoal as the catalyst,
as well as oxidation of 16 with Dess—Martin periodinane,' gave
the aldehyde 3 with good yield. We then carried out a Pictet—
Spengler cyclization® of 3 with tryptamine as has been reported
for the synthesis of chrysotricine;" (—)-isocyclocapitelline (2) was
obtained with 53% yield over 2 steps and >98% de/ee after
aromatization of the crude tetrahydro-B-carboline with palladium
on charcoal in refluxing xylenes. Comparison of the optical
rotation of our product (a2 = —92.4, CHCI;, ¢ = 0.525) with that
of the natural product (af) = —75, CHCL;, ¢ = 0.50) suggests that
the latter was not isolated as an enantiomerically pure compound.
More importantly, it confirms the absolute configuration of (—)-
isocyclocapitelline (2) to be (2S,5R). Finally, methylation of the
B-carboline with Mel in refluxing acetone and deprotonation
with aqueous NaOH" afforded (2S,5R)-(—)-isochrysotricine (1)
with an optical rotation of afy = —38.4 (MeOH, ¢ = 1.020; no
literature value reported). The spectroscopic data of synthetic
1 and 2 are in excellent agreement with those described in the
literature.’

In summary we have developed the first enantioselective total
syntheses of the B-carboline alkaloids (—)-isochrysotricine (1)
and (—)-isocyclocapitelline (2) which also confirm the hitherto
unknown absolute configuration of these natural products. Due
to the regiodivergent nature of our approach, both enantiomers are
accessible via the same route, consisting of a crucial center-to-axis-
to-center chirality transfer by copper-mediated Sy2'-substitution
of propargyl oxiranes 13/14 and gold-catalyzed cycloisomeriza-
tion of a-hydroxyallene 15. Our synthesis clearly demonstrates that
homogeneous gold catalysis is a perfect tool for the stereoselective
construction of complex natural products, and we are currently
pursuing the application of our methods to further interesting
target molecules.

Acknowledgements

Continuous support of our work by the Deutsche Forschungs-
gemeinschaft, the Fonds der Chemischen Industrie, and the
European Community is gratefully acknowledged.

Notes and references

1 (a) A. Arcadiand S. D. Giuseppe, Curr. Org. Chem.,2004, 8, 795; (b) A.
Hoffmann-Réder and N. Krause, Org. Biomol. Chem., 2005, 3, 387,
(¢)R. A. Widenhoefer and X. Han, Eur. J. Org. Chem., 2006, 4555; (d) N.
Krause and N. Morita, in Comprehensive Organometallic Chemistry I11,
ed. R. H. Crabtree and D. M. P. Mingos, Elsevier, Oxford, 2006, vol. 9,
pp. 501-586; (e) A. S. K. Hashmi and G. J. Hutchings, Angew. Chem.,
2006, 118, 8064; A. S. K. Hashmi and G. J. Hutchings, Angew. Chem.,
Int. Ed., 2006, 45, 7896.

2 (a) J. Zhu, A. R. Germain and J. A. Porco, Jr., Angew. Chem., 2004,
116, 1259; J. Zhu, A. R. Germain and J. A. Porco, Jr., Angew. Chem.,
Int. Ed., 2004, 43, 1239; (b) K. Sato, N. Asao and Y. Yamamoto, J. Org.
Chem., 2005, 70, 8977; (c) S. T. Staben, J. J. Kennedy-Smith, D. Huang,
B. K. Corkey, R. L. Lalonde and F. D. Toste, Angew. Chem., 2006,
118, 6137; S. T. Staben, J. J. Kennedy-Smith, D. Huang, B. K. Corkey,
R. L. LaLonde and F. D. Toste, Angew. Chem., Int. Ed., 2006, 45, 5991;
(d) Z. Liu, A. S. Wasmuth and S. G. Nelson, J. Am. Chem. Soc., 2006,
128, 10352; (e) Y. Li, F. Zhou and C. J. Forsyth, Angew. Chem., 2007,
119, 283; Y. Li, F. Zhou and C. J. Forsyth, Angew. Chem., Int. Ed.,2007,
46, 279.

3 (a) Modern Allene Chemistry, ed. N. Krause and A. S. K. Hashmi,
Wiley-VCH, Weinheim, 2004; (b) R. Zimmer, C. U. Dinesh, E.
Nandanan and F. A. Khan, Chem. Rev., 2000, 100, 3067; (¢) J. A.
Marshall, Chem. Rev., 2000, 100, 3163; (d) S. Ma, Chem. Rev., 2005,
105, 2829.

4 (a) A. Hoffmann-Roder and N. Krause, Org. Lett., 2000, 3,2537; (b) N.
Krause, A. Hoffmann-Rdder and J. Canisius, Synthesis, 2002, 1759.

5 B. Gockel and N. Krause, Org. Lett., 20006, 8, 4485.

6 (a) N. Morita and N. Krause, Org. Lett., 2004, 6, 4121; (b) N. Morita
and N. Krause, Eur. J. Org. Chem., 2006, 4634.

7 N. Morita and N. Krause, Angew. Chem., 2006, 118, 1930; N. Morita
and N. Krause, Angew. Chem., Int. Ed., 2006, 45, 1897.

8 (a) B. M. Trost, Angew. Chem., 1995, 107, 285; B. M. Trost, Angew.
Chem., Int. Ed. Engl., 1995, 34, 259; (b) R. A. Sheldon, Pure Appl.
Chem., 2000, 72, 1233.

9 N. M. Phuong, T. V. Sung, A. Porzel, J. Schmidt, K. Merzweiler and
G. Adam, Phytochemistry, 1999, 52, 1725.

10 J. N. Peng, X. Z. Feng, Q. T. Zheng and X. T. Liang, Phytochemistry,
1997, 46, 1119.

11 (a) G. X. Wang, S. F. Chen and X. T. Liang, Chin. Chem. Lett., 1998, 9,
357; (b) S. Mahboobi, M. Koller and D. Schollmeyer, Monatsh. Chem.,
2000, 131, 383; (¢) J.-X. Zhang, G.-X. Wang, P. Xie, S.-F. Chen and
X.-T. Liang, Tetrahedron Lett., 2000, 41, 2211; (d) G. X. Wang, J. X.
Zhang, S. F. Chen and X. T. Liang, Chin. Chem. Lett., 2001, 12, 199.

12 J. Hartung, S. Drees, B. Geiss and P. Schmidt, Synletz, 2003, 223.

13 D.-G. Qin, H.-Y. Zha and Z.-J. Yao, J. Org. Chem., 2002, 67, 1038.

14 U. Koop, G. Handke and N. Krause, Liebigs Ann., 1996, 1487.

15 (a) V. S. Martin, S. S. Woodward, T. Katsuki, Y. Yamada, M. Ikeda and
K. B. Sharpless, J. Am. Chem. Soc., 1981, 103, 6237; (b) A. Pfenninger,
Synthesis, 1986, 89; (c¢) K. B. Sharpless, Tetrahedron, 1994, 50, 4235.

16 Review: N. Krause and A. Hoffmann-Rdoder, Tetrahedron, 2004, 60,
11671.

17 C. Deutsch, B. Gockel, A. Hoffmann-Roder and N. Krause, Synlett,
submitted.

18 (a) D. B. Dess and J. C. Martin, J. Org. Chem., 1983, 48, 4155; (b) R. K.
Boeckman, Jr., P. Shao and J. J. Mullins, Org. Synth., 2000, 77, 141.

19 F. Volz and N. Krause, to be published.

20 Review: E. D. Cox and J. M. Cook, Chem. Rev., 1995, 95, 1797.

This journal is © The Royal Society of Chemistry 2007

Org. Biomol. Chem., 2007, 5, 1519-1521 | 1521






COMMUNICATION

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

Synthesis of the guanacastepene A—B hydrazulene ring system through

photochemical ring transposition

Craig A. McGowan,” Ann-Kathrin Schmieder,” Lee Roberts” and Michael F. Greaney**

Received 30th March 2007, Accepted 2nd April 2007
First published as an Advance Article on the web 16th April 2007
DOI: 10.1039/b704865¢

The A-B hydrazulene ring system of the guanacastepenes has
been synthesised using a photochemical ring transposition of
a 6-6 bicycle.

In 2000 Clardy and co-workers reported the isolation of gua-
nacastepene A, 1, from an endophytic fungal strain growing
in a branch of a Daphnopsis americana tree in the Guanacaste
rainforest of Costa Rica (Fig. 1).! The natural product was isolated
as part of a screening program which assayed fungal extracts for
activity against drug-resistant strains of Staphylococcus aureus
and Enterococcus faecium. Following the initial report on gua-
nacastepene A, Clardy reported the isolation and characterisation
of an additional fourteen structurally and chemically diverse
guanacastepenes from the same fungus.?

o  OHC
OH
W00
Me—f¢ Me
Me 1

Fig.1 Guanacastepene A.

The novel carbon skeleton coupled with the highly promising
antibiotic activity of guanacastepene A made the guanacastepenes
excellent targets for chemical synthesis, and an intense level of
synthetic activity ensued. Completed total syntheses of members
of the guanacastepene family have been reported by Danishefsky
(A),* Mehta (C),* Sorensen (E),’ Overman (N)°¢ and Trauner (E)’
in addition to three formal syntheses and a variety of synthetic
approaches.®

Our strategy for the synthesis of guanacastepene A is based
upon the transposition of a 6-6 bicycle to the relevant 5-7
hydrazulene system found in the guanacastepenes. Accordingly,
the tricyclic natural product is first disconnected back to the
hydrazulene 2. This AB — ABC strategy has proven to be popular,
with the stereocontrolled installation of the third C ring from
ketones such as 2 having being demonstrated by the Danishefsky
and Snider research groups.*® The 5-7 bicycle arises from the
simpler hydrazulene 3, which is the product of the key ring
transposition: a photochemical rearrangement of keto-epoxide

“University of Edinburgh, School of Chemistry, Joseph Black Building,
King’s Buildings, West Mains Rd, Edinburgh, UK EH9 3JJ. Email:
Michael.Greaney@ed.ac.uk

*Pfizer Global Research & Development, Sandwich Laboratories, Ramsgate
Rd, Sandwich, Kent, UK CT13 9NJ

T Electronic supplementary information (ESI) available: General proce-
dures, synthesis of individual compounds, NMR spectra and ORTEP
structures. See DOI: 10.1039/b704865¢

4. The decalin structure can be synthesised through a Robinson
condensation of 2-methyl-cyclohexanone and 5-methyl-hex-3-en-
2-one, or their synthetic equivalents (Scheme 1).

o OHC Q O OH
OH O
ACO AcO =
fr—— fr—
Me—4{ Me Ve Me ’\zlle Me—4 Me
Me 1 e 5 Me 3
(0]
(0] o o 0.
I j\:) [ =
Me Me Me Me
Me 7 6 Me” "Me s M Me ,

€
Scheme 1 Synthetic plan for guanacastepene A.

Initial work focussed on simple epoxy-ketone models of the key
photochemical transposition—a reaction developed extensively by
Jeger in the steroid field." Paquette was the first to explore the re-
action in the synthesis of non-steroidal natural products, using the
transposition to synthesise the isoingenane and dolastane natural
product skeletons.'** QOutside of these reports, this potentially
powerful reaction has seen little application in complex molecule
synthesis. We began by preparing the known epoxy-ketone 8 and
were encouraged to find that irradiation in ethanol through a
pyrex filter produced smooth transposition to the hydrazulene
9 in 50% isolated yield (Scheme 2). The chromophore-containing
1,3-diketone product 9 appears to undergo slow photodegradation
under the reaction conditions, necessitating a compromise between
conversion and isolated yield, an observation inline with previous
studies on this reaction." A brief screen of solvents established
ethanol as being the medium of choice for the reaction.

O OH
o 0 hv P
solvent
_— -
Me Me
] 9
Solvent | Yield of 9 (%) | Recov'd SM (%)
EtOH 50 25
MeCN 28 7
hexane 22 6
dioxane 49 16
MeCN/acetone 0 0
(9:1)

Scheme 2 Photochemical transposition of simple epoxy-ketone 8.

We next prepared the ketal-containing epoxy-ketone 11 via a
five-step procedure starting from the diosphenol 10, verifying the
cis-arrangement of the epoxide and C11 methyl group in 11 with
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an X-ray structure (Scheme 3).i The aim here was to incorporate
protected carbonyl functionality into C3 of the nascent B-ring
that could be used as a starting point for future C-ring synthesis.
Disappointingly, all efforts to transpose 11 into the corresponding
hydrazulene met with failure. Extensive degradation of the keto-
enol starting material was observed and no clean products could
be isolated from the photoreactor. On the basis of this negative
result, we turned our attention to synthesising a more highly-
functionalised A-ring precursor, with the intention of oxidising
the C3 position at a later point in the synthesis.

M
0 Q0 hv
HO 5 steps o SO \ f \
7\
Me' Ve
10 11

Scheme 3 Attempted transposition of ketal-containing epoxy-ketone 11.

O /OHO/>
(0]

Me
12

Construction of the guanacastepene A AB bicycle via the
transposition route calls for the preparation of a 6-6 system having
the cis isopropyl and methyl groups at C11 and C12 in place. This
arrangement of a tertiary branched group adjacent to a quaternary
centre is beyond the scope of Robinson annulation chemistry, as
the initial Michael addition is very slow due to severe steric hin-
drance. As expected, all attempts to implement the reaction using
the unactivated precursors 6 and 7 were unsuccessful. Activation
at one, or both, of the isopropyl and methyl group appendages
is required. After numerous trials, the literature condensation
of enone-oate 13 with 2-methyl-cyclohexanone proved to be the
most effective synthetic method (Scheme 4)."* Whilst the yield of
this procedure is a modest 20%, the operational simplicity and
scalability of the reaction, being the first step in the route, made

it the preferred method. In addition, the Robinson annulation
product 15 is formed as a 10 : 1 mixture of diastereoisomers, in
favour of the desired cis C11-C12 stereochemistry. Acid-catalysed
epimerisation places the ester group in the more stable pseudo-
equatorial position, confirmed by X-ray diffraction.}

Functionalisation of 15 to the requisite ring transposition
substrate 18 began with protection of the ketone as a ketal,
accompanied by concomitant double bond migration. The ester
moiety was then transformed into an isopropenyl group by
treatment with two equivalents of MeLi followed by elimination
of the resulting alcohol with POCI;. Deketalisation gave an
enone, which could be selectively hydrogenated (15 bar) at the
isopropenyl group using Wilkinson’s catalyst to afford enone 17.
The required epoxy-ketone photosubstrate 18 could be accessed
through treatment of 17 with basic peroxide, but only in mediocre
yield. It proved more efficient to first reduce the ketone, epoxidise
the allylic alcohol with mCPBA, then reoxidise, producing keto-
epoxide 18 as essentially a single diastereoisomer. The epoxide
stereochemistry is assigned as 3 in line with the stereoselectivity
observed in the analogous sequence during the synthesis of keto-
epoxide 11.

We were pleased to observe that irradiation of an ethanolic solu-
tion of 18 through a pyrex filter produced a clean transformation
to the desired hydrazulene 19, in similar yield to the simple model
8 (56% yield with 23% recovered SM). The expected retention of
stereochemistry at the migrating C11 centre was confirmed by the
X-ray crystal structure shown in Scheme 4. The enol oxidation
level at C2 is found in the majority of the guanacastepenes, and
may provide a useful functional handle for future elaboration of
19. For the present time, however, we thought it prudent to reduce
to the enone oxidation level via hydrogenolysis of the derived
enol triflate. Enone 20 has been prepared previously by Chiu and

O o) O,
a
/“)J\Me + Me [
20%
MeO,C ° Meo,C Me
13 14 15
0] O OH
o} ( 0O o g
b-d 0 e-f g-i j =
Me 54% Me 80% Me 82% Me 56%
MeO,C Me Me”™ "Me M Me
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Scheme 4 Synthesis of 12. Reagents and Conditions: (a) TsOH (cat), benzene, Dean-Stark, 48 h, (b) HO(CH,),OH, TsOH (cat), benzene, Dean—Stark,
(c) MeLi (2.5 equiv), THF, 0 °C, 18 h, (d) POCI; (3 equiv), pyridine, rt, 18 h, (e) TsOH (cat), acetone, reflux, 2.5 h, (f) (PPh;);RhClI (10 mol%), MeOH,
H,, 15 bar, rt, 12 h, (g) NaBH, (1.1 equiv), CeCl;-7H,0 (2.2 equiv), MeOH, 0 °C, 1 h, (h) mCPBA (1.5 equiv), NaHCO; (2 equiv), DCM, 0 °C, 1.5 h,
(1) PDC (2 equiv), DCM, 0 °C, 18 h, (j) hv (Hanovia 400 W medium pressure Hg lamp), EtOH, 0 °C, 9 h, (k) Tf,O (2 equiv), iPr,EtN (2 equiv), DCM,
0°C, 1 h, (1) Pd(OAc), (cat), PPh; (cat), Et;N (3 equiv), HCO,H (2 equiv), DMF, 60 °C, 4 h.
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co-workers in their approach to guanacastepene A, and demon-
strated to be a good substrate for allylic oxidation—providing a
handle for eventual introduction of the C-ring."*

In conclusion, we have developed a novel approach to the
guanacastepene AB hydrazulene using a photochemical transpo-
sition of a 6-6 system as the key step. Future work will examine
functionalisation of the product hydrazulenones for the synthesis
of the guanacastepene family of diterpenes.
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