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Helical oligonaphthalenes were constructed by bottom-up synthesis (repeating dimerization reactions),

their absolute configurations were determined by an exciton chirality method and their functions, such

as energy transfer, are also reported.

Introduction

The binaphthalene skeleton represented by 1,1’-binaphthyl-
2,2-diol (1)! and 2,2'-bis(diphenylphosphino)-1,1’-binaphthyl
(BINAP)? is unique in that it is possible to construct a large
chiral space and to adjust the dihedral angle according to the
outside environment. Therefore, the binaphthalene skeleton has
made great contributions as a catalyst in synthetic chemistry
and plays useful roles in supramolecular chemistry. However, the
synthesis of ternaphthalene, in which one unit of naphthalene
is added to binaphthalene or higher-order oligonaphthalenes,
has received little attention.® 1,1’-Binaphthyl-2,2'-diol (1) and
related compounds are shown in Fig. 1. Compounds that involve
consecutive axial bonds are quite rare.
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We have studied the synthesis and functions of oligonaph-
thalenes that are composed of a 2,3-dialkoxynaphthalene unit
and are continuously connected at their 1,4-positions. All of the
axial bonds that bridge naphthalene rings are chiral, and if the
axial chirality can be controlled to be either R or S, it should
be possible to construct a helical oligonaphthalene.'> Moreover, if
the axial chirality can be controlled to generate an R,S-alternating
pattern, a unique molecule, in which hydrophilic oxygen functional
groups are located in a line on one side of the molecule and
hydrophobic naphthalene rings are lined up on the other side,
should be synthesized (Fig. 2). In addition, while this structure
should be rigid in the rod direction,' it should have some degree
of flexibility around the axial bonds, and it should be possible to
introduce various functional groups into the scaffold of phenolic
hydroxy groups.

We have been examining a bottom-up method for constructing
these compounds by a repeated dimerization reaction (i.e. 2-
mer — 4-mer — 8-mer — 16-mer —..?!)."” With this bottom-up
method, oligonaphthalenes, in which all of the axial chiralities
and the type and arrangement of side chains are controlled
without a molecular weight distribution, can be constructed. In
this paper, we introduce our recent results regarding the synthesis
and functions of homochiral (helical) oligonaphthalenes.

Synthesis of the quaternaphthalenes

Regarding the dimerization of binaphthalene derivatives, several
examples (including our data) have been reported and it has been
shown that an efficient transfer of chirality from the axis to the
newly formed axis did not occur even if chiral binaphthalenes were
used as starting materials.*'®"* However, to achieve appropriate
reaction conditions, the oxidative coupling of chiral 13a—d**"*
took place under a classical combination of copper(ir) chloride
and amine to give the corresponding quaternaphthalenes with
high diastereoselectivities (Scheme 1 and Table 1).*!

In the case of 13a, low diastercoselectivities were observed for
14a in the presence of (RS) or (R)-15 (entries 1 and 2), and in
contrast, when (S)-15 was used as an amine component, (S,S,S)-
14a was obtained with high selectivity along with the generation of
a large amount of precipitate (entry 3). Brussee et al.,”* KoCovsky
et al.,® and Wulff et al.* reported the asymmetric synthesis of 2,2'-
binaphthol based on diastereoselective precipitation accompanied
by isomerization of the axis of 2,2'-binaphthol. Thus, racemic
2,2'-binaphthol was treated with copper(ir) chloride and (S)-
amphetamine to give a large amount of precipitate: (S)-binaphthol
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Fig. 1 1,1'-Binaphthyl-2,2'-diol and related compounds.
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Fig. 2 Homochiral (helical) oligomer and R,S-alternating oligomer. Scheme 1  Oxidative coupling of binaphthalenes 13a—d.
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Table 1 Oxidative coupling of binaphthalenes 13a—d

Entry Substrate Amine Major isomer* Isolation® Yield (%) De (%)*
1 (S)-13a (RS)-15 (S,S.,5)-14a — 73 12
2 (R)-15 — 69 26
3 (S)-15 PF 87 75
4 (S)-15 P 58 93
5 (S)-15 F 15 17
6 (S)-13b (S)-15 (S,S,S)-14b — 77 62
7 (RS)-15 — 77 65
8 (S)-13¢ (R)-15 (S,S.5)-14¢ — 77 82
9 (R)-13¢ (RS)-15 (R,R,R)-14c¢ — 54 79
10¢ (R)-15 — 75 19
11 16 — 55 62
12 (S)-13d (RS)-15 (S,S,5)-14d — 96 75
13 (R)-15 — 81 75
14 (S)-15 — 89 70
15 16 — 94 81
“The absolute configuration of the major isomer was determined by transformation to the known compound or X-ray analysis. See ref. 21. *— = no

precipitation; PF = without separation of the precipitate and filtrate; P = from precipitate; F = from filtrate. ¢ Isolated yield.  Based on the isolated yields

of corresponding diastereomers. ¢ Reaction temperature = 0 °C to rt.

was obtained from the precipitate (87% yield, 91% ee) and
(R)-binaphthol was obtained from the filtrate (13% yield, 12%
ee). In the case of the homocoupling reaction of (S)-13a which
has methyl groups on the side chain, high diastereoselectivity
(75% de, entry 3) and the generation of precipitate were observed
when only (S)-15 was used as a ligand for copper. Therefore,
the precipitate and filtrate were separated by filtration and each
fraction was post-treated separately. As a result, (S,S,S)-14a was
obtained from the precipitate with very high selectivity (58% yield
and 93% de, entry 4). In contrast, (S,S,S)-14a was obtained from
the filtrate as a main product with 15% yield and 17% de (entry 5).
The results suggest that the induction of axial chirality in 14a was
due to diastereoselective precipitation with isomerization of the
newly formed axial bond.

In substrates (13b—d) which possess side chains other than
a methyl group, precipitation did not occur in the reaction.
Moreover, high diastereoselectivities were induced by achiral iso-
propylamine (entries 11 and 15). Therefore, the induction of
chirality in these substrates is likely caused by a pathway that
is different from that of 13a. Since the newly formed axis could
be easily epimerized under the coupling reaction conditions based
on the above data, conversion of the coupling reactions of 13b—
d as well as their diastereoselectivities were followed by high
performance liquid chromatography (HPLC) and epimerization
of the newly formed axis of the products 14b—d under the same
conditions was also monitored.

When (S,S,S)-14b and (S,R,S)-14b with n-butyl substituents
were placed under oxidative coupling conditions (CuCl,—%15),
isomerization of the central axial bond easily took place and
(S,S,S)-14b was obtained as a major product from both isomers.
Monitoring by HPLC revealed that isomerization of the axis of
both diastereomers proceeded smoothly and reached a plateau of
70% de within 4 h, which is almost the same value as that in the
homocoupling reaction of (S)-13b (Fig. 3 (1)). On the other hand,
in the coupling reaction of (S)-13b, the diastereoselectivity was
around 50% de at the initial stage of the reaction and gradually
increased to a final value of 68% de (Fig. 3 (2)). These data
indicated that the pathway for the induction of chirality in the
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Fig.3 Time course of the diastereoselectivities (1) with the epimerization
of 14b and (2) with the coupling reaction of 13b. De and conversion were
monitored and determined by HPLC.

coupling reaction of 13b was determined by differences in the
thermodynamic stabilities of the corresponding 14b.

The diastereoselectivity of the isomerization of quaternaphtha-
lene (R,R,R)-14¢ and of the coupling reaction of (R)-13¢, which
has a tert-butoxycarbonylmethyl group on its side chain, were also
examined. Although the isomerization of 14¢ was slower than

This journal is © The Royal Society of Chemistry 2007

Org. Biomol. Chem., 2007, 5, 2179-2188 | 2181





that of 14b, homochiral 4-mer (R,R,R)-14¢c was predominantly
obtained in 70% de after equilibrium was achieved (Fig. 4 (1)).
However, the diastereoselectivity of the dimerization of (R)-13¢
increased from 72% de at 5 minutes to 82% de at 6 h, began to
fall at around 8 h and plateaued at 70% de after 25 h, which is
comparable to the diastercoselectivity of the isomerization from
4-mer 14c¢ (Fig. 4 (2)). Overall, the diastereoselectivity of the
homocoupling of 13¢ was achieved through the thermodynamic
stability of product 14¢, however the results suggested that the
initial selectivity of the reaction under kinetic control was higher
than that under thermodynamic control.
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Fig.4 Time course of the diastereoselectivities (1) with the epimerization
of 14¢ and (2) with the coupling reaction of 13¢. De and conversion were
monitored and determined by HPLC.

In contrast to the former two cases, the direction of the
isomerization of both (S,S,S)- and (S,R,S)-14d with a diethy-
laminocarbonylmethyl side chain was completely different, and
heterochiral 4-mer (S,R,S)-14d was slowly obtained in about 20%
de after 36 h (Fig. 5(1)). At the early stage of the coupling reaction,
homochiral (S,S,S)-14d was predominantly obtained in 74% de
and this value was maintained for 12 h (when the conversion of
the reaction was about 90%). Thereafter, the selectivity began to
gradually fall and reached a plateau to give (S,R,S)-14d in 20% de
after 88 h (Fig. 5 (2)). Thus, from a synthetic point of view, the
diastereoselectivity of the coupling reaction of 13d occurred under
kinetic control.

As mentioned above, the pathways for the induction of chirality
in the homocoupling reactions for 13a—d were controlled by the
substituent on the side chain, which did not seem to be associated
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Fig.5 Time course of the diastereoselectivities (1) with the epimerization
of 14d and (2) with the coupling reaction of 13d. De and conversion were
monitored and determined by HPLC.

with diastereoselectivity. Specifically, (1) when the side chain was
a methyl group, the homochiral product was obtained through
precipitation together with isomerization of the axis, (2) with n-
butyl and fert-butyl ester on the side chain, homochiral 4-mer
was generated under thermodynamic control, and (3) kinetically
controlled product was obtained in the case of a substrate with
an amide side chain. As a next step, we have been examining
how many naphthalene rings can be connected using these three
different pathways.

Synthesis of higher-order oligonaphthalenes

The synthetic route for higher-order oligonaphthalenes (~24-mer)
starting from homochiral 4-mers 14a—d is shown in Scheme 2.
After the central two hydroxy groups in homochiral 4-mers
14a—d were converted to methyl ethers 17a—d (64-100% yields),
one of the benzyl ethers on the upper or lower naphthalene was
removed to afford key intermediates 18a—d for synthesis of the
corresponding 8-mers 19a—d (40-57% yields). The results with
successively higher-order oligonaphthalenes are shown in Table 2.

Synthesis of higher-order oligonaphthalenes with methyl
substituents (isomerization and precipitation)**

In the homocoupling reaction of quaternaphthalene (S,S.S)-
18a, which has methyl groups as side chains, extremely high
diastereoselectivity (99% de) was observed with the generation
of a large amount of precipitate to give the corresponding
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Table 2 Oxidative coupling of oligonaphthalenes 18a—d, 22a and 22d

Entry Substrate Amine Product” Yield (%)® De (%)

1 (S,S,5)-18a (S)-15 (S,S.S,S,S,S,5)-19a 84 99
(S,S.S,R,S,S.,S)-19a 1.5

2 (S,S.S.,S,S,S,5)-22a (S)-15 (S,S8.S,8,8,S.,S,S,8,S.,S.,S,S,S,5)-23a 70 79
(S,S,S.S,S,S,5,R,S,S.S,S.,S,S,5)-23a 8

3 (S,S.,5)-18b (RS)-15 (S,S.S.S,S,S,5)-19b 50 83
(S,S,S,R,S.,S,S)-19b 5

4 (S,S,5)-18¢ (RS)-15  (S.S.S.S,S,5.5)-19¢ 45 80
(S,S,S,R,S.S,S)-19¢ 5

5% (S,S,S)-18d 16 (S,S.S,S,S.,S,5)-19d 50 46
(S.S,S,R,S,S.,S)-19d 19

6% (R,R,R,R,R,R,R)-22d# 16 (R,R,R,R,R,R,R,R,R,R,R,R,R,R,R)-23d 11° 4
(R.R,R,R,R,R,R,S,R,R,R,R,R,R,R)-23d 12¢
(R,R,R.R.R,R,R,R,R,R,R.R,R,.R,R,R,R,R,R,R,R,R,R)-24d Y —
(R,R,R,R,R,R,R,R,R,R,R,R,R,R,R,S,R,R,R,R,R,R,R)-24d 4 —

(R,R,R,R,R,R,R,S,R,R,R,R,R,R,R,S,R,R,R,R,R,R,R)-24d 25 —

“The absolute configuration of the major isomer was determined by transformation into a known compound and then by comparing the amplitude in the
circular dichroism (CD) spectrum of the corresponding diastereomers using the pyrene or tetraphenylporphyrin (TPP) method. ® Isolated yield. < Based
on the isolated yields of the corresponding diastereomers. ¢ The reaction conditions were not optimized. ¢ Yield was calculated after methylation of two
hydroxy groups. / Yield was calculated based on diol 21d. ¢ Including 6% of (R,R,R,R,R,R,R)-21d.

8-mer 19a in which seven axes were controlled to be S. After
removal of the diastereomeric minor isomer (S,S,S,R,S,S,S)-19a,
the two hydroxy groups at the center of (S,S,S,S,S,S,S5)-19a were
methylated, and deprotection of one benzyl group on the top or
bottom naphthalene gave the coupling precursor (S,S.S.,S,S.S,S)-
22a. The dimerization of (S,S,S.S,S,S,S)-22a proceeded smoothly
with the formation of a precipitate to give the corresponding
(S,8.S.8,S8,S,S.,S.S,S,S,S,S,S,5)-23a in high yield (78%) as well
as high diastereoselectivity (79% de). Since 16-mer 23a showed
extremely poor solubility, experiments with further higher-order
oligonaphthalenes with methyl substituents were abandoned.

Synthesis of higher-order oligonaphthalenes with n-butyl or zert-
butyl ester substituents (thermodynamically controlled product)**®

Homocoupling of (S,S,S)-18b and (S,S,S)-18¢ also pro-
ceeded with high diastereoselectivity to give homochiral 8-mer
(S,S.S.8,S,S,5)-19b (55% yield, 83% de) and (S,S,S,S,S.S,S)-
19¢ (50% yield, 80% de). Since undesired lactonization between
a hydroxy group and a ferz-butyl ester moiety gradually took
place, further attempts to obtain higher-order oligonaphthalene
derivatives were discontinued. Regarding oligonaphthalene with
an n-butyl side chain, the synthesis of further higher-order
oligonaphthalenes starting from (S,S.,S,S,S.,S,5)-19b is now under
investigation.

Synthesis of higher-order oligonaphthalenes with amide
substituents (kinetically controlled product)*

A series of oligonaphthalenes with diethylaminocarbonylmethyl
groups was examined. Oligonaphthalenes with an amide side
chain are highly polar compared to other compounds with
an n-butyl side chain or methyl side chain, and consequently
purification and/or isolation was more difficult. Moreover, the
reactivity of the homocoupling reaction decreases as the number
of naphthalene units increases. Therefore, the coupling reactions of
these substrates pose an inherent dilemma: when the conversion
is raised by extending the reaction time, the diastereoselectivity

decreases to give hetero-chiral oligonaphthalenes as the major
diastereomer.

Homochiral-18d was treated with CuCl,—16 to give homochiral-
19d in 69% yield and 49% de* After separation of the
corresponding (R,R,R,S,R,R,R)-19d by column chromatography,
the central hydroxy groups of (R,R,R,R.R,R,R)-19d were
methylated, and subsequent deprotection of one benzyl group
on the top or bottom naphthalene gave the coupling precursor
(R,R,R,R,R,R,R)-22d. Since it was extremely difficult to separate
20d, 21d, and 22d, the fraction of 22d included about 6%
of diol (R,R,R,R,R,R,R)-21d. When this mixture was used
without further separation for the next oxidative dimerization
reaction, a 16-mer (two kinds of diastereomer) that was the
usual homocoupling product and an unexpected 24-mer (three
kinds of diastercomer) that was due to the condensation of three
components that included two axial bonds of unknown chirality,
were obtained. After separation of the 16- and 24-mer products
by gel permeation chromatography (GPC), two diastereomers
of 16-mer were methylated and could be separated by recycling
preparative  HPLC into (R,R,R,R,R,R,R,R,R.R,R,R.R,R,R)-
and (R.R,RR,R,R.R,S.R,R,R,R,R,R,R)-23d. In addition,
24-mers could also be separated by recycling preparative
HPLC into three chiral 24-mers: (R,R,R,R,R,R,R,R,R,R,R,
R.R,R.R,R.R,R.R,R.R,R,R)-, (R,R,R,R,R,R,R,R,R,R,R,R,R,R,
R.S,RR.R,RR,RR)- and (R,R,R.R,RR,RS,RRRRRRR,
S,R,R,R,R,R,R,R)-24d.

Determination of the absolute configuration of oligonaphthalenes

When we considered two hydroxy groups that existed over
newly formed axial bonds of unknown chirality, the absolute
configuration of the axis was determined by introducing two
excitons into the scaffolding hydroxy group and measuring the
Cotton effect in the circular dichroism (CD) spectrum. The pyrene
ring with absorption at about 350 nm was selected as an exciton.
Since it was impossible to introduce 1-pyrenecarboxylic acid
directly into the phenolic hydroxy group due to steric hindrance,
two 1-pyrenebutyric acids were condensed to the hydroxy group.

2184 | Org. Biomol. Chem., 2007, 5, 2179-2188
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The chirality of the target axis was then determined from the
positivity/negativity in the CD spectrum at around 350 nm that
was due solely to the pyrene ring.*’ However, since there is a
separation between the axis and excitons, this method is not
conclusive (Fig. 6).

L

OR
Fig.6 Determination of absolute configuration based on the introduction
of two pyrene rings.

The viewpoint was then changed from a target axial bond of
unknown chirality to the whole oligonaphthalene, and powerful
excitons were introduced into the top and bottom naphthalenes.
Although the amplitude of exciton coupling is in inverse propor-
tion to the square of the distance between excitons,” the intensity
of CD could be detected by introducing powerful excitons.
Tetraphenylporphyrin (TPP) was used as an exciton that shows
large absorption.”® Bis(TPP)-oligonaphthalenes 25a-28a were
synthesized from the corresponding dihydroxy groups on the top
and bottom naphthalenes and TPP carboxylic acid using 1-ethyl-3-
(3-dimethylaminopropyl)carbodiimide hydrochloride (WSC-HCI)
(Fig. 7).
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Fig. 7 Oligonaphthalenes with two TPPs 25a—28a.

If the average dihedral angle of each naphthalene is 90°, the
target axis of unknown chirality can be determined from the data
in the CD spectrum that reflects the torsion of the whole molecule
which includes an axis of unknown chirality (Fig. 8).%

(b) 4,8

~
-
w
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AV
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4,6
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Fig. 8 Application of the exciton chirality method to oligonaphthalenes
with two TPPs. (a) Structure of (S,S,S,S.S,S,5)-27a. (b) Top-view of
(S,S.S.S,S,S,5)-27a. Each side chain is helically arranged every 90° in
a clockwise direction. The two TPPs are oriented in an anticlockwise
direction, which leads to a negative exciton-coupled CD spectrum.

Our assumption was valid, and we could determine the chirality
of the target axis from the shape of the split type CD spectrum of
the Soret band, as shown in Fig. 9.

Moreover, the amplitude of the CD was almost in inverse
proportion to the square of the distance between each TPP on
4-mer, 8-mer, and 16-mer. A clear split Cotton effect was observed
on 16-mers, in which the distance between the scaffolding oxygen
and oxygen of the top and bottom naphthalene is about 66 A.
This is the longest example of an exciton—exciton interaction, and
exceeds the longest exciton interaction (about 50 A) that has been
reported to date.?®

To determine the absolute configuration of diastereomeric
24-mers with two unknown axes, the above long-range CD
method could not be used. Therefore, a more concise method to
determine the absolute configuration of oligonaphthalenes was
examined. Surprisingly, TPP carboxylic acid could be directly
introduced into two phenolic hydroxy groups that existed over
the newly-formed and chirality-unknown axial bond. Therefore,
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this method was used to determine the chiralities of the three
diasterecomers of 24-mers. Compounds 29d, in which four TPPs
were introduced into the four hydroxy groups of the corre-
sponding 24-mers 24d, were prepared with a large excess of
TPP carboxylic acid and WSC, and CD spectra were measured
(Fig. 10). Among the three TPP 24-mers, the 24-mer (the first
fraction of 24d in recycling HPLC) with a large positive Cotton
effect was R,R,R,R,R,R.,R,S,R,R.R,R,R,R,R,S,R,R,R,R,R,R,R
the 24-mer (the second fraction of 24d in recycling HPLC)
that showed a weak intensity of CD was determined to
be R,R,R,R,R,R,R.R,R.R,R,R,R,R,R,S,R,R,R,R,R,R,R and the
24-mer (the third fraction of 24d in recycling HPLC) with a
large negative CD should be R,R,R,R,R,R,R,R,R,R,R,R,R,R,
R,R,R.R,R.R,R.R,R.

Energy transfer from oligonaphthalene skeleton to
pyrene rings>’

Using the systematically synthesized oligonaphthalenes, the quan-
tum yields and energy transfer from the oligonaphthalene skeleton
to the pyrene rings on the side chains were examined (Fig. 11).
First, oligonaphthalenes with methyl side chains (30, 17a, 20a
and 31a) were selected as basic compounds among a variety of
derivatives, and UV-vis and fluorescence spectra were measured
(Fig. 12). In the UV spectra of 30, 17a, 20a, and 31a, as the
number of naphthalene units increased, the absorption maximum
at around 300 nm shifted slightly to the longer wavelength, and
the intensity of absorption increased.

On the other hand, with regard to the absorption at around
240 nm, a red shift was not observed. The above phenomena
were interpreted to indicate that the absorption at 240 nm is a
transition of the longer direction of naphthalene (perpendicular
to the axes of oligonaphthalenes), while the absorption at about
300 nm is considered to be a transition of the shorter direction
of naphthalene (parallel to the axes of oligonaphthalenes). Thus,
neighboring naphthalene rings have some interactions through the
transition at around 300 nm. Next, in the fluorescence spectra of
oligonaphthalenes excited at 310 nm, A,,,, values at around 310 nm
were also shifted to a longer wavelength. However the degree of the
red shift was smaller than that in the UV spectrum. As a result, the
Stokes’ shift value decreased as the number of naphthalene units
increased.

Ph

MeO First fraction of 24d in HPLC:
(R.R.RR.RRRSRRRR,
R,R,R.S,R.R.RRR,R,R)29d

Second fraction of 24d in HPLC:
(RR,RRRRRRRRRR,
R.R,R.S,RR.R,RR,R,R)29d

Third fraction of 24d in HPLC:
(R.R.RRR,RRRRRRR,
R.R,R.R,R.RR.R,RR,R)-29d

(RRRR.RRR,
| RRRRRRR.R
2007 R,RRR,RRR.R-29d

(RRR.RRR.R,
", SRRRRRRR
!\ SRRRRRRR)29d

1001

0 r— J >-
(R.RRR.RRR,
-100[ RR,RRR,RRR -

S,R.R,RR.R,RR)-29d

I ! 1
400 wavelength (nm) 440

Fig. 10 TPP-24-mers 29d and their CD spectra. Conditions: CH,Cl,, 1 x
10~° M, 25 °C, light path length = 1 mm.

The quantum yields of the oligonaphthalenes depended on the
number of naphthalene units: 20% (2-mer), about 60% (4-mers),
and about 80% (8-mers and 16-mer). This tendency in the quantum
yields is thought to reflect the fact that nonradiative transition is
suppressed as the molecule becomes more rigid.

The UV spectra of oligonaphthalenes 32-35 with two pyrene
rings on the central scaffolding hydroxy groups are the sum of
absorption of the oligonaphthalene skeletons (30, 17a, 20a, and
31a) and double the absorption of a methyl 1-pyrenebutyrate (36)
side chain (Fig. 13). These results indicate that the interaction of
the naphthalene ring and the pyrene ring is negligibly small in the
ground state (Fig. 13, lower spectrum).
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Fig. 11 Oligonaphthalenes with methyl groups and their pyrene adducts.
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Fig. 12 (Upper) FL spectra of 30, 17a, 20a and 31a. Conditions: CHCl;,
2 x 1077 M, 25 °C, light path length = 10 mm, 4., = 310 nm. (Lower)
UV-vis spectra of 30, 17a, 20a and 31a. Conditions: CHCl;, 2 x 107 M,
25 °C, light path length = 10 mm.

Since methyl pyrenebutyrate (36) does not show absorption
at around 310 nm, the absorption in this area for 32-35 origi-
nates only in the oligonaphthalene skeletons. Furthermore, the
absorption of pyrene is overlapped from 320 nm to 360 nm
with the fluorescence of oligonaphthalenes excited at 310 nm. As
mentioned above, energy transfer may occur from the naphthalene
rings (donor) to the pyrene rings (acceptor). In fact, when the
naphthalene ring of 32-35 was excited at 310 nm, the fluorescence
from pyrene rings (381, 399 nm from monomer, and 480 nm from
excimer) was observed instead of that from the oligonaphthalene

Table 3 Quantum yields of oligonaphthalenes 30, 17a, 20a, 31a and 32—
35

Oligonaphthalene (-OMe) @3¢ Oligonaphthalene (-OPy) &, “

(5)-30 020  (S)-32 0.18
(S.5.5)-17a 0.57  (S.5.5)-33 0.23
(S,R.S)-17a 0.62  (S.R.S)-33 0.24
(S,5.5.5,5,S,5)-20a 0.83  (5.5.5.5.S.5.5)-34 0.24
(S,5.5.R.S.S.5)-20a 076  (S.S.S.R,S.S.5)-34 0.25
AlL(S)-31a 0.82  All(5)-35 0.21

“The fluorescence quantum yields were determined by using a solution of
quinine sulfate in 1 N H,SO, as the reference standard (@, = 0.546).

381 nm 399 nm 480 nm
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Fig. 13 (Upper) FL spectra of 32-36. Conditions: CHCl;, 2 x 1077 M,
25°C, light path length = 10 mm, A.,, = 310 nm. (Lower) UV-vis spectra of
32-36. Conditions: CHCl;, 2 x 107° M, 25 °C, light path length = 10 mm.

skeleton. The quantum yields of the energy transfer of pyrene
derivatives are summarized in Table 3.

Unlike in the series of oligonaphthalenes with a methyl side
chain, the quantum yields of 32-35 with two pyrene rings were be-
tween 20-25%, regardless of the number of naphthalenes. Initially,
we expected that the through-space energy transfer (Forster type)
may occur from a randomly excited naphthalene ring to the pyrene
ring. In this case, since energy transfer is in inverse proportion to
the sixth power of the distance between the donor and acceptor,
even if a naphthalene far from the pyrene was excited, the energy
transfer from that excited naphthalene to the pyrene could be
ignored. Therefore, the quantum yield of the energy transmission
was expected to decrease as the number of oligonaphthalene units
increased. However, the results indicate that a direct through-space
energy transfer from a discrete naphthalene unit, which is excited
by light (310 nm) irradiation, to the pyrene units did not occur, but
rather reflects the following three steps: (1) an effective and fast
through-bond energy transfer from an excited naphthalene unit
to an adjacent naphthalene unit occurs. (2) Next, a through-space
energy transfer (Forster type) from the naphthalene with a pyrene
side chain to a pyrene unit eventually occurs. (3) Finally, monomer
and/or eximer emission from a pyrene unit occurs. Thus, the
nearly constant energy transfer quantum yields (20-25%) indicate
that (1) the total energy transfer efficiency is determined by the
second step, and (2) the intensity of the fluorescence emission
from the pyrene groups (acceptor) increases in proportion to
the number of naphthalene (donor) units. This interpretation is
supported by the fact that the excitation wavelength (310 nm) is
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the transition moment of a shorter direction of a naphthalene unit
(perpendicular to the axes of oligonaphthalenes) (Fig. 14).

Fig. 14 Proposed energy transfer process from naphthalenes to pyrenes.

Conclusion

Homochiral oligonaphthalenes with various kinds of side chains
were precisely constructed through a repeated dimerization re-
action (bottom-up synthesis). After various trial-and-error pro-
cesses, the absolute configuration of the newly formed axial bond
could be determined by introducing two TPPs into the hydroxy
groups over the target axis and by measuring the CD spectrum
of the Soret band. In a 16-mer with two TPPs on the top and
bottom naphthalenes, very long-range exciton interactions (about
66 A) were detected. Optically active (helical or R,S alternating)
oligonaphthalenes should be extremely unique skeletons that can
be used to create more sophisticated functions by introducing
various functional groups into the side chains. We are currently
studying the development of specific oligonaphthalenes with
interesting functions.™
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A DFT study aimed at understanding structure-reactivity relationships and fluorine substitution
effects on carbocation stability in benzo[a]pyrene (BaP), benzo[e]pyrene (BeP), and aza-benzo[a]pyrene
(aza-BaP) derivatives are reported. The relative energies of the resulting carbocations are examined and
compared, taking into account the available biological activity data on these compounds.
O-Protonation of the epoxides and diol epoxides leads to carbocation formation by barrierless
processes. Charge delocalization modes in the resulting carbocations were deduced via NPA-derived
changes in charges, and fluorine substitution effects were analyzed on the basis of charge density at
different carbocation positions. Thus, fluorine substitution at sites bearing negative charge generated
inductive destabilization of the carbocation, whereas a fluorine atom at a ring position which presented
significant positive charge density produced a less pronounced destabilization due to fluorine p—n
back-bonding. Protonation reactions were also studied for the azaBaPs. In selected cases, the covalent
adducts generated via bond formation with the exocyclic nitrogen of cytosine were computed and
relative energies and geometries of the resulting adducts were examined.

Introduction

Polycyclic aromatic hydrocarbons (PAHs) are widespread en-
vironmental pollutants.! They exert their mutagenic and/or
carcinogenic activity through metabolic activation pathways,
principally via formation of bay-region diol epoxides (DEs).?
Benzylic carbocations generated from these electrophilic DEs by
opening of the O-protonated epoxide ring are capable of forming
covalent adducts with the nucleic acids.?> Adduct formation by
reaction with the nucleophilic sites in DNA and RNA is a key
step in the mechanism by which PAHs can initiate the alteration
of genetic material.?

Benzo[a]pyrene (BaP), one of the most highly investigated
environmental contaminants, exhibits potent carcinogenicity and
mutagenicity effects.>® Its ultimate active metabolite is the bay-
region 7,8-dihydrodiol-9,10-epoxide-2 diastereomer (DE-2), in
which the 7-hydroxyl group is trans to the 9,10-epoxide oxygen
(the DE-1 diastereomer has the cis disposition).* By contrast, both
diastereomers of benzo[e]pyrene (BeP) bay-region 9,10-diol-11,12-
epoxide have little tumorigenic activity.’ Structures and numbering
are displayed in Fig. 1.

Mechanistic studies on the hydrolysis of BaP-DE demonstrated
pH dependency and catalysis by DNA and by polynucleotides,
showing that protonation must occur either before or during the
rate determining step.® Based on these studies, it was proposed that
a DNA-intercalated DE reacts to form a benzylic carbocation in
the rate determining step. The monohydrogenphosphate group on
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Fig. 1 Structures and numbering of active metabolites of BaP and BeP.

the nucleotide can act as general acid, and stacking interactions
between the PAH-DE and the base contribute to catalysis. More-
over, it is likely that electrophilic attack of DNA nucleotides by
PAH epoxides is Sy 1-like and proceeds through proton-stabilized
transition states in which the hydrocarbon exhibits significant
carbocationic character.”

The carcinogenic activity of PAHs is often strongly affected
by fluorine substitution at strategic molecular sites.*® In the case
of BaP, monosubstitution by fluorine at positions 7, 8, 9 and 10
resulted in mutagenic compounds, the 10-F derivative presenting
some decrease in mutagenicity, while a several-fold increase in
mutagenicity occurred when fluorine was present at position
8.2 In contrast, the 6-F-BaP-DE had no significant tumorigenic
activity.'

Despite the numerous reports on BaP carcinogenesis, only
a few studies have been carried out on the toxicity of aza-
benzo[a]pyrenes (azaBaPs). In case of 10-azaBaP, an analogue
with a nitrogen atom in the bay region, no bay-region DE could
be formed. This compound has been reported to be carcinogenic,
although less mutagenic in vivo than BaP.'?> Its major metabolite
is the 4,5-oxide, for which isolation of cytosine adducts have
been reported.’® Moderate mutagenicity has been reported for
6-azaBaP."
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Quantum-mechanical calculations have shown very good agree-
ment with the experimental reactivities of several PAH and aza-
PAH metabolites, when applied to the study of carcinogenic
pathways of these compounds.’®* Additionally, modeling studies on
biological electrophiles from PAHs by density functional theory
(DFT) methods have yielded appropriate descriptions of the
NMR features and charge delocalization modes in their resulting
carbocations.'

In this work we have performed a model DFT study on the
structural and electronic properties of the electrophilic reactive
intermediates of BaP, BeP and azaBaP derivatives, for which
changes in energy for epoxide ring opening reactions were calcu-
lated. Conformational features and their relationship to reactivity
were examined. Fluorine substitution at selected molecular sites
was investigated. Charge delocalization modes (positive charge
density distribution) in the resulting carbocations were evaluated
by means of the NPA-derived changes in charges (carbocation
minus neutral). Protonation reactions were also analyzed for the
aza-BaP compounds.

In our previous studies, consideration of the solvent effect by
means of PCM calculations did not afford any significant variation
compared to gas-phase reactivity trends.” Whereas reaction
energies were certainly influenced by solvation, the reactivity
orders for the series of compounds remained unchanged. Since
the goal of the present study was to determine relative reactivities
rather than to compute absolute reaction rates, only gas-phase
calculations were carried out as a way to reduce the computational
costs.

To model the crucial step of covalent adduct formation,
adducts resulting from quenching of 10-azaBaP-4,5-epoxide with
cytosine via the exocyclic amino group were computed, and their
geometrical features and relative energies were compared.

Computational methods

Density functional theory (DFT) calculations were performed
with the Gaussian 03 package,'” employing the B3LYP functional®
and the 6-31G* split-valence shell basis set. The diffuse- and
polarization-function-augmented 6-31+G** basis set was also
used in representative cases for comparison. Geometries were
fully optimized and minima were characterized by calculation
of the harmonic vibrational frequencies. Natural bond orbital

Table 1 Calculations for BaP derivatives

population analysis (NPA) was evaluated by means of the NBO
program.’

Results and discussion
Benzo[a]pyrene derivatives

Changes in energy for the epoxide ring opening reactions of O-
protonated BaP-9,10-dihydroepoxide (reaction (1)) and BaP-7,8-
dihydrodiol-9,10-dihydroepoxide-2 were calculated and the results
are summarized in Table 1. The protonated epoxides, that is, the
oxonium ions, could not be located as minima on the respective
potential energy surfaces because the epoxide ring opened by a
barrierless process upon O-protonation. The same behavior was
observed for every protonated epoxide in this study. Calculations
at the B3LYP/6-31+G** level gave rather similar results to those
afforded via B3LYP/6-31G*. Therefore, the less computationally
expensive 6-31G* basis set was employed for the entire study.

For the trans-diol structure (BaP-DE), the conformation with
both hydroxyl groups in a pseudoequatorial arrangement was
more stable than the pseudoaxial form by 4 kcal mol™'. This
was true for both the DE and its derived open triol carbenium
ion, in accordance with the previously reported observations.?
Tables and figures throughout this work will always refer to the
conformationally most favored (lowest energy) DE-2 diastereomer
of each compound.

Charge delocalization maps are shown in Fig. 2. According
to the NPA-derived charge distributions, positive charge in the
resulting carbocations was delocalized throughout the m-system.
The epoxide and DE afforded similar delocalization patterns for
the resulting carbocations.

The effect induced by fluorine substitution on AE, for the
epoxide opening reaction, and hence on carbocation stabilities,
was analyzed for various positions not involving the DE frame-
work. According to the charge delocalization maps for both bay-
region epoxides, positions 4, 3 and 1 would be expected to be
more influenced by substitution, as they bear the higher positive

Compound AE,/kcal mol™ Ag“ AgC-10" AgF ¢ C-F Bond length/A ¢
BaP-9,10-epoxide —243.9 (—243.5)° — —0.087 — —
BaP-7,8-diol-9,10-epoxide —241.0 (—240.1)° — —0.117 — —
1-F-BaP-DE —241.2 0.088 —0.120 0.040 1.330
2-F-BaP-DE —237.4 0.000 —0.109 0.030 1.335
3-F-BaP-DE —240.2 0.092 —0.120 0.041 1.330
4-F-BaP-DE —240.2 0.101 —0.119 0.043 1.328
5-F-BaP-DE —237.4 —0.012 —0.110 0.025 1.338
6-F-BaP-DE —239.9 —0.013 —0.095 0.024 1.335
11-F-BaP-DE —239.2 0.000 —0.103 0.023 1.346"
12-F-BaP-DE —239.6 0.078 —0.116 0.038 1.331

“Change in charge density for the indicated carbon atom in the nonfluorinated compound (¢Ceupocaion — ¢Ceporiae). * Change in charge density at the
carbocation center, between the open carbocation and the neutral closed epoxide (¢C-10cmpocation — ¢C-10¢poniae)- < Change in charge density between the
open carbocation and the neutral closed epoxide (¢Fcumocuion — ¢Feponiae)- ¢ Open carbocation. ¢ BALYP/6-31+G™ results. / The fluorine atom forms an

attractive interaction with H-10.
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Fig. 2 Computed NPA heavy atom charge densities (Acharges relative
to the neutral compound in parentheses) for the carbocations generated
from BaP-9,10-epoxide and bay-region DE. (The dark circles are roughly
proportional to the magnitude of C Acharges; the threshold was set to
0.030.)

charge densities, followed by position 12. The calculated results
followed this trend (Table 1). Fluorination was found to reduce the
exothermicity of the epoxide opening reaction, and consequently
the fluorinated compounds are predicted to be less active than
the parent BaP. The decrease in carbocation stability was less
pronounced when the fluorine atom was at highly positively
charged sites, due to p—m back-bonding and development of
fluoronium ion character, as reflected by development of positive
charge at F and shortening of the C-F bond (C-F was ca.
1.35 A in the neutral epoxides). On the other hand, F-substitution
at a position with negative charge density produced a more
pronounced decrease in carbocation stability (with the exception
of the 6-F derivative).

For the 11-F derivative, presence of an attractive interaction
between fluorine and the hydrogen atom attached to C-10 (the
H - .- Fdistanceis ca. 2.04 A) favored epoxide ring opening, despite
the absence of positive charge density at that position.

For the 6-F compound, the unusual pseudoaxial conformation
was preferred for both the DE and the triol carbenium ion.
These observations are in accord with the solution configurations
determined by NMR measurements.* The 9,10-epoxy-7,8.,9,10-
tetrahydro derivatives of BaP and 6-F-BaP, which lack the 7,8-diol
substituents, have approximately equal mutagenic activity,** and
a purely inductive effect of the 6-F substituent was excluded.?"
Thus, it was suggested that the altered diol conformation of 6-F-
BaP-DE, resulting from the adverse interaction of the fluorine with
the hydroxyl group at the adjacent C-7 position, could result in
inefficient alkylation, or more efficient repair, of the cellular target,
pointing to the influence of conformation of hydroxyl groups
in bay-region DEs on the expression of mutagenic and tumori-
genic activity.'” Our computational results showed that epoxide
opening from the pseudoaxial conformation is more favored by
ca. 2 kcal mol™" for BaP-DE, and by ca. 4 kcal mol™" for 6-F-
BaP-DE. In this manner, the lower bioactivity of the pseudoaxial

conformations could stem from intercalation issues with the DNA
that are not considered in the present calculations. On the other
hand, epoxide ring opening of 6-F-BaP epoxide was less favored
than 12-F-BaP epoxide, in contrast to the DE case. Hence, in
the absence of an interaction between 6-F and 7-OH, the reac-
tivity followed the order inferred from the charge delocalization
mode.

BaP-7,8-diol-9,10-epoxide has been reported to be the most
mutagenic derivative and the one which forms the major DNA
adducts.® Therefore, positions 7, 8, 9 and 10 of the BaP structure
are subject to metabolic activation to the corresponding DE. As
the first three of these sites do not participate in resonance
stabilization of the bay-region carbocation, the corresponding
monosubstituted fluoro compounds would be expected to have the
same activity as the parent BaP. However, as several-fold increase
in mutagenicity occurred for 8-F-BaP, the involvement of other
metabolites in fluorinated BaP mutagenesis has been suggested.’
It should be noted that, although 8-F-BaP was found to be more
mutagenic than BaP, this fluorinated derivative was much less
active than its parent hydrocarbon for the induction of sarcomas.’
On the other hand, the 10-F derivative presented some decrease
in mutagenicity.’

In order to check the effect of prior fluorination on the
epoxidation and subsequent carbocation formation processes, the
changes in energy for reactions in Scheme 1 were computed.

Fluorination did not hinder the epoxidation step, which was
exothermic in all cases. The higher exothermicity of the epoxide
ring opening for the 8-F derivative (3) was consistent with the
presence of positive charge density at the 8-position. Stabilization
of the generated carbocation by electron density donation from
fluorine is thus in accordance with the increased activity of this
compound. Moreover, the negative charge development at the
bay-region carbocationic center corresponded with diminished
exothermicity for the 10-F compound (1), which agrees with its
lower biological activity.

Benzo|e]pyrene derivatives

Reaction of BeP-9,10-diol-11,12-epoxide with DNA resulted in
covalent adduct formation, and the extent of covalent binding was
found to be lower than the binding of BaP-7,8-diol-9,10-epoxide
to DNA under the same experimental conditions.”> Bay-region
BeP-9,10-epoxide presented a high mutagenicity, almost similar
to that of BaP-9,10-epoxide.”® However, the major metabolite
produced by BeP was BeP-4,5-dihydrodiol, which derives from the
hydrolysis of the weak mutagen BeP-4,5-epoxide.* In this way, the
low carcinogenicity of BeP was suggested to result from the lack
of metabolic formation of their potential ultimate carcinogenic
bay-region derivatives.?**

Changes in energy for the epoxide ring opening reactions of O-
protonated BeP-11,12-dihydroepoxide and BeP-9,10-dihydrodiol-
11,12-dihydroepoxide-2 were calculated, and the results are dis-
played in Table 2. The opening reactions were less exothermic
than those for the respective BaP bay-region derivatives, in accord
with the lower bioactivity of BeP. The reaction for the K-region
BeP-4,5-epoxide was found to be less favored, which also agreed
with the mutagenicity assays mentioned above.

In both the bay-region DE of BeP and its open triol carbe-
nium ion, the hydroxyl groups preferred the pseudoequatorial
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1 AE, = -69.1 kcal/mol

F AE, = -64.4 kcal/mol
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T

AE, = -239.9 kcal/mol

F
SSee
® ’O‘ AE, = -235.3 keal/mol

AE, = -241.2 kcal/mol

AE, = -233.0 kcal/mol

AE, = -241.7 kcal/mol

AE, = -232.2 kcal/mol

o I
F

AE, = -240.6 kcal/mol

AE, = -239.0 kcal/mol

Scheme 1 Epoxidation and subsequent carbocation formation in fluorinated BaPs.

conformation, and the opening reaction was computed to be more
exothermic for this conformation. Based on previous solution
studies, it was deduced that both the 1 and 2 diastereomers of BeP-
9,10-diol-11,12-epoxide are locked in pseudoaxial conformation
due to steric crowding in the bay region.” Nevertheless, our com-
puted structures showed that the pseudoequatorial disposition is
stabilized by an attractive interaction between the oxygen atom of

the hydroxyl at C-9 and the hydrogen attached to C-8, while this
interaction is not allowed in the pseudoaxial conformation.

The effect of fluorine substitution on AE, for the epoxide
opening reaction was examined for the carbon atoms not involved
in the DE structure. Considering the charge delocalization map
for the parent carbocation (Fig. 3), fluorine substitution should
be more favorable at positions 6 and §, which bear higher positive
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Table 2 Calculations for BeP derivatives

Compound AE,/kcal mol™! Ag“ C-F bond length/A ®
BeP-4,5-epoxide —230.1 — —
BeP-11,12-epoxide —2379 — —
BeP-9,10-diol-11,12-epoxide —238.3 — —
1-F-BeP-DE —237.1 0.025 1.348¢
2-F-BeP-DE —233.7 0.031 1.335
3-F-BeP-DE —234.7 0.026 1.338
4-F-BeP-DE —234.6 0.027 1.339
5-F-BeP-DE —2332 0.013 1.340
6-F-BeP-DE —236.4 0.125 1.324
7-F-BeP-DE —231.7 —0.016 1.336
8-F-BeP-DE —233.6 0.097 1.325
“Change in charge density for the indicated carbon atom in the nonfluorinated compound (¢Ceupocation — ¢Ceporice)- * Open carbocation. © The fluorine atom

is involved in an attractive interaction with H-12.

(0.031)
-0.196

0
(0.097) -0.247
(-0.016)

Fig. 3 Computed NPA heavy atom charge densities (Acharges relative
to the neutral compound in parentheses) for the carbocation generated
from BeP bay-region DE. (The dark circles are roughly proportional to
the magnitude of C Acharges; the threshold was set to 0.030.)

charge densities, while position 7 should be less favored. The
exothermicity of the reactions followed this trend, although the
process was not as favorable as expected for the derivative with
fluorine at C-8. This finding was explained by the repulsive inter-
action of the fluorine atom with the oxygen of the hydroxyl group
at the adjacent C-9 position. Consequently, for this compound,
the diol pseudoaxial conformation was more stable than the
pseudoequatorial one for both the DE and its open triol carbenium
ion, unlike the other fluorinated BeP derivatives. Nonetheless,
the opening reaction for the pseudoaxial conformation was less
favored than that for the pseudoequatorial conformer by ca.
2 kcal mol™'. In contrast, the epoxide ring opening of 8-F-BeP
epoxide was more exothermic than that for 2-F-BeP epoxide.
Hence, without the 8-F-9-OH repulsive interaction, the reactivity
agreed with the charge delocalization map.

For the 1-F derivative, the epoxide ring opening is assisted by
the presence of an attractive interaction between fluorine and the
hydrogen atom attached to C-12 (the H---F distance was ca.
2.00 A). In order to achieve a stronger H- - - F contact without
weakening the 9-HO-8-H interaction, 1-F-BeP-DE presented a
slight deviation from planarity in comparison with the other fluo-
rinated BeP-DEs. The 1-F-BeP triol-carbenium ion also presented
a different conformation than other related fluorinated triol-
carbenium ions. Nevertheless, in all cases the pseudoequatorial
conformation for the hydroxyl groups was preferred.

Aza-benzola]pyrene derivatives

Changes in energy for epoxide ring opening reactions for O-
protonated aza-BaP epoxides and the DE derivatives were com-
puted (Table 3). The studied compounds were 10-azaBaP-4,5-
epoxide (K-region epoxide), 4-azaBaP-9,10-epoxide (bay-region
epoxide) and 4-azaBaP-7,8-diol-9,10-epoxide (bay-region DE),
and 6-azaBaP bay-region epoxide and DE. The effect of the
position of the nitrogen atom on the epoxidation step was also
evaluated. These reactions were found to be exothermic in all
cases (Scheme 2).

The results in Table 3 demonstrate that the most stable
carbocations were those derived from 6-azaBaP. Inspection of the
charge delocalization patterns (Fig. 4) reveal that this carbocation
is highly delocalized and no appreciable positive charge density
develops at nitrogen, while the heteroatom becomes less negatively
charged in the 4-azaBaP cation. The carbocation derived from
the 10-azaBaP K-epoxide was computed to be the least stable. It
can be noticed that carbocation stability increases with increased
delocalization of the net positive charge through the aromatic
system, as indicated by the development of negative charge
density at the carbocationic center. Nevertheless, according to
these calculations the aza-compounds would be less reactive than
BaP, and this is in agreement with the reported mutagenicity
assessments.'>!

Considering the possibility/feasibility of biological alkylation
at the heteroatom in aza-PAHs, the effect of N-alkylation was
considered in the case of 4- and 10-azaBaP-epoxides. In this way,
generation of the corresponding azonium—carbenium dications
by ring opening of the protonated epoxide in the N-methylated
onium ions was analyzed (Scheme 3). Epoxide ring opening was
less exothermic for the N-methylated derivatives, although it was
still barrierless, similar to the previous compounds. Interestingly,
whereas the regioselectivity of epoxide ring opening was un-
changed in the case of the 10-aza-compound, formation of the
non-bay-region dication was the favored process for the 4-aza-
derivative.

The fluorine substitution effect on AE, was examined in the
case of 4-azaBaP-9,10-epoxide. The epoxide ring opening reaction
was analyzed for various regioisomeric fluorinated PAH-epoxides
except for sites involved in the bay-region DE structure (C-7
through C-10). The results are gathered in Table 3. Taking into
account the charge delocalization map for the carbocation (Fig. 4),
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Table 3 Calculations for AzaBaP derivatives

Compound AE,/kcal mol™! AgN ¢ Ag® C-F Bond length/A ©
4-AzaBaP-9,10-epoxide —235.8 0.073 — —
4-AzaBaP-7,8-diol-9,10-epoxide —232.3 0.079 — —
10-AzaBaP-4,5-epoxide —229.1 0.014 — —
6-AzaBaP-9,10-epoxide —240.1 0.006 — —
6-AzaBaP-7,8-diol-9,10-epoxide —236.1 —0.050 — —
4-AzaBaP-9,10-epoxide-1-F —235.0 — 0.082 1.330
4-AzaBaP-9,10-epoxide-2-F —232.4 — 0.000 1.334
4-AzaBaP-9,10-epoxide-3-F —2354 — 0.089 1.319
4-AzaBaP-9,10-epoxide-5-F —232.2 — —0.016 1.334
4-AzaBaP-9,10-epoxide-6-F —232.6 — —0.023 1.341
4-AzaBaP-9,10-epoxide-11-F —234.6 — 0.000 1.3457
4-AzaBaP-9,10-epoxide-12-F —234.7 — 0.082 1.330

“Change in charge density between the open carbocation and the neutral closed epoxide (¢Neubocaion — ¢Nepoxiae)- > Change in charge density for the
indicated carbon atom in the nonfluorinated compound (¢Cepocaiion — §Ceponiae)- ¢ Open carbocation. * The fluorine atom is involved in an attractive

interaction with H-10.

AE, = -72.9 kcal/mol

0]
—

AE, = -63.8 kcal/mol

AE, =-227.1 kcal/mol

AE, =-229.1 kcal/mol

AE, = -240.1 kcal/mol

Scheme 2 Epoxidation and subsequent carbocation formation in azaBaP derivatives.

fluorine substitution should be more favorable at positions 3, 1 and
12, where higher positive charge densities are located. This was the
order followed by the exothermicity of the reactions. For the 11-F
derivative, an attractive interaction between fluorine and the H-
10 (the H- - - F distance was ca. 2.07 A) favored the epoxide ring
opening, although no positive charge density developed at that
position.

In case of the K-region 10-azaBaP-4,5-epoxide, the regioselec-
tivity of epoxide ring opening was dependent on the position of
the fluorine substituent, and the reactions were less exothermic
than those of 4-azaBaP-9,10-epoxide (by roughly 5 kcal mol™").

Furthermore, protonation reactions were computed for every
position in 4-azaBaP and 10-azaBaP (Table 4). The heteroatom

was the most favored protonation site, in line with the higher
basicity of nitrogen. The charge delocalization mode for the most
stable C-protonated cation derived from 10-azaBaP (protonated
at C-6, Fig. 5) was compared with the corresponding one derived
from epoxide ring opening (Fig. 4). However, no substantial
similarities were found between their charge distributions. This
observation suggests that for the studied systems, ring protonation
(serving as a model for attack by electrophilic oxygen) and
epoxide ring opening (resulting in benzylic carbocations) are
not related processes, and cannot be explained by the same
factors. Consequently, carbocations derived from protonation
may not serve as rational models for bay-region epoxide ring
opening carbocations. Instead, C-protonation is directed by the

This journal is © The Royal Society of Chemistry 2007

Org. Biomol. Chem., 2007, 5, 2234-2242 | 2239





Table 4 Protonation reactions for AzaBaP derivatives

4-AzaBaP 10-AzaBaP

Protonated Protonated

position AE,/kcal mol™ position AE,/kcal mol™!
C-1 —224.5 C-1 —226.6
C-2 —208.6 C-2 —209.4
C-3 —224.4 C-3 —225.8
N-4 —246.6 C-4 —213.1
C-5 —202.9 C-5 —214.5
C-6 —224.5 C-6 —230.9
C-7 —215.2 C-7 —211.1
C-8 —208.3 C-8 —208.5
C-9 —214.1 C-9 —213.0
C-10 -211.0 N-10 —244.2
C-11 -211.3 C-11 —213.5
C-12 —216.5 C-12 —219.1

0.158
50.045)

(0.023)
0.064

0166 -0.168
(0.006)  (0.023)

0.082) (0.082
50_1 |3) (-0.123)

6
(.
0.067) 231 0195  0.069

(-0.028) (0.023) (-0.016)
(0.066)  (0.077)
2017 -0.123
(0.001)
0216
(-0.084)
b 0.047
Hoy,, 0.034
(-0.026) 0.006  -0.123
(-0.043)1(0.094)

0.288

-0.044
(-0.031)

-0.223
(-0.008)

-0.436
(0.006)
Fig. 4 Computed NPA heavy atom charge densities (Acharges relative
to the neutral compound in parentheses) for the carbocations generated
from azaBaP epoxides. (The dark circles are roughly proportional to the
magnitude of C Acharges, and white circles to N Acharges; the threshold
was set to 0.030.)

HOMO configuration in the neutral PAHs, which exhibits higher
coefficients at positions 6, 1, 3, and 12 (the same order as calculated
changes in energy for the protonation reactions). In keeping with
the hard and soft acid and base (HSAB) principle, protonation
at a “hard” nitrogen atom is a charge-controlled process, whilst
protonation of a “softer” aromatic carbon is orbital-controlled.
The HOMOs for both neutral azaBaPs are displayed in Fig. 5.
Isolation of the DNA adducts resulting from the attack of
the exocyclic amino group of cytosine at C-4 of 10-azaBaP-4,

l u AE, = -148.4 keal/mol

AE,=-161.1 kcal/mol

AE, = -157.3 keal/mol

AE, =-161.9 kcal/mol

Scheme 3 Generation of dications by N-methylation and epoxide ring
opening in aza-BaP epoxides.

(0.100)
20.107

a (0.112)
-0.091

Fig. 5 (a) Computed charge densities (Acharges relative to the neutral
compound in parentheses) for the C-6-protonated 10-azaBaP cation.
(b) HOMO of neutral 10-azaBaP. (¢c) HOMO of neutral 4-azaBaP.
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5-epoxide, followed by trans and cis opening of the epoxide, have
been reported.” These adducts were calculated in the present
work in order to examine their structures and relative energies.
The most stable stereoisomer (by less than 2 kcal mol™') was the
one with the cytosine moiety trans to the hydroxyl, with both
groups in pseudoequatorial conformation (as was inferred in ref.
13). Two structures, differing in energy by less than 1 kcal mol™',
were characterized for the cis isomer, each presenting one group
in pseudoequatorial conformation while the other group was
pseudoaxial. The most stable cis isomer was the one with the
cytosine in the pseudoaxial disposition (OH pseudoequatorial).
Based on spectral studies,”® it was proposed that the adduct
had a pseudoequatorial-pseudoaxial conformation, although
the cytosine residue was supposed to be pseudoequatorial.
The relative energies are consistent with the strength (bond
distance) of the hydrogen bond generated between the hydroxyl
and the cytosine residue, which were 2.010, 2.280 and 2.313 A,
for the trans, cis (OH pseudoequatorial), and cis (cytosine
pseudoequatorial) isomers, respectively. However, taking into
account the similar energies of these structures, it is anticipated
that comparable amounts of each isomer would be formed. The
computed adducts are displayed in Fig. 6.

Fig. 6 Lowest energy conformations of the adducts of 10-az-
aBaP-4,5-epoxide with cytosine. (a) Trans conformation. (b) Cis confor-
mation (OH pseudoequatorial). (¢) Cis conformation (cytosine residue
pseudoequatorial).

Concluding remarks

The DFT calculations in the present model study regarding the
relative stabilities of the carbocations generated from oxidized
metabolites of BaP, BeP, and azaBaPs appear to correlate with

the available literature data on the biological activities of their
diol epoxides. Benzylic carbocations derived from BaP are more
stable than those derived from BeP and azaBaPs. For the azaBaPs
studied, the predicted reactivity order is 6-azaBaP > 4-azaBaP >
10-azaBaP, which is attributed to the degree of delocalization
of the net positive charge throughout the aromatic system, as
indicated by the development of negative charge density at the
carbocationic center. The magnitude of the negative charge at
nitrogen was also important for carbocation stability. On the
other hand, protonation reactions for the azaBaP derivatives
appear to be governed by the HOMO of the neutral compounds.
Calculations of the cytosine adducts, resulting from the trans and
cis openings of the epoxide of 10-azaBaP-4,5-epoxide, suggest that
both isomers should form in nearly equal amounts experimentally.

Fluorination led to a decrease in carbocation stability. This
decrease was less pronounced for fluorine substitution at the highly
positively charged sites due to p—n back-bonding and fluoronium
character development. On the other hand, F-substitution at a
position with negative charge density produced a greater reduction
in the exothermicity of the ring opening reaction. This was a gen-
eral trend observed in the absence of any other interactions, such
as attractive F - - - H interactions and repulsive/steric interactions
between F and an OH group.

Synthesis and DNA binding studies of the fluorinated deriva-
tives, for which biological activity assessments are still not
available, will allow a more comprehensive evaluation of the
relative reactivities that are predicted by theoretical results in this
work.
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De novo design and total chemical synthesis of proteins provides a powerful approach for biological and
biophysical studies with the ability to prepare artificial proteins with tailored properties, potentially of
importance for biophysical studies, material science, nanobioscience, and as molecular probes. In this
paper, the previously developed concept of carbohydrates as templates is employed in the de novo design

of model proteins (artificial helix bundles) termed ‘carboproteins’. The 4-a-helix bundle is a

macromolecular structure, where four amphiphilic a-helical peptide strands form a hydrophobic core.
Here this structure is modified towards achieving metal ion-binding and catalytic activity. We report:
(1) test of directional effects from different tetravalent carbohydrate templates, (ii) synthesis and
evaluation of carboproteins functionalized with phenol, pyridyl or imidazolyl moieties as potential

ligands for metal ion-binding as well as for catalysis. Our results include: (i) support of our previous

‘controversial’ finding that for some carboproteins the degree of a-helicity depends on the template, i.e.,

that there is, to some extent, a controlling effect from the template, (ii) demonstration of binding of
Cu(m) to tetra-functional carboproteins by electrospray ionization-time of flight-mass spectrometry
(ESI-TOF-MS), UV-VIS absorption spectroscopy and size exclusion chromatography-inductively
coupled plasma-mass spectrometry (SEC-ICP-MY); (iii) a kinetic investigation of the esterase activity.

Introduction

A key contribution from synthetic bioorganic chemistry to the
emerging field of nanobioscience is the design and construction
of novel molecules that mimic the three-dimensional structure
and function of proteins. Complex interactions in natural proteins
can be studied in greater detail using smaller de novo designed
systems. The approach also offers access to tailor-made proteins,
e.g. for self-assembly on surfaces or with novel functionalities.
A frequently used structural motif in de novo design is the 4-o-
helix bundle." Its folding is driven by the hydrophobic collapse of
internally hydrogen-bonded, amphiphilic helices and is guided by
the position and nature of loop regions, by electrostatic effects,
and by shape complementarity in side-chain packing.

The entropic cost in going from an unfolded conformation
to a folded protein structure is significant. From the standpoint
of de novo design, the entropic barrier to folding imposes some
restrictions and limitations, e.g., due to the long sequences which
provide the scaffold to hold strands of a-helices and (-sheets
together. To lower this barrier, Mutter and coworkers have
suggested pre-organizing peptide strands on a molecular template
to reduce the entropy of the construct’s unfolded state.> Hence,
the branched structures of template-assembled synthetic proteins
(TASPs) facilitate folding of protein models otherwise not possible
with a linear sequence. Here the peptide sequences, which form
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secondary structure elements, are held together by the template,
typically in a parallel manner. Whereas Mutter ef al.* and Haehnel
et al* have mainly explored linear or cyclic peptide templates,
other research groups have applied other, non-peptide templates in
protein designs. These include porphyrin derivatives,” metal ions
(by complexation),® a cyclohexane derivative (Kemp’s triacid),’”
substituted phenyl rings,® and aromatic macrocycles.” However,
the significance of the template geometry has been debated.®*
Does the template merely tie the peptide strands together, or can
it, with the proper choice of geometry between ‘anchoring points’,
affect the folding?

Metal-binding peptides and proteins are ubiquitous, not only
as functional metalloproteins, e.g. enzymes, but also for complex
metal-transport systems, scavenging of metals in plants ezc. For
example, it has found increasing attention that Cu(1r) is implicated
in the formation of amyloid AP peptide."" Artificial metal ion-
binding peptides and proteins, including metalloproteins, are
also of increasing interest.”? In a recent study, Williams and
coworkers have reported artificial oligomers, derived from an
aminoethylglycine PNA backbone with pyridyl and bipyridyl
ligands for metal complexation.'

Carboproteins are model proteins assembled on carbohydrate
templates.”* We have previously developed an efficient strategy
for the synthesis of carboproteins, in which C-terminal pep-
tide aldehydes are ligated by oxime bond formation to tetra-
aminooxyacetyl functionalized monosaccharide templates.'”s The
relatively rigid *C, conformation of monosaccharides enforces
well-defined axial or equatorial orientations of the hydroxyls. We
have previously observed a somewhat higher degree of a-helicity
in an Altp-carboprotein compared to corresponding Galp- and
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Glcp-carboproteins, according to CD spectroscopy. This could
be due to an effect of the template on the protein structure.
However, the choice of template was found to have little or no effect
on protein stability. Towards single-molecule nanobioscience we
have designed and synthesized thiol-functionalized carbohydrates
which form self-assembled monolayers on Au(111) surfaces.’®!’
Interestingly, this provided us with an estimated diameter of the
thiol-linked carboprotein of 20-24 A in an upright position in a
self-assembled monolayer on a Au(111) surface.

The peptide sequences used in carboproteins so far have been
purposely simplistic, using Leu, Glu, and Lys to generate four
turns, as well as Tyr and Ala at the termini.} The four peptide
strands of ‘tetravalent’ carboproteins are identical and parallel, as
they are attached to a common template.

Our aim in this study was to design, synthesize and evaluate
pyridyl and imidazoyl functionalized carboproteins as potential
metal ion chelators, in order to achieve artificial metalloproteins
that potentially could incorporate redox-active metals and find
use in nanobioelectronics and catalysis. In the design of metallo-
carboproteins, i.e. metal ion-binding carboproteins, we relied on a
four-ligand design, with either four phenol, pyridyl or imidazoyl
moieties at the N-termini of peptides attached to the template
through the C-termini (Fig. 1). This strategy should position
the four potential monodentate ligands in close proximity at the
end of the helices, and also allow for solvent accessibility. We
focused on the binding of redox-active Cu(1)-Cu(1). If successful,
this would amount to de novo design of a metalloprotein with a
non-natural metal-binding site in a 4-helix bundle. In addition,
an imidazoyl functionalized carboprotein was investigated for its
esterase activity, in the absence of metal ions.

Results and discussion

Here we present a combinatorial ensemble with 10 carboproteins,
of which 7 are novel structures (Table 1). Three new peptide alde-
hydes, together with one previously synthesized, were combined
with three templates.

Templates

Templates 1-3, functionalized with aminooxyacetic acid (4) were
prepared as before.'#*

Synthesis of peptide aldehydes

C-terminal peptide aldehydes 5'® and 6-8, which were required as
building blocks, were assembled using general Fmoc-chemistry on
a backbone amide linker (BAL) handle with a C-terminal glycinal
residue masked as an acetal (Fig. 2)."* After completion of
peptide chain assembly, the peptide was released from the support
and the side-chain protecting groups removed by treatment with
conc. TFA, which also converted the acetal to the required
aldehyde.

1 DeGrado and coworkers have previously observed a dynamic character
of the de novo designed protein 02B (with Leu, Glu, and Lys in the core),
most likely due to rapid motions of side chains in the bundle and the
formation of multiple, interconverting topologies.’ It is likely that the
peptide sequences used in the present study provide a dynamic character.
However, coordination of the peptide ‘arms’ to metal ions might tighten
the structure and reduce the dynamic character.
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Fig. 1 Preparation of carboproteins: generalized structure exemplified
with Galp template.

Table 1 The degree of helicity for the carboproteins 9-18 as determined
from the mean residue ellipticity at 222 nm

5 6 7 8
Peptide (Tyr) (p-Pal)  (Pyp)  (Iza)
Template 1, (Galp) 67% 68% 58% 78%
9 (12) 15) (18)
2, (Altp) 83% 69% 57% n.a.
(10) 13) (16)
3, (Dimer Galp) 48% 39% 41% n.a.
1) (14) a7)

Previously,” the acetal building block had been attached to
the PALdehyde resin by reductive amination for 2 x 18 hours.
However, in the present work this was optimized using microwave
heating to 60 °C to reduce the reaction time to 2 x 10 minutes.

The synthesis of histidine (His) containing peptide aldehydes
by the above strategy poses a specific problem, as the most
common side-chain protecting group for His is trityl (Trt) and
its acidolytic removal is most conveniently performed in the
presence of a silane as a hydride source to quench the rather stable
trityl carbenium ion. However, aldehydes are likely to be reduced
by silanes under acidic (TFA) conditions. Thus, these reducing
conditions may conflict with the simultaneous generation of a
redox-sensitive aldehyde moiety. The synthesis of a His-containing
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Fig. 2 Synthesis of peptide aldehydes.

peptide aldehyde using Fmoc-His(Boc)-OH gave hard to remove
impurities and the N-terminal His proved difficult to N“-acetylate,
according to ninhydrin tests (data not shown) and MS.

Instead, we first relied on non-natural pyridyl moieties as
ligands for the metal-binding site, as a pyridyl side-chain can
be incorporated without a protecting group. We introduced two
building blocks, D-3-pyridylalanine (D-Pal), which requires an
acetylation of the N-terminal, and a 3-(3-pyridyl)propionic acid
(Pyp), which lacks an amino group (Fig. 3). The synthesis of Pyp
containing peptide aldehydes gave, however, low yields. Next, we
also introduced an N-terminal imidazoyl moiety by incorporating
4(5)-imidazolecarboxaldehyde (Iza) as the last residue, without the
need for a Trt protecting group. This eliminated the acetylation
step but maintained the desired imidazoyl moiety in the N-
terminal. The synthesis of D-Pal and Iza-peptide aldehydes was
performed without difficulties, where the Pyp peptide aldehydes
had given lower yields.
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D-3-(3-pyridyl)propionic acid
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Fig. 3 Building blocks for introduction of metal-binding ligands.

Synthesis of carboproteins

The carboproteins were synthesized using our previously es-
tablished protocol for chemoselective oxime ligation of peptide
aldehydes to the deprotected templates 1-3 in generally good yields
(Fig. 4).
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9-11: R = Ac-YEELLKKLEELLKKA-NHCH,CH=NOCH,CO-
12-14: R = Ac-D-PAL-EELLKKLEELLKKA-NHCH,CH=NOCH,CO-
15-17: R = Pyp-EELLKKLEELLKKA-NHCH,CH=NOCH,CO-

18: R =lza-EELLKKLEELLKKA-NHCH,CH=NOCH,CO-

Fig. 4 Templates and peptide sequences.

CD spectroscopy

The circular dichroism (CD) spectra of carboproteins 9, 10, 12,
13, 15, 16, and 18 all showed UV CD signals indicative of high
content of helical secondary structure (Fig. 5). The remaining
carboproteins 11, 14, and 17 were also helical (not displayed
here). The degree of helicity was assessed by the ellipticity at
222 nm ([f]5,)* and the monomeric carboproteins showed a high
degree of helicity ranging from ~57% to 83%, while the dimers
had somewhat lower helicities (Table 1).2 Altp carboprotein 10
showed the highest degree of helicity. This validated our previous
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Fig.5 UV CD spectra of carboproteins in aqueous buffer solution (10 um
carboprotein in 10 mm aqueous NaH,PO,, pH 7).

‘controversial’ finding that there is a trend for Altp carboproteins
to show a higher degree of a-helicity than the corresponding
Galp and Glcp carboproteins, pointing to the influence of the
template for secondary structural formation. Carboproteins 9-11
were included for comparison, especially of CD spectra.

Metal ion-binding studied by MS spectrometry and UV
spectroscopy

Numerous redox-active metalloproteins and enzymes rely on the
Cu(1)-Cu(m) redox pair, including hemocyanin, tyrosinase, super-
oxide dismutase, multi-copper oxidases, and other blue-copper
proteins.** The binding sites usually contain histidine, tyrosine,

A:10
775.8

A9
100- 861.8

A1
705.4

%

and cysteine residues, the latter in the case of blue-copper binding
sites.” The mechanisms behind insertion of copper in proteins
are not simple, in biological systems copper chaperone proteins
are implemented, while in solution it is often facile via Cu(1) with
subsequent oxidation to Cu(ir).?® This latter approach was used in
this study. Itis well known that all proteins and peptides bind Cu(1r)
under alkaline conditions, due to coordination by deprotonated
amide nitrogens. This reaction is used in the biuret method for pro-
tein quantification. In order to avoid this type of unspecific binding
in our studies, pH was kept in the neutral to slightly acidic range.

For the metal ion-binding studies we selected phenol-
functionalized carboprotein 9 and imidazoyl-functionalized car-
boprotein 18 for detailed analysis by ESI-MS, SEC-ICP-MS
and UV-Vis spectroscopy, where carboprotein 9 containing N-
terminal Tyr moieties served as a control.

Mass spectrometry

Binding of Cu(1)-Cu(1) to several carboproteins was studied by
electrospray mass spectrometry (ESI-MS). Carboproteins were,
after addition of an excess of Cu(1)Cl in water, injected using a
buffer solution of 50% acetonitrile-water and 0.2% formic acid.
Deconvoluted spectra of the obtained data revealed the binding
of one or two Cu(1) (Fig. 6 and 7). This is an interesting result,
as Cu(1) disproportionates over time to Cu(ir) and Cu(0). The fact
that binding can be seen at this acidic pH gives a strong indication
that this binding is not non-specific binding to the backbone, where
binding of Cu(n) is likely to occur, at least in part, by metal-
induced amide deprotonation.* Interestingly, Hou and Zagorski
suggested that in the binding of Cu(1) to the amyloid AP peptide,
the His side-chains first anchor Cu(1) followed by backbone amide
deprotonation. This could mean that Cu(11) is mainly inserted at
the N-termini, close to the imidazole moieties. The deconvoluted
MS spectra show that the highest intensity signal is obtained
from the copper-free, i.e. non-chelated, carboprotein. Although
the mass spectrometer does not provide fully quantitative data,
this could indicate a weak binding to copper or that only Cu(1r) can
bind and that the Cu(i1) concentration is low as it arises from the
disproportionation. However, the carboprotein-Cu(11) complexes
may also dissociate to some degree in the mass spectrometer.

UV-Vis spectroscopy

Binding of Cu(1) to the imidazoyl Galp carboprotein 18 was
also studied by UV-Vis spectroscopy (Fig. 8). Addition of excess

77469

B
77621 78088 C
78703

m/z

U 7600 7650 7700 7750 7800 7850 7900 7950

B:7

T T T T T T LAGAAE RARSE 3
750 800 850 900

650

700

T TrreeT  AABALI T T Y Y T T T Y T Y T T ™ m/z
950 1000 1050 1100 1150 1200 1250 1300 1350 1400

Fig. 6 ESI-MS for carboprotein 18 with Cu(i1) binding where (A) is the carboprotein without Cu(i1) binding, (B) is the carboprotein binding one Cu(ir)
and (C) is the carboprotein binding two Cu(ir). The spectrum shows the protonation patterns with a deconvoluted spectrum in the right corner.
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buffer pH 5.5 after incubation with solid Cu(1)Cl. The main spectrum is
the differential spectrum compared to the reference. The insert shows the
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Cu(1), followed by mixing and separation of the solid copper,
yielded a light blue solution for both sample and reference, where
the latter did not contain carboprotein. The color was due to
formation of the tetraaqua-copper(i1) ion [Cu(H,0),]**, following
the disproportionation of Cu(1) to Cu and Cu(1). However, the
sample did give rise to certain spectral shifts with a new shoulder at
around 300-350 nm and to a change in the wide absorption band
of the tetraaqua species around 760 nm. The near-UV signals
are not attributable to absorption by the carboprotein, which
has an absorption band at ca. 265 nm. Although the signals are
not intense, the spectra in Fig. 8 demonstrate binding of Cu(ir)
to the carboprotein. The new near-UV feature could likely be
from a Cu(1)-imidazoyl charge-transition, while the change in the
visible spectrum indicates an effect on the Cu(i1) d—d-absorption.
However, it is clearly a case where Cu(l) is only weakly bound
to the carboproteins, possibly retaining several aqua ligands.
Potentially, Cu(1) could occupy some of the carboprotein binding
sites but this would not be detectable by absorption in the visible or
near-UV region. However, neither the Cu()- nor the aqua-species
were identified in the ESI-MS.

SEC-ICP-MS

Next, the two carboproteins 9 and 18 were evaluated for their
possible chelating ability towards Cu, using chromatography on
a SEC column to separate different complexes and an ICP-
MS as a detector. The ICP-MS is a very sensitive detector of
different elements, and was used in this study to detect binding of
#Cu. Several papers have described SEC-ICP-MS for speciation
analysis.” The method in the present study was described recently;
it was shown that SEC can be used to separate even very labile
metal complexes, demonstrated by the fact that it was possible
to re-inject a peak from the sample without any loss of signal
intensity.”® We speculated that SEC-ICP-MS could be used to
provide additional evidence for the existence of complexes between
a carboprotein and Cu, as the carboprotein would be separated
from the Cu ions not bound to it. Also, only complexes stable
enough to survive the SEC column would be detected, every peak
in the SEC chromatogram would be correlated with a possible
signal for ®Cu in the ICP-MS. For the SEC-ICP-MS experiments,
the carboproteins 9 and 18 were dissolved in NH,OAc buffer and
mixed with excess CuCl, followed by injection into the column
and monitoring of ®Cu. Each chromatogram gave rise to more
than one peak, demonstrating that several species were formed
(Fig. 9). Using the calibration curve and the right axis it was
possible to measure the size of the eluting peaks in the sample.
The largest species were the ones eluting first and the Cu species
eluting from 15-22 min had a size of 7-16 kDa. This indicates
that both monomeric carboproteins as well as non-covalent
carboprotein dimers were involved in complexation with Cu under
these conditions. Also it was evident from the chromatogram that
the larger carboprotein 18 was forming larger-sized complexes
with Cu than the carboprotein 9. This is seen by the fact that
carboprotein 18 is starting to elute earlier than 9. Some smaller
complexes are also eluting in each run, but from the fact that the
carboproteins were pure according to HPLC, these are likely to be
small sulfur impurities that chelate Cu strongly and for this reason
are very dominant in the chromatograms.

In summary, these data clearly indicate that the phenol-
functionalized 9 and imidazoyl-functionalized Galp carboprotein
18 bind copper, most likely as Cu(i1); however, the site of binding
could not be inferred. The fact that multiple Cu ions were observed
bound to the carboprotein by mass spectrometry could indicate
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either (i) binding of copper to 1-2 imidazoyl ligands, or (2) non-
specific binding, possibly involving also the backbone.

Esterase activity

The esterase activity of carboprotein 18 was evaluated using
the 4-nitrophenyl butyrate (PNPB) assay. Carboprotein 18 could
potentially be a catalyst for this ester hydrolysis, via insertion of
the butyrate chain of the substrate in the centre of a helix bundle,
and subsequent ester hydrolysis by the imidazoyl residues present
at the solvent accessible surface. Table 2 shows the initial rate
constants obtained from the spectrophotometric assay, where the
formation of 4-nitrophenolate is monitored at 410 nm.

The data in Table 2 show that carboprotein 18 yields an increase
in activity compared to the corresponding concentration of free
imidazol, but the effect is at best a factor of 2-3. This modest effect,
however, could provide a starting point for development of new
catalytic, small proteins. As this requires access to a hydrophobic
surface, this also relates to the question: to which extent are these
small proteins molten globule-like?

Table 2 Esterase activity on 4-nitrophenyl butyrate in phosphate buffer
at pH 7. Rates determined from kinetic measurements of formation of
4-nitrophenolate absorbance signal at 410 nm comparing carboprotein 18
(with four imidazoyl residues) with 4-imidazoleacetic acid hydrochloride
(Iza)*

System Rate/AmAU, ,m min™!
CP180.1 mM 5.13
CP 18 0.5 mM 9.23
1za 0.5 mM 3.05
Iza 2.0 mM 6.39
Uncatalyzed 4.08

“The kinetic plots showed an initial lag phase of 3-5 minutes, and the
reported rates were determined through linear regression on data taken
after 12 minutes, where the course of the plots was linear.

Conclusions

We have successfully synthesized an ensemble of carboproteins
carrying imidazoyl and pyridyl moieties. N-terminal imidazoyl
and pyridyl functionalized peptide aldehydes were synthesized on
solid phase using a BAL strategy. Microwave radiation was used to
optimize the reductive amination step. Four copies of each peptide
aldehyde were coupled to a tetra-aminooxy functionalized carbo-
hydrate template by oxime formation. Carboproteins in general
showed a high degree of helicity, according to CD spectroscopy.
Interestingly, an Altp carboprotein showed a higher degree of a-
helicity than the corresponding Galp and Glcp carboproteins.
This validated our previous ‘controversial’ finding that there is
an influence of the template on secondary structural formation.
While we thus reproduced and confirmed our previous result, it
now became clear that it also depends on the peptide sequence,
as only the Tyr-terminated sequence showed this higher degree
of o-helicity. Representative carboproteins were tested for their
ability to bind Cu(1)-Cu(mr). ESI-MS, SEC-IC-MS, and UV-Vis
spectroscopy consistently showed that phenol-functionalized 9
and imidazoyl-functionalized Galp carboprotein 18 bound copper,
most likely as Cu(ir), however, the site of binding could not
be unequivocally determined. However, copper-binding occurred
under acidic conditions, which minimizes non-specific binding.
Carboprotein 18 catalyzed a modest increase in the rate of ester
hydrolysis.

Experimental
General

The synthesis of Boc,-Aoa-OH has been described in earlier
publications from our laboratories.” However, it has now become
available from NeoMPS (France). Automated peptide synthesis
was carried out on an Applied Biosystems 433A peptide synthe-
sizer. Manual peptide synthesis was performed in polypropylene
syringes equipped with a polyethylene filter. Reagents for solid-
phase synthesis were purchased from Sigma-Aldrich, Fluka, Nov-
aBiochem or Iris Biotech and used without further purification. A
small amount of chemicals was inherited from previous projects
and used after NMR or MS analysis.

A 10 mM phosphate buffer, pH 7, was prepared by dissolving
NaH,PO,-2H,0 (0.78 g, 5 mmol) in water (500 mL) and then
adjusting to pH 7 with 1 M aq. NaOH. A 0.1 M acetate
buffer, pH 4.76, was prepared by dissolving an equal amount of
NaOAc-3H,0 (10 mmol) and AcOH (10 mmol) in water (200 mL).
A HP 8452A Diode Array spectrophotometer was used in Fmoc
quantifications. Analytical HPLC was performed on a Waters
system, 600 control unit, 996 PDA detector, 717 Plus autosampler,
Millenium 32 control software. For the analysis of peptides and
general analysis, a Waters XTerra 300 C,s column (3.5 pm, 3.0 x
50 mm) was used, and for the analysis of carboproteins, a Waters
Symmetry 300 C, column (5 pm, 3.9 x 150 mm) was used.
Preparative and semi-preparative HPLC were performed on a
similar Waters system with a Delta 600 pump. Preparative HPLC
was performed on a stack of three 40 x 100 mm column cartridges
of Waters Prep Nova-Pak HR C;; 6 pm 60 A. Semi-preparative
HPLC was performed on a single 25 x 10 mm column cartridge
of Waters Delta-Pak C, 15 pm 300 A or a single 40 x 10 mm
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column cartridge of Waters Prep Nova Pak HR Cys 6 um 60 A.
The solvents used for HPLC were (A) H,O with 0.1% TFA,
(B) CH;CN with 0.1% TFA, (C) H,0, (D) CH,CN.

CD spectra were recorded on a JASCO J-710 spectropolarimeter
using cylindrical Hellma quartz cells. Carboprotein solutions
were approximately 10 uM in 10 mM NaH,PO,, pH 7.0. The
absolute concentration was determined spectroscopically (tyrosine
absorption at 274 nm, using ¢ = 1420 cm™' M, pyridyl absorption
at 264 nm, using ¢ = 1600 cm~' M~', imidazole absorption at
214 nm, using ¢ = 6500 cm™' M™'). The MRE was calculated
based on one UV active residue per peptide chain and according
to ref. 20. The number 7 is the number of residues not counting the
C-terminal glycinal oximes. The helicity was calculated according
to a formula by Yang et al. * NMR spectra were recorded on
a Bruker Avance 300 spectrometer equipped with a BBO probe.
UV-Vis absorption for metal-binding and kinetics studies were
carried out on an HP-8453 diode-array spectrophotometer with a
thermostated cell at 25 °C in 10 mm quartz cells (Hellma).

Masses were determined using an ESI-TOF-MS connected to a
Waters 2795 HPLC equipped with a Waters 996 PDA detector.
The ESI-TOF-MS was a Micromass LCT apparatus (Waters,
USA) equipped with an ESI probe and spectra were acquired
in positive mode. The ESI-TOF-MS was calibrated using the
standard calibration procedure of the manufacturer (mixture of
PEGsS). The total ESI-TOF-MS spectra were acquired in the range
from 100-1500 Da and deconvolution was performed using the
transform algorithm provided by Masslynx 4.0 software. LC-ICP-
MS experiments was performed on a HPLC (Agilent 1100 Series,
Agilent Technologies, UK) coupled to Diode Array Detector
(DAD) and an ICP-MS (Agilent 7500c, Agilent Technologies, UK)
equipped with a PFA micro-flow nebulizer. All connections were
PEEK tubings (0.17 mm id). All LC-ICP-MS chromatographic
data were processed using Plasma Chromatographic Software v.
B-02-04 (Agilent Technologies, UK). The size exclusion column
(SEC) used in these experiments was a Superdex Peptide 10/
300 GL (glass, 10 x 300 mm, 13 um crosslinked agarose—dextran,
Amersham Biosciences, USA), with an optimum separation range
between 100 and 7000 Da. This column was evaluated in an earlier
study.

Preparation of the aminooxy-functionalized template

The synthesis of functionalized o-D-galactopyranoside and o-
D-altropyranoside templates have been described in earlier
publications.’*'®

Solid phase synthesis of peptide aldehydes
Ac-pD-Pal-EELLKKLEELLKKAG-H (6) and
Pyp-EELLKKLEELLKKAG-H (7)

The 0-PALdehyde-TG resin (0.5 mmol) was prepared as previously
described.’ Next was a reductive amination which used amino-
acetaldehyde dimethyl acetal (5.0 mmol, 10 eqv.) and NaBH;CN
(5.0 mmol, 10 eqv.) dissolved in MeOH-AcOH (99 : 1). This mix-
ture was added to the o-PALdehyde-TG resin (2.5 g,0.26 mmol g™')
before the resin was placed in a microwave oven and heated for
10 min at 60 °C. The resin was washed with DMF (x5) and
CH,Cl, (x5) and the reductive amination step was repeated. Then
Fmoc-Ala-OH (5.0 mmol, 10 eqv.) was dissolved in CH,Cl,-DMF

(9 : 1, 15 ml), DIPCDI (387 ul, 2.5 mmol) was added, and after
preactivation for 15 min, transferred to the resin (0.5 mmol). The
reaction mixture was placed on a shaker for 2 h (or alternatively
heated in a microwave oven to 60° for 2 x 10 min) and then washed
with DMF (x5) and CH,Cl, (x5). The coupling procedure and
the wash were repeated, using 10 eqv. of the Fmoc-amino acid and
5 eqv. of DIPCDI. Next, the resin was capped with CH,Cl,—Ac,O
(1 : 3) for 30 min and washed again with DMF (x3) and CH,Cl,
(x3)and dried in vacuo. An Fmoc quantification was performed to
estimate the overall loss in loading (0.19-0.22 mmol g'). Then the
resin was divided into two portions (of 0.25 mmol) and the middle
part ((-EELLKKLEELLKK-) of sequence 6 and sequence 7 were
synthesized individually using an ABI 433 peptide synthesizer.
Fmoc-D-Pal-OH (4 eqv.) was manually coupled to the side-chain
protected EELLKKLEELLKK-N[CH,CH(OCH;),]-0-BAL-TG
resin using standard HBTU-HOBt-DIEA (3.8 : 4 : 7.8 eqv.)
coupling in DMF (10 mL, 45 min). After a wash with DMF (x3)
and DCM (x3), the peptide was deprotected with piperidine—
DMF (1 : 4), washed accordingly and acetylated with CH,Cl,—
Ac,O (1 : 3) for 30 min. 3-Pyridinepropionic acid (Pyp) was
manually coupled to side-chain protected EELLKKLEELLKK-
N[CH,CH(OCH;),]-0-BAL-TG resin using standard HBTU-
HOBt-DIEA (3.8:4:7.8 eqv.) coupling in DMF (10 mL, 2 hours).
Both peptidyl-resins were dried and treated with TFA-H,O (95 :
5) (10 mL each) for 4 h and washed with TFA (5 mL x 2) to release
(cleave) peptide aldehydes 6 and 7, respectively. TFA was removed
in vacuo and the peptide aldehydes were redissolved in CH;CN-
H,O(1:1) (4ml) and purified by prep C,s RP-HPLC. The fractions
containing the product were pooled and concentrated in vacuo to
remove CH;CN and lyophilized.

Peptide aldehyde 6

Yield 154 mg, 34% (calculated according to the loading of
dipeptide being 77% of original loading and incl. 4 x TFA). ESI-
MS, caled. for CgH; 5N, O, 1915.28 Da. Found: m/z 949.54
[M — H,0 + 2HJ*, 639.36 [M + 3H]** 633.35[M — H,O0 + 3HJ",
479.78 [M + 4H]*, 475.27 [M — H,O + 4H]*.

Peptide aldehyde 7

Yield 140 mg, 36% (calculated according to the loading of
dipeptide being 85% of original loading and incl. 4 x TFA). ESI-
MS, caled. for Cy;H 45N, O, 1858.23 Da. Found: m/z 921.04
[M — H,0 + 2HJ*, 621.02 [M + 3HJ**, 614.34 [M — H,O + 3HJ*",
465.56 [M + 4H]*.

Peptide aldehyde 8, Iza-EELLKKLEELLKKAG-H

The sequence EELLKKLEELLKKA-N[CH,CH(OCHj;),]-o-
BAL-TG resin (2 x 0.25 mmol, loading 0.19 of dipeptide) was
synthesized as described above. 4-Imidazoleacetic acid (Iza) hy-
drochloride was manually coupled to the sequence using HBTU-
HOBt-DIEA (3.8, 4, and 7.8 eqv., respectively) coupling in DMF
(10 mL). Then the resin was dried and cleaved with TFA-H,O
(95 : 5) (10 mL) for 4 hours, followed by a wash with TFA (2 x
5 mL). TFA was removed in vacuo and the peptide aldehyde was
redissolved in CH;CN-H,O (1 : 1, 4 ml) and purified by prep Cig
RP-HPLC. The fractions containing the product were pooled and
concentrated in vacuo to remove CH;CN and then lyophilized.
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Peptide aldehyde 8

Yield 89 mg, 21% (calculated based on loading of dipeptide being
72% of original loading and incl. 4 x TFA). ESI-MS, calcd for
CgyH 45N, 0,42 1833.18 Da. Found: m/z908.95 [M — H,0 + 2H]*,
612.33[M + 3HJ**, 605.97 [M — H,O + 3HJ**, 454.74[M — H,O +
4H]*.

General procedure for the preparation of 64 AA carboproteins on
Galp and Altp templates

The deprotected templates (as specified below) were dissolved in an
aqueous buffer 0.1 M NaOAc, pH 4.76. Peptide aldehyde (6 eqv.)
was added and after 2 h the reaction was analyzed by HPLC and
purified by semi-preparative C, RP-HPLC.

General procedure for the preparation of 128 AA carboproteins
assembled onto a disulfide functionalized Galp template

The deprotected template 2 (1.5 mg) was dissolved in DMSO
(100 puL) and an aqueous buffer 0.1 M NaOAc, pH 4.76 (4 mL).
The peptide aldehyde (10 eqv.) was added and after 2 h the reaction
was analyzed by HPLC and purified by semi-preparative C, RP-
HPLC.

Four-stranded 64 AA carboprotein with Tyr on Galp (9)

Yield 9 mg, 86% (incl. 16 x TFA). ESI-MS, calecd. for
CysHgpeNgO14: 8135.48 Da. Found: m/z 1628.01 [M + 5HJ*,
1356.98 [M + 6H]*", 1163.23 [M + 7H]™*, 1017.94 [M + 8HJ*,
904.94 [M + 9HJ**, 814.54 [M + 10H]"*, 740.59 [M + 11H]"*.
Deconvoluted spectra see Fig. 7.

Four-stranded 64 AA carboprotein with Tyr on Altp (10)

Yield 13 mg, 80% (incl. 16 x TFA). ESI-MS, caled. for
Ci7sHgeNgy Oy14: 8135.48 Da. Found: m/z 1356.95 [M + 6H]*,
1163.21 [M + 7H]™, 1017.93 [M + 8HJ*, 904.93 [M + 9HJ*,
814.54 [M + 10H]'**, 740.57 [M + 11H]"*.

Eight-stranded 128 AA carboprotein with Tyr (11)

Yield 9 mg, 79% (incl. 32 x TFA). ESI-MS, calcd. for
CresHi260N170053S,: 16561.16 Da. Found: m/z 1658.25 [M +
10H]"*, 1507.60 [M + 11H]"*, 1382.00 [M + 12H]"*, 1275.75
[M + 13H]"*, 1184.69 [M + 14H]"*, 1036.74 [M + 16H]"**.

Four-stranded 64 AA carboprotein with p-Pal on Galp (12)

Yield 20 mg, 96% (incl. 16 x TFA). ESI-MS, caled. for
CynHenNyOy o0 8075.44 Da. Found: m/z 1616.10 [M + SHJ,
1346.89 [M + 6H]*, 1154.61 [M + 7HJ™*, 1010.41 [M + $HJ*,
898.26 [M + 9H]™*, 808.54 [M + 10H]"".

Four-stranded 64 AA carboprotein with D-Pal on Altp (13)

Yield 16 mg, 85% (incl. 16 x TFA). ESI-MS, calcd. for
Ci; HNggOyy: 8075.44 Da. Found: m/z 1616.39 [M + 5HJ*,

1346.86 [M + 6HJ*, 1154.61 [M + 7HJ™*, 1010.41 [M + SHJ*,
898.25 [M + 9HJ**, 808.55 [M + 10H]"**.

Eight-stranded 128 AA carboprotein with pD-Pal (14)

Yield 10 mg, 89% (incl. 32 x TFA). ESI-MS, caled. for
CrsHpoNisOsSy: 16441.16 Da. Found: m/z 1646.14 [M +
10H]"™, 1496.55 [M + LTH]'"™, 1371.91 [M + 12H]™, 1266.47
M + 13H]".

Four-stranded 64 AA carboprotein with Pyp on Galp (15)

Yield 9 mg, 88% (incl. 16 x TFA). ESI-MS, caled. for
Ci63Hg10Ng,Oy6: 7847.23 Da. Found: m/z 1570.37 [M + 5HJ*,
1308.84 [M + 6H]°", 1122.00 [M + 7H]*, 981.88 [M + 8H]*,
872.90 [M + 9HJ*.

Four-stranded 64 AA carboprotein with Pyp on Altp (16)

Yield 12 mg, 79% (incl. 16 x TFA). ESI-MS, calcd. for
Ci;Hg 0N, O,: 7847.23 Da. Found: m/z 1570.63 [M + SHJ*,
1308.81 [M + 6H]°*, 1122.00 [M + 7H]*, 981.89 [M + 8H]*,
872.92 [M + 9HJ*.

Eight-stranded 128 AA carboprotein with Pyp (17)

Yield 9 mg, 82% (incl. 32 x TFA). ESI-MS, calcd. for
CryoH 225N 1700,,4S,: 15984.99 Da. Found: m/z 1777.94 [M + 9H]*,
1600.60 [M + 10H]"**, 1455.15[M + 11H]"'*, 1333.96 [M + 12H]"**,
1143.58 [M + 14H]"*, 1000.81 [M + 16H]'**.

Four-stranded 64 AA carboprotein with Iza on Galp (18)

Yield 13 mg, 91% (incl. 16 x TFA). ESI-MS, calcd. for
Ci51HsosNggO 60 7747.03 Da. Found: m/z 1546.35 [M — H,0 +
SHP*, 1291.05 [M + 6H]**, 1107.44 [M + 7H]*, 969.34 [M +
8H]**, 861.79 [M + 9HJ*, 775.72 [M + 10H]"**. Deconvoluted
spectra see Fig. 6.

Sample preparation for spectroscopic methods

SEC-ICP-MS. For the SEC-ICP-MS experiments, 0.1 mg of
the carboproteins 9 and 18 were dissolved in 1 ml 50 mM NH,OAc¢
and mixed with excess Cu(1)Cl (Merck, 98%). 100 ul was injected
into the column and “Cu was monitored. Each chromatogram
gave rise to more than one peak, revealing that several complexes
were formed. Using the calibration curve and the right axis, it was
possible to measure the size of the eluting peaks in the sample.
The largest species were the ones eluting first and the Cu species
eluting from 15-22 min had a size between 7-16 kDa.

UV-Vis. Measurements on carboprotein 18 were carried out
in 25 mM NaOAc buffer at pH 5.5. A reference and a sample
with ca. 1 mM carboprotein were separately incubated with
solid Cu(1)Cl as in SEC-ICP-MS sample preparations. Following
thorough mixing, both the reference and sample solutions turned
light blue.

Esterase assay. The esterase activity was evaluated using the
4-nitrophenyl butyrate (p-NP-b) assay where the formation of
4-nitrophenolate is monitored at 410 nm. A stock solution of
p-NP-b in isopropanol was prepared (9.0 uL pNP-butyrate in
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500 uL iPrOH), and stored in the dark at 4 °C. Immediately
prior to measurements, the substrate was diluted 100 times in
0.5 M phosphate buffer, pH 7, and mixed with either pure
buffer, solutions of carboprotein 18, or the corresponding free
4-imidazoleacetic acid hydrochloride (I1za).
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cis-2,3-Dihydrodiol metabolites of monosubstituted halobenzenes and toluene have been used as
synthetic precursors of the corresponding 3,4-cis-dihydrodiols. Enantiopure syn-benzene dioxide
intermediates were reduced to the 3.4-cis-dihydrodiols and thermally racemised via the corresponding
1,4-dioxocins. The syn-benzene dioxide-1,4-dioxocin valence tautomeric equilibrium ratio was found to
be dependent on the substituent position. The methodology has also been applied to the synthesis of
both enantiomers of the 1,2-(ipso)- and 3,4-cis-dihydrodiols of toluene. This chemoenzymatic approach
thus makes available, for the first time, all three possible cis-dihydrodiol regioisomers of a

monosubstituted benzene.

Introduction

Toluene 1e, the most abundant anthropogenic hydrocarbon in the
environment, is typical of many substituted benzene compounds
that are readily biodegraded by wild-type soil bacteria e.g.
Pseudomonas putida. The initial steps in the oxidative metabolism
of toluene le by whole cells of P. putida involve (i) toluene
dioxygenase (TDO)-catalysed production of the corresponding
cis-dihydrodiol 2es and (ii) toluene diol dehydrogenase (TDD)-
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catalysed dehydrogenation of the cis-dihydrodiol to yield catechol
3e, prior to mineralization (Scheme 1). Both TDO and TDD
enzymes are extremely versatile in their substrate range and
are therefore also capable of catalysing the dihydroxylation and
dehydrogenation of other monosubstituted benzenes (e.g. 1a—d)
to give the corresponding cis-dihydrodiols (2as—ds) and catechols
(3a—d) respectively.

TDO-catalysed oxidation at the 2,3-bond of the aromatic
ring of toluene le (X = Me), in common with many other
monosubstituted benzene substrates e.g. 1b—d, was found to yield
the enantiopure cis-dihydrodiol metabolite 2es; having an (S)
configuration at the chiral centre further from the substituent
(X). Relatively high yields of the accumulated cis-dihydrodiols
2a-e (>10 g L") can be obtained when mutant strains of P,
putida, e.g. 39D or UV4 (with TDD enzyme activity blocked)'* or
when E. coli recombinant strains with TDO enzyme incorporated,
e.g. IM109(pDTG601),° IM109(pKST11)” or DH5a(pDTG927)*

X
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Scheme 1

This journal is © The Royal Society of Chemistry 2007

Org. Biomol. Chem., 2007, 5, 2267-2273 | 2267





(with TDD activity absent) are used. The toluene metabolite
2eg was the first member of the chiral cis-dihydrodiol family to
be isolated and identified,! and to date more than 300 other
examples have been found as a result of dioxygenase-catalysed
cis-dihydroxylation of both mono- and poly-cyclic arenes.®**

The TDO enzyme has also been, by far, the most widely
used biocatalyst for the formation of substituted benzene cis-
dihydrodiol bioproducts. Despite TDO being involved in bio-
transformations of a diverse range of monosubstituted benzene
substrates 1 (>70), a remarkable degree of regioselectivity (cis-
dihydroxylation of the 2,3-bond of the arene substrate 1) and
stereoselectivity (cis-dihydroxylation from the Si—Si face to yield
the 1S diol enantiomer) has been observed. Only in the case of
fluorobenzene 1a, a detectable proportion (ca. 20%) of the unnat-
ural 1R cis-dihydrodiol enantiomer 2a, was observed.* Differing
proportions of the minor 1R enantiomer have also been observed,
when using chlorobenzene dioxygenase as biocatalyst with several
monosubstituted benzene substrates including cinnamonitrile
(3%, 1R), benzonitrile (6%, 1R), benzylcyanide (22%, 1R)."* To
date, no example of the TDO-catalysed cis-dihydroxylation of
either the 3,4-bond (to yield diols 4) or the 1,2-bond of arene
1 (to yield diols 5) has been found and thus these unnatural cis-
dihydrodiol regioisomers and enantiomers (2, 45, 45, Sz, 55) are
not generally available by direct biotransformation.

One example of a cis-dihydrodiol of type 4, resulting from cis-
dihydroxylation at the 3,4-bond of a monosubstituted benzene,
was found using biphenyl as substrate 1 (X = Ph) and a
naphthalene dioxygenase enzyme (NDO). Compound 4 (X = Ph)
was isolated as a minor metabolite in the presence of the more
abundant bioproduct 2 (X = Ph).’!® The use of site-directed
mutants of NDO caused a major change in regioselectivity and
yielded cis-dihydrodiol 4 (X = Ph) as the major bioproduct but
in reduced yield."'® Recent studies of the biotransformation of
toluene have provided tentative GC-MS evidence of the formation
of both 2.3- and 3,4-cis-dihydrodiol metabolites of toluene using
an ortho-xylene dioxygenase present in a Rhodococcus strain.'”'®
While the 4-catechol metabolite of toluene was isolated, no direct
NMR or stereochemical data was reported for the elusive 3,4-cis-
dihydrodiol precursor 4e.

Biotransformations of ortho substituted iodobenzene deriva-
tives as substrates 1f—j have been carried out in these labora-
tories, using P. putida UV4 cultures. These studies revealed an
exclusive preference for TDO-catalysed cis-dihydroxylation of the
unsubstituted C=C bond proximate to the iodine atom to yield
the corresponding cis-dihydrodiols 2fs—j,.” Hydrogenolysis (H,,
Pd/C in MeOH) of cis-dihydrodiols 2f;—js gave the unnatural 3,4-
cis-dihydrodiol regioisomers 4a,—e; (Scheme 2). While this earlier
indirect approach to 3,4-cis-dihydrodiols 4as—es was successful,
the yields obtained after biotransformation of the more expensive

X X
| I
@ o @
_— _—
0, HOW 8 HoV
OH

OH

1f- As-js 4ag-eg
X = F(f), Cl(g), Br(h), I(i), Me(j)
Scheme 2

ortho substituted iodobenzene substrates, and after removal of
the iodine atom, were much lower than those obtained using
monosubstituted benzenes. The development of an alternative
method, based on monosubstituted benzene substrates, was
therefore considered a worthwhile objective.

Using other dioxygenase types, enzyme-catalysed cis-
dihydroxylation at the 1,2-ipso bond of monosubstituted benzene
substrates 1, to yield cis-dihydrodiols 5, has been reported
(Scheme 1). Thus, when benzoic acid 1 (X = CO,H) was
used as a substrate for a benzoate dioxygenase enzyme,?! it
yielded a stable cis-dihydrodiol 5 (X = CO,H) while it was
postulated that nitrobenzene 1 (X = NO,) gave a transient cis-
dihydrodiol intermediate 5 (X = NO,) using a nitrobenzene
dioxygenase.”»* Other types of 1,2-cis-dihydrodiols e.g. 5a—d,
that could in principle be derived from dioxygenase-catalysed
cis-dihydroxylation of monohalogenated benzene substrates, will
also be too unstable to isolate using either enzyme-catalysed or
chemical synthesis methodology. The previously unreported 1,2-
cis-dihydrodiol derivatives of monoalkylated benzene substrates
(e.g. cis-dihydrodiol 5e; and Se;), were expected to be much more
stable.

In view of the proven value of the natural arene cis-dihydrodiols
(2a5—e) in the synthesis of many natural products,®*® and our
continued interest in finding new dioxygenase enzymes capable
of producing the wunnatural cis-dihydrodiol regioisomers (e.g.
d4a,—eg, Ses) by direct biotransformation of the corresponding
arene precursors, a generally applicable chemoenzymatic approach
to their synthesis has been developed and is presented herein
(Scheme 2).

Results and discussion

The 2,3-cis-dihydrodiols of fluorobenzene 2a, chlorobenzene 2b,
bromobenzene 2¢, iodobenzene 2d and toluene 2e were available
from earlier biotransformations of the corresponding monosubsti-
tuted benzenes (1a—e) using P. putida UV4.5 Catalytic osmylation
of cis-dihydrodiols 2as—d using the Donohoe conditions* (OsO,,
CH,Cl,, Me;NO), resulted in the exclusive cis-dihydroxylation of
the unsubstituted alkene bonds to yield mainly the syn-tetraols
6as—ds (71-80% yield). The minor amount (ca: 15%) of the late
eluting corresponding anti-tetraols formed was separated from the
early eluting syn-tetraols 6as,—dg by charcoal-celite (1 : 1, w/w)
column chromatography (H,O — 10% EtOH in H,O). It was
assumed that the existing cis-diol group played a stereodirecting
role through intermolecular H-bonding with an oxo ligand on
0s0,. Under similar conditions, cis-dihydroxylation of the toluene
cis-dihydrodiol 2e, resulted in the concomitant cis-dihydroxylation
of two alkene bonds (C;=C, and Cs= Cy) to yield a mixture of
syn-tetraols 6eg and 9es. The mixture of syn-tetraols was again
separated by charcoal-celite column chromatography to give the
pure late eluting isomer 6eg (50% yield) and early eluting isomer
9e; (40% yield, Scheme 3).

Treatment of syn-tetraols 6as—dg with 2-acetoxyisobutyryl bro-
mide gave the anticipated bis-bromoacetates 7a—d in relatively
high yields (80-87%) due to Sy2 nucleophilic attack of bromide
anion at the allylic positions of the dioxolane intermediates. When
this procedure was applied to the syn-tetraol 6eg, the desired
product 7e was found to be contaminated with a minor bis-
bromoacetate isomer 12e (20% by 'H-NMR analysis). Since the
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bis-bromoacetates rapidly decompose on chromatography, only
a small pure sample of the major bis-bromoacetate 7e could
be isolated by PLC for characterization. The major portion of
the mixture of bis-bromoacetates 7e and 12e (total yield 82%)
was, therefore used without separation in the next stage of the
synthesis. The isolation of a pure sample cis-diol 2eg, obtained
from reduction of the mixture of syn-toluene-dioxides 8es and
13eg, is consistent with the intermediacy of the dibromoacetate
12e. This bis-bromoacetate intermediate 12e may have resulted
from an initial nucleophilic (Sy2') attack of the bromide anion at
the alkene bond of the transient intermediate shown in Scheme 4.
While the mechanism is shown as a concerted process, involving
a bis-dioxolanium intermediate, a stepwise process via a mono-
dioxolanium intermediates is also possible. Similar treatment of
tetraol 9es yielded bis-bromoacetate 10e (85% yield) as the sole
product (Scheme 3).

Base-catalysed cyclisation of the bis-bromoacetates 7a—e and
10e (NaOMe, Et,O) at ambient temperature, gave the corre-
sponding syn-benzene dioxides 8a,—es and 1le; (70-82% yield,

Br-
Me
Me o C o Me ‘\\Br
H > _ X OAc
- + Me
I —_—
HO on ), 5 \\,) gy

OH OAc
6e 12e

i AcOCMe,COBr, MeCN

Scheme 4

Scheme 3) with all being enantiopure (>98% ee) except 8ag
(60% ee). Under these conditions, the residual mixture of
dibromodiacetates 7e and 12e was converted directly into a
corresponding inseparable mixture of syn-benzene-dioxides (8eg
and 13eg, 80 : 20).

In earlier studies®? of the reactivity of the anti-benzene dioxide
analogues of syn-dioxides 8bs—dg, under conditions normally
associated with the carbonylation of aryl iodides [Pd(OAc),,
CO, K,CO;, THF-H,O0], reduction to the corresponding trans-
dihydrodiols (>85% yield) was observed. Further study has now
shown that this unusual benzene dioxide reduction reaction can
also be applied to syn-dioxides 8a,—e; and 1les (and 1le) to
give the corresponding 3,4-cis-dihydrodiols 4as—es and 1,2-cis-
dihydrodiols Se; (and 5e;) in acceptable yields (64—77%). Similarly,
the mixture of syn-benzene-dioxides (8es and 13eg) gave a sepa-
rable mixture of the corresponding 3,4- and 2,3-cis-dihydrodiols
of toluene (des and 2ey). The isolated sample of cis-dihydrodiol
2e proved to be indistinguishable from the starting compound,
thus providing confirmation of the stereochemical integrity of the
steps shown in Scheme 3. It was assumed that the mechanism of
the reaction of syn-benzene dioxides 8as—eg, 11es and 13e; to give
the corresponding cis-dihydrodiols 4as—eg, Ses and 2eg, involved
reduction of the Pd(i) diacetate to Pd(0) with concomitant
oxidation of CO to CO,. This assumption was supported by
the observation that both syn- and anti-benzene dioxides were
reduced in similar or lower yields to the corresponding cis- and
trans-dihydrodiols when Pd (PPh;), and K,CO; were used with
THF-H,O0 as the solvent without CO being present.

The syn-dioxides 8as—eg, 11eg and 13e; all proved to be relatively
stable under neutral conditions below 60 °C. However, upon
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heating at higher temperatures (>70 °C), a retro-Diels—Alder
cycloaddition (electrocyclic rearrangement) was expected to occur
to form equilibrium mixtures with the corresponding achiral 1,4-
dioxocin valence tautomers. This expectation was based on the
earlier work by Vogel et al. on syn-benzene dioxide 8 (X = H) and
racemic monosubstituted syn-benzene dioxides 8 (X = Br, CO,H,
CHO, COCI). These dioxides were synthesisied by a different
route and their thermal equilibration with the corresponding 1,4-
dioxocins was also reported.?’-*

The thermal valence tautomerisation of the syn-toluene dioxides
8d; and 1leg (ca. 77 °C in CCl,) to the corresponding 1,4-
dioxocins 14d and 15 was followed by 'H-NMR spectroscopy. The
proportion of 1,4-dioxocin valence tautomer 15 (>98%) present
at equilibrium was higher than that observed for compound
14d (88%), consistent with a link between substituent position
and equilibrium ratio. Similarly, when the mixture of syn-toluene
dioxides 8¢y and 13e; was heated under these conditions, NMR
analysis of the product mixture indicated that these dioxides were
also isomerised to an inseparable mixture of the corresponding
1,4-dioxocins 14e (40%) and 16 (>98%). Thus, the 1,4-dioxocin
tautomers 15 and 16 were formed exclusively (>98%) after
electrocyclic rearrangement of corresponding syn-toluene dioxides
11eg and 13eg. The syn-toluene dioxide 8ey; was found to have a
lower proportion of the corresponding 1,4-dioxocin tautomer 14e
(40%) present at equilibrium. A similar link between substitution
patterns and benzene oxide—oxepin valence tautomeric ratios
was found earlier and rationalised in terms of the maximum
number of low energy valence-bond structures that can be
drawn and this was supported by MINDO/3 calculations.’® The
variation in arene dioxide-1,4-dioxocin valence tautomer ratios
after thermal equilibration could also be explained on a similar
basis.

The thermal equilibration of syn-toluene dioxides, e.g. 8eg, 11eg
and 13eg with the corresponding 1,4-dioxocins, e.g. 14e, 15 and
16, was assumed to involve a novel concomitant racemisation at
four chiral centres. In order to provide confirmation of this rare
phenomenon, the thermal racemisation—valence tautomerisation
process (ca. 85 °C in toluene), for a typical syn-benzene dioxide
(e.g. 8dy), was followed by polarimetry, '"H-NMR, and chiral
stationary phase HPLC analyses. Thus, syn-benzene dioxide 8d;
was heated at 85 °C in toluene until equilibrium between 8d; and
14d (12 : 88) was established (ca. 2 h) (Scheme 5). The sample of
the syn-benzene dioxide 8dy present, after complete equilibration
had occurred, was isolated by PLC and was found to be racemic.
When a pure sample of the 1,4-dioxocin 14d was heated under
similar conditions, an identical equilibrium ratio for compounds
8d; and 14d was observed.

In principle, the 1,4-dioxocins 14d, 14e, 15 and 16 could be
considered aromatic compounds as each contains 10w electrons
and may thus adopt a planar conformation. Earlier X-ray
crystallographic studies of similar 1,4-dioxocins 14 (X = COCl
and a y-pyrone)® indicated that while in one case the ring was
essentially planar, in the second example the ring was non-planar,
having a twist-boat—chair conformation in the crystalline phase.
The preferred conformation of the 1,4-dioxocin ring system in the
solution phase remains to be investigated.

The availability of the 2,3-cis-dihydrodiol of toluene with an
excess of the abnormal (1R)-enantiomer (2e; and 2eg, 80 : 20),
from an earlier biotransformation of 4-iodotoluene followed by
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Scheme 5

hydrogenolysis,*** allowed the corresponding 1,2-cis-dihydrodiol
5e; and 3,4-cis-dihydrodiol 4e; of toluene (ca. 60% ee) to be
synthesised, using the methods shown in Scheme 3. It was also
possible to increase the enantiopurity of this abnormal 2,3-cis-
dihydrodiol enantiomer 2e, from 60% ee up to >95% by fractional
crystallisation or by a cis-diol dehydrogenase-catalysed kinetic
resolution process. When a small sample of cis-dihydrodiols 4e,
(ca. 60% ee) was biotransformed, using naphthalene cis-diol
dehydrogenase enzyme, present in the recombinant strain, E. coli
narB by the reported method,* the recovered cis-dihydrodiol 4e,
from the culture medium was found to be enantiopure (>98% ee).

Conclusion

A generally applicable synthetic route to a series of unnatural
3.4-cis-dihydrodiols 4, from the corresponding natural 2,3-cis-
dihydrodiols 2, has been developed. This method has also been
applied to obtain enantiomers, 5es; and 5e,, of the unnatural
toluene 1,2-cis-dihydrodiol from the 2,3-isomers, 2e5 and 2e;. The
racemisation and isomerisation studies of the syn-benzene dioxide
intermediates 8dg, 8eg, 11es and 13es to give 1,4-dioxocins 14d,
14e, 15 and 16 have also been carried out.

Experimental

'"H-NMR and BC-NMR spectra were recorded on Bruker Avance
DPX-300 and DPX-500 instruments and mass spectra were run at
70 eV, on a VG Autospec Mass Spectrometer, using a heated inlet
system. Accurate molecular weights were determined, by the peak
matching method, with perfluorokerosene as standard. Elemental
microanalyses were carried out on a Perkin-Elmer 2400 CHN
microanalyser. For optical rotation ([a]p) measurements (ca. 20 °C,
107" deg cm? g7'), a Perkin-Elmer 214 polarimeter was used. Flash
column chromatography and PLC were performed on Merck
Kieselgel type 60 (250-400 mesh) and PF s34 respectively. Merck
Kieselgel type 60F,s, analytical plates were used for TLC. Samples
of cis-dihydrodiols 2as—e and the cis-dihydrodiol derivative from
4-iodotoluene were available from earlier studies.”**
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Catalytic cis-dihydroxylation of cis-dihydrodiols 2a;—d

To a solution of the diols 2ag (ca. 60% ee), 2bs—ds (>98% ee,
8 mmol), in CH,Cl, (160 cm?), was added trimethylamine-/N-oxide
dihydrate (11 mmol) and a catalytic amount of osmium tetroxide
(ca. 0.002 g). The reaction mixture was left stirring at room
temperature until the dihydroxylation was completed (3 days,
TLC analysis). A saturated solution of sodium metabisulfite
(5 cm?) was added and the reaction mixture stirred (0.5 h) at
room temperature. The solvents were removed in vacuo, and the
residual crude product purified by charcoal-celite (1 : 1, w/w)
column chromatography (H,O — 10% EtOH in H,0). The
pure tetraols 6a,—dg were obtained in the early eluting fractions.
Catalytic cis-dihydroxylation (OsO,) of cis-diol 2es (>98% ece)
gave a mixture of diasterecoisomeric tetraols 6e and 9e. This
was also separated by charcoal-celite column, tetraol 9e eluted
before tetraol 6e. An enantioenriched (ca. 60% ee) sample of cis-
dihydrodiol 2e,, available from earlier studies, was treated in a sim-
ilar manner to cis-diol 2es.3** Compound 6c¢s had been reported
earlier.’’

(18,25,35,45)-5-Fluoro-5-cyclohexene-1,2,3,4-tetraol 6ag

Colourless oil (1.05 g, 80%); [a]lp —3.0 (¢ 0.80, MeOH); ca. 60%
ee, (found: M* — H,O0, 146.0378. C,H,FO; requires 146.0379);
ou(500 MHz, CD;0D) 3.92-3.94 (2 H, m, 2-H and 3-H), 4.32-
4.34 (2 H, m, 1-H and 4-H), 5.43 (1 H, dd, J, 15.3, J,, 3.7, 6-H);
0c(125 MHz, CD;0D) 66.66, 66.75, 68.23, 69.91, 69.99, 106.20,
160.08; m/z (EI) 146 (M* — H,0, 91%), 128 (80), 1117 (82), 104
(100), 75 (82), 60 (29), 55 (31), 51 (18), 41 (48), 31 (18).

(18,25,3R,4R)-5-Methyl-5-cyclohexene-1,2,3,4-tetraol 6eg

Colourless 0il (0.64 g, 50%); [a]p —1.0 (¢ 0.94, MeOH); (found: M*,
160.0729. C,H,,0, requires 160.0736); 6,;(500 MHz, D,0) 1.62
(3 H, s, Me), 4.12 (1 H, ddd, J,¢ 3.2, J,, 4.5, J,5 1.8, I-H), 4.22
(1 H, ddd, J,, 0.6, J5, 3.3, J5, 1.5, 3-H), 4.32 (1 H, dd, J,, 0.7,
Jy3 1.7,4-H), 447 (1 H, ddd, J,, 4.4, J,5 3.0, J,, 1.6, 2-H), 5.80
(1H,ddd, J,, 3.2, Js, 1.5, 744 0.7, 6-H); 0.(125 MHz, D,0) 19.56,
68.22, 70.19, 70.73, 71.62, 123.96, 137.17. m/z 160 (M*, 6%), 142
(33), 124 (89), 118 (90), 113 (87), 111 (84), 109 (42), 98 (89), 87
(60), 82 (87), 77 (91), 73 (99), 71 (85), 65 (87), 59 (92), 55 (90), 50
(96), 45 (93), 40 (91), 38 (100).

(1R,2R,3S5,4S)-5-Methyl-5-cyclohexene-1,2,3,4-tetraol 6e;

[a]o +0.7 (¢ 0.44, MeOH); ca. 60% ee.

(1R,2R,3S,4S)-2-Methyl-5-cyclohexene-1,2,3,4-tetraol 9eg

Colourless viscous oil (0.515 g, 40%); [a]p +6 (¢ 0.82, MeOH);
(found: M*, 160.0726. C;H,,0, requires 160.0736); 5,;(500 MHz,
D,0) .11 (3 H, s, Me), 3.53 (1 H, d, J5, 4.5, 3-H), 3.82 (1 H,
d, Ji6 3.0, 1-H), 4.09 (1 H, dd, J,; 4.5, J,5 2.5, 4-H), 5.77 (1 H,
dd, J5¢ 10.2, J5, 2.5, 6-H); 6(125 MHz, D,0) 21.5, 67.39, 71.98,
72.80, 73.96, 128.19, 130.46; m/z (EI) 160 (M*, 4%), 142 (32), 124
(82), 87 (87), 81 (79), 71 (80), 69 (85), 58 (87), 56 (82), 45 (93),
42 (88), 40 (81), 53 (44), 45 (25), 43 (83), 41 (71), 39 (66), 21 (50),
29 (100).

(18,25,3R,4R)-2-Methyl-5-cyclohexene-1,2,3,4-tetraol 9e,
[a]lp —4.0 (¢ 0.67, MeOH); ca. 60% ee.

Syntheses of bis-bromoacetates 7a—e and 10e

To a stirred suspension of the tetraol (3 mmol), in dry acetonitrile
(10 cm®) at 0 °C under a nitrogen atmosphere, 1-bromocarbonyl-
I-methylethylacetate (2.5 mol equiv.) was added drop-wise. The
reaction mixture was kept stirring at 0 °C for 15 min and then
at room temperature for another 2 h. The solvent was removed
under reduced pressure and the residue thoroughly partitioned
by shaking with a mixture of diethyl ether (50 cm®) and 3%
aqueous NaHCO; (40 cm?). The ether extract was washed with
water, dried (Na,S0O,), and concentrated to afford a crude sample
of bis-bromoacetate which was purified by PLC (15% EtOAc in
hexane) or by recrystallisation.

(1R,2R,5R,6S5)-6-(Acetyloxy)-2,5-dibromo-3-fluoro-3-
cyclohexenyl acetate 7a

Colourless oil (0.756 g, 80%); R; 0.40; [a]p, +32 (¢ 0.78, CHCl;);
(found: M* — OAc, 314.9883. CyHBr,FO, requires 314.9875);
04(500 MHz, CDCl;) 2.11 (3 H, s, OCOMe), 2.13 (3 H, s,
OCOMe), 4.52 (1 H, br s, 5-H), 4.76 (1 H, dd, J, 9.9, J,, 6.3,
2-H), 5.62 (2 H, m, 1-H and 6-H), 5.68 (1 H, dd, J,z 11.9, J4;
3.4, 4-H); 6.(125 MHz, CDCl,) 20.64, 20.66, 39.40, 41.19, 71.08,
71.96, 108.00, 154.57, 169.28, 169.42; m/z (EI) 315 (MM* — OAc,
57%), 297 (11), 295 (12), 235 (18), 233 (19), 193 (43), 129 (52), 112
(49), 101 (81), 70 (33), 59 (72), 43 (100).

(18,25,5R,6 R)-6-(Acetyloxy)-2,5-dibromo-3-methyl-3-
cyclohexenyl acetate 7e

A small portion of the diastereoisomeric mixture 7e and 12e
(0.87 g, 82%), on separation by PLC (15% EtOAc in hexane),
gave a pure sample of bis-bromoacetate 7e as a light yellow oil,
R; 0.35; [a]p —17 (c 0.86, CHCL;); (found: M* — Me, 354.8991.
C,H,,Br,0, requires 354.9003); 6,,(500 MHz, CDCL;) 1.96 (3 H,
s, Me), 2.10 (6 H, s, 2 x OCOMe), 4.41 (1 H, d, J,, 4.0, 2-H),
475 (1 H, dd, Js¢ 7.7, Js4 3.1, 5-H), 5.55 (1 H, dd, J,, 4.1, J
2.5, 1-H), 5.67 (1 H, dd, J¢s 7.7, Js, 2.5, 6-H), 5.77 (1 H, d, J;
3.1, 4-H); (125 MHz, CDCl;) 20.74, 20.75, 21.60, 44.62, 47.30,
71.50, 72.43, 127.15, 133.98, 169.58, 169.74; m/z (EI) 355 (M* —
Me, 70%), 311 (78), 253 (84), 231 (80), 229 (81) 185 (19), 187 (20),
108 (61), 57 (16), 43 (100).

(1R,2R,5S5,65)-6-(Acetyloxy)-2,5-dibromo-3-methyl-3-
cyclohexenyl acetate 7¢’

[a]p +11.0 (¢ 0.3, CHCl,); ca. 60% ee.

(1R,2R,5S,6S5)-6-(Acetyloxy)-2,5-dibromo-6-methyl-3-
cyclohexenyl acetate 10e

Colourless 0il (0.85 g, 80%); [a]p —123 (¢ 0.56, CHCl;); (found: M,
369.9254. C,;H,Br,0, requires 369.9238); d4(500 MHz, CDCl;)
1.45 (3 H, s, Me), 1.97 (3 H, s, OCOMe), 2.16 (3 H, s, OCOMe),
4.57 (1 H, dd, J,, 8.1, J,5 3.2, 2-H), 5.79 (1 H, dd, J;, 12.5, J5,
3.2,3-H), 5.86 (1 H, dd, J,5 12.5, J,5 5.2, 4-H), 6.09 (1 H, d, J,,
8.1, 1-H), 6.26 (1 H, m, Js, 5.2, 5-H); m/z (EI) 370 (M*, 100%),
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311 (42), 252 (53), 231 (13), 229 (14), 191 (50), 189 (51), 167 (99),
125 (87), 108 (85), 83 (21), 43 (91).

(1S5,28,5R,6R)-6-(Acetyloxy)-2,5-dibromo-6-methyl-3-
cyclohexenyl acetate 10¢’

[alp +76.0 (¢ 0.61, CHCL,); ca. 60% ee.

Syntheses of syn-benzene dioxides 8as—eg, 11es and 11e,

To a solution of bis-bromoacetate (1.5 mmol) in dry ether (25 cm?)
at 0 °C, was added sodium methoxide (4 mol equiv.) and the
mixture stirred at 0 °C for 15 min and then at room temperature
(3 h). The reaction mixture was filtered through a pad of celite,
the solid residue trapped on the pad washed with ether, and the
combined filtrate concentrated at atmospheric pressure to yield
the crude dioxide.

(15,25,4S,7S)-5-Fluoro-3,8-dioxa-tricyclo[5.1.0.0**]oct-5-ene 8a;

Colourless crystals (0.135 g, 70%); mp 40-45 °C; [a]l, —37 (¢
0.59, CHCL); (found: M*, 128.0270. C4HsFO, requires 128.0273);
ou(500 MHz, CDCl;) 3.54 (1 H, dd, J,, 4.0, J,, 3.6, 2-H), 3.62
(1 H, dd, J,x 8.2, J,, 4.0, 4-H), 3.69 (1 H, dd, J,, 3.2, J;4 3.7,
7-H), 3.85 (1 H,dd, J,, 3.6, J,, 3.2, 1-H), 5.89 (1 H, dd, J¢r 13.2,
Je7 3.7, 6-H); m/z (EI) 128 (M*, 14%), 110 (17), 97 (38), 83 (44),
73 (23), 69 (37), 43 (100), 39 (25).

(15,25,4S,7S)-5-Methyl-3,8-dioxa-tricyclo[5.1.0.0**|oct-5-ene 8eg

Colourless oil, [a]p +78 (¢ 0.76, CHCI;); (found: M*, 124.0527,
C,;H;0, requires 124.0524); 6,,(500 MHz, CDCl;) 2.05 (3 H, s,
Me), 3.24 (1 H, d, J,, 3.2, 4-H), 3.39 (1 H, dd, J;, 3.2, J,4 3.6,
7-H), 3.67 (1 H, dd, J,, = J,; 3.3, 1-H), 3.69 (1 H, dd, J,, = /J,,
3.3,2-H), 6.12 (1 H, d, J,; 3.6, 6-H); 6-(125 MHz, CDCl;) 22.60,
47.00, 47.47,47.89, 49.22, 123.43, 139.85; m/z (EI) 124 (M*, 2%),
106 (57), 85 (55), 81 (61), 51 (100), 43 (78), 37 (22).

(1R,2R,4R,7R)-5-Methyl-3,8-dioxa-tricyclo[5.1.0.0**]oct-5-ene
8ex

[a]o —30 (c 0.55, CHCL,); ca. 60% ee.

(1R,2S5,4S,7R)-1-Methyl-3,8-dioxa-tricyclo[5.1.0.0**|oct-5-ene
1 les

Colourless 0il (0.13 g, 70%); [a]p —67 (¢ 0.56, CHCL,); (found: M*,
124.0593, C,H;0, requires 124.0524); 6,;(500 MHz, CDCl;) 1.57
(3 H, s, Me), 293 (1 H, dd, J,, 4.1, J,5 2.6, 4-H), 3.13 (1 H, d,
J.6 2.6, 7-H), 3.60 (1 H, d, J,, 4.1, 2-H), 6.06 (2 H, m, 6-H, 5-
H); 6.(125 MHz, CDCl;) 20.43, 48.00, 53.27, 58.03, 60.17, 129.31,
130.63; m/z (EI) 124 (M*, 5%), 106 (72), 95 (41), 77 (36), 57 (28),
43 (100), 29 (20).

(1S,2R,4R,75)-1-Methyl-3,8-dioxa-tricyclo[5.1.0.0**|oct-5-ene
11e,

[al, +44 (¢ 0.33, CHCL); ca. 60% ce.

Synthesis of cis-dihydrodiols 4a,—eg, Seg and Se,

A mixture of each of the dioxides 8as—es, 11eg, 11e; (0.6 mmol),
THF (1 cm?®), water (0.4 cm?) and K,CO; (4 mol equiv.) was stirred
in the presence of a catalytic amount of palladium(ir) acetate (ca.
0.01 g) under an atmosphere of CO until the starting material
had reacted completely (ca. 12 h). The catalyst was filtered off
and saturated NaCl solution (6 cm?®) was added to the filtrate.
The reaction mixture was extracted with EtOAc (3 x 10 cm?), the
extract dried (Na,SO,), and concentrated under reduced pressure.
Purification of the crude product (from the reactions of dioxides
8a,—d;, 11eg and 11e,) by PLC (50% EtOAc in hexane), yielded the
corresponding cis-dihydrodiols 4a,—d;, Ses and Sey. The product,
from the reaction of a crude mixture of dioxides 8es and 13e5 on
multiple elution PLC (30% EtOAc in hexane) yielded pure samples
of cis-dihydrodiols 4eg and 2e;.

(18,2R)-4-Fluoro-3,5-cyclohexadiene-1,2-diol 4a

Colourless crystals (0.05 g, 64%); R; 0.38 (50% EtOAc in hexane);
mp 70-74 °C (from CH,Cl,~hexane); [a], —80 (¢ 0.50, MeOH);
ca. 60% ee, (found: M*, 130.0428. C,H,FO, requires 130.0430);
01(500 MHz, CDCIL;) 1.56 (1 H, br s, OH), 4.29 (1 H, m, 2-H),
4.44 (1 H, m, 1-H), 5.48 (1 H, m, 6-H), 5.88 (1 H, m, 5-H), 6.00
(1 H, m, 3-H); 6-(125 MHz, CDCl;) 66.57, 68.85, 119.98, 120.26,
135.65, 135.73, 160.00; m/z (EI) 130 (M*, 65%), 112 (16), 101 (57),
95 (13), 84 (100), 73 (32), 64 (24), 57 (55), 53 (94), 51 (37), 43 (41),
39 (44).

(15,2R)-4-Methyl-3,5-cyclohexadiene-1,2-diol 4eg

Colourless crystals (0.04 g, 53%); mp 78-80 °C (from EtOAc-
hexane); [a]p —16 (¢ 0.36, MeOH); >98% ee, (found: M*, 126.0056.
C,H,,0, requires 126.0681); 6,4(500 MHz, CDCl;) 1.79 (3 H, s,
Me), 4.13 (2 H, dd, J,5 4.8, J,, 4.8, 2-H), 4.25 (1 H, m, 1-H), 5.68
(1H,d, J;,4.38,3-H),5.82 (1 H,ddd, J5,9.7, Js; = Js, 1.6, 5-H),
5.90 (1 H, dd, Js5 9.7, J4, 3.2, 6-H); 0c(125 MHz, CDCl;) 21.25,
67.32, 68.23, 123.13, 126.16, 130.44, 133.69; m/z (EI) 126 (M*,
55%), 111 (34), 108 (10), 93 (29), 80 (100), 77 (42), 66 (6), 57 (10),
55 (45), 43 (35).

(1R,25)-4-Methyl-3,5-cyclohexadiene-1,2-diol 4e,
[a]p + 11 (¢ 0.30, MeOH); ca. 60% ee.

(18,2R)-3-Methyl-3,5-cyclohexadiene-1,2-diol 2eg

White crystalline solid (0.01 g, 13%); mp 56-58 °C (EtOAc—
hexane); [a]p +26 (¢ 1.76, MeOH); >98% ee. The isolated product
was identical to cis-dihydrodiol 2eg used as a synthetic precursor.

(1R,2S5)-1-Methyl-3,5-cyclohexadiene-1,2-diol Seg

Colourless oil (0.048 g, 65%); [a]p —19 (¢ 0.57, MeOH); >98% ee,
R; 0.35 (50% EtOAc in hexane); (found: M*, 126.0677. C;H,,0,
requires 126.0681); 04(500 MHz, CDCl;) 1.27 (3 H, s, Me),
4.46 (1 H, br s, 2-H), 5.71-5.80 (4 H, m, 3-H, 4-H, 5-H, 6-H);
0c(125 MHz, CDCl,) 17.88, 74.35, 75.53, 122.02, 122.54, 130.63,
134.85; m/z (EI) 126 (M*, 13%), 108 (14), 107 (9), 97 (17), 81 (13),
77 (17), 65 (13), 55 (25), 43 (100), 39 (24).
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(18,2R)-1-Methyl-3,5-cyclohexadiene-1,2-diol Se,

[alo +12 (¢ 0.77, MeOH); ca. 60% ee.

Synthesis of 1,4-dioxocins 14d and 15

syn-Benzene dioxides 8ds; and 1les (0.25 mmol) were each
dissolved in dry CCl, (10 cm®). The solution was heated at 77 °C for
10 h and samples removed periodically for analysis. The mixture
was then cooled and the solvent removed under reduced pressure
to yield mixtures of 1,4-dioxocin 14d and syn-dioxide 8dg (or
15 and 11ey). Purification by chromatography on silica gel (10%
Et,0-hexane) gave the pure 1,4-dioxocins (14d and 15) and the
residual syn-dioxides (8ds and 11ey).

6-Iodo-1,4-dioxocin 14d

Colourless low mp solid (0.036 g, 61%); R; 0.76 (25% Et,O in
hexane); (found: C 30.7; H2.2. C4H;10, requires C 30.54; H 2.1%);
0u(500 MHz, CDCl;) 5.55 (1 H, d, J;5 6.9, 7-H), 5.83 (1 H, d, J,;
4.3, 2-H), 5.87 (1 H, d, J5, 4.3, 3-H), 6.16 (1 H, d, J;; 6.9, 8-H),
6.86 (1 H, s, 5-H); 0(75 MHz, CDCl;) 114.34, 127.80, 127.84,
141.35, 145.74.

2-Methyl-1,4-dioxocin 15

Off-white low mp solid (0.02 g, 65%); R;0.74 (25% Et,O in hexane);
(found: M*, 124.0531. C,HO, requires 124.0524); 6,,(500 MHz,
CDCl;) 2.21 (3 H, s, CHj), 493 (2 H, m, 6-H, 7-H), 6.12 (1 H,
s, 3-H), 6.36 (1 H, d, Js; 3.9, 8-H), 6.40 (1 H, d, Js, 3.9, 5-H);
0c(75 MHz, CDCl;) 17.65, 106.54, 107.62, 112.74, 130.69, 145.38,
146.90.
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Saccharide synthesis is a formidable task for synthetic chemists. Although in recent years many
advances have been made in this area, development of more convenient and efficient strategies for
oligosaccharide synthesis is still in great demand. This review focuses on one of these new
strategies—the one-pot sequential glycosylation approach as a potent tool for oligosaccharide assembly.

Introduction progress has been made in the construction of complex oligosac-
) ] o ) ) charides based on a variety of synthetic strategies.” Among
The multifaceted biological importance of oligosaccharides and these strategies, the “one-pot glycosylation” is very attractive and

glycoconjugates has made them very popular synthetic targets  ghows great promise for assembly of oligosaccharide libraries and
in modern synthetic chemistry.! In the past few decades, great automated synthesis.

The one-pot glycosylation method refers to one in which several
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operation to furnish target oligosaccharides in a short period of
time without the need for protecting group manipulation and
intermediate isolation, and therefore is much more efficient since
traditional synthesis of saccharides requires multiple protection
and deprotection steps and time-consuming purification processes
using column chromatography. Complete consumption of the
formed intermediate oligosaccharides is very important for a
successful one-pot glycosylation, and the resulting high yield
together with good stereoselectivity in every glycosylation steps
ensure that only the target oligosaccharide will be produced as the
major product, thus simplifying the final isolation operation and
providing high efficiency of this protocol.

This review will introduce an outlined advance in one-pot
oligosaccharide synthesis. The multi-enzyme one-pot method will
also be covered as another aspect of the one-pot glycosylation
strategy.

The chemical strategy for one-pot glycosylation

One-pot glycosylation for chemical synthesis of oligosaccharides
relies on the reactivity disparity of glycosyl donors/acceptors.
Although many variations of the one-pot strategy have been devel-
oped, there are three major concepts these protocols are based on,
namely, “chemoselective principle”, “orthogonal glycosylation”,
and “pre-activation strategy”.

The chemoselective strategy uses the nature of the protecting
groups’ influence on the reactivity of donors and acceptors. It has
long been recognized that electron-donating groups activate (arm)
the leaving group in the glycosylation reaction whereas electron-
withdrawing groups deactivate (disarm) the leaving group.® This
armed—disarmed concept makes chemoselective glycosylations
possible. Thus, in the chemoselective one-pot glycosylation, the
most reactive donor is condensed with the less reactive donor to
provide a new glycoside which can subsequently glycosylate the
least reactive donor (Scheme 1a).

The orthogonal glycosylation strategy is based on selective
activation of one leaving group over another.* In this approach
different anomeric groups (e.g. thioglycoside and fluoride) are
exploited either as an anomeric protecting group or as a leaving
group, since they are mutually stable to the conditions used to
activate the other anomeric functionality (Scheme 1b).

The recently established pre-activation strategy employs the
activation of a glycosyl donor in the absence of a glycosyl acceptor
to provide a reactive intermediate which is immediately treated
with a second building block (glycosyl acceptor) to yield a coupling
saccharide with an identical activatable aglycon at the reducing
end.’ This process can be repeated in the same reaction flask to
extend the sugar sequence (Scheme Ic).

One-pot glycosylation based on the chemoselective
strategy

Chemoselective glycosylation can be influenced by the reactivity
of both glycosyl donors and glycosyl acceptors. The reactivity
of glycosyl donors varies in different monosaccharide types.
For example, the reactivity order of thioglycosides having the
same substituents in the sugar ring appears to be: fucose >
galactose > glucose > mannose.® The stereo- and inductive effects
in the stabilization of the oxocarbenium ion intermediate might
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Scheme 1 The chemical strategies for one-pot glycosylation. a) One-pot
glycosylation based on the chemoselective strategy. b) One-pot glycosyla-
tion based on the orthogonal strategy. ¢) One-pot glycosylation based on
the pre-activation strategy.

explain the higher reactivity of galactosides than glucosides.”
Protecting groups have great effects on the reactivity of glycosyl
donors. The armed-disarmed concept, firstly described by the
Fraser-Raid laboratory,® indicates that an electron-donating C(2)
substituent activates and an electron-withdrawing C(2) substituent
deactivates the anomeric centre, since the electron-withdrawing
groups affect the positive charge distribution on the anomeric
center, therefore destabilizing the oxocarbenium transition state,
and they also decrease the nucleophilicity of the anomeric function
and thereby lower the rate of attack of the leaving group on the
electrophilic promoter species. This phenomenon allows activated
donors to selectively couple with deactivated acceptors without
the self-coupling of deactivated acceptors. Later, Ley and co-
workers provided intermediate levels of reactivity tuning by
using diacetal protected thioglycoside glycosyl donors (“semi-
disarmed” effects).” The study by the Wong group revealed that
the type and position of protecting groups contribute to anomeric
reactivity.® For example, different protecting groups at the 2-
position deactivate the specific galactosyl core in the order —N; >
—OClAc > -NPhth > —OBz > —OBn. The degree of deactivation
of thiogalactoside by the influence of benzoyl group positions
was observed in the order 4 > 3 > 2 > 6. They also found that
glycosylating the free hydroxyl leads to a slight deactivation of the
acceptor. Other than the 2-position protecting group manipulation,

2190 | Org. Biomol. Chem., 2007, 5, 2189-2200

This journal is © The Royal Society of Chemistry 2007





the Boons group regulated thioglycoside reactivity via steric
modulation of the anomeric thioether substituent.’ In addition,
glycosylation conditions (e.g. solvent, reaction temperature) can
sometimes affect glycosyl reactivity.

In 1993, Kahne and Raghavan described the first sequential
glycosylation using a one-pot procedure.!’ Their investigation
was based on the reactivity disparity between both the two
sulfoxide donors (2 > 1) and the acceptors (3 with OH > 2 with
TMYS). Thus, the mixture of three reactants was treated with the
promoter (TfOH), rendering the one-pot synthesis of ciclamycin
0 trisaccharide 4 (Scheme 2).

o
§+ SPh
OBn OBn
TMSO oMe HO
2 3
SPh
(9]
0©Bn
Et,O/CH,Cl,, TFOH
> (9]
=——CO,Me, -78 °C ﬁ\%
00Bn
707
o 4 (25%)

Scheme 2 One-pot synthesis of ciclamycin 0 trisaccharide 4.

Subsequently the Ley group prepared the trisaccharide unit
5 of a group B Streptococci polysaccharide antigen by a facile
one-pot two-step synthesis (Scheme 3).2* In their exercise, a
cyclohexane-1,2-diacetal (CDA) protecting group was introduced
into thioglycosyl acceptors to perform reactivity tuning via the
torsional disarmed effect, which hampered the formation of the
flattening cationic transition state. Furthermore, they also utilized
both seleno- and thioglycosides in combination with the CDA
protecting group to provide different levels of reactivity, leading
to one-pot synthesis of linear and branched oligosaccharides.'

As the synthesis of an increasing number of complex oligosac-
charides was carried out using the one-pot method, the need for
more precise data on the relative reactivity of glycosyl donors
became more apparent. The knowledge of quantification of the
glycosyl donor reactivities was essential to researchers. To tackle
this problem, the Ley group quantified the influence of protecting

groups, sugar skeletons and anomeric leaving groups on the
reactivity of some glycosyl donors by NMR measurements.'
The Wong group later made a great contribution to this effort.
Hundreds of saccharide building blocks were synthesized. A
general procedure for the quantitative measurement of relative
reactivity of various thioglycoside donors and donor—acceptors
was also established.® The relative reactivity values (RRVs) were
measured by the use of the designed competition experiments
performed by HPLC analysis. In this manner, they generated a
relative reactivity database of thioglycosides.

Based on the reactivity database, they developed the “OptiMer”
computer program for use as a database search tool and a guide
for the selection of suitable building blocks for the one-pot
assembly of a desired oligosaccharide or a library of individual
oligosaccharides.® For example, as outlined in Scheme 4, once
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Scheme 4 Programmable one-pot synthesis of Globo H hexasaccharide
10.
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Scheme 3 Ley’s one-pot synthesis of trisaccharide 5.
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given the Globo H hexasaccharide sequence 6, the program
searched the in-house database to present the best combination of
available characterized building blocks (7, 8 and 9). Then the three
building blocks were used sequentially in one-pot synthesis to give
the protected oligosaccharide product 10."* Programmable one-
pot synthesis facilitates the convenient assembly of oligosaccha-
rides and has been applied with success in the synthesis of a large
number of oligosaccharides, including the colon cancer antigen
Lev,' sLe*,"” fucosyl GM, oligosaccharide,” tumor-associated
antigen N3 minor octasaccharide' and other biologically signifi-
cant oligosaccharides.?® This method also showed great potential
for constructing biologically important oligosaccharide libraries,
demonstrated by the rapid assembly of 33 linear or branched
fully protected oligosaccharides using simply designed building
blocks.!

Besides changing protective groups, another variable of glycosyl
donors is the nature of the anomeric leaving group. Simple
modification of the anomeric substituents can confer different
levels of reactivity to common building blocks, which might
facilitate efficient oligosaccharide one-pot synthesis. Thus, Huang
and co-workers applied the concept of post-synthetic aglycon
modification to their one-pot oligosaccharide synthesis.> By
noticing the fact that glycosyl donors with electron-rich and
sterically less hindered aglycons are usually more reactive than
those with electron-poor and sterically more hindered ones, they
selected S-(4-aminophenyl) thioglycoside as the key intermediate
so that they were able to easily convert the amino function into
substituents bearing various electron-withdrawing groups through
simple manipulations, resulting in different levels of anomeric
reactivities. With the derived building blocks (methoxy 11, bromo
12, and nitro 13) in hand, the assembly of chitintetraose 14 was
finished in the presence of three different thiophilic promoters
in moderate yield (Scheme 5). In other instances, Sulikowski
et al. utilized diethyl glycosyl phosphite and pinacol phosphate to
synthesize a trisaccharide in a one-pot manner,? and very recently

OBn

OBn

PhthN
TBSO” @OMe 12

Tadonisi et al. reported a one-pot assembly of trisaccharides em-
ploying glycosyl trichloro- and (N-phenyl)trifluoroacetimidates
catalyzed by a low amount of ytterbium triflate [Yb(OTf);].>*

The effect of solvents on the reactivity of donors during the
glycosylation process was elegantly exploited in a set of one-
pot syntheses by the Oscarson group.”® As shown in Scheme 6,
by adjusting the reactivity of donors and performing the first
glycosylation in Et,O (low glycosylation rate) and the second
in CH,CL-Et,O (higher glycosylation rate), trisaccharide 15
was synthesized in very high yield (84%). It is noteworthy that
performing the first glycosylation in CH,Cl, resulted in a complex
product mixture, while the second glycosylation did not occur in
Et,0. Later, this solvent effect on reactivity, in combination with
the armed-disarmed glycosylation strategy by the use of N-Troc
and N-Phth protected thioglycosides, was once again successfully
applied to the one-pot synthesis of glucosamine oligosaccharides
by the Baasov group.*

Valverde and co-workers developed a new route for one-
pot glycosylation which relies on the kinetic acceleration of
an intramolecular versus an intermolecular glycosidic coupling,
rather than on large disparities between the reactivity of different
glycosyl donors. In their one-pot procedure, the intramolecular
glycosylation of 16 occurred selectively on the 6-OH, followed by
the second coupling on the 3-OH with the newly added donor 17
yielding the branched trimannoside 18 (Scheme 7).”

In order to solve the problem that reactive glycosyl donors
cannot carry reactive hydroxyl groups due to the self-coupling
issue, a new approach, in which a p-methoxybenzyl ether is used
as an in situ-removable temporary protecting group for a reactive
hydroxyl group, was applied to the one-pot two-step glycosylation
process by Nilsson ez al.*® As displayed in Scheme 8, at —45°C, a p-
methoxybenzyl ether is stable enough to withstand the NIS/TfOH
conditions and can thus block a highly reactive hydroxyl group.
When the first coupling reaction between 19 and 20 was complete,
the temporary p-methoxybenzyl group was cleaved by simply
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Scheme 5 One-pot synthesis of chitintetraose 14.
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Scheme 6 One-pot synthesis of trisaccharide 15.
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Scheme 7  One-pot synthesis of trimannoside 18.

elevating the temperature from —45 °C to 0 °C to expose the
reactive hydroxyl group for the next glycosylation. Then the donor
21 was added to the reaction mixture at —45 °C to carry out the
second glycosylation. In this one-pot manner, the globotetraose
(Gb4) tetrasaccharide 22 was synthesized successfully.

N
740} 0
OBz oBz

To date, most glycosyl donors used in one-pot synthesis
are thioglycosides and the application of recently developed
thioglycoside activator systems to one-pot glycosylation fol-
lows a rational line. Kondo ef al’s one-pot two-step syn-
thesis of Le* derivatives employed a thiophenyl group as
the leaving group and NIS/TfOH as the activator.”® Another
type of promoter, trityl tetrakis(pentafluorophenyl)borate/N-
(ethylthio)phthalimide [TrB(C,F;),/PhthNSEt] for one-pot gly-
cosylation of armed-disarmed thioglycosides was reported by
Mukaiyama et al. in 2000.* Wong and co-workers introduced
the 1-benzenesulfinyl piperidine and triflic anhydride (BSP/Tf,0)
system into the one-pot synthesis of fucose GM1."®* And this
activator system was later used in our laboratory to successfully
perform the four-component one-pot sequential synthesis of
biologically important a-Gal pentasaccharide derivative 27 with
four readily available common saccharide building blocks (23, 24,
25 and 26), as is illustrated in Scheme 9.3 Furthermore, Wong
et al. applied N-(phenylthio)-g-caprolactam as a new promoter
for the activation of thioglycosides at room temperature, which
has been employed in a one-pot trisaccharide synthesis.*

Other types of donors were also exploited. Du et al. furnished
the synthesis of a saponin having a 2,4-branched trisaccharide
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Scheme 8 One-pot synthesis of Gb4 22.
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Scheme 9 Four-component one-pot sequential synthesis of a-Gal pentasaccharide derivative 27.
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moiety in one-pot fashion by using trichloroacetimidates as
glycosyl donors.® Recently Mukaiyama and Chiba devel-
oped armed-disarmed glycosyl p-trifluoromethylbenzylthio-p-
trifluoromethylphenyl formimidates (glycosyl thioformimidates)
(activated by TfOH) for one-pot glycosylations.**

One-pot glycosylation based on the orthogonal
strategy

Compared with the chemoselective glycosylation, the clear advan-
tage of an orthogonal strategy is that it allows the condensation
of building blocks, independent of their relative reactivities.
This strategy has been applied in the early investigation on
one-pot glycosylation. The first example of orthogonal one-pot
glycosylation was reported by the Takahashi group. The difference
in reactivity between glycosyl donors was obtained by using
various types of anomeric leaving groups. By varying the activating

agent, the orthogonal glycosyl donors (trichloroacetimidate 28,
thioglycosides 29 and 32, bromide 31) can be selectively activated
and coupled with glycosyl acceptors sequentially. This method led
to the one-pot construction of the linear trisaccharide 30* and the
branched trisaccharide 33* (Scheme 10).

In 2002 Takahashi ef al. described an efficient synthesis of the
phytoalexin elicitor heptasaccharide 39 by a one-pot procedure
(Scheme 11).” The synthesis comprised six sequential glycosy-
lation steps with high chemo- and regioselectivity using seven
independent building blocks and sequential removal of acyl and
benzyl ether-type protecting groups. Among the glycosyl donors,
four selective activatable leaving groups (glycosyl bromide 31,
ethylthioglycosides 34 and 37, glycosyl fluoride 35, as well as
phenylthioglycosides 36 and 38) were involved for the coupling of
seven building blocks. Interestingly, all the experimental processes
including both glycosylation and deprotection were performed on
a parallel manual synthesizer (Quest 210). This can be viewed
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Scheme 10  One-pot synthesis of trisaccharides 30 and 33.
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Scheme 11  One-pot synthesis of the phytoalexin elicitor 39.
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as an initial form for the automatic oligosaccharide synthesis.
Subsequently, the same group reported the synthesis of core 2
class glycosyl amino acids by a one-pot glycosylation approach
using orthogonal anomeric substituents in a combination of
in situ-removable temporary protecting groups.*® Very recently,
Takahashi et al. introduced the one-pot strategy to the synthesis
of branched and linear sialo-containing glycosyl amino acids.*
On the basis of their previous work, Takahashi et al. constructed
alibrary of 54 linear and 18 branched trisaccharides by the strategy
of solution-phase one-pot glycosylation performed on a manual
Quest 210 synthesizer.*

Based on their previous work, the Ley group combined the
orthogonal glycosides (fluoroglycoside, seleno- and thioglycoside)
with the disarmed 1,2-diacetal protecting groups, affording three
reactivity levels from five building blocks. A four-step one-pot syn-
thesis was realized for the assembly of the linear pentamannoside
40 (Scheme 12).4

The Fraser-Reid group disclosed a synthetic approach,” in
which nuanced activation of n-pentenyl, thioglycoside, and
trichloroacetimidate donors by lanthanide salts in combination
with the donor—acceptor “match” concept can facilitate oligosac-
charide synthesis. As exemplified in Scheme 13, a one-pot double-

differential glycosylation process was carried out, in which a
mannose acceptor-diol 42 was firstly chemo- and regioselectively
glycosylated at the 6-OH position with an n-pentenyl ortho ester 41
under the agency of Yb(OTY),/NIS followed by in situ addition of
a 2-0O-benzoylated saccharide building block 43 (trichloroacetim-
idate or ethyl thioglycoside) to effect stereoselective glycosylation
at the remaining 2-OH position yielding branched trisaccharides
44.

Mukaiyama and Kobashi have reported the use of phenyl-
carbonate paired with thioglycoside in the one-pot assembly
of a mucin related Fla antigen 48.* In the first glycosylation
phenylcarbonate 45 was coupled with ethyl thioglycoside 46 in
the presence of TrB(C4F;), using trifluoromethyl benzene (TFB)
as the solvent. In the second condensation the terminal glycosyl
amino acid 47 and NIS were consecutively added providing
the target trisaccharide 48 in excellent yield (Scheme 14). They
also combined one fluoride donor and two thioglycosides in the
preparation of the phytoalexin elicitor heptasaccharide.*

Recently, Demchenko et al. reported a leaving group differ-
entiated one-pot synthesis using their previously developed two
thioglycosides, S-benzoxazolyl (SBox)* and S-thiazolyl (STaz,
4,5-dihydrothiazol-2-yl)* glycosides as orthogonal donors.*” It
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Scheme 12 One-pot synthesis of pentamannoside 40.
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Scheme 13  One-pot synthesis of trisaccharides 44.
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Scheme 14  One-pot assembly of Flo antigen 48.

was found that either SBox or STaz derivatives can be selectively
activated over S-ethyl or O-pentenyl glycosides in the presence
of AgOTf and that STaz derivatives withstand NIS/TfOH, the
conventional activation conditions for thioglycosides. Thus, their
one-pot synthesis of the tetrasaccharide 53 was executed in good
yield in the activation sequence of SBox 49 + SEt 50 + STaz 51
(Scheme 15).

Chenault and Castro reported a method of selective activation
of orthogonal isopropenyl and n-pentenyl glycosides in the one-pot
synthesis of a trisaccharide.* And Yu ez al. also used an orthogonal
imidates vs. thioglycosides strategy to synthesize a group of natural
diosgenyl saponins in one-pot fashion.*

In many cases, poor stereoselectivity of glycosidic bond for-
mation barricades the application of the one-pot glycosylation
method. In general, neighboring group participation by C-2 esters
will often give 1,2-trans-glycosides, whereas 1,2-cis-glycosides are
often obtained under the control of nonparticipating functionali-
ties (e.g. ethers or azide). The Boons group has recently provided an
alternative approach for the stereoselective introduction of 1,2-cis-
glycosides through an elaborate neighboring group participation
effect.® The glycosyl donors they used bear a C-2 (15)-phenyl-
2-(phenylsulfanyl)ethyl functionality, of which the nucleophilic
phenylsulfanyl moiety performs neighboring group participation
to give a quasi-stable anomeric sulfonium ion as a trans-decalin.
Subsequent displacement of the equatorial sulfonium ion by
a sugar hydroxyl leads exclusively to the formation of a 1,2-
cis-glycoside (Scheme 16a). This novel glycosylation strategy in
combination with traditional neighboring group participation
also allowed the one-pot two-step synthesis of trisacchairde 57
(Scheme 16b). In their protocol the galactosyl donor 54 bearing a

C-2 S-auxiliary group directed the formation of the o-glycosidic
bond, whereas the C-2 benzoyl group of 55 afforded the (-
glycosidic linkage.

Very recently, Manabe et al. reported the use of N-benzyl 2,3-
trans-oxazolidinone protected glycosyl donors for the 1,2-cis
glycosidic bond formation for 2-amino-2-deoxy glycoside
synthesis.*! Based on the high o-selectivities, they prepared a trisac-
charide with two 1,2-cis glycosidic linkages in a one-pot operation.

One-pot glycosylation based on the pre-activation
strategy

Although the reactivity-based one-pot strategy has greatly fa-
cilitated the glycosylation reaction process, extensive protecting
group manipulations and/or aglycon adjustments are still needed
for designing building blocks with suitable anomeric reactivities.
This excessive synthetic operation on building blocks complicates
the synthetic process and decreases overall efficiency. Thus, an
ideal way to assemble an oligosaccharide should integrate the
advantages of both the chemoselective strategy (activation under a
single set of glycosylation conditions) and the orthogonal strategy
(independence of relative activity). The pre-activation strategy is
certain to be a good choice, since it does not require the tuning
of the building blocks in an armed-disarmed fashion. In 2003
Van der Marel and co-workers reported a new glycosylation
procedure in which the Ph,SO/Tf,O system was employed to
mediate dehydrative condensation of 1-hydroxyl donors with
thioglycosides affording the thiodisaccharides in good yield, which
in turn were able to be activated by the same activator system to
furnish trisaccharides.> Following this protocol, the a-Gal epitope
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Scheme 15  One-pot synthesis of the tetrasaccharide 53.
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Scheme 16 Neighboring group participation by C-2 S-auxiliary to 1,2-cis-glycosides (a) and one-pot synthesis of trisaccharide 57 (b).

trisaccharide derivative 61 was synthesized in a one-pot fashion
(Scheme 17).

In 2004, for the first time Huang et al. established the concept
of iterative one-pot synthesis of oligosaccharides based on the
pre-activation strategy.”* This concept refers to pre-activation
of the glycosyl donors, which generates a reactive intermediate
in the absence of the acceptor. After addition of the second
building block to the pre-activated donor, a disaccharide will be
formed with an identical activatable aglycon at the reducing end.
Therefore, by repeating this process in the same reaction flask,
rapid construction of oligosaccharides can be realized. In order to
effectively accomplish such an iterative one-pot synthesis, several
general requisites have to be provided: 1) the promoter utilized
can activate a wide range of glycosyl donors in a stoichiometric
amount and be completely consumed by the donor to prevent
further activation of following building blocks; 2) the intermediate
generated after pre-activation must be stable till the addition of
the acceptor, but reactive for high-yielding glycosyl coupling; and
3) side products formed during the reaction process do not
interfere with glycosylation.

In the proof-of-principle synthesis of tetrasaccharide 66, p-
toluenesulfenyl triflate (formed in situ from p-TolSCl and AgOTY)
was used as the promoter, which proved to be a superior
activator to the BSP/Tf,0 system. As shown in Scheme 18, pre-

activation of the disarmed donor 62 using a stoichiometric amount
of p-TolSOTf was followed by addition of the more reactive
donor 63. After the reaction was completed, the pre-activation
procedure was repeatedly applied to the next two glycosylation
steps involving building blocks 64 and 65 using the same activator.
Thus, tetrasaccharide 66 was prepared in less than two hours. This
approach is a significantly improved strategy compared with the
traditional reactivity-based one-pot strategy. This approach has
also been applied to the assembly of chitotetroses* and hyaluronic
acid oligosaccharides;* the results are satisfactory.

Recently our group reported a new glycosyl coupling reagent,
benzenesulfinyl morpholine (BSM), for the activation of thiogly-
coside donors, and applied it to pre-activation one-pot oligosac-
charide assembly.*® Compared with the known p-TolSCl/AgOTf
system, the BSM/TT,0 system has several advantages: 1) BSM is
much more stable than p-TolSCI and has a much longer shelflife;
2) unlike p-TolSCIl, BSM is odorless; 3) the BSM/Tf,O system
is a metal-free promoter. Thus, to demonstrate the feasibility of
BSM/Tf,0 to pre-activation one-pot synthesis, pre-activated by
this single promoter system, construction of tetrasaccharide 69
was achieved in less than two hours by the one-pot sequential
coupling of four building blocks 23, 24, 67, and 68 (Scheme 19).

There is no doubt that the pre-activation one-pot synthesis has
presented a new approach for efficient sequential oligosaccharide
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Scheme 19  Pre-activation one-pot synthesis of tetrasaccharide 69.

assembly. However, it should be noted that, there are still several
obstructions that need to be overcome before this strategy can
be developed to be applicable to any complex oligosaccharide.
Firstly, in some cases pre-activated donors do not react with
acceptors; this demands improvement in coupling conditions and
the development of new, more powerful promoters. Secondly,
the regeneration phenomenon, which may result from aglycon
transfer, tends to occur occasionally when thioglycosides bear the
same anomeric leaving groups. Many researchers have made great
efforts to minimize aglycon transfer of thioglycosides.” Recently,
Li and Gildersleeve studied and presented the mechanism and
affecting factors of aglycon transfer, and also modified and ex-
amined a number of thiophenyl aglycons, amongst which the 2,6-
dimethylphenyl (DMP) aglycon was demonstrated to prevent the
transfer of sulfur-containing aglycon most effectively.®® However,
more investigations are still required to unveil the mysterious
nature of this side reaction.

Multi-enzyme one-pot glycosylation

Enzymes that catalyze the formation of glycosidic linkages, such
as glycosyl transferases and glycosyl hydrolases, have been utilized
extensively in the construction of complex glycoconjugates. The
enzymatic methods can dramatically reduce the protection—
deprotection steps and provide great regio- and stereoselectivity. A
glycosyltransferase based one-pot system coupled with regenera-
tion of sugar nucleotides in situ was applied to the synthesis of an o-

Gal epitope by Wang et al.* Their operation involved two sequen-
tial enzymatic glycosylations using B-1,4-galactosyltransferase (-
1,4-GalT) and o-1,3-galactosyltransferase (a-1,3-GalT) that share
the same common UDP-galactose donor. Tetrasaccharide 71
and pentasaccharide 72 were obtained in 53% and 35% yields
respectively from the starting trisaccharide 70 (Scheme 20).
In another instance Lin and co-workers utilized a multi-
enzyme one-pot, three-step glycosylation strategy with B-1,4-
galactosyltransferase (B-1,4-GalT), a-2,3-sialyltransferase (a-2,3-
SiaT), and a-1,3-fucosyltransferase (a-1,3-fucT V) to assemble the
sialyl Lewis X moiety of truncated PSGL-1 glycopeptides.®® Unsul-
fated glycopeptide 73 and sulfated glycopeptide 74 were employed
as substrates which were incubated with GalT and SiaT in the
presence of UDP-Gal, CMP-NeuAc and alkaline phosphatase
respectively, followed by the addition of FucT and GDP-Fuc
and incubation, giving rise to the unsulfated and sulfated gly-
copeptides 75 and 76 (Scheme 21). The similar one-pot enzymatic
glycosylation strategy using multiple glycosyltransferases was also
employed to the construction of other complex oligosaccharides
such as Lewis X,* SLe*,** 6'-SLN,* and hyaluronic acid polymer.*

Another type of enzymatic one-pot glycosylation is exemplified
by the synthesis of the sialylated Thomsen—Friedenreich (TF)
antigen reported by Thiem and Gambert.® In their synthesis,
galactosylation of the monosaccharide amino acid 77 with B-
galactosidase from bovine testes and p-nitrophenyl -galactoside
(pPNPBGal) as the donor gave the disaccharide amino acid 78.
This intermediate compound was immediately converted into the
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Scheme 21 Multi-enzyme one-pot synthesis of glycopeptides 75 and 76.

sialyl-TF trisaccharide 79 catalyzed by ¢-2,3-SiaT, and this also
contributed to the shift of the reaction equilibrium to form 78
(Scheme 22). Other examples of enzymatic one-pot glycosylation
with the combined use of glycosidases and glycosyltransferases
include the synthesis of core 2 trisaccharide®® and 6'-SLN.*

OH _OH PNPBGal PNP-OH  OH OH OH _OH
Q \\/ o o
HO b E— HO e}
AcHN B-galactosidase OH ACHN
77 OThr (bovine testes) 78 OThr
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o-2,3-SiaT
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PEP + NeubAc CMP
HQ  PH OH OH  OH OH
HO,C o o
HO o o o
e OH AGHN OThr
9 (24%)

Scheme 22 (-Galactosidase and 0-2,3-SiaT combined one-pot synthesis
of sialyl-TF antigen.

Conclusion

In the past two decades, enormous progress has been achieved in
oligosaccharide synthesis, amongst which the one-pot sequential
glycosylation strategy is undoubtedly an important one. However,
there are still some limitations that need to be overcome for wider
utilizations of this technology. This methodology is required to
be improved to be suitable for the assembly of more naturally oc-
curring oligosaccharides which are larger and more complex than
hexasaccharides. More reactivity tuning fashions need to be found
to broaden the reactivity window and reduce the time required
for building block preparation. It seems that the pre-activation
strategy is a promising way for more efficient construction of
oligosaccharides. In one word, the one-pot glycosylation strategy
has made great progress in oligosaccharide synthesis, and it will
surely be utilized in more extensive fields in carbohydrate chem-
istry and glycobiology in the future. For instance, this method-
ology as a useful synthetic tool could provide oligosaccharide
sources for the fabrication of carbohydrate microarrays,® which
are expected to play an important role in the study of functional
glycomics, carbohydrate-based drug discovery, and the diagnosis
of carbohydrate-related diseases. Compared with stepwise solid-
phase synthesis, the one-pot approach requires protecting group
manipulation only at the stage of building block synthesis and
thus holds potential for automation for the assembly of a greater
diversity of oligosaccharide and glycoconjugate structures, which
make it a powerful tool for tackling many interesting problems in
glycobiology.
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The synthesis of a variety of arabinose derivatives that have been modified at C-5 was achieved from
D-arabinose. The 5-fluoro and 5-methoxy compounds were converted into the corresponding farnesyl
phosphodiesters as putative chain terminators of mycobacterial arabinan biosynthesis. Biological
testing of these materials revealed no effective anti-mycobacterial activity.

Introduction

Mycobacterium tuberculosis and Mycobacterium leprae, the bac-
teria responsible for tuberculosis and leprosy respectively, are
probably the most well-known of the pathogenic strains of
mycobacteria. Recently, tuberculosis (TB) in particular has ‘re-
appeared’ as a major threat to human health. Indeed one third
of the world’s population is currently estimated to be infected
with tuberculosis, and the disease kills more than three million
people each year. Although there are a variety of drugs available
for the treatment of TB, strains of these bacteria have already
developed resistance, and there is therefore clearly an urgent need
to develop new therapeutic agents active against TB, and indeed
major initiatives have been set up around the world to fund drug
discovery and facilitate drug screening for useful bioactivity.!

Inhibition of the biosynthesis of the mycobacterial cell wall
represents an exciting therapeutic opportunity for the develop-
ment of new drugs to combat TB.? In particular, assembly of
the carbohydrate sections of the cell wall, many of the structures
of which are unique to mycobacteria, has been a field of intense
interest over recent years. Several research groups have to date been
attempting to inhibit mycobacterial cell wall synthesis biosynthesis
by inhibition of particular enzymes involved in the proposed
biosynthetic pathways. These include attempted inhibition of
glycosyl transferases® and also of the Galp-Galf mutase enzyme
which catalyses a crucial pyranose-furanose isomerisation during
assembly of the galactan cell wall component.* However, the
design of such inhibitors can be problematic, since in several
cases little is known about the structure of the precise enzymes
involved. We have therefore recently initiated a research program
aimed at developing a new strategy for the inhibition of poly- and
oligosaccharide biosynthesis by a different mode of action.’ This
alternative strategy is to attempt to invoke chain termination of
oligosaccharide biosynthesis. A potential advantage of such an
approach is that one would not have to rely on precise structural
information about specific enzymes in particular biochemical
pathways, one may be able to simply exploit structural analysis
of the key targeted oligosaccharide structure, although in certain
cases an understanding of the relevant biosynthetic pathway would
also be required.

“Chemistry Research Laboratory, Oxford University, Mansfield Road,
Oxford, UK OX1 3TA

*Department of Pharmacology, Oxford University, Mansfield Road, Oxford,
UK OX1 30T

Chain-termination of oligonucleotide synthesis originally de-
veloped by Sanger et al® as a means of DNA sequencing has
subsequently found routine and widespread use as a means of
interfering with oligonucleotide synthesis, and, moreover, has
become the molecular basis of anti-viral therapies in clinical
use.” However, although chain-termination processes have been
implicated in the biological effects of a variety of monosaccharide
derivatives on mammalian glycoconjugate® and glycosoamino-
glycan biosynthesis,” a chain termination approach has not yet
been widely promulgated as a strategy for the development
of new classes of inhibitors of the biosynthesis of pathogenic
oligosaccharides. This research paper concerns investigations into
the feasibility of using a chain termination strategy as a method
for developing inhibitors of the biosynthesis of key components
of the mycobacterial cell wall.

Two major components of the mycobacterial cell wall are ara-
binogalactan and lipoarabinomannan, both of which contain large
domains of D-arabinofuranose units that are predominantly linked
a(1-5)."° Tt has previously been demonstrated that biosynthesis
of these arabinan structures is crucial for bacterial survival'
and since arabinofuranose does not appear in mammalian
oligosaccharides, it has been proposed that inhibition of arabinan
biosynthesis represents a potentially selective therapeutic opportu-
nity. Mycobacterial arabinan is assembled stepwise by arabinosyl
transferases that use a decaprenol B-D-arabinofuranosyl phospho-
diester as the glycosyl donor. With respect to a chain termination
approach, putative chain terminators of mycobacterial arabinan
biosynthesis are therefore arabinose-derived monosaccharides and
phosphodiesters which are precursors to, or analogues of, this
decaprenol donor in which the S-hydroxyl that is essential for
further elongation of the oligosaccharide chain has been replaced
by a non-extendable isosteric group.’* Although it has been
proposed that the arabino decaprenol phosphodiester donor is
actually biosynthesised from a ribo precursor,”® at the outset
of this project it was not clear precisely when epimerisation of
the 2-hydroxyl occurs,™ or if arabinose units themselves can be
converted to the arabino decaprenolphosphate donor in vivo.

Results and discussion

As a first foray into the field a decision was taken to access a
series of compounds where the normal 5-hydroxyl of arabinose
was replaced by —H, -OMe, —F and —Nj. It was reasoned that
monosaccharide derivatives might perhaps act as biosynthetic
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precursors of the actual glycosyl donor, whilst in line with the
work of Brennan and Liav"® and Lowary and Joe,' farnesyl
phosphodiesters were targeted as analogues of the natural de-
caprenol phosphodiester donor substrate. Selective access to the
5-hydroxyl required the synthesis of selectively protected alcohol 3,
which was the key divergent intermediate. Although the synthesis
of 3 has previously been reported,” in our hands it proved
much more difficult to obtain 3 in good yield than could be
directly inferred from previous procedures. The major issue was
the lability of the anomeric acetate, which was prone to readily
undergo hydrolysis under the conditions required for cleavage of
the trityl ether. Although a selective silylation procedure was
initially investigated, this eventually proved to be less efficient than
the trityl approach. Only after considerable optimisation was an
efficient procedure arrived upon, in contrast to previous literature
reports.”” In an optimised process, careful reaction of D-arabinose
with trityl chloride in pyridine at room temperature for 48 h,
whilst ensuring that the reaction temperature did not exceed 30 °C,
was followed by acetylation with acetic anhydride in pyridine to
produce to ester 2." Removal of the trityl group without loss of
the anomeric acetate was then achieved by heating in 80% aqueous
acetic acid at 100 °C for 25 minutes,” producing the key alcohol 3
(65% yield, Scheme 1). Methylation of the free hydroxyl group was
achieved by reaction with methyl triflate in the presence of excess
di-tertbutylmethyl pyridine (DTBMP) and catalytic Hg(CN), in
dichloromethane to yield methyl ether 4a. Zemplen deacetylation
then cleanly produced triol 4b. Introduction of azide at C-5 was
achieved by tosylation of alcohol 3 to give 5 (80% yield), which
underwent smooth reaction upon heating with sodium azide at
80 °C in dimethyl sulfoxide (DMSO) to give azido acetate 6a (83%
yield), which then underwent smooth Zemplen de-acetylation to
give azido triol 6b (92% yield).

Introduction of fluoride at the C-5 position proved somewhat
problematic. In particular, attempted reaction of the correspond-
ing primary triflate with tetrabutylammonium fluoride (TBAF)
produced only low yields of desired fluoride 7a. Direct introduc-
tion of fluorine was next attempted by treatment of alcohol 3 with
diethylamino sulfur trifluroide (DAST) in dichloromethane at low
temperature following the procedure of Lloyd ef al.,*' but again
this process only gave 7a in poor yield (~30%). However, a change

(O;I:OH
HOY N YoH
OH
1 2

(viil)

of reaction solvent to diglyme® produced a satisfactory increase
in yield (60%). Finally de-acetylation gave fluoride triol 7b (93%
yield).

Deoxygenation of the 5-position of arabinose was attempted
using a variety of procedures. Initially, a Barton-McCombie
deoxygenation was investigated. Reaction of alcohol 3 with
thiocarbonyldiimidazole smoothly produced thiocarbamate 8.
However, free radical mediated reduction of 8 did not prove to be
high yielding. Even using a recently published modification with
tetrabutylammonium peroxydisulfate as initiator,”® deoxy material
9a was only isolated in a poor 40% yield. As an alternative, a
de-halogenation procedure was attempted. Previously synthesized
tosylate 5 underwent displacement when heated with sodium
iodide in butanone (90%) to yield iodide 10. However, it was found
that 10 could actually be synthesised more efficiently directly from
alcohol 3 by reaction with triphenylphosphine and iodine in the
presence of imidazole** (83% yield). Iodide 10 underwent smooth
palladium mediated catalytic hydrogenation in the presence of
triethylamine® in ethanol to give the required deoxy ester 9a (83%
yield). Ester 9a could be smoothly de-acetylated to produce deoxy
triol 9b (95% yield, Scheme 2).

With a series of arabinose derivatives modified at the 5-position
in hand, attention turned to the synthesis of the corresponding
glycosyl phosphates, and farnesyl phosphodiesters. Synthesis of
the protected glycosyl phosphates was envisaged by initial conver-
sion of the relevant glycosyl acetate to the glycosyl bromide and
then subsequent reaction with dibenzyl phosphate. Fluoride 7a
was cleanly converted to the corresponding a-glycosyl bromide,*
which was then immediately reacted with dibenzylphosphate to
produce an anomeric mixture of fluoro glycosylphosphates 11
(Scheme 3). It is notable that the products of this reaction, and
similar ones attempted on the other arabinose derivatives, were
always produced in separable anomeric mixtures, the major com-
ponent of which was the desired -anomer, indicating that simple
neighbouring group participation of the 2-O acetate is not the
dominant process.”” Although the glycosyl phosphate 11 was rela-
tively unstable, it was possible to remove the benzyl protection by
catalytic hydrogenation. However, this reaction unexpectedly pro-
duced a mixture of products, namely mono- and di-acetates 12 and
13. Somewhat fortuitously, 2-O de-acetylation was concomitant

o o o
(i) G TFO/\QOAC (i) Ho/\<_zWOAC (iv) Meo/\QNOR
—_— _— _ >
AcO  OAc AcO  OAc RO OR

4a R=Ac
3 (i (
4bR=H
)
o o
Tso/\Q‘“ OAc (i) NS/\QN on
AcO  OAc RO  OR
5 6a R=Ac
(vii) (
6b R=H

Scheme 1 Reagents and conditions: (i) TrCl, pyridine, rt, 48 h, 50%; (ii) Ac,O, pyridine, rt, 90%; (iii) 80% aqueous AcOH, 100 °C, 25 min, 65%;
(iv) MeOTf, DTBMP, 1 mol% Hg(CN),, CH,Cl,, 78%; (v) TsCl, pyridine, 48 h, 80%; (vi) NaN;, DMSO, 80 °C, 24 h, 83%; (vii) NaOMe, MeOH, rt, 4b,

90%; 6b, 92%; Th, 93%; (viii) DAST, diglyme, —40 °C to rt, 60%.
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40%; (iii) TsCl, pyridine, rt, 48 h, 80%; (iv) Nal, butanone, 80 °C, 18 h,

90%; (v) PPhs, I,, imidazole, pyridine, rt, 2.5 h, 100 °C, 80%; (vi) 10%
Pd/C, H,, NEt;, EtOH, rt 48 h, 83%; (vii)) NaOMe, MeOH, rt, 16 h, 95%.
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with benzyl cleavage for only the B-anomer, allowing access to
monoacetate 12 as the pure f-anomer. Conversion of phosphates
12 and 13 into the corresponding farnesyl phosphodiesters 14 and
15 was then achieved using farnesyl trichloroacetimidate following
the procedures developed by Brennan e al.,’**® and Lowary and
Joe.’®

Final removal of acetate protecting groups on the arabinose
was investigated, but the completely de-protected products proved
to be particularly unstable, in line with the observations of
Lowary and Joe.'® In particular, the de-protected products would
certainly not be stable to the conditions required for biological
testing, which was to be performed in aqueous solution over
a protracted period of time. For this reason, acetate protecting
groups, which afforded significantly increased stability to the
farnesyl phosphodiesters, were not removed.

A similar sequence of reactions then allowed access to the
corresponding methoxy derivative, conversion to the a-glycosyl
bromide was followed by reaction with dibenzyl phosphate to give
16a, again as an anomeric mixture, which was then hydrogenated
to give triethylamine salt 16b, though in this case no loss of
the 2-O acetate was observed, and so no separation of the
mixture of anomers was possible. Finally reaction with farnesyl
trichloroacetimidate gave phosphodiesters 17.

Due to selectivity issues it was decided to reduce the 5-
azide of compound 6a before a similar reaction sequence was
attempted. Thus reaction of azide with thioacetic acid directly
produced the corresponding acetamide 18 (Scheme 3). Although
18 could be converted into the corresponding glycosyl bromide,
unfortunately production of the required glycosyl phosphate 19
proved to be impossible in a satisfactory process due to the extreme
lability of the reaction product (~20% maximum yield obtained,
product rapidly decomposes). In fact, similar investigations into
production of the corresponding 5-deoxy glycosyl phosphate
derived from 9a also proved fruitless, again due to the extreme

lability of these compounds. We conclude that, at least in our
hands, the glycosyl phosphate derivatives which did not have a
strongly electron withdrawing group at the S-position were too
unstable to be efficiently handled or purified.

Nonetheless a significantly diverse array of arabinose derivatives
modified at the 5-position and the two farnesyl phosphodiesters
were available for biological investigation. Testing was performed
using Mycobacterium bovis BCG as a model substrate by spotting
M. bovis BCG cultures onto 6 well plates containing solid media
and the test compounds at various concentrations.?” These cultures
were then grown in an incubator at 37 °C for 7-14 days* and any
effect of the test compound on cell growth was measured. In this
manner compounds 4a, 4b, 6a, 6b, 7a, 7b, 9a, 9b, 10, 14, 17 and 18
were all tested for biological activity, each at concentrations of 0
(control), 10, 20, 40, 80 and 100 ug mL~". Disappointingly, none of
the test compounds displayed any significant anti-mycobacterial
effects, even at the highest concentrations of 100 pg mL~.
However, the antitubercular drug, isoniazid (INH), which was
repeatedly used as a positive control, was in all cases seen to inhibit
cell growth at concentrations above 0.1 ug mL~'. We therefore
concluded that none of the above compounds displayed significant
anti-mycobacterial properties.

Since it has been proposed that the biosynthesis of the arabino
decaprenol phosphodiester donor occurs via initial phosphory-
lation of the 5-position, it is perhaps not surprising that the
simple arabinose derivatives modified at C-5 are unable to enter
into the biosynthetic pathway and lead to chain termination.
However, it could possibly have been expected that the farnesyl
phosphodiesters may have been capable of producing a chain
termination effect by directly entering the biosynthetic pathway
and themselves acting as glycosyl donors.*! The disappointing lack
of biological activity of these compounds could be for a number
of reasons. For example, it may result from low intracellular
transport, inefficient intracellular de-acetylation, or it may be
that the mycobacterial arabinosyl transferases do not process
these modified donors. Nonetheless further investigations into
the use of chain-terminating strategies for the rational design of
small molecule inhibitors of pathogenic cell wall biosynthesis are
currently in progress, and the results will be reported in due course.

Experimental
1,2,3-Tri-O-acetyl-5-O-trityl-p-arabinofuranose 2*

D-Arabinose 1 (10.0 g, 67 mmol, 1 eqv) was stirred in refluxing
pyridine (350 mL) until it dissolved, the solution was then allowed
to cool to 25 °C. Trityl chloride (18.6 g, 67 mmol, 1 eqv) was added
in one portion and the reaction stirred under an argon atmosphere
for 48 h whilst ensuring the temperature did not exceed 30 °C. The
reaction was quenched with methanol (25 mL) and the solvent was
subsequently removed in vacuo. The residue was dissolved in ethyl
acetate (100 mL) and the resultant organic layer was washed with
water (500 mL), separated, and the organic layer and washings
were dried over MgSO,. The crude 5-O-trityl-D-arabinofuranose
was separated from trityl alcohol by wet-flash chromatography
(the column was first eluted with 1 : 1 40-60 light petrol-ethyl
acetate to wash out TrOH and the product was obtained following
elution with 1 : 8 40-60 light petrol-ethyl acetate). The gummy
product (12.5 g, 46%) was then dissolved in pyridine (85 mL) before
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Scheme 3 Reagents and conditions: (i) TMSBr, CH,Cl,, —40 °C; (ii) (BnO),P(O)OH, Et;N, 38% over two steps; (iii) H,, Pd on C, EtOH, Et;N, rt, 95%;
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(vii) H,, Pd on C, EtOH, Et;N, rt, 77%; (viii) farnesyl trichloroacetimidate, toluene-DMF, 65 °C, 39%; (ix) AcSH, rt, 70%; (x) TMSBr, CH,Cl,, —40 °C;

(xi) (BnO),P(O)OH, Et;N

the solution was cooled in ice and acetic anhydride (16.5 mL)
slowly added. The reaction was allowed to stir for 16 hours at
room temperature under an atmosphere of argon. The solvent
was removed in vacuo (azeotrope 3x with toluene-ethanol) and
the residue dissolved in DCM (75 mL). The solution was washed
with sat NaHCO; (aq) (200 mL) before purification by wet-flash
chromatography (5 : 1 40-60 light petrol-ethyl acetate), to yield
trityl ether 2, as a colourless oil (14.9 g, 90%); o—f ratio approx 2 :
1 ratio (by integration of the 'H NMR spectrum); o, (400 MHz,
CDCl)* 2.09, 2.10, 2.11 (9H, 3 x s, 3 x OAc B), 2.12, 2.13, 2.17
(9H, 3 x s, 3 x OAc a), 3.34-3.43 (4H, m, H-50, H-5B, H-50,
H-5B), 4.20 (1H, dd, J;, 5.8 Hz, J,5 10.2 Hz, H-4p), 4.37 (1H,
dd, J,, 4.5 Hz, J,5 9.2 Hz, H-4a), 5.24 (1H, d, J,; 1.7 Hz, H-2w),
5.32 (1H, dd, H-3a), 5.38 (1H, dd, J,, 4.6 Hz, J,; 7.3 Hz, H-2p),
5.61 (1H, dd, H-3p), 6.26 (1H, s, H-1a), 6.44 (1H, d, H-1p), 7.28-
7.38 (9H, m, ArH), 7.50-7.54 (6H, m, ArH); m/z (ES*) 577 (M +
MeCN/NH,*, 100%).

1,2,3-Tri-O-acetyl-pD-arabinofuranose 3"

Trityl ether 2 (10 g, 19.29 mmol) was stirred in 80% aqueous AcOH
(100 mL) at 100 °C for 25 minutes and cooled immediately in an
ice-bath. The trityl alcohol by-product that crystallised was filtered
off, the filtrate treated with brine (100 mL) and extracted with

, ~20% over two steps (product rapidly decomposes).

DCM (3 x 40 mL). The organic layers were combined, washed
with sat NaHCO; (aq), dried over MgSO, and concentrated in
vacuo. The residue was purified by wet-flash chromatography (the
column was initially eluted with 5 : 1 40-60 light petrol-ethyl
acetate to remove residual trityl alcohol and the product was
obtained on elution with 2 : 3 40-60 light petrol-ethyl acetate).
Alcohol 3 was obtained as a colourless oil (3.4 g, 64%); 0—f ratio
approx 2 : 1 ratio (by integration of the "H NMR spectrum); oy
(400 MHz, CDCl;)"7 2.13,2.15,2.17 (9H, 3 x s, 3 x OAc ), 2.17,
2.18,2.18 (9H, 3 x s, 3 x OAc B), 3.97-3.80 (4H, m, H-5a, H-58,
H-5a, H-5B), 4.13-4.19 (1H, m, H-4p), 4.28 (1H, dd, J;, 5.1 Hz,
J.s 8.7 Hz, H-4a), 5.16 (1H, dd, J,; 1.9 Hz, H-30), 5.30 (1H, d,
H-20), 5.44-5.45 (2H, m, H-2B, H-3pB), 6.23 (1H, s, H-1a), 6.43
(1H, d, J,, 3.6 Hz H-1B); m/z (ES*) 310 (M + Na*, 15%), 335
(M + MeCN/NH,*, 100%).

1,2,3-Tri- O-acetyl-5-O-methyl-D-arabinofuranose 4a

Alcohol 3 (1.90 g, 6.88 mmol, 1 eqv), 2,6-di-tertbutyl-4-
methylpyridine (3.39 g, 16.50 mmol, 2.4 eqv) and Hg(CN),
(0.017 g, 0.07 mmol, 0.01 eqv) were stirred in DCM (35 mL) at
room temperature under an atmosphere of argon. On addition of
methyl triflate (1.7 mL, 15.00 mmol, 2.2 eqv), the reaction turned
green within 5 minutes and the reaction mixture was then heated
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to 40 °C for 24 h. The reaction mixture was washed with 1 M HCI
(2 x 75mL) and brine (75 mL) before the organic layers were dried
over MgSO, and concentrated in vacuo. The residue was purified
by wet-flash chromatography (the column was initially eluted with
3:140-60 light petrol-ethyl acetate to remove residual base and
the product was obtained on elution with 1 : 1 4060 light petrol—
ethyl acetate) to afford methyl ether 4a as a colourless oil (1.56 g,
78%). 0P ratio approx 9 : 4 ratio (by integration of the 'H NMR
spectrum); vy, (thin film) 1747 (s, C=0) cm™'; §,; (400 MHz,
CDCl) 2.12, 2.14, 2.16 (9H, 3 x s, 3 x OAc B), 2.16, 2.17, 2.17
(9H, 3 x s, 3 x OAc 0), 3.44 (3H, s, CH;-a), 3.46 (3H, s, CH;-p),
3.61-3.72 (4H, m, H-50, H-5B, H-5'a, H-5'B), 4.18-4.21 (1H, m,
H-4B), 4.33-4.36 (1H, m, H-4a), 5.16 (1H, d, J;, 5.3 Hz, H-3w),
5.20(1H, d, H-20), 5.40 (1H, dd, J,, 4.6 Hz, H-2p), 5.44-5.47 (1H,
m, H-3p), 6.25 (1H, s, H-1a), 6.41 (1H, d, J,, 4.7 Hz H-1p); J
(100.6 MHz, CDCl;) 20.4, 20.6, 20.7, 20.8, 21.0, 21.1 (6 x CHj,
3 x OAc B, 3 x OAc 1) 59.53, 59.5 (OCH;-0, OCH;- ), 71.4,73.3
(C5-a, C5-B), 74.5 (C3-B), 75.3 (C2-B), 76.7 (C3-0), 87.9 (C4-P),
80.9 (C2-a), 83.3 (C4-a), 93.7 (C1-B), 99.3 (C1 a), 169.2, 169.3,
169.6, 169.8, 170.0, 170.3 (3 x C=0 «, 3 x C=0 B); m/z (APCI")
313 (M + Na*, 100%), 349 (M + MeCN/NH,*, 35%); HRMS
(ES*) calculated C,,H ;305 313.0899. Found 313.0895. (Found: C,
49.74; H, 6.27. C,,H 30y requires C, 49.65; H, 6.25%.)

5-0-Methyl-p-arabinofuranose 4b*

Triacetate 4a (300 mg, 1.03 mmol) was dissolved in dry methanol
(5 mL). Sodium methoxide (6 mg, 0.10 mmol) was added and the
reaction mixture was stirred at room temperature under an argon
atmosphere. After 30 minutes, t.l.c. (petrol-ethyl acetate, 1 : 1)
indicated complete consumption of starting material. Dowex ion-
exchange resin was added until pH paper indicated the reaction
mixture was pH neutral. The solid material was filtered off and
the filtrate concentrated in vacuo to afford triol 4b as a colourless
oil (152 mg, 90%) o ratio approx 3 : 1 ratio (by integration of the
'"H NMR spectrum); dy (400 MHz, CDCl;)* 3.40 (3H, s, Me-a),
3.41 (3H, s, Me-f), 3.52 (1H, dd, J,5 5.9 Hz, J55 10.6 Hz, H-5 ),
3.54-3.56 (2H, m, H-5B, H-5'B), 3.59 (1H, dd, J,; 3.5 Hz, H-50),
3.82 (1H, dd, J;, 12.9 Hz, J,; 4.3 Hz, H-3p), 3.83 (1H, dd, J,;
4.3 Hz, J;, 6.3 Hz, H-30) 3.88 (1H, dd, J,, 4.3 Hz, J,; 6.5 Hz
H-2p), 3.91 (1H, dd, J,, 2.4 Hz, H-20), 4.10 (1H, dd, J;, 5.9 Hz,
J.s 3.5 Hz, H-4pB), 4.12 (1H, dd, J;, 6.3 Hz, H-40), 5.12 (1H, d,
H-la), 5.19 (1H, d, H-1B); m/z (ES7) 163 (M — H*, 90%).

1,2,3-Tri-O-acetyl-5-O-tosyl-D-arabinofuranose 5

Alcohol 3 (1.83 g, 6.6 mmol, 1 eqv) was dissolved in dry DCM
(40 mL) and pyridine (5 mL). Tosyl chloride (1.9 g, 9.9 mmol
1.5 eqv) was added slowly before leaving the reaction to stir at
room temperature for 48 h under an atmosphere of argon. The
reaction mixture was washed with water and the aqueous layer was
further extracted with DCM (3 x 20 mL). The combined organic
layers were washed with 1 M HCI (40 mL), sat NaHCO; (aq), and
brine (40 mL) before being dried over MgSO, and concentrated in
vacuo. The residue was purified by wet-flash chromatography (1 : 1
40-60 light petrol-ethyl acetate) to afford tosylate 5, as a colourless
oil (2.25 g, 79%) o—P ratio approx 3 : 1 ratio (by integration of the
'H NMR spectrum); J; (400 MHz, CDCl,) 2.05, 2.06, 2.08 (9H,
3 x5, 3 x OAc B), 2.09, 2.10, 2.10 (9H, 3 x s, 3 x OAc a), 2.45

(6H, s, CH,0, CH.p), 4.15-4.32 (6H, m, H-40, H-4p, H-50, H-5p,
H-5a, H-5'B), 4.99 (1H, dd, J,, 4.0 Hz, H-30), 5.16 (1H, d, J,
0.5 Hz, H-20), 5.29-5.31 2H, m, H-2p, H-3B), 6.11 (1H, s, H-10),
6.33 (1H, d, J,, 3.8 Hz H-1p), 7.35 (2H, d, J 8.3 Hz, ArH), 7.79
(2H, d, ArH); 5c (100.6 MHz, CDCl,) 20.4, 20.5, 20.6, 20.6, 20.9,
21.0 (6 x CH, 3 x OAc B, 3 x OAc a) 21.7 (2 x ArCH,), 67.8
(C5-0), 69.3 (C5-B), 74.2 (C3-P), 75.0 (C2-B), 76.6 (C3-a), 79.3
(C2-0), 80.1 (C4-0B), 82.5 (C4-a), 93.2 (C1-P), 99.2 (Cl-a), 128.0,
128.1 (ArCHa, ArCHP), 129.9, 130.0 (ArCHo, ArCHB), 132.5,
132.7 (ArCa, ArCB), 145.0, 145.1 (ArCHo, ArCHB) 169.1, 169.2,
169.5, 169.7, 170.0, 170.3 (3 x C=0 ¢, 3 x C=0 B).

1,2,3-Tri-O-acetyl-5-azido-5-deoxy-D-arabinofuranose 6a*

Tosylate 5 (1.1 g, 2.6 mmol) and sodium azide (0.7 g, 10 mmol,
3 eqv) were heated to 80 °C in DMSO (15 mL) under an
atmosphere of argon for 24 h. On cooling, the reaction mixture
was diluted with DCM (40 mL) and washed with water (200 mL)
before drying the organic layer over MgSO,. The crude product
was purified by wet-flash chromatography (2 : 1 40-60 light petrol—
ethyl acetate) and azide 6a was obtained as a colourless 0il (663 mg,
83%) a—P ratio approx 3 : 1 ratio (by integration of the "H NMR
spectrum); d; (400 MHz, CDCl;)* 2.05,2.10,2.11 (9H, 3 x s, 3 x
OAc B), 2.13, 2.14, 2.15 (9H, 3 x s, 3 x OAc a), 3.44-3.46 (1H,
m, H-5P), 3.48-3.49 (1H, m, H-5w), 3.61 (1H, dd, J,5s 3.6 Hz,
Jsy 13.1 Hz, H-5B), 3.70 (1H, dd, J,5 3.1 Hz, J55 13.5 Hz, H-50),
4.12-4.15 (1H, m, H-4B), 4.30 (1H, dd, J,, 4.6 Hz, H-4a), 5.06
(1H, d, H-30), 5.23 (1H, s, H-20), 5.38-5.40 (2H, m, H-2p, H-3B),
6.23 (1H, s, H-1a), 6.41 (1H, d, J,, 4.0 Hz, H-1PB); m/z (ES*) 324
(M + Na*, 50%), 360 (M + MeCN/NH,*, 55%).

5-Azido-5-deoxy-D-arabinofuranose 6b**

Triacetate 6a (480 mg, 1.60 mmol) was dissolved in dry methanol
(10 mL). Sodium methoxide (9 mg, 0.16 mmol) was added and the
reaction mixture was stirred at room temperature under an argon
atmosphere. After 30 minutes, t.l.c. (petrol-ethyl acetate, 1 : 1)
indicated complete consumption of starting material. Dowex ion-
exchange resin was added until pH paper indicated the reaction
mixture was pH neutral. The solid material was filtered off and the
filtrate concentrated in vacuo to afford triol 6b as a colourless oil
(256 mg, 92%) o ratio approx 4 : 3 ratio (by integration of the 'H
NMR spectrum); oy (400 MHz, CDCl;)* 3.32-3.46 (3H, m, H-50,
H-5a, H-5B), 3.51 (1H, dd, J,5 3.4 Hz, Js5 13.1 Hz, H-58), 3.80
(1H, dt, J5, 6.2 Hz, J,55 4.7 Hz, H-40), 3.86 (1H, dd, J,; 4.0 Hz,
Js4 6.3 Hz, H-3p), 3.91-3.95 (2H, m, H-20, H-2p), 3.98-4.12 (1H,
m, H-3a), 4.12 (1H, dt, J;, 6.2 Hz, J, s 3.4 Hz H-4), 5.16 (1H, d,
Ji, 2.6 Hz, H-1w), 5.22 (1H, d, J,, 4.4 Hz, H-1B); m/z (ES™) 174
(M — H*, 100%).

1,2,3-Tri- O-acetyl-5-fluoro-5-deoxy-D-arabinofuranose 7a

Triacetate 3 (0.28 g, 1.0 mmol, 1 eqv), was stirred in dry
diglyme (5 mL). The mixture was stirred at room temperature for
5 minutes under an atmosphere of argon before cooling to —40 °C.
(Diethylamino)sulfur trifluoride (DAST) (0.66 mL, 5.0 mmol,
5.0 eqv) was added and the mixture stirred for 30 minutes. The
reaction vessel was then warmed to room temperature and allowed
to stir for 16 hours. The reaction was carefully quenched with sat
NaHCO; (aq) (50 mL) and the resultant solution extracted with
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diethyl ether (3 x 25 mL) and the combined organic layers were
dried over MgSO, and concentrated in vacuo. The residue was
purified by wet-flash chromatography (1 : 140-60 light petrol-ethyl
acetate) to afford fluoride 7a as a colourless oil (0.17 g, 61%). o3
ratio approx 2 : 1 ratio (by integration of the '"H NMR spectrum);
Vmax (thin film) 1749 (s, C=0) cm™'; d,; (400 MHz, CDCI;) 2.08,
2.09, 2.11, 2.12, 2.12, 2.14 (18H, 6 x s, 3 x OAc 1, 3 x OAc P),
4.13-4.22 (1H, m, H-4pB), 4.27-4.37 (1H, m, H-4a), 4.48-4.73 (4H,
m, H-50, H-5'0, H-58, H-5'B), 5.09 (1H, dd, J,5 0.9 Hz, J;, 4.9 Hz,
H-3a), 5.22 (1H, s, H-20), 5.35 (1H, dd, J,, 4.5 Hz, J;, 6.0 Hz,
H-2p), 5.43 (1H, dd, J,; 7.3, J34 6.0 Hz, H-3p), 6.21 (1H, s, H-1a),
6.36 (1H, d, J,, 4.5 Hz H-1P); Jr (376.6 MHz, CDCl;) —228.70
(td, Jen geminat 46.9, Jenvicina 22.1 Hz, F-B), —230.78 (td, Jru geminal
46.9, Jenvicina 24.2 Hz, F-0); 0 (100.6 MHz, CDCl;) 20.4, 20.6,
20.7,20.7,20.9,21.0 (6 x CH; 3 x OAc B, 3 x OAc a), 73.3 (C3-
B, d, Jesr 7.1 Hz), 75.1 (C2-B), 76.0 (C3-a, d, Je:r 6.6 Hz), 80.3
(C4-B,d, Jeur 19.9 Hz), 80.5 (C2-a), 81.3 (CS5-0, d, Jes.r 174.7 Hz),
82.4 (C5-B, d, Jesr 175.6 Hz), 83.4 (C4-0, d, Jeur 19.3 Hz), 93.3
(C1-B), 99.4 (C1- @), 169.2, 169.4, 169.6, 169.8, 170.1, 170.4 (3 x
C=0 0, 3 x C=0 B); m/z (ES*) 301 (M + Na*, 100%); HRMS
(ES*) calculated NaC;,H,sFO; 301.0694. Found 301.0696.

5-Fluoro-5-deoxy-D-arabinofuranose 7b

Triacetate 7a (100 mg, 0.36 mmol) was dissolved in dry methanol
(1 mL). A freshly prepared solution of 1 M sodium methoxide
(0.050 mL) was added and the reaction mixture was stirred at
room temperature for 16 h. Dowex ion-exchange resin was added
until pH paper indicated the reaction mixture was pH neutral.
The solid material was filtered off and the filtrate concentrated
in vacuo. The residue was purified by wet-flash chromatography
(1 : 10 methanol-ethyl acetate) to afford triol 7b as a colourless
oil (54 mg, 93%). o ratio approx 2 : 1 ratio (by integration of
the '"H NMR spectrum); v,,, (thin film) 3364 (bs, OH) cm™'; oy
(400 MHz, CDCl,) 3.83-4.00 (4H, m, H-2a, H-2f, H-3a, H-3p),
4.09-4.19 (1H, m, H-40), 4.38-4.63 (4H, m, H-50, H-5'a, H-58,
H-5P), 5.14 (1H, d, J,, 2.5 Hz H-10), 5.21 (1H, d, J,, 4.3 Hz H-
1B); o (376.6 MHz, CDCly) —227.18 (td, Jru geminat 47-8, JEt vicinal
18.8 Hz, F-B), —230.32 (td, Jru geminat 47-7, Tt vicina 22.5 Hz, F-a);
dc (100.6 MHz, CDCl,) 74.8 (C3-8, d, Jes.r 7.1 Hz), 76.2 (C3-0, d,
Jear 6.9 Hz), 77.4 (C2-B), 80.8 (C4-B, d, Jeur 19.3 Hz), 81.9 (C4-a,
d, Jeur 18.6 Hz), 82.6 (C5-B, d, Jesr 171.0 Hz), 82.8 (C2-a), 84.2
(C4-0,d, Jesr 171.0 Hz), 96.5 (C1-B), 102.5 (Cl-a); m/z (ES*) 175
(M + Na*, 100%), HRMS (ES*) calculated NaCsH,FO, 175.0377.
Found 175.0377.

1,2,3-Tri-O-acetyl-5-iodo-5-deoxy-D-arabinofuranose 10

Alcohol 3 (0.85g, 3.1 mmol, 1 eqv), triphenylphosphine (1.18 g,
4.5 mmol, 1.45 eqv), imidazole (0.63 g, 9.3 mmol, 3 eqv) and
iodine (1.18 g, 4.65 mmol, 1.5 eqv) were stirred in dry toluene
(20 mL) before heating the mixture to 100 °C for 2.5 hours.
On cooling, the reaction mixture was concentrated in vacuo and
redissolved in DCM (40 mL). The DCM layer was washed with
10% thiosulfate solution (40 mL) and the organic layer dried over
MgSO, and concentrated in vacuo. The residue was purified by
wet-flash chromatography (2 : 1 40-60 light petrol-ethyl acetate)
to afford iodide 11 as a colourless oil (0.94 g, 80%). a—f ratio
approx 2 : 1 ratio (by integration of the "H NMR spectrum); v,

(thin film) 1748 (s, C=0) cm™'; 6,, (400 MHz, CDCL,) 2.06, 2.07,
2.11,2.11,2.13,2.13 (18H, 6 x 5,3 x OAca, 3 x OAc B), 3.34-3.47
(4H, m, H-5¢, H-5'¢, H-5B, H-5'B), 4.17-4.25 (2H, s, H-4a, H-4B),
4.99 (1H, dd, J., 1.6 Hz, J,, 4.7 Hz, H-3a), 5.20 (1H, d, H-20),
5.32-5.38 (2H, m, H-2p, H-3p), 6.20 (1H, s, H-1a), 6.39 (1H, d,
J1» 4.1 Hz H-1B); 6 (100.6 MHz, CDCl,) 4.2 (C5-0), 5.7 (C5-P),
20.5,20.7, 20.8, 20.9, 21.0, 21.1 (6 x CH; 3 x OAc B, 3 x OAc
a), 76.0 (C2-B), 77.3 (C3-P), 80.2 (C3-), 81.5 (C2-1), 81.8 (C4-B),
84.4 (C4-), 93.8 (C1-P), 99.3 (C1- 1), 169.1, 169.2, 169.5, 169.7,
169.9,170.1 (3 x C=0 ¢, 3 x C=0 P); m/z (ES*) 409 (M + Na*,
100%), 449 (M + MeCN/NH,*, 80%); HRMS (ES*) calculated
NaC,,H,;10, 408.9755. Found 408.9755.

1,2,3-Tri-O-acetyl-5-deoxy-D-arabinofuranose 9a

Todide 10 (0.19 g, 0.5 mmol), triethylamine (0.12 mL, 1.4 mmol)
and 10% Pd/C (50 mg, 25% w/w) were stirred in ethanol (5 mL)
and the solution purged of air and flushed 3 x with hydrogen gas.
The mixture was stirred at room temperature under an atmosphere
of hydrogen for 48 h. The reaction mixture was filtered through
Celite® and the filtrate was concentrated in vacuo. The residue was
purified by wet-flash chromatography (1 : 1 40-60 light petrol-ethyl
acetate) to afford triacetate 9a as a colourless oil (0.13 g, 83%). a3
ratio approx 1 : 1 ratio (by integration of the '"H NMR spectrum);
Vmax (thin film) 1748 (s, C=0) cm™'; dy (400 MHz, CDCl;) 1.41
(3H, d, J,;5 6.4 Hz, H-50), 1.45 (3H, d, J,5 6.6 Hz, H-5B), 2.70,
2.80, 2.80, 2.90, 2.11, 2.11 (18H, 6 x s, 3 x OAc a, 3 x OAc P),
4.08-4.14 (1H, m, H-4B), 4.23-4.29 (1H, m, H-4a), 4.84 (1H, dd,
J,32.2Hz, J;, 5.4 Hz, H-30), 5.18-5.21 (2H, m, H-3f, H-2a), 5.31
(1H, dd, J,, 4.6 Hz, J,; 6.7 Hz, H-2p), 6.12 (1H, s, H-1a), 6.33
(1H, d, J,, 4.6 Hz H-1B); d. (100.6 MHz, CDCl;) 18.6 (C5-a),
20.5 (C5-B), 20.7, 20.8, 20.8, 20.9, 21.1, 21.1 (6 x CH; 3 x OAc
B, 3 x OAc a), 75.7 (C2-B), 78.6 (C2-1), 79.2 (C4-B), 80.3 (C4-w),
81.0 (C3-pB), 81.3 (C3-0), 93.9 (C1-B), 99.2 (Cl-a), 169.5, 169.5,
169.6, 169.8, 170.1, 170.5 (3xC=0 0, 3xC=0 B); m/z (ES*) 283
(M + Na*, 100%), HRMS (ES*) calculated NaC,, H,;O, 283.0788.
Found 283.0788.

5-Deoxy-D-arabinofuranose 9b*

Triacetate 9a (300 mg, 1.15 mmol) was dissolved in dry methanol
(5 mL). A freshly prepared solution of 1 M sodium methoxide
(0.1 mL) was added and the reaction mixture was stirred at
room temperature for 16 h. Dowex ion-exchange resin was added
until pH paper indicated the reaction mixture was pH neutral.
The solid material was filtered off and the filtrate concentrated
in vacuo. The residue was purified by wet-flash chromatography
(1 : 10 methanol-ethyl acetate) to afford triol 9b as a colourless
oil (148 mg, 95%). o—P ratio approx 2 : 1 ratio (by integration of
the '"H NMR spectrum); v,,, (thin film) 3357 (bs, OH) cm™'; oy
(400 MHz, CDCl;) 1.29 (3H, d, J,5 6.3 Hz, H-5), 1.32 (3H, d, J 5
6.1 Hz, H-5P), 3.54 (1H, dd, J,; 5.0 Hz, J,, 7.1 Hz, H-3a), 3.66—
3.80 (2H, m, H-3B, H-4p), 3.87 (1H, dd, J,, 4.6 Hz, J,; 6.7 Hz,
H-2p), 3.90 (1H, dd, J,, 2.5 Hz, J,; 5.0 Hz, H-2a), 4.00-4.06 (1H,
m, H-40), 5.08 (1H, d, J,, 2.5 Hz H-1a), 5.14 (1H, d, J,, 4.6 Hz
H-1B); d¢ (100.6 MHz, CDCl,) 18.1 (CS-a), 19.7 (C5-B), 77.6 (C2-
B), 77.7 (C2-0), 78.4 (C4-a), 80.5 (C3-B), 82.7 (C3-a), 83.7 (C4-P),
95.9 (Cl-0), 102.2 (C1-B); m/z (FI) 135 (M*, 100%), HRMS (ES*)
calculated CsH,,0, 135.1067. Found 135.0660.
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Dibenzyl 2,3-di-O-acetyl-5-fluoro-5-deoxy-p-arabinofuranosyl
phosphate 11

Triacetate 7a (330 mg, 1.2 mmol, 1 eqv) was dissolved in DCM
(5 mL) and cooled to —40 °C under an atmosphere of argon.
Trimethylsilyl bromide (1.51 mL, 11.8 mmol, 10 eqv) was added
and the reaction stirred for 10 minutes before warming to room
temperature. The reaction was allowed to stir overnight. The
solvent was removed in vacuo (azeotrope 3 x with toluene). The
crude product was dried under vacuum for 1-2 hours before
being used immediately without purification in the next step. oy
(400 MHz, CDCl,) 2.13, 2.18 (6H, 2 x s, 2 x OAc), 4.44-4.54
(1H, m, H-4), 4.68-4.83 (2H, m, H-5, H-5), 5.08 (1H, d, Js,
5.0 Hz, H-3), 5.55 (1H, s, H-2), 6.39 (1H, s, H-1); 6 (100.6 MHz,
CDCl) 20.6, 20.7 (2 x s, 2 x OAc), 75.5 (C-3), 80.6 (C-5), 84.7
(C-4), 84.9 (C-2), 88.3 (C-1), 169.5, 170.3 (2 x Ac C=O0). Crude
bromide (345 mg, ~1.1 mmol) and dibenzyl phosphate (460 mg,
1.65 mmol) were dried under vacuum before flushing the flask
with argon and addition of dry toluene (5 mL). Dry triethylamine
(0.34 mL, 1.82 mmol) was added to the mixture. A precipitate was
observed within 1-2 minutes and the reaction mixture was allowed
to stir for 16 hours at room temperature under an atmosphere of
argon. The solvent was removed in vacuo (azeotrope 3 x with
toluene) and the residue was purified by flash chromatography (1 :
1 40-60 light petrol-ethyl containing 3% triethylamine) to yield
dibenzyl phosphate 11 as a waxy solid (210 mg, 38% yield); o3
ratio approx 3 : 1 ratio (by integration of the "H NMR spectrum).
oy (400 MHz, CDCl;) 1.94, 2.07, 2.08, 2.10 (12H, 4 x 5,2 x OAc
a, 2 x OAc PB), 4.13-4.34 (2H, m, H-4a, H-4p), 4.45-4.70 (4H, m,
H-58, H-5B, H-50, H-5'0), 5.00-5.11 (9H, m, 2 x PhCH,q, 2 x
PhCH,B, H-30), 5.18 (1H, s, H-2a), 5.23 (1H, ddd, J,, 4.8 Hz,
J,s 7.1 Hz, J,p 2.3 Hz, H-2p), 5.38 (1H, dd, J;, 6.1 Hz, H-3p),
5.85 (1H, d, J,» 4.8 Hz, H-1a), 6.06 (1H, dd, J,, 5.1 Hz, H-
1B), 7.30-7.38 (20H, m, ArH); d (100.6 MHz, CDCl;) 20.3, 20.6,
20.7,20.7 (4 x s, 2 x OAc o, 2 x OAc B), 69.4, 66.4-69.6 (2 x
PhCH,0, 2 x PhCH,p), 72.9 (d, Je3r 7.2 Hz, C3-B), 75.6 (d, Jcsp
7.2 Hz, C3-0), 75.9 (dd, Jep 7.2 Hz, d, Jp 1.6 Hz, C2-B), 80.7
(d, Jesr 19.9 Hz, C4-B), 81.2 (d, Jep 12.0 Hz, C2-0), 81.2 (d,
Jesy 173.4 Hz, C5-0), 82.7 (d, Josg 174.9 Hz, C5-B), 83.8 (d, Jeur
19.2 Hz, C4-0), 97.6 (d, Jcp 4.8 Hz, C1-p), 103.1 (d, Jcp 5.6 Hz,
Cl-a), 127.9-128.1 (Ar-CH), 128.5-128.7 (Ar-CH), 135.4-135.6
(Ar-C), 169.4, 170.0, 170.1, 170.3 (2 x Ac C=0 ¢, 2 x Ac C=0
B); dr (376.6 MHz, CDCl;) —226.54 (td, Jrm seminat 47-0, JEs vicinal
20.7 Hz, F-B), —230.8 (td, Jeu seminat 470, Jepicna 25.2 Hz, F-0);
op (162 MHz, CDCl;) —1.81 (P-B), —2.21 (P-a); m/z (ES*) 519
(M + Na*, 10%), 555 (M + MeCN/NH,*, 100%); HRMS (ES*)
calculated NaC,;H, FO,P 519.1191. Found 519.1191. v, (thin
film) 1745 (s, C=0), 697, 739 (s, Ar CH bending) cm™"'.

2,3-Di-O-acetyl-5-fluoro-n-arabinofuranosyl phosphate 13 and
3-0-acetyl-5-fluoro-5-deoxy-p-p-arabinofuranose phosphate 12

Dibenzyl phosphate 11 (120 mg, 0.24 mmol) was dissolved in a
mixture of ethanol (5 mL) and triethylamine (0.4 mL, 3.0 mmol)
before addition of 10% Pd/C (80 mg, 30% w/w). The reaction
vessel was evacuated and flushed (3x) with hydrogen gas before
allowing the reaction mixture to stir for 48 hours at room
temperature under a balloon of hydrogen. The catalyst was filtered
and washed with ethanol. The filtrate was concentrated and the
residue was dried under vacuum to afford an oil (120 mg, total

yield >95%), which was composed of a 1.5 : 1 : 2.5 mixture (by
integration of the "H NMR spectrum) of o-diacetate salt 13, a,f-
diacetate salt 138 and B-monoacetate salt 12. Diagnostic signals:
130 64 (400 MHz, CDCl;) 5.73 (1H, d, J,» 6.5 Hz, H-10); Jr
(376.6 MHz, CDCl;) —232.27 (td, Jem geminat 48-25 Jemt vicina 26.4 Hz,
F-a); 138 J4 (400 MHz, CDCl;) 5.83 (1H, dd, J,, 44 Hz, J,»
7.2 Hz, H-1B); ¢ (376.6 MHz, CDCl;) —226.00 (td, Jem seminal
47.0, Jen viena 17.2 Hz, F-B); m/z (ES7) 327 (M-, 100%); HRMS
(ES™) calculated C,,H,;sO,,P 327.0476. Found 327.0477; 12 dy
(400 MHz, CDCl;) 5.69 (1H, dd, J,, 44 Hz, d, J,, 6.1 Hz, H-
1B); o (376.6 MHz, CDCl;) —225.65 (td, Jru cemina 47-0, 11 vicinal
17.2 Hz, F-p).

trans,trans-Farnesyl-3-O-acetyl-5-fluoro-5-deoxy-f-D-
arabinofuranose phosphate ammonium salt 14 and
trans,trans-farnesyl-2,3-di- O-acetyl-5-fluoro-5-deoxy-p-
arabinofuranose phosphate ammonium salt 15

The crude mixture of glycosyl phosphates 12 and 13 (115 mg,
0.22 mmol) was dried under vacuum for several hours before
DMF (0.4 mL) and a solution of freshly prepared farnesyl
trichloroacetimidate (0.44 mmol) in dry toluene (5 mL) was added
via cannula. The resulting mixture was heated to 65 °C for 16 hours
under an atmosphere of argon. The solvent was removed in vacuo
to afford an oil, which was subjected to wet-flash chromatography
(7 : 1 : 0.1 DCM-methanol: 35% NH; aq). The initial fractions
contained a mixture of diacetate phosphodiesters 150 and 158
(15 mg, 14% yield). Diagnostic signals: 1500y (400 MHz, CDCl;)
572 (1H,d, J,» 6.1 Hz, H-10); d (100.6 MHz, DOCD;) 103.1 (d,
Jep 4.8 Hz, C-1a); 0 (376.6 MHz, CDCl;) —232.41 (td, Jru seminal
47.4, J vieina 25.3 Hz, F-a); dp (162 MHz, decoupled, DOCD;)
—2.93 (P-0); 158 Jy (400 MHz, CDCl;) 5.85 (1H, dd, J,, 4.1 Hz,
Jip 6.5Hz, H-1P),0 (100.6 MHz, DOCD;)97.5(d, J 1 » 4.8 Hz, C-
1B); or (376.6 MHz, CDCl;) —226.08 (td, Jru seminat 47-0, k1 vicinal
17.1 Hz, F-B); dp (162 MHz, decoupled, DOCD;) —2.46 (P-B);
m/z (ES7) 519 (M~, 100%); HRMS (ES~) calculated C,,H;,FO,P
519.2154. Found 519.2154.

Further elution gave pure -phosphodiester monoacetate 14 as
an oil (25 mg, 24% yield); [a]5 —40 (¢, 0.25 HOCH,;); 0 (400 MHz,
DOCD;) 1.61,1.69, 1.71 (farnesyl-CHj), 1.98-2.12 (farnesyl CH,),
2.13(3H,s, OAc),4.11 (1H, dtd, J;,6.9Hz,J,56.9Hz, J,y 2.8 Hz,
J,r16.8 Hz, H-4),4.31 (1H,dd, J,,4.4Hz, J,; 5.4 Hz, H-2),4.54—
4.73 (2H, m, H-5, H-5"),4.50 (farnesyl CH,), 5.07-5.16 (m, farnesyl
CH, H-3), 5.40-5.44 (farnesyl CH), 5.65 (1H, dd, J,, 6.6 Hz, H-
1); d¢ (100.6 MHz, DOCD;) 16.1, 16.5 (2 x s, 2 x farnesyl CHj),
17.8, (1 x farnesyl), 20.8 (OAc CHs;), 25.9 (1 x farnesyl CHj;),
27.4,27.8 (2 x farnesyl CH,), 40.7, 40.9 (2 x farnesyl CH,), 63.6
(1 x farnesyl CH,), 77.1 (d, Jop 7.6 Hz, C-2), 77.8 (d, J 31 7.6 Hz,
C-3),79.7(d, Jeur 20.0 Hz, C-4),85.2 (d, Jese 171.7 Hz, C-5),99.4
(d, Jeip 5.7 Hz, C-1), 122.5, 122.5 (2 x farnesyl CH), 125.5 (1 x
farnesyl CH), 132.1, 136.2 (farnesyl CH=CR,), 140.7 (farnesyl
CH=CR,), 172.5(2 x Ac C=0);J: (376.6 MHz, CDCl;) —226.50
(td, Jrn geminat 474, Jenviana 16.7 Hz); 6p (162 MHz, decoupled,
DOCD;) —1.73 (P-B); m/z (ES™) 477 (M, 100%); HRMS (ES")
calculated C,,H;sFOP 477.204. Found 477.2051.

Dibenzyl 2,3-di- O-acetyl-5-O-methyl-D-arabinofuranosyl
phosphate 16a

Triacetate 4a (290 mg, 1.0 mmol, 1 eqv) was dissolved in DCM
(5 mL) and cooled to —40 °C under an atmosphere of argon.
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Trimethylsilyl bromide (1.33 mL, 10 mmol, 10 eqv) was added
and the reaction stirred for 10 minutes before warming to room
temperature. The reaction was then allowed to stir overnight.
The solvent was removed in vacuo (azeotrope 3 x with toluene,
with water bath temperature <30 °C). The crude product was
dried under vacuum for 1-2 hours before being used immediately
without further purification) in the next step. d; (400 MHz, CDCl;)
2.13,2.17 (6H, 2 x s, 2 x OAc), 3.44 (3H, s, OCH,), 3.70 (1H, dd,
Jus 5.1 Hz, Js5 10.9 Hz, H-5), 3.76 (1H, dd, J,sy 3.1 Hz, H-5),
4.47-4.50 (1H, m, H-4), 5.09 (1H, d, J;, 5.1 Hz, H-3), 5.50 (1H, s,
H-2), 6.39 (1H, s, H-1). The crude bromide (320 mg, ~1.0 mmol)
and dibenzyl phosphate (420 mg, 1.5 mmol) were dried under
vacuum before flushing the flask with argon and addition of dry
toluene (5 mL). Dry triethylamine (0.3 mL, 1.6 mmol) was added
to the mixture. A precipitate was observed within 1-2 minutes
and the reaction mixture was allowed to stir for 16 hours at
room temperature under an atmosphere of argon. The solvent
was removed in vacuo (azeotrope 3 x with toluene with water
bath temperature <30 °C) and the residue was purified by flash
chromatography (2 : 3 40-60 light petrol-ethyl containing 3%
triethylamine) to give dibenzyl phosphate 16a as an oil (290 mg,
57%); o~ ratio approx 1 : 1 ratio (by integration of the 'H NMR
spectrum). dy (400 MHz, CDCl;) 1.96, 2.07, 2.10, 2.10 (12H,
4 x 5,2 x OAc a, 2 x OAc P), 3.29 (3H, s OMep), 3.40 (3H, s
OMeoa), 3.50-3.70 (4H, m, H-58, H-5'B, H-50, H-5'0), 4.10-4.18
(1H, m, H-4p), 4.30 (1H, dt, J;, 5.1 Hz, J,5 5.1 Hz, J,5 3.3 Hz,
H-40), 5.06-5.12 (9H, m, 2 x PhCH,0, 2 x PhCH,p, H-30), 5.17
(1H, d, J,5 1.5 Hz H-2a), 5.23 (1H, ddd, J,, 4.8 Hz, J,; 7.1 Hz,
J,p 2.3 Hz, H-2B), 5.40 (1H, dd, J,, 6.1 Hz, H-3p), 5.85 (1H,
d, J,» 4.6 Hz, H-1a), 6.03 (1H, t, J,» 4.8 Hz, H-1p), 7.29-7.40
(20H, m, ArH); d. (100.6 MHz, CDCl;) 20.4, 20.7, 20.8, 20.8 (4
x 8,2 x OAc 0, 2 x OAc B), 59.2, 59.5 (CH;0, CH;P), 66.3, 66.4,
69.4, 69.5 (2 x PhCH,0, 2 x PhCH,p), 71.2 (C5-B), 73.6 (C5-),
74.3 (C3-B), 76.1 (C2-B), 76.4 (C3-a), 81.0 (C4-B), 81.7 (C2-),
83.8 (C4-0), 98.0 (d, Jcp 5.6 Hz, C1-B), 103.1 (d, Jcp 5.6 Hz,
Cl-a), 127.8-128.0 (Ar-CH), 128.4-128.6 (Ar-CH), 135.4-135.7
(Ar-C), 169.4, 170.0, 170.1, 170.2 (2 x Ac C=0 @, 2 x Ac C=0
B); dp (162 MHz, CDCly) —1.73 (P-B), —2.20 (P-a); m/z (ES*)
531 (M + Na*, 30%), 567 (M + MeCN/NH,*, 100%); HRMS
(ES*) calculated NaC,,H,,O,,P 531.1391. Found 531.1384. v,,.,
(thin film) 1747 (s, C=0), 698, 741 (s, Ar CH bending) cm~'.

2,3-Di-O-acetyl-5-O-methyl-p-arabinofuranosyl phosphate
triethylammonium salt 16b

Dibenzyl phosphate 16a (290 mg, 0.6 mmol) was dissolved in
a mixture of ethanol or ethyl acetate (5 mL) and triethylamine
(0.4 mL, 3.0 mmol) before addition of 10% Pd/C (80 mg, 30%
w/w). The reaction vessel was evacuated and flushed (3x) with
hydrogen gas before allowing the reaction mixture to stir for
48 hours at room temperature under a balloon of hydrogen. The
catalyst was filtered and washed with ethanol. The filtrate was
concentrated and the residue was dried under vacuum to afford
the triethylammonium salt 16b as an oil (230 mg, 77%); o—f ratio
approx 3 : 2 ratio (by integration of the '"H NMR spectrum). dy
(400 MHz, DOCD:;) 1.33 (t, N(CH,CH,),), 2.08, 2.09, 2.10, 2.11
(12H, 4 x 5,2 x OAc 0, 2 x OAc B), 3.19 (q, N(CH,CH;);), 3.40
(6H, s, OMe a.p), 3.60-3.72 (4H, m, H-5B, H-5B, H-50a, H-50),
4.08 (1H, aq, J54 5.8 Hz, J,5 6.1 Hz, J,y 5.8 Hz, H-4p), 4.35 (1H,

dt, Jy, 5.1 Hz, J,s 3.4 Hz, J,y 3.4 Hz, H-40), 4.90-5.01 (1H, m,
H-30), 5.15-5.19 (2H, d H-2¢, H-2p), 5.35 (1H, dd, J,, 7.1 Hz,
H-3B),5.69 (1H, d, J,» 6.1 Hz, H-10), 5.80 (1H, dd, J,, 4.5 Hz, J, »
6.8 Hz, H-1B); o (100.6 MHz, DOCD;) 8.1 (N(CH, CH,),) 19.6,
19.7,19.7,19.7 (4 x 5,2 x OAca, 2 x OAc P), 46.5 (N(CH,CH,),),
58.5, 58.7 (OCH, 0, OCH,B), 71.9 (C5-B), 74.5 (C5-0), 75.7 (C3-P),
76.7(d, Jesp 5.6 Hz,C2-P), 77.6 (C3-0), 80.0 (C4-P), 82.2 (d, Jeop
11.2 Hz, C2-0), 82.7 (C4-0), 96.3 (d, Jcp 4.0 Hz, C1-), 103.1 (d,
Jer 3.2 Hz, Cl-0), 170.3, 170.9, 171.0, 171.0 (2 x Ac C=0 0, 2 x
Ac C=0 B); m/z (ES”) 327 (M-, 100%); HRMS (ES") calculated
CioH,40,,P 327.0476. Found 327.0477.

trans,trans-Farnesyl-2,3-di- O-acetyl-5-O-methyl-D-
arabinofuranose phosphate 17

Triethylammonium salt 27(200 mg, 0.4 mmol) was dried under
vacuum for several hours before a dry DMF (0.4 mL) and a freshly
prepared solution of farnesyl trichloroacetimidate (0.8 mmol) in
dry toluene (5 mL) were added. The resulting mixture was heated
to 65 °C for 16 hours under an atmosphere of argon. The solvent
was removed in vacuo to afford an oil, which was purified by
flash chromatography (7 : 1 : 0.1 DCM-methanol-35% NH,OH).
Phosphodiester 17 was obtained as an oil (79 mg, 39% yield); o—f
ratio approx 1 : 1 ratio (by integration of the '"H NMR spectrum).
Jn (400 MHz, DOCD;) 1.62, 1.69, 1.72 (farnesyl-CHj;) 1.98, 2.00,
2.01,2.01 (12H, 4 x 5,2 x OAc 0,2 x OAc ), 2.06-2.10 (farnesyl
CH.), 3.39 (3H, s, OMep), 3.41 (3H, s, OMeuw), 3.59-3.71 (4H, m,
H-58, H-5'B, H-50, H-5'0),4.11 (1H, dt, J5, 5.1 Hz, J, 5 3.5Hz, J,, 5
5.1 Hz, H-4B), 4.36 (1H, dt, J5, 5.1 Hz, J,5 5.1 Hz, J,5 3.3 Hz,
H-4a), 4.41-4.51 (farnesyl CH,), 5.02 (1H, dd, J,; 1.3 Hz, H-
3a), 5.09-5.17 (farnesyl CH), 5.18 (1H, d H-2a), 5.20-5.24 (1H,
m, H-2f), 5.36 (1H, dd, J,; 5.7 Hz, H-3B), 5.40-5.46 (farnesyl
CH), 5.69 (1H, d, J,» 6.0 Hz, H-1w), 5.80 (1H, dd, J,, 4.4 Hz,
Jip 6.3 Hz, H-1B); ¢ (100.6 MHz, DOCD;) 16.1, 16.2, 16.6, 16.6
(4 x s, 2 x farnesyl CH;-a, 2 x farnesyl CH;-f), 17.8, 17.8 (1 x
farnesyl CH;-a, 1 x farnesyl CH;-f), 20.6, 20.7, 20.7, 20.8 (4 x s,
2 x OAc 0, 2 x OAc B), 26.0 (1 x farnesyl CH;-0, 1 x farnesyl
CH;-pB), 27.4, 27.4, 27.8, 27.9 (2 x farnesyl CH,-a, 2 x farnesyl
CH,-P), 40.7, 40.9 (2 x farnesyl CH,-a, 2 x farnesyl CH,-p),
59.5, 59.8 (OCH;a, OCH;p), 63.5, 63.6 (1 x farnesyl CH,-a, 1 x
farnesyl CH,-B), 72.9 (C5-B), 75.6 (C5-a), 76.9 (C3-p), 77.7 (d,
Jeop 6.7 Hz,C2-P), 78.6 (C3-0), 81.4 (C4-B), 83.5 (d, Jup 9.5 Hz,
C2-a), 84.1 (C4-0),97.7 (d, Jcp 3.8 Hz, C1-B), 103.1 (d, Jr 4.8 Hz,
Cl-u), 122.3, 122.3, 122.4, 122.4 (2 x farnesyl CH-q, 2 x farnesyl
CH-p), 125.1, 125.2, 125.5 (1 x farnesyl CH-a, 1 x farnesyl CH-
B), 132.1, 136.3, 136.4 (farnesyl CH=CR,), 140.8, 140.9 (farnesyl
CH=CR,),171.2,171.8,171.9,172.0 2 x AcC=0¢a,2 x AcC=0
B);dp (162 MHz, DOCD;) —1.81 (P-B), —2.31 (P-0); m/z (ES™) 531
(M~, 95%); HRMS (ES") calculated C,sH4,O,,P 531.2354. Found
531.2369.

1,2,3-Tri-O-acetyl-5- N-acetyl-D-arabinofuranose 18

Azide 6a (500 mg, 1.75 mmol) was dissolved in thioacetic acid
(0.5 mL, 6.50 mmol). The resulting mixture was allowed to stir
for 16 hours at room temperature under an atmosphere of argon.
The solvent was removed in vacuo (azeotrope 3 x with toluene—
ethanol) and the residue was purified by wet-flash chromatography
(the column was first eluted with 1 : 1 40-60 light petrol-ethyl
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acetate to wash out sulfur residues and product was obtained
following elution with 5% methanol in ethyl acetate) to afford
acetamide 18 as an oil (360 mg, 70%); o—f ratio approx 2 : 1 ratio
(by integration of the '"H NMR spectrum). d (400 MHz, CDCl;)
2.08,2.07,2.07,2.06 (12H, 4 x s, 3 x OAc 0, | x NHAc o) 1.94,
1.95,2.03,2.06 (12H, 4 x s, 1 x OAc B, 1 x NHAc B), 3.31-3.38
(1H, m, H-5B), 3.42-3.49 (1H, m, H-50), 3.56-3.62 (1H, m, H-5 ),
3.66-3.72 (1H, m, H-5B), 4.02 (1H, dt, J5, 5.3 Hz, J,5s 5.3 Hz, J, 5
7.8 Hz, H-4P), 4.23 (1H, dt, J,, 4.8 Hz, J,5 4.8 Hz, J,5 6.3 Hz,
H-4a), 4.89 (1H, J,; 1.7 Hz, dd, H-3a), 5.14 (1H, d, H-2a), 5.21
(1H, dd, J,5 5.3 Hz, H-3B), 5.28 (1H, dd, J,, 4.5 Hz, H-2p), 6.08
(1H, s, H-1a), 6.19-6.21 (2H, m, NHo, NHp), 6.31 (1H, d, H-1p);
dc (100.6 MHz, CDCl,) 20.6, 20.7, 21.0 (3 x s, 3 x OAc ), 20.4,
20.8, 21.1 (3 x s, 3 x OAc B), 23.1 (2 x s, NHAc o, NHAc B),
40.7,42.6 (C5-a, C5-B), 75.4 (C3-B), 75.6 (C2-B), 77.5 (C3-a), 80.6
(C2-0, C4-B), 83.1 (C4-a), 93.6 (Cl-a), 99.0 (C1-B), 169.2, 169.4,
169.4, 169.7, 170.1, 170.2, 170.4, 170.5 (4 x Ac C=0 a0, 4 x Ac
C=0 B); m/z (ES*) 340 (M + Na*, 50%), 376 (M + MeCN/NH,*,
100%); HRMS (ES*) calculated NaC;H,;,NO4 340.1003. Found
340.1003; v, (thin film) 1748 (s, C=0 ester), 1660 (s, C=0 amide),
1547 (s, N-H bending) cm™'.

Spot culture method for testing of anti-mycobacterial activity

Purified test compounds 4a, 4b, 6a, 6b, 7a, 7b, 9a, 9b, 10, 14, 17
and 18 were prepared in DM SO at a range of concentrations up to
100 mg mL~". These stock solutions were added into different wells
of 6-well plates, with 5 uL DMSO alone added to control wells
(0.1%v/v). Molten MB agar (5 mL) containing OADC (oleic acid-
albumin-dextrose-catalase, Difco) was poured immediately into
the wells of the 6-well plates containing the extracts with thorough
mixing. Once solidified, the MB agar containing test reagents and
controls was inoculated with 5 pL of a 10° dilution of a mid-
log phase culture (OD 1.0) of M. bovis BCG Pasteur containing
approximately 500 cells. The cells were allowed to soak onto MB
agar before the plates were covered, sealed with parafilm, inverted
and incubated at 37 °C for 7-14 days. The resulting circular
spot cultures were photographed using a BioRad Gel-Doc 2000
system.
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The pyrrolidine-2,4-diones have been identified as a con-
venient starting point for the synthesis of peptide ana-
logues. Herein we describe an optimized two-step reductive
amination procedure, which provides a small library of
pyrrolidinone-containing dipeptide analogues in high yield
and excellent diastereoselectivity.

In the last decade, peptide drugs have received renewed interest due
to their high activity and specificity.! Recently Fuzeon (enfuvirtide,
T-20), the first peptide drug produced by large scale solid phase
peptide synthesis, has been introduced to the market. However,
peptide drugs are known to display only a very low bioavailability
when administered orally and their use as pharmaceuticals would
be greatly enhanced if their biostability was improved. While
many novel bicyclic scaffolds for dipeptide analogues have been
developed,? only a few amino acid analogues exist; the most
prominent being B-amino acids,® a-aminoxy acids, and the
peptoids.® Current research in our group aims at developing
new amino acid analogues that can be synthesized readily and
incorporated into peptides, thereby increasing the biostability of
the latter.

We have focused on S-substituted 2,4-pyrrolidinediones® (1),
also known as tetramic acids (Scheme 1), which can be synthesized
in gram scale from cheap and commercially available N-protected
amino acids.” Furthermore, we can preserve the stereogenic center
in the side chain, which is vital for interaction with biological
targets. In our work towards incorporating pyrrolidinones into
peptides, we have recently published a method for N-acylation
of O-alkylated 3-pyrrolin-2-ones (2) with activated amino acids®
(Scheme 1, left). In the present paper we have turned our attention
to the attachment of amino acids at the C-4 carbonyl (Scheme 1,
right).?

o R 1. O-Alkylation R! a0
C-4 functionalization
PGHN\‘/U\N p OEt 2- NAcyIatlon o HN N\‘/U\R.‘
R2 R

o o
2 4a-n

R'=Me, i-Pr, i-Bu, Bn

R2=Me, i-Pr, i-Bu, Bn
PG=Boc, Fmoc

Scheme 1 Functionalization of pyrrolidinediones with amino acids.
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Based on reports describing the reductive alkylation of amino
acids’ and amino acid derivatives, we investigated different
reaction conditions, but found that direct reductive amination was
not possible for the pyrrolidinediones. Instead we had to employ
a stepwise procedure comprising enamine formation followed by
reduction. The amino acid analogues pyVal,® pyLeu, pyPhe and
pyAla were prepared according to our in-house modification® of
a literature procedure," by which multi gram synthesis can be
performed in less than a day. Initial tests of the condensation
reaction showed that it was successful for amino acids protected
at the carbonyl carbon as esters or amides, but not for unprotected
amino acids.

By screening different solvents (THF, dioxane, toluene, DCE,
MeCN, i-PrOH, DMF and MeOH) we found that the optimal
solvent was i-PrOH with the addition of AcOH. MeCN-AcOH
solvent mixtures also furnished the product albeit with a slower
reaction rate, while the use of MeOH led to decomposition of the
starting material. All other solvents provided at best only trace
amounts of the desired product.

By using i-PrOH-AcOH as solvent at 55 °C for 24 h, we
could obtain good to excellent yields of the enamines with no
epimerization (Table 1), but we noted that epimerization did occur
at higher temperatures. Varying the amount of AcOH co-solvent
and the amount of added molecular sieves revealed that 5-10
vol% AcOH provided the highest reaction rate, just as increasing
amounts of molecular sieves did. Use of MgSO, or Na,SO, as
dehydrating agents did not furnish any product.

The enamines obtained were sensitive to degradation on silica
gel, however using dry flash chromatography'? provided a fast and
simple gram scale purification of the product.

With this procedure in hand, we synthesized a range of dipeptide
enamine analogues comprising a pyrrolidinone and an amino acid
protected as methyl and #-butyl esters or as amides (Table 1).

These condensations were facile reactions leading to the
desired products in good yield and excellent d.e. They were
furthermore stable solids with no decomposition being observed
even after one year of storage on the shelf. After testing a
range of reducing agents in the enamine reduction (NaBH;CN,"
NaBH(OAc);," NaBH,," Stryker’s reagent,'® L-selectride,"
LiBH,, Zn-AcOH," BH;,"” Cu(OAc),-PMHS-Binap,* H, with
Pd/C,* Raney Nickel,”» Rh/Al*? or PtO,") we found that only
two reagents (NaBH;CN and H,/PtO,) gave the desired product,
all others left the starting material unchanged. In reactions with
free or polymer supported NaBH;CN,* the diastercoselectivity
varied substantially (6-99% d.e.) depending on the nature of
the side-chains, the main product having the expected" cis-
conformation with yields ranging from 29-65%. These results
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Table 1 Synthesis of enamine dipeptide analogues

R! R o
H
HN 0 SAMS HN N\)km
i-PrOH/ACOH, 9:1 /A
(0] 55°C, 24h (¢} R
1a-d 3a-n

R® =OMe, Ot-Bu, NH,
Compound R' R? Yield (%)*
pyAla-Ala-NH, Me Me (3a) 95
pyAla-Val-NH, Me i-Pr (3b) 88
pyAla-Leu-NH, Me i-Bu 3¢) 85
pyVal-Ala-NH, i-Pr Me 3d) 88
pyVal-Val-NH, i-Pr i-Pr (3e) 82
pyVal-Leu-NH, i-Pr i-Bu (3f) 91
pyVal-pD-Ala-NH, i-Pr Me 3g) 86
pyVal-Ala-OMe i-Pr Me (3h) 89
pyVal-Ala-Oz-Bu i-Pr Me (3i) 93
pyVal-Pro-NH, i-Pr — 3i) 88
pyLeu-Ala-NH, i-Bu Me (3k) 88
pyLeu-Val-NH, i-Bu i-Pr 31 86
pyLeu-Leu-NH, i-Bu i-Bu (3m) 87
pyPhe-Leu-NH, Bn i-Bu (3n) 88

“Only one diastereomer was observed by '"H NMR (d.e. >95%).

Table 2 Reduction of pyPhe-Leu-NH, in protic and aprotic solvents

100 mol% PtO,

[0} (o}
H 25 bar H H
H RT, 24 h B
d \( d Y
3n 4n
Entry Solvent Conversion (%0)*
1 MeOH >95¢b¢
2 i-PrOH >95be
3 t-BuOH >95¢
4 MeCN 0?
5 THF 0?
6 Dioxane 0?

“Determined by '"H NMR of the crude mixture. * Trace of byproducts.
¢Only one diastereomer was observed by '"H NMR (d.e. >95%). ¢ Only
starting material observed.

were, however, not reproducible regardless of extensive attempts
at optimizing the reaction conditions. In contrast, reduction
with hydrogen over PtO, (Adams catalyst),” resulted in a very
clean reaction and an excellent degree of diastereoselectivity
for the expected cis-configuration. Performing a solvent screen*
(Table 2), we identified alcoholic solvents as being necessary for the
reduction to proceed, and the sterically hindered -BuOH proved
to be the solvent of choice (no byproducts), while MeOH and
i-PrOH afforded trace amounts of unidentifiable byproducts.
THE, dioxane and MeCN completely suppressed the reduction.
Studies of the amount of added PtO, revealed that 25 mol%
was required for full conversion within reasonable reaction time
(Fig. 1). To increase the reaction rate, the reaction mixture was
heated gradually to 55 °C, and we observed that the onset of

Conversion to 4d (%)

120

100 —
80 /

60

ol /

20 /

0 T T
0 10 20 30

40 Mol% PtO,

Fig. 1 Reduction of pyVal-Ala-NH, (3d), at 24 h and 55 °C as a function
of mol% PtO,.

epimerization depended on the size of the pyrrolidinone side-chain
(pyAla 25 °C, pyLeu 35 °C, pyVal/pyPhe 55 °C).

To assess the effects of trace amounts of AcOH and amino
acid from the condensation reaction, comparative studies were
performed with the addition of either AcOH (10 mol%) or
H-Val-NH, (100 mol%), which did not result in any change in
reactivity in the reduction, where we anticipated an increase with
AcOH as additive® and a decrease with H-Val-NH, as a result of
coordination to the catalyst.

By using this stepwise reductive amination strategy, we reduced
the enamine library compounds (3a-n) (Table 3) and synthesized
a range of dipeptide analogues (4a—n).

In these reactions, the protective group of the amino acid (OMe,
Ot-Bu, NH,) did not influence the d.e. nor was there any influence
when proline was employed as the amino acid group. When pyPhe
was used as the pyrrolidinone part, the phenyl group could not
be preserved and was reduced to the corresponding ¢-Hex group.
Extensive variations of reaction conditions (solvent, temperature,
H, pressure, addition of acid) did not lead to a chemoselective
reduction. To our satisfaction the reduction of “*pyVal-D-Ala-NH,
still gave the cis-product, thereby showing that the diasterco-
selectivity only depends on the pyrrolidinone configuration. To
validate the relative configuration of the products, we analyzed
““pyVal-Pro-NH, (4j) by means of X-ray crystallography (Fig. 2),

Fig. 2 Crystal structure of ““pyVal-Pro-NH, (4j).
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Table 3 Reduction of enamine dipeptide analogues

25 mol% PtO,

¥ Q  60barH ¥ Q
H ar na H
W N\;/Mas tBuOH, HN ”\;)J\Ra
R2 25-55°C R?
(0] (0]
3a-n 24-36 h 4a-n

R® = OMe, Ot-Bu, NH,

Compound R' R? Temp/°C Yield (%)
““pyAla-Ala-NH, (4a) Me Me 25% 89
“pyAla-Val-NH, (4b) Me i-Pr 25 94
““pyAla-Leu-NH, (4¢) Me i-Bu 25° 89
“pyVal-Ala-NH, (4d) i-Pr Me 55¢ 94
pyVal-Val-NH, (4e) i-Pr i-Pr 55¢ 99
“pyVal-Leu-NH, (4f) i-Pr i-Bu 55¢ 94
“pyVal-p-Ala-NH, (4g) i-Pr Me 55¢ 94
“pyVal-Ala-OMe (4h) i-Pr Me 55¢ 99
“pyVal-Ala-Oz-Bu (4i) i-Pr Me 55¢ 94
“pyVal-Pro-NH, (4 i-Pr — 55¢ 99
“pyLeu-Ala-NH, (4k) i-Bu Me 35° 89
““pyLeu-Val-NH, (41) i-Bu i-Pr 350 84
“pyLeu-Leu-NH, (4m) i-Bu i-Bu 350 99
“spyCha-Leu-NH, (4n) CH,-c-Hex! i-Bu 55¢ 99

“Only one diastereomer was observed by '"H NMR (d.e. >95%). * Reaction time 36 h. © Reaction time 24 h. “R" is reduced from Bn to CH,-c-Hex.

which confirmed the structural framework with the expected
cis-relationship.

We are currently testing the biological stability of these dipeptide
analogues and are developing a method for the preservation of the
phenyl group when using phenylalanine or pyPhe. Results will be
reported in due course.

As we are interested in further elongation of the peptide chain
at both the N- and C-termini we deprotected ““pyVal-Ala-Oz-Bu
to “pyVal-Ala-OH by standard treatment with TFA, providing a
starting point for further elongation at the C-terminal (Scheme 2).

0 0
H H
HN N \)J\Ot-su T2 iy N\)'LOH
RT, 6h
S : %% g :
4i 5

Scheme 2 Deprotection of pyVal-Ala-Oz-Bu by TFA.

Conclusions

In conclusion we have developed a straightforward synthetic
strategy for the synthesis of dipeptidomimetics comprising a
pyrrolidinone and a protected amino acid. This method provides
a facile functionalization of pyrrolidinones at the C-4 position in
high yield and excellent d.e. via a stepwise reductive amination
procedure, and we are currently exploring the incorporation of
these new scaffolds into peptides.
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An engineered, orthogonal ligand receptor pair has been
exploited as a method to covalently label fusion proteins with
small molecule probes in live cells.

Proteins are routinely expressed in cells with an additional
polypeptide label. Labels can be used to evaluate protein distribu-
tion, movement, interactions, and local chemical environment.!
Introduction of labels can also facilitate protein purification
and the patterning of proteins into microarrays.? In response to
drawbacks of genetically encoded protein tags, various techniques
have been developed to enable the specific tagging of proteins
with synthetic small molecules.® Particular effort has been devoted
towards labelling proteins with small molecule fluorophores. The
labelling of proteins as fusions to green fluorescent protein (GFP)
family members has been remarkably useful for the study of
protein function, yet suffers from a number of shortcomings.'
The spectral properties of these proteins are limited. Only a few
pairs of proteins are suitable for fluorescence resonance energy
transfer (FRET). Improved properties, such as well-resolved
absorption and emission spectra, have proven difficult to engineer.
Small molecule fluorophores have a number of advantages in
these criteria. Additionally, small molecule probes can be used
for a variety of other techniques, including affinity purification,
photocrosslinking, luminescence, magnetic resonance imaging,
optical coherence tomography, and near-infrared fluorescence.>*
This paper describes a method for the site-specific, covalent
labelling of fusion proteins with small molecules by exploiting an
engineered receptor-ligand pair. Our lab has previously reported
a selective cyclophilin A—cyclosporin A (CypA—-CsA) receptor—
ligand system created via exo-mechanism proximity accelerated
reactions.” The approach involves the introduction of a mildly
electrophilic group on the ligand and a suitably positioned
nucleophilic thiol (via an engineered cysteine mutation) on the
receptor to achieve selectivity through the formation of covalent
complexes. Engineered covalent complexes have also been used to
obtain allele-specific modulators of protein function,® to screen
for drug fragments on protein surfaces,® to create antibodies
with infinite affinity,” to map receptor-ligand interfaces,® and for
kinase-substrate crosslinking.” Here, we employ ligand-induced
proximity accelerated reactions with the CypA—CsA system as a

“Univeristy of Wisconsin-Madison, Department of Chemistry, 1101 Univer-
sity Ave, Madison, WI. E-mail: belshaw@gmail.com

*University of Wisconsin-Madison, Department of Biochemistry, 1101 Uni-
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Fax: +1608-262-3453; Tel: +1 608-265-8170

T Electronic supplementary information (ESI) available: Synthesis of
CsA derivatives and detailed experimental procedures. See DOI:
10.1039/b705185a

model for a new approach towards the covalent labelling of fusion
proteins in live cells with small molecule probes.

This engineered CypA—CsA system has many attributes that are
suitable for a technique to covalently label fusion proteins in live
cells. The CypA protein tag is only 18 kDa and is monomeric."
Its chaperone activity as a cis—trans proline isomerase could be
considered as relatively inert to the cell. CypA is tolerant to
expression as a fusion protein at either the N or C terminus."' Also
the creation of covalent complexes by exo-mechanism proximity
accelerated reactions enables the selective labelling of target
proteins even in the presence of endogenous receptor cyclophilins,
and therefore does not require the use of knockout cell lines.

We prepared an active ester of cyclosporin A (CsA), 1, via
olefin metathesis as described previously.'> Using diethanolamine
as a trifunctional linker allowed for subsequent appending of
a 5/6-carboxytetramethylrhodamine (TMR) fluorophore and an
acrylamide electrophile (Scheme 1). CsA analogues modified at
the butenylmethylthreonine residue have shown to retain binding
affinity to cyclophilins, yet lose their immunosuppresive activity.'?
Previously prepared CsA conjugates containing amide bond
linkages were found to be cell impermeable (data not shown).

The reactivity of the electrophilic, fluorophore containing CsA
derivative, 3, was assessed with the CypA mutant P105C. This
mutation near the CsA binding site has been shown in previous
studies to be well suited for reactions with electrophilic CsA
derivatives.® The compound demonstrated rapid, ¢,, ~ 15 min,
alkylation of the protein in vitro as determined by gel shift on
denaturing SDS-PAGE (Fig. 1). The small amount of unlabelled
protein remaining after extended reaction time is likely due to the
presence of inactive protein in the preparation.

To assess the specificity of labelling among other proteins in
live cells, COS-7L cells (simian kidney cell line) were transiently
transfected with a P105C-CypA expression vector and treated
with CsA-EL-TMR at 1 uM (Fig. 2). The reactivity of the
compound for the target protein was highly selective (Fig. 2B,
lane 3) with only minimal background labelling. The labelled
target protein comprised only a small portion of the total protein
in the cell lysate: approximately 0.1% (wt/wt) as determined by
comparing fluorescent band intensity to in vitro labelled P105C—
CypA.

To further determine the suitability for selective labelling in
biological systems, live HepG?2 cells (human liver carcinoma cell
line) expressing a GFP-P105C-CypA fusion protein were treated
with CsA derivatives and imaged by fluorescence microscopy
(Fig. 3). Incubation with CsA-EL-TMR, 3, shows labelling with
the fluorophore selectively in transfected cells, as indicated by the
co-localization of green and red cells (Fig. 3A and Fig. 3C). As a
control experiment to indicate that observed fluorescence was due

This journal is © The Royal Society of Chemistry 2007
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CsA-Boc-TMR

1. Boc-diethanolamine 10 eq.
DMAP, TEA, CH,Cly, 70%

2. 5/6-carboxytetramethyl-
rhodamine (TMR),
PyBrOP, TEA, DMF, 21%

1. TFA/CH.Cl,

2. acryloyl chloride
TEA, CH.Cl, 48%
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Scheme 1 Synthesis of a CsA derivative containing an electrophile and a flouorophore (CsA-EL-TMR).
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Fig. 1 SDS-PAGE analysis of labelling of CypA mutant P105C by
CsA-EL-TMR, 3. Reactions contained 5 uM protein and 10 uM 3 in
50 mM phosphate buffered saline pH 7.5 with 0.05% Tween-20 and 1 mM
reduced glutathione at 37 °C. (A) Image of a Coomassie blue stained gel.
1 ng protein per lane. (B) Fluorescence gel image. 15 ng protein per lane.
(C) Plotting of product intensities obtained from gel in (A).

to the covalent labelling of GFP-P105C-CypA, cells were similarly
treated with non-electrophilic CsA-Boc-TMR, 2. This treatment
resulted in no labelling of cells with the red fluorophore (Fig. 3B).

\ COOH \Té
CSA-EL-TMR
Lane 1.2 3 1.2 3
P105C-CypA - - 4+ IO
CsA-EL-TMR -+ o+ -+ o+
A
=
-
s .

Fig.2 SDS-PAGE analysis of P105C-CypA labelling in live cells. 10 hours
after transfection, COS-7L cells were treated with CsA-EL-TMR at 1 uM,
where indicated. After 12 hours of incubation, cells were washed and lysed
with SDS sample loading buffer. (A) Image of a Coomassie blue stained
gel. (B) Fluorescence gel image. Lanes 1-3, 5 pl per lane from 250 pul whole
cell lysate from 10 cm? well plate.

We found extended incubation and wash times (~18 h total)
were necessary to maximize the signal of the TMR fluorophore,
which could be attributed to limited membrane permeability
by CsA-EL-TMR. In addition, the presence of green and red
fluorescence correlated well in cells treated with CsA-EL-TMR
(Fig 3A, Fig 3C), yet occasionally differences were observed in
the relative intensity of the two fluorescence signals. This may
have been due to variances in the permeability among the cells.
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Fig. 3 Images of labelling of GFP-P105C-CypA fusion proteins in
live cells. 24 hours post transfection, Hep-G2 cells were treated with
2.5uM CsA and 2.5 uM CsA-EL-TMR (Panels A and C) or non-reactive
CsA-Boc-TMR (Panel B). Cells were incubated for 18 hours and washed
prior to imaging by fluorescence microscopy. FITC and TRITC channels
represent green and red fluorescence, respectively. See ESI for colour
version of Fig. 37.

The use of a lipophilic fluorophore or a ligand-receptor pair
with a more permeable ligand could ameliorate these problems.
Minimizing the incubation time of cells with CsSA-EL-TMR may
decrease the amount of background labelling observed and also
enable experiments which require labelling on a shorter timescale.
Incubation times as short as five minutes have been reported with
the fusion protein covalent labelling approach developed by Johns-
son et al., which demonstrated similar labelling kinetics in vitro.™*
Furthermore, the tight binding of the modified CsA derivatives
for endogenous cyclophilin receptors (~5 nM K, for CypA’®) may
contribute to difficulties in washing out unreacted CsA-EL-TMR
from cells. Co-incubation with unmodified CsA, which likely binds
with slightly higher affinity than CsA-EL-TMR, was used to
accelerate wash out time. The use of receptor-ligand combinations
with moderate affinity or without endogenous receptor proteins,
such as engineered “bump-hole” pairs,'* may address these issues.

Many approaches have been developed to label proteins in
live cells with small molecule probes,® including approaches
exploiting receptor—ligand interactions that enable non-covalent,
reversible labelling of fusion proteins.’® For many applications,
however, covalent bond formation of a small molecule to a target
protein is desirable. The technique outlined here represents an
additional method for the covalent labelling of fusion proteins
without the use of post-translational modifying enzymes or
split inteins.®* Similar techniques include the biarsenical fluo-
rophore/tetracysteine motif system (FIAsH and ReAsH),"” the
benzylguanine derivative/O°-alkyguanine-DNA alkyltransferase
(AGT) system (SNAP-Tag),”? and the aliphatic chloride deriva-
tive/dehalogenase system (HaloTag).'® The increasingly modular
nature of our approach offers some advantages (Fig. 4). Like
the SNAP-Tag and HaloTag approaches, this method is general
with respect to the identity of the label. Uniquely, the proposed
technique could potentially be employed with any receptor—
ligand pair. This could enable the rapid development of several

Weak Electrophile Label

Nucleophilic o
A

Thiol Mutation
Protein of ik O
Interest

Ligand

Ligand Binding
Polypeptide Tag

Fig. 4 Modules employed in this approach for the covalent labelling of
fusion proteins.

new orthogonal labelling systems, which would not require
rare, mechanism-based covalent inhibitors or extensive protein
engineering.

Additionally, we envision this technique being applicable for
receptor-ligand pairs with small peptide receptors such that the
size of the genetically encoded tag can be minimized. Using phage
display techniques, several short peptides have been identified,
which have moderate affinity for small molecule ligands.”*** In
the creation of covalent complexes with engineered antibodies and
acrylamide containing antigens, Meares et al.® observed efficient
reactions even with weak binders (K ~ 10~ M).

In conclusion, we report a new approach for the covalent
labelling of fusion proteins in live cells with small molecule probes,
exploiting a proximity-accelerated reaction promoted by receptor—
ligand binding. The technique offers promise for the development
of additional tools for the study of protein function in biological
systems.
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Two synthetic strategies for the generation of d-substituted pyranoid sugar amino acids (SAAs) are
evaluated. The first employs chiral nonracemic zert-butane sulfinamides as key reagents. Regardless of
the stereochemistry of the applied sulfinamide, the product formed has a stereochemistry resembling
that of a D amino acid at C7. Direct Grignard reaction on formyl-tetra-O-benzyl-B-D-C-
glucopyranoside in the second strategy and subsequent Mitsunobu inversion, yields the L,L-dipeptide

isosters.

Introduction

As part of our ongoing research on artificial peptide-like materials,
we recently reported the synthesis of glucopyranose-based sugar
amino acids (SAAs) 1 (Fig. 1).! In dipeptide isosteres 1, the
stereocentre at C2 has the S-configuration, thereby resembling
the a-carbon in L-serine or L-threonine.* The secondary amine
at the N-terminus (C7) in 1 resembles the side-chain at the o-
carbon of amino acids other than glycine. By tuning the nature
of the R' group, functionalities corresponding to specific amino
acid side-chains can be incorporated into the SAAs.? This feature
distinguishes compounds 1 from SAAs reported in the literature,*
of which the large majority are primary amines.®* As a whole, SAAs
1 can be viewed as conformationally constrained H-Xaa-Ser/Thr-
OH mimics. The configuration of C7 corresponds to that of the
a-carbons in D-amino acids, rather than the proteinogenic L-amino
acids. In contrast to stereochemical control over the C-terminal
portion, which originates from selection of the carbohydrate
template, controlling the configuration of the newly introduced
stereocentre at C7 stems from asymmetric organic synthesis. The
work presented here concerns adaptation of the synthetic strategy
we applied to prepare SAAs 1 to provide C7-S configured SAA
building blocks 2.

“Leiden Institute of Chemistry, Department of Bioorganic Synthesis, PO
box 9502, 2300 RA, Leiden, The Netherlands. E-mail: overhand@chem.
leidenuniv.nl
bAvantium Technologies, Zekeringstraat 29, 1014BV, Amsterdam, The
Netherlands
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details. See DOI: 10.1039/b705750d

R1 = CH,,CH(CHg)y, Ph, CH,Ph

Fig. 1

R1 = CH3,CH(CH3),, Ph, CH,CH(CH3),

Protected SAAs 1 were previously prepared using the stere-
oselective alkylation of R-fert-butanesulfinimide 4, which was
obtained by the condensation of formyl tetra-O-benzyl-B-D-C-
glucopyranoside 3° with R-tert-butanesulfinyl amide” (Scheme 1).
Alkylation of compound 4, subsequent acid-mediated hydrolysis
of the R-tert-butanesulfonyl group and instalment of the Fmoc
protective group gave compound 7, which could be transformed
into carboxylate 8 by selective acidolysis of the primary benzyl
ether, ester hydrolysis and oxidation. The alkylation of sulfinimide
4 proceeds in good diastereoselectivity. For instance, reaction
of 4 with 3 equivalents of MeMgBr in methylene chloride at
—78 °C gave R-methyl adduct 5 in 20-fold excess over the other
diastereoisomer 6. Similar results were obtained by using toluene
as a solvent. Performing the alkylation in THF resulted in a drop
in diastereoselectivity (5-6 = 13 : 1).

Either the R-tert-butanesulfinyl chiral auxiliary or the chiral
carbohydrate template, or a combination of both may be respon-
sible for the observed diastereoselectivity. Would the first be true,
then L,L-dipeptide isostere SAAs 2 would be directly accessible
by following the same synthetic scheme, but employing S-fert-
butanesulfinimide as the chiral auxiliary. In order to investigate
this possibility, we prepared S-fert-butanesulfinimide 9, the di-
astereoisomer of 4 with respect to the chirality at the sulfur
atom. Treatment of S-fert-butanesulfinimide 9 with 3 equivalents
of MeMgBr (CH,Cl,, —78 °C) gave a diastereoisomeric ratio
for 10-11 of 13 : 1, as monitored by inverse gated “C NMR
measurements® on the crude Grignard products (Scheme 1). The
absolute stereochemistry of 10 was unambiguously established
by acidic removal of the S-fert-butanesulfonyl group, giving,
after Fmoc-protection, a compound that in all spectroscopical

R o

HH
N
H,N OH

o}
R;” ~OH

H-Xaa-Ser/Thr-OH

R2=Hor CH;

Alkylated SAAs as Xaa-Ser/Thr mimics.
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Scheme 1 Reagents and conditions: (i) R-tert-butanesulfinamide, Ti(OiPr),, CH,Cl,, 70%, (ii) S-tert-butanesulfinamide, Ti(OiPr),, CH,Cl,, 72%,
(iii) MeMgBr, CH,Cl, , —78 °C, (iv) HCl, MeOH, (v) FmocOSu, DIPEA, dioxane, CH,Cl,, (from 4: 71%, from 9: 75%, three steps), (vi) ZnCl,,

HOACc, Ac,0, (vii) HCL, MeOH, (viii) TEMPO, BAIB, CH,Cl,, H,O (64%, two steps).

aspects was identical to the previously synthesized 7 (R' = CH;).!
From this it follows that the minor product 11 is the S-methyl
diastereomer of 10 with respect to the newly formed stereocentre.
Apparently, re-side addition is favored irrespective of the nature
of the chiral auxiliary on the imine nitrogen. Changing the solvent
system from CH,Cl, to THF resulted in a slightly more favored si-
side addition, and 10 and 11 were formed in equal amounts. This
result is the best we obtained in favor of the desired diastereoisomer
11 and we conclude that at least in this system chiral sulfinylimides
are not useful intermediates in the construction of L,L-dipeptide
isosteres.

.o BnO Mg
| H "N~ SOtBu
%/s\\ g 8o~
: .
---Mg~ H
0" MIR, BnOy RMgBr
A c

At the moment we do not have a satisfying model that
explains the different product ratios we observe, but it seems
likely that the chelation model proposed by Ellman and co-
workers in their explanation” of chirality transfer (A to B, Fig. 2)
is counterbalanced by competing chelation of magnesium ions
to hetero-atoms on the carbohydrate template. This chelation
(for instance C, leading to D) may occur irrespective of the
configuration on the sulfur atom. Whether this reasoning is valid
or not, it does present an obvious strategy towards the desired L,L-
dipeptide isosteres. When one assumes that a formyl-C-glycoside
chelates just as the sulfinyl imides do with magnesium and that

R
%/S\\N/%R
0---Mg---R,
B D F

Fig. 2 Transition states for Grignard reactions (A — B: sulfinimines in general, C — D: glycosyl sulfinimide through intramolecular chelation, E — F:

glycosyl aldehyde through intramolecular chelation).
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Scheme 2 Reagents and conditions: (i) PhMgBr, THF, —78 °C (66%), (i) RMgBr or RMgCl, THF, 0 °C (a 66%; b 51%; ¢ 36%; d 48%), (iii) HN;, DEAD,
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catalyst, Boc,O, MeOH (85%), (ix) Pd/C, H,, MeOH, (x) TFA (97%, two steps).

addition occurs with the same re-selectivity (E to F), then the
target compounds are within reach by introduction of a nitrogen
substituent by replacement of the resulting alcohol function with
concomitant reversal of configuration. This reasoning proved to
be valid, as is outlined in Scheme 2.

Grignard addition of 3 equivalents of either PhMgBr, MeMgBr,
iPrMgCl or iBuMgBr to aldehyde 3 proceeded in good diastere-
oselectivity to give 12a—-d, respectively, as the single isolated
diastereomers in moderate to good yields (Scheme 2). The absolute
configuration of the newly formed stereocentre in alcohol 12b
could be assigned as R since its analytical data were in excellent
agreement with published values.” The crystals obtained from
recrystallization of compound 12d proved to be suitable for
an X-ray structural determination to show the anticipated (R)-
configuration at the newly created stereocentre.'

Mitsunobu displacement of the secondary alcohols 12a—d with
azide (HN;, PPh;, DEAD, toluene)" gave, with inversion of
configuration, azides 13a—d. Of these, phenylglycine analogue 13a
was transformed by a three step sequence (reduction of the azide
with concomitant Boc protection yielding derivative 17 followed
by hydrogenolytic cleavage of the benzylethers and TFA treatment)
into known glucosylamine derivative 18." All analytical data on
18 are in agreement with those reported in the literature for the

same compound hereby validating the assignment of the newly
formed stereocentre in azide 13a. The structural integrity of our
compounds was further established by transformation of azide 13b
into the corresponding Fmoc-protected amide 16 (first Staudinger
reduction, then treatment with fluoronylmethyloxycarbonyl chlo-
ride and DIPEA), which gave a compound with the same mass
but with otherwise distinct spectroscopical properties from R-
configured C-glycoside 7. Selective acidolysis of the primary
benzyl ether and subsequent oxidation of the resulting primary
hydroxyls gave, after ester hydrolysis, the L,L-dipeptide isosters
15a—d.

In conclusion, we have now at our disposal two related
synthesis strategies that enable us to prepare both D,L and L,L
glucopyranose derived Xaa—Ser(Thr) dipeptide isosteres. We are
currently investigating their structural properties in linear and
cyclic homo- and hetero-oligomers, and are pursuing adaptation
of the synthesis strategy to also incorporate other functionalised
amino acid side-chains.

Experimental

Full experimental procedures and physical data of the compounds
described in this paper can be found in the ESI.{
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Crystallography

Compound 12d was crystallized from mixture of diethyl ether and
light petroleum at room temperature as parallelepiped blocks.}
A crystal of approximately 0.6 x 0.35 x 0.15 mm was cut from
a larger one and analyzed on the Kappa CCD at 293 K using
MoK, radiation. The full sphere was collected up to 6 = 27.5°.
The data collection and processing were done using the Scalepack
software.”'* The structure was solved by the direct method and
refined using the SHELX97 package.” All of the non-H atoms
were refined anisotropically while all H atoms were found on the
Fourier Difference map and refined isotropically. The absolute
configuration of the molecule was deducted knowing the absolute
configurations of the four stereocentres at C2, C3, C4 and C5 as
occurring in D-glucose, and the Flack parameters.'®
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A series of unsymmetrical cyclen-based ligands incorporating an antenna and a quencher have been
prepared for the complexation of the visible- (Eu, Tb) and near IR-emitting (Nd, Yb) lanthanides. Eu
and Tb were sensitised with coumarin 2, and Nd and Yb with rhodamine. Both antennae were paired
with nucleoside (uridine and adenosine) quenchers. The interaction between the quencher and the
antenna can be regulated by the addition of the complementary base or DNA to the complexes,
resulting in changes in the lanthanide luminescence intensity and lifetime.

Introduction

The luminescent lanthanide ions have been receiving considerable
attention from the scientific community for a number of years.
This interest stems from their excellent properties, namely their
long emission wavelengths (400-1300 nm), well-defined, line-like
spectra, and long emission lifetimes (us to ms range), which
make them suitable for life sciences applications.! As the f-f
transitions involved in lanthanide luminescence are Laporte-
forbidden, absorption coefficients are typically <1.> Effective
excitation can be performed via a light-harvesting antenna capable
of transferring the excitation energy to the metal centre. This is
well established and europium and terbium have been sensitised
with, among others, benzyloxyquinoline,® acridone derivatives,*
phenanthridine,® pyridines® and dansyl groups.”® Sensitisation of
Nd(11), Yb(11) and Er(1mn) is possible with fluorescein,® pyrene,*
Pd-porphyrins," eosin,'* Tb(1r)-complexes,” rhenium(i)-** and
ruthenium(ir) bipyridyl moieties,” and quinoline.’® However,
efforts to control the degree and extent of sensitisation by the
antenna are more limited. Attention has focused mainly on the
visible-emitting europium and terbium complexes,'”** which have
found applications in fields as diverse as pH-sensing,’” DNA-,*
oxygen-,*' organophosphate-?? and Cu(1)- detection.” Recently,
complexes of the near infrared-emitting neodymium, ytterbium
and erbium®-** have been gaining attention. Excitation of the latter
group can be performed with visible light (=400 nm), avoiding
interference from the medium, for example biological samples.
Although a number of examples of luminescent detection with
lanthanide fluorophores have been reported,”*?*%* the majority
of the sensors developed to date signal the substrate presence
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synthetic intermediates and an NMR titration curve for the free ligand.
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by an increase or decrease in luminescence intensity, making
unambiguous detection difficult. There are notable exceptions,
a particularly elegant one being the Cu(1)-probe developed by
Viguier and Hulme.” We have been interested in developing
lanthanide-based luminescent sensors that are non-emissive in the
absence of their substrates, and become emissive upon binding.
We have sought to control the energy transfer between the
excited state of the antenna and the lanthanide. Recently we have
reported the synthesis of a series of Nd(111) and Yb(111) complexes
that incorporated a quencher moiety in close proximity of a
rhodamine antenna.” The quencher (the nucleotides adenosine
and uridine) possesses a recognition unit (the hydrogen-binding
motif), which enables substrate binding, i.e. Watson—Crick base
pairing or m—r stacking. The formation of base pairs impairs the
quencher’s ability to disrupt energy transfer from the antenna to
the lanthanide, thus turning the emission ‘on’. Here we report
the full characterisation of the Nd(11) and Yb(1ir) complexes, as
well as the preparation of a series of Eu(1ir) and Tb(111) complexes
designed according to the same principle.

The general complex design is shown in Chart 1. Cyclen was
chosen as the scaffold to which the antenna, the quencher and
the additional stabilising arms could be attached via a series
of N-alkylations. Many traditional cyclen based ligands have
identical coordinating arms on the nitrogens or are only partially
substituted. Some examples exist with two types of arms. The
key requirement for the successful strategy was to develop a
method for three different types of pendant arms to be sequentially
added to the cyclen ring. The ligands for europium and terbium
complexation would be equipped with a coumarin 2 antenna,
which, with an emission maximum of 432 nm, is ideally suited
for the sensitisation of these lanthanides.?® Adenosine or uridine

Ligand _Antenna Quencher M
R.__o 1 Coumarin 2 Uridine Eu
Tb
f/ \ _Antenna 1A Coumarin 2 Adenosine Eu
N N Tb
o [ M ] 2U Rhodamine Uridine Nd
N Yb

N N
R)\\/\ / “Quencher 2A Rhodamine Adenosine Nd
Yb

R =OH, OEt
Chart 1
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serve as the quencher as it was shown that the redox couples
of these nucleosides make them ideal quenchers via an electron
transfer process.” These quenchers were chosen both for their
known abilities to quench both rhodamine and coumarins,® and
for their synthetic accessibility. The synthesis of the neodymium
and ytterbium complexes ((Nd(2U)], [Yb(2U)], [Nd(2A)], [Yb(2A)])
have been described previously.?

To maximise the antenna—quencher interaction it was deemed
essential to introduce these functionalities at adjacent nitrogens of
the cyclen. The other two nitrogens would bear carbonyl-donor
substituents, thus yielding a ligand with eight donor atoms. The
coordination sphere is expected to be completed with a solvent
molecule.

Results and discussion

1. Synthesis

The retrosynthetic analysis is outlined in Scheme 1. Two distinct
routes were considered. Route A does not require protection
of the cyclen nitrogens, and is therefore particularly attractive.
Monoalkylation of cyclen (4) with A-X or L-X (where X is a
halogen or a pseudohalogen, A is the antenna, L is a linker)
is possible by a careful choice of conditions, giving 3 as the
major product.?”** Dialkylation of the second and third nitrogen
positions with ethyl bromoacetate at high temperature and/or
polar and protic solvents was expected to furnish mainly 2. It is
known from the literature that the second N-alkylation under such

conditions yields almost exclusively N1,N7-alkylated products.
Thus alkylation of the third nitrogen in the cyclen ring with the
second ethylbromoacetate will always leave one of the nitrogens
cis to the antenna free.** The fourth substituent can then be
introduced in the final step. An alternative approach branches off
at the monoalkylated cyclen derivative 3. This route closely mimics
our synthesis of the cyclen-based ligands for the sensitisation
of Nd and Yb, and we were eager to test the strategy on
different antenna—quencher pairs.”” Briefly, 3 can be cis-alkylated
in chloroform in the presence of triethylamine with L-X to give 6.
Simultaneous alkylation of the remaining two secondary nitrogens
with ethyl bromoacetate introduces the stabilising arms. In the final
step the quenchers can be attached via amide bonds through the
primary amino group of the linker, yielding 1 (1U or 1A).

We have considered a second approach to the desired ligands,
starting from a trifold-protected cyclen derivative, bearing two
orthogonal protecting groups (Route B). In Route B the stabilising
arms are attached at the final stage of the synthesis to a cyclen
already equipped with both the quencher and the antenna. The
two secondary nitrogens (N7 and N10) are revealed after removal
of the bifunctional oxalamide’** protecting group in 7 or a
suitable derivative. Stepwise attachment of the quencher and the
antenna are possible by selective protection of one of the non-
amidified nitrogens (N1 or N4). The forward sequence starts with
monoprotection of the known cyclen oxamide 10 to furnish 9.%
Alkylation of the fourth (unprotected) nitrogen in 9 with either
a suitably modified antenna, or a linker gives 8. Removal of the
protecting group is followed by the second alkylation step, this

Route A
O~_ Antenna
o)
,/ 7]AN N
0 [ j N NH HN
N HN [ j
/L\_J ™ NH HN
O=_N
° J ¢
1 = 2 [NH Nj I +
NH HN 0
0=_ Antenna N
/ j/ 3 /\N (6] (0]
NH N
C ) 0
NH N X
N V\NHPg
X =Cl, 5CI
6 X = Br, 5Br
Route B
Antenna \,\\1
j/ [0)
/I /—\ [\
Ox N N 0. HN OxN_HN
‘ IJ] = "IN oy =Yy =Y
N N~ (e] N I\ N° HN
L_/ " ONHPg O N rg 0" N pg o N
7 8 9 10
Scheme 1
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time with the quencher, or a linker to which the quencher can be
attached at a later stage to yield 7. Cleavage of the oxalamide with
concentrated sodium hydroxide or hot hydrochloric acid, followed
by dialkylation with ethyl bromoacetate would afford the desired
N1,N4-functionalised ligand 1.

The synthesis of the precursors is shown in Scheme 2a.
Coumarin 2 (11) was coupled to chloro- or bromoacetic acid
in EDCI-mediated amide bond-formations giving 5CI or 5Br in
excellent yield. Chloroacetic acid coupled to coumarin 2 without
the formation of side-products. Unreacted coumarin 2 (33%)
could be recovered by column chromatography. Bromoacetic
acid reacted faster than chloroacetic acid and with quantitative
consumption of coumarin 2, but this reaction gave rise to a small
amount (13% by '"H NMR spectroscopy) of another compound,
tentatively identified as (5), (see box in Scheme 2), which was
difficult to remove. As (5), could be removed in the successive
steps, this was not a significant problem. Two linkers, 12Ms and
12Br were prepared from ethanolamine and bromoethylamine
hydrochloride, respectively, by protection of the primary amino
groups with a Boc protecting group under standard conditions.
Two alkylating quenchers, AMs and UMs were also prepared by
treating 2,3'-isopropylidene adenosine or -uridine with Ms-Cl in
the presence of TEA (see ESIt). Treatment of cyclen with SCI or
5Br in hot ethanol in the presence of triethylamine yielded mostly
the monoalkylated derivative 3 after column chromatography on

basic alumina. Alternatively, the alkylation could be carried out
in warm DMF with potassium carbonate base. The latter method
yielded sufficiently pure 3 for use in the following synthetic step
after aqueous—organic work-up and trituration with diethyl ether.
The major side product in this reaction was (5),. Dialkylation of
3 with ethyl bromoacetate yielded 13, with the formation of some
isomeric 13a (<5%) and fully alkylated 13b (30-35%). Reactions
on the secondary nitrogen in 13 with a number of alkylating agents
gave either low yields of the desired product, or no reaction at all
(e. g 12-15% with N-Boc bromoethylamine). Treatment of 13 with
Ms-5'-0O-adenosine yielded a fully equipped ligand 14A in 3.5%
yield after extensive chromatography, but the strategy could not be
extended to the synthesis of 14U. Therefore, the alternative route,
based on our previous synthesis of 2U and 2A was implemented
(Scheme 3).

cis-Alkylation on N4 of 3 was possible in chloroform with
N-Boc-bromoethylamine (12Br). The N1,N4-alkylated 6Boc was
isolated after column chromatography. An analogous reaction
with N-Boc-O-Ms-ethanolamine (12Ms) yielded the same dialky-
lated product in low yield (14%), presumably because of the
increased steric demand of the mesityl group as compared to
the bromide in what is likely to be an S\2 reaction. For the
same reasons, 5'-O-Ms nucleosides (AMs, UMs) also gave the
corresponding N1,N4-functionalised cyclen derivatives in only
moderate yields. Furthermore, quenchers introduced via 5'-O-Ms
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nucleosides would lack a carbonyl moiety necessary for an
octadentate ligand. Treatment of 6Boc with ethyl bromoacetate in
the presence of K,COj; and Nal in acetonitrile furnished the fully
N-alkylated cyclen derivative 15Boc in excellent yield. Cleavage of
the Boc protection revealed the primary amino group to which
5'-carboxynucleotides 16 and 17** could be coupled in an EDCI-
mediated amidation in 84% and 47% yields, respectively. This short
(5-step) synthesis could be applied to the preparation of several
hundreds of milligrams of 1U or 1A. Complexation of Eu(iir) and
Tb(1r) was accomplished by treatment of methanolic solutions
of 1U and 1A with the corresponding anhydrous chlorides.
The complexes ([Eu(1U)], [Tb(1U)], [Eu(1A)] and [Th(1A)]) were
isolated by precipitation from cold ether, followed by freeze-
drying from water. A similar reaction sequence yielded [Nd(2U)],
[Yb(2U)], [Nd(2A)] and [Yb(2A)].

Route B. The attempted route to synthesise the ligands 1U,A
from trifold-protected cyclen derivative 9Boc is shown in Scheme 4.
The known oxalamide 10* could be protected on one sec-
ondary nitrogen with Boc,CO in chloroform in the presence of

\‘

TEA. After column chromatography 9Boc was isolated in 70%
yield. Treatment of 9Boc with 5Cl or 5Br in the presence of
potassium carbonate and sodium iodide in DMF afforded the
desired product 8Boc after standard aqueous—organic work-up
and column chromatography in only moderate yields. Two side-
reactions were identified: (1) decomposition of 5CI and 5Br to
coumarin 2 and (2) dimerisation of 5CI and 5Br to yield (5),.
A model reaction using N-methylaniline chloroacetate instead
of 5CI under the same conditions proceeded with 51% yield,
further supporting the theory that the low yields in the case of the
coumarin 2 antenna were at least partially due to the instability of
5Cl and 5Br, in addition to the low reactivity of 9Boc. Acidolysis
of the Boc protecting group of 8Boc, followed by neutralisation
afforded secondary amine 18. Treatment of 18 with either of the
linkers (12Br or 12Ms) gave derivatives of 19 in prohibitively low
yields (10-12% yield after extensive chromatography). Therefore,
Route B was abandoned at this point. The failure of this strategy
is most likely due to a combination of several factors, among
them the strongly electron-withdrawing nature of the oxalamide

O N 0~_-Coumarin 0~_-Coumarin
(Boc)CO o N HN 5C1 or 58 [ TFA / \j/ 12Bror12Ms o
10— OxN_ N - =
TEA KaCOs o] e KGO j j
2C03 CHxCl, 2003
CHCl; B Nal o) 07 >N~ HN CH5CN 07 N” N
DMF \ / "Boc \/ \ /R
9Boc 8Boc 18 19
R = CH,CH,NHBoc
Scheme 4
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protection resulting in low reactivity of 9Boc and 18, possible
steric hindrance caused by the coumarin 2, and the sensitivity of
the reactants to the reaction conditions. The oxalamide is also
locking the cyclen ring in a conformation that may render the lone
pair of the fourth nitrogen less accessible (see MMX-calculated
geometry in ESIY).

2. Characterisation

The intermediates and the ligands were characterised by 'H and
BC NMR spectroscopy. In most cases, to aid the assignment, 'H-
'H COSY, 'H-"C correlation, DEPT and NOESY experiments
were performed. Elemental compositions were confirmed by high
resolution ESI-MS spectroscopy.

The lifetimes for the NIR emitting complexes were measured
using a known method,* and were comparable to previously
reported complexes.

The luminescent lifetimes of the europium and terbium
complexes were determined following established procedures
(Table 1).*¢ The lifetimes are in good agreement with data obtained
for similar compounds.*'®* The number of co-ordinated solvent
molecules (OH-oscillators, ) was calculated from the differences
in the luminescent lifetimes of the complexes in H,O and D,0O
using eqn (1), where ¢ stands for the number of water molecules
bound to the central atom, 4 is an experimental value (0.525 ms™!
in the case of Eu per OH oscillator, 2.1 ms™' for Tb). The rate
constants, assuming first-order decays, are the reciprocals of the
experimentally determined lifetimes. As expected, ¢ is >1. The ¢
values obtained for compounds [Eu(1U)], [Tb(1U)], [Eu(1A)] and
[Tb(1A)] are somewhat higher than for similar octadentate ligands
while being less than two as has been observed for heptadentate
ligands.! The carbonyl group on the fourth arm bearing the
quencher forms a seven-membered ring when coordinated the
lanthanide ion and may not be as closely bound to the metal ion.
It is probable that a second water molecule is partially coordinated
at a longer distance as a result. It should be noted that the less
polarisable carbonyl oxygen atoms on the ester groups makes them
poorer donors for lanthanides compared to the amide groups.
While we observed no decomplexation in solution, it is possible
that a slight increase in lability due to the donor ester groups also
allows a second water molecule to partially coordinate.

q = Al(kuo — ko) ()
Table 1 The lifetimes and the hydration states of the Eu, Tb complexes,

and the lifetimes of the Nd and Yb complexes. Luminescence decay
measured at 592 nm (Eu), 545 nm (Tb), 890 nm (Nd) and 980 nm (Yb)

[Eu(1U)] [Thb(1U)] [Eu(1A)] [Th(1A)]
7(D,0) 2.70 ms 0.35 ms 3.11 ms 0.56 ms
7(H,0) 0.61 ms 0.27 ms 0.49 ms 0.40 ms
q 1.34 1.72 1.67 1.47

INd2U)I [Yb2U)] [INd(2A)] [Yb(2A)]
T/us 0.09 2.61 — 2.23
7/us? 0.47 0.89 0.23 1.17
T/us 0.81 — 0.16 —

“ Lifetime could not be calculated. ® 1 equiv. complementary base added.
¢ 1 equiv. own base added.

3. Luminescent properties

Neodymium and ytterbium complexes. The absorption spectra
of the ligands 2U and 2A displayed maxima at 355 and 545 nm,
indicative of the rhodamine antenna.” Excitation of [Nd(2U)],
[Yb(2U)] and [Yb(2A)] at 355 nm resulted in characteristic
near IR emission (Fig. 1 and ESIT). On the other hand, only
very short-lived luminescence was observed for [Nd(2A)]. For
all complexes, steady-state emission spectra were calculated by
integration of each decay and plotting the values as the function
of the wavelength. For 2ANd without added substrate this was
not possible due to the low signal-to-noise ratio, but a typical
Nd-spectrum was obtained with emission lines centred at 890 nm
(*F5, — *Iy,) and 1064 nm (*F;,, — *I,,,,) upon plotting the decay
values for the adenosine- or uridine-treated [Nd(2A)]. Quenching
of the antenna by the built-in quencher (adenosine) was almost
complete. The quenching could be disrupted by engaging the
quencher in base pairing with either uridine or adenosine. Thus,
as proposed in the original design for these types of molecules,
addition of the substrate ‘turns on’ the non-luminescent probe.
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Fig.1 Emission spectra for [Nd(2A)].

Compound [Nd(2U)] was only slightly luminescent, and was
further quenched upon the addition of either its complementary
base (adenosine) or its own base (uridine). The 890 nm emission of
[Nd(2A)] + A, + U and [Nd(2U)] consisted of two peaks, at 875 nm
and at 900 nm. A similar splitting was observed for the *F;, —
*I,,,, transition (1055 nm and 1065 nm). The Yb-complexes were
weakly luminescent with emission maxima at 980 nm (°Fs, —
’I,,,). Addition of the complementary bases to either [Yb(2U)]
or [Yb(2A)] resulted in further decrease in the emission intensity.
The changes in the luminescence lifetimes of [Nd(2U)], [Nd(2A)],
[Yb(2U)] and [Yb(2A)] upon addition of complementary bases and
solutions of the quenchers has already been reported.” Briefly, the
Nd-complex [Nd(2A)] had a very short-lived luminescence, which
increased considerably upon the addition of the complementary
base uridine. In the cases of the other three compounds ([Nd(2U)],
[Yb(2U)] and [Yb(2A)]), the lifetimes were comparable to those
reported for similar octadentate complexes.’” Addition of the
complementary bases to [Nd(2U)], [Yb(2U)] and [Yb(2A)] resulted
in a decrease of the lifetimes.

Europium and terbium complexes. The excitation spectrum of
[Tb(1A)] in water (pH 7.4) displayed a maximum at 328 nm,
which is consistent with the presence of the coumarin 2 antenna

2278 | Org. Biomol. Chem., 2007, 5, 2274-2282

This journal is © The Royal Society of Chemistry 2007





(ESIt). Excitation of [Eu(1U)], [Tb(1U)], [Eu(1A)] and [Th(1A)]
is possible at 328 nm without interference from the metals or
the quenchers. The emission spectra of [Eu(1U)] and [Eu(1A)]
(Fig. 2) are indicative of highly asymmetrical species, with the high
intensity of the hypersensitive AJ = 2 transition at 618 nm being
particularly indicative of the asymmetrical environment around
the europium ion. Furthermore the magnetic-dipole allowed
AJ = 1 transition shows the components allowed by the low
symmetry environment. The emission spectra have similar splitting
patterns and intensities to heptadentate complexes reported by
Parker! and the intensity and splitting pattern of the AJ = 4
is further indication of the unsymmetrical environment. It is
also clear that the coumarin is not completely quenched by the
nucleotides and is able to serve as the sensitiser. Addition of
the complementary base adenosine to a solution of [Eu(1U)] in
methanol, acetonitrile, or pH 7.4 MOPS buffer resulted in a
modest increase in the luminescence intensity at AJ = 1 (588 nm)
and AJ = 2 (613 nm) (ESIT). Consistent data could not be
obtained for the adenosine quencher-equipped europium complex
[Eu(1A)]. The Tb(111)-complexes were quenched by the addition of
their substrates (ESIT). One equivalent of complementary base
quenched [Th(1U)] and [Th(1A)] by approximately 37% and 20%,
respectively. The quenching is presumably the result of direct
quenching of the antenna by the added complementary base.
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Fig. 2 Emission spectrum of [Eu(1A)].

When the luminescent lifetimes (z7) of [Eu(1U)] or [Eu(1A)]
were monitored at 588 nm, slight (approximately 0.05 ms for
both complexes) increases were observed upon addition of 1
equivalent of complementary base (Fig. 3) and this could be
observed reproducibly. The 7 of [Tb(1U)] increased and that of
[Tb(1A)] slightly decreased upon addition of the complementary
bases.

Treatment of Eu(ii)-complexes [Eu(1U)] and [Eu(1A)] with
dsDNA quenched the lanthanide emission, possibly due to
intercalation of the coumarin 2 antenna with the DNA strands.
A similar trend was observed for [Tbh(1A)], while no consistent
data could be obtained for [Tb(1U)]. The lifetimes did not show
a consistent variation for [Eu(1U)] and [Eu(1A)], presumably due
to the presence of a number of competing processes. A decrease
was observed for the lifetime changes of [Tb(1A)], and a minor
increase for [Th(1U)] (data not shown).

The quenching of [Eu(1U)], [Tb(1U)], [Eu(1A)] and [Th(1A)] by
complementary bases and dsDNA were analysed by calculating
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Fig.3 Increase in luminescent lifetimes for [Eu(1U)] (upper) and [Th(1U)]
(lower) upon addition of adenosine.

Table 2 Stern—Volmer constants (K) of the quenching of the lanthanide
complexes by DNA and the complementary bases

[Eu(1U)] [Tb(1U)] [Eu(1A)] [Tb(1A)]
cb? “ 6.8 x 10° “ 8.4 x 10°
DNA “ 1.0 x 10* 1.8 x 10° 6.8 x 10°

“No consistent data were obtained and K could not be calculated. ® ¢.b.:
complementary base.

the Stern—Volmer constants from fitting /(0)/1 =1+ K(SV)[ O] ({,:
initial intensity, I: actual intensity, [Q]: quencher concentration)
to the initial (linear) sections of the Stern—Volmer plots.®® The
Stern—Volmer constants are summarised in Table 2. These are
consistent with a dynamic quenching process occurring up until
one equivalent of the substrate is added in the case of nucleosides.
In this case the SV constants are a measure of K, and are
of an order for Watson—Crick interactions between nucleosides.
This was confirmed by titrating the ligands with nucleoside and
monitoring their "H NMR spectra in DMSO. Monitoring shifts
in the NH protons of the nucleosides gave binding constants
comparable to the binding of nucleoside base pairs in DMSO. The
interaction with dsDNA is more complex with static quenching
likely to play a role if intercalation is occurring.

Thus for the all the europium and terbium complexes reported
in this paper the lanthanide sensitisation could not be completely
switched off and intensity and lifetime changes were modest upon
substrate addition. This reflects that the rate of energy transfer
from the antenna is faster than the electron transfer quenching
processes. The changes upon binding are therefore minimal.
Adenosine, being more readily oxidised, is a superior quencher
to uridine. This is similar to the behaviour reported by Seidel
et al.* Thus when added as substrate it is also able to quench the
antenna directly.

Conclusions

A series of donor-acceptor—quencher (D-A-Q) triads were
synthesised and characterised. The donors are coumarin 2 or
rhodamine, and the acceptors are the luminescent lanthanides
Eu(in) and Tb(1n), or Nd(11) and Yb(1ir), respectively. The D—
A-Q moieties are held together by a cyclen scaffold. Disruption
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of the lanthanide sensitisation by the antennae was attempted
by the incorporation of nucleotide quenchers into the molecules.
In one instance, ([Nd(2A)]), a very short-lived luminescence was
observed that could be extended by the addition of the substrate
to [Nd(2A)]. This highly efficient and flexible synthesis enables the
straightforward introduction of other antenna—quencher pairs to
fine-tune the photophysical and recognition behaviour of similar
lanthanide complexes.

Experimental

General procedures

'H NMR (300 MHz) and "C NMR (75 MHz) spectra were
recorded in CDCI; unless noted otherwise. Absorption spectra
and fluorescence spectra were collected at room temperature in
H,O0 or D,O, unless noted otherwise. Infrared absorption spectra
were recorded as neat or paraffin-admixed thin films, or as KBr
pellets. Low resolution ESI-MS spectra were recorded on VG
Quattro equipment in the positive ion mode by direct infusion of
methanolic solution. High resolution mass spectra were recorded
at the EPSRC National Mass Spectrometry Service at Swansea.
Melting points are uncorrected. Solvents were dried according to
standard procedures. Preparative chromatography was performed
using silica or alumina (80-200 mesh). Thin layer chromatography
was performed on silica or alumina. Samples were visualized by
UV-light (254 nm and 365 nm), I,-vapor or KMnO,-K,CO;.

The Eu and Tb complexes were titrated as solutions in pH 7.4
MOPS buffer, in HPLC-grade acetonitrile or methanol. Lumi-
nescent lifetimes were determined in water and D,O following
standard procedures.*

Emission spectra and excited state lifetimes were recorded on a
FluoromaxP or a Fluorolog 3 Tau spectrofluorimeter. Emission
intensities and luminescent lifetimes of the Nd and Yb complexes
were determined analogously to a reported method.*® Steady state
luminescence spectra were obtained by recording the luminescence
decay from 800 nm to 1200 nm (Nd, 5 nm intervals) and from
800 nm to 1100 nm (YD, 2.5 nm intervals). The decays were
integrated, and plotted as the function of the wavelength to give
the total emission spectra.

The synthesis of the Nd and Yb complexes and ligands has been
reported previously.”’

1Uand 1A. A solution of 5'-carboxylic nucleotide (2.00 mmol,
2 eq) and EDCI (0.43 g, 2.2 mmol, 2.2 eq) in DMF (5 mL) was
treated with a sample of 15 (0.65 g, 1.0 mmol) in DMF (1 mL).
The reaction mixture was stirred at room temperature for 24 h.
The DMF was removed at reduced pressure. The sample was
dissolved in a mixture of CH,Cl, and water. The phases were
separated and the aqueous phase was extracted with CH,Cl,.
The combined organic phases were washed with water and dried
(MgSO0,). Purification of the sample by column chromatography
[silica, CH,CL,—PrNH, (0 — 20%)] gave pale yellow solids:

1U. (B = U): Yield: 0.78 g, 84%; HR-ESI-MS (C,sHeN;O,,):
caled 947.4485 [M + NaJ*, obsd 947.4477 [M + Na]*; '"H NMR
8 1.06 (t, J = 7.1 Hz, 3H), 1.17 (t, J = 7.1 Hz, 6H), 1.28 (s, 3H),
1.51 (s, 3H), 2.23 (d, J = 1.7 Hz, 3H), 2.35 (s, 3H), 2.17-3.35 (m,
33H), 3.22 (s, 4H), 4.05 (q, J = 7.1 Hz, 4H), 4.01-4.15 (m, 1H),
4.53 (m, 1H), 4.92-4.98 (m, 2H), 5.66 (m, 1H), 5.74 (m, 1H), 6.26

(d,J=0.9Hz, 1H),7.03 (d, / =4.0 Hz, 1H), 7.48 (s, 1H), 7.66 (m,
1H), 7.80 (br s, 1H); *C NMR 12.62, 13.93, 14.10, 17.19, 17.30,
18.55, 25.00, 26.94, 37.00, 43.00, 51.82, 52.57, 53.35, 54.86, 55.48,
59.94, 60.02, 82.99, 83.97, 102.44, 113.81, 115.48, 117.20, 119.84,
127.11, 131.72, 142.27, 151.54, 151.85, 160.09, 169.00, 169.64,
169.64, 169.76, 171.27; mp: turns glassy at 87 °C, gas evolution at
110 °C, complete melting at 122 °C; IR (v, /(cm™"), KBr): 2983,
2938, 2826, 1729, 1697, 1669, 1627, 1614, 1558, 1526, 1455.

1A. (B=A): Yield: 0.45 g, 47%; HR-ESI-MS (C,;sH N, Oy)):
calcd 948.4938 [M + HJ*, obsd 948.4947 [M + H]*; '"HNMR ¢ 1.05
(t, / =7.1 Hz, 3H), 1.12-1.21 (m, 6H), 1.33 (s, 3H), 1.54 (s, 3H),
2.22 (s, 3H), 2.40 (s, 3H), 2.15-3.34 (m, 33H), 4.01-4.07 (m, 4H),
5.34-5.36 (m, 1H), 5.40 (m, 1H), 5.84 (brs, 2H), 6.15 (m, 1H), 6.25
(s, 1H),7.10(d, J =11.3 Hz, 1H), 7.47 (s, 1H), 8.03 (d, / = 1.5 Hz,
1H),8.22(d,J = 1.5Hz, IH); "CNMR 12.79, 14.24, 14.27,17.35,
18.67,25.04, 26.83, 43.15, 51.45, 51.58, 51.80, 52.41, 55.15, 56.32,
56.51, 60.21, 83.56, 84.07, 86.78, 91.43, 113.85, 115.70, 117.48,
117.61, 119.75, 119.98, 127.05, 131.86, 140.19, 149.50, 151.54,
151.60, 152.03, 153.09, 155.54, 160.24, 168.77, 171.48; mp: turns
glassy at 105 °C, gas evolution at 114 °C, complete melting at
137 °C; IR (Vg /(cm™"), KBr): 2981, 2828, 2361, 2341, 1654, 1577,
1559, 1541, 1522, 1507, 1498.

[Eu(1U)] and [Eu(1A)]. A solution of 1U or 1A (74 mg or
71 mg, 0.074 mmol) in HPLC-grade methanol (0.5 mL) was treated
with anhydrous EuCl; (17.5 mg, 0.067 mmol). The solution was
refluxed under Ar for 12 h. The reaction mixture was allowed to
cool back to room temperature. The solution was poured into cold
diethyl ether (5 mL). The mixture was centrifuged and the ether
was poured off the white precipitate. The solid was suspended
in ether (5 mL), and centrifuged again. The ether was decanted
again. The solid residue was dissolved in distilled water (1 mL)
and was filtered through a plug of cotton wool. The sample was
freeze-dried. White solids were obtained:

[Eu(1U)]. (B = U): Yield: 60 mg, 74%; ESI-MS: 897 [1U — 2
Et]*; '"H NMR (CD;0D) ¢ 9.23, 9.97, 12.02, 13.42, 15.81, 17.28,
18.53,19.70, 20.94, 21.41, 22.58.

[Eu(1A)]. (B = A): Yield: 63 mg, 76%; ESI-MS: 920 [1A —
Et]*, 1043 [[Eu(1A)] — 2 Et]*; "H NMR (CD;0D) § several peaks
between 1.63 and 8.40, 10.84, 18.01.

[Tb(1U)] and [Tb(1A)]. A solution of 1U or 1A (74 mg or
71 mg, 0.074 mmol) in HPLC-grade methanol (0.5 mL) was treated
with anhydrous TbCl; (19 mg, 0.67 mmol). The solution was
refluxed under Ar for 12 h. The reaction mixture was allowed to
cool back to room temperature. The solution was poured into cold
diethyl ether (5 mL). The mixture was centrifuged and the ether
was poured off the white precipitate. The solid was suspended
in ether (5 mL), and centrifuged again. The ether was decanted
again. The solid residue was dissolved in distilled water (1 mL)
and was filtered through a plug of cotton wool. The sample was
freeze-dried. White solids were obtained:

[Tb(1U)]. (B = U): Yield: 63 mg, 78%; ESI-MS: 1101 [M +
H,0J", 897 [1U — EtJ".

[Th(1A)]. (B = A): Yield: 66 mg, 80%; ESI-MS: 920 [1A —
Et]*; '"H NMR (CD,0D) 6 10.76, 13.85, 16.05, 18.04, 20.91.
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3. Method A

Cyclen (4, 2.52 g, 14.7 mmol) and 5CI (2.87 g, 9.78 mmol) were
dissolved in dry DMF (30 mL). K,CO; (3 g, 22 mmol) and Nal
(3 g, 20 mmol) were added to the solution. The reaction mixture
was stirred at 80 °C under an Ar atmosphere for 24 h. The DMF
was removed at reduced pressure. The residue was dissolved in
a mixture of water and CH,Cl,. The phases were separated and
the aqueous phase was extracted with 2 x 30 mL CH,Cl,. The
combined organic phases were washed with 30 mL water, dried
over MgSO,, filtered, and evaporated to dryness. The dark yellow
oily residue was dissolved in a minimum amount of methanol and
triturated with ether. The crystals were filtered and washed with
small portions of cold diethyl ether. The product was isolated as
pale yellow crystals in 87% yield (3.65 g). For characterisation see
Method B.

Method B

Cyclen (4, 2.52 g, 14.7 mmol) and 5CI (2.87 g, 9.78 mmol)
were dissolved in 100% EtOH (25 mL), in the presence of TEA
(4.12 mL, 29.34 mmol, 3 eq). The solution was heated at reflux for
24 h under an inert atmosphere. The solvents were evaporated.
Chromatography on basic alumina [pH 9.5, CH,Cl,-MeOH
(0 — 10%)] yielded a pale yellow foam (1.89 g, 45%): HR-ESI-MS
(C3H;35N;0;): caled 430.2813 obsd 430.2814 [M + H]*; '"H NMR
0 1.11-1.16 (t,J = 6.8 Hz, 3H), 2.27 (s, 3H), 2.40 (s, 3H), 2.66-3.32
(m, 17H), 3.41 (q, J = 6.8 Hz, 2H), 3.99-4.11 (m, 1H), 6.26 (s,
1H), 7.04 (s, 1H), 7.50 (s, 1H); *C NMR 12.80, 15.22, 17.53, 18.69,
43.36, 45.33, 46.40, 47.65, 51.87, 65.79, 115.81, 117.27, 120.21,
127.48, 131.95, 142.23, 151.58, 152.07, 160.10, 169.88.

5CL.  Coumarin 2 (11, 210 mg, 1.00 mmol) was dissolved in
CH,CI, (10 mL). Chloroacetic acid (0.13 g, 1.30 mmol) and EDCI
(0.19 g, 1.00 mmol) were added and the solution was stirred at
room temperature for three days. The solution was diluted with
CH,Cl, and water, the phases were separated, the aqueous phase
was extracted with CH,Cl,. The combined organic phases were
washed with dilute NaOH and water. The organic layer was dried
(MgSO0,), filtered and concentrated. Chromatography [silica, ethyl
acetate-hexane (1 : 1)] yielded recovered coumarin 2 (70 mg,
33%) and a white, crystalline solid (200 mg, 67%): HR-ESI-MS
(C;sH (NO;Cl): caled 294.0891 [M + H]*, obsd 294.0891 [M + H]*;
'HNMR 1.11 (t,J =7.0HHz, 3H), 2.27 (s, 3H), 2.39 (s, 3H), 3.14—
3.26 (m, 1H), 3.67 (s, 2H), 4.04-4.18 (m, 1H), 6.28 (s, 1H), 7.08 (s,
1H), 7.48 (s, 1H); “C NMR 13.04, 17.94, 19.17, 42.05, 44.54,
116.62, 118.16, 120.88, 127.75, 132.51, 142.55, 151.96, 152.78,
160.55, 165.86; mp: 172 °C; IR (Vs /(cm™'), KBr): 1722, 1678,
1626, 1615, 1558, 1502, 1444, 1402.

5Br. Coumarin 2 (11, 4.06 g, 18.70 mmol) and bromoacetic
acid (10.40 g, 74.80 mmol, 4 eq) were dissolved in CH,Cl,.
EDCI (14.36 g, 74.80 mmol, 4 eq) was added in small portions
to the vigorously stirred solution. The reaction was allowed to
proceed for 24 h at room temperature. The reaction mixture was
diluted with water and CH,Cl,. The phases were separated and
the aqueous layer was extracted with CH,Cl,. The combined
organic phases were washed with water and NaOH (2 M), dried
(MgSO0,), and filtered. The sample was concentrated to dryness
to yield a white solid (5.28 g, 84%), which was ~87% pure, as

shown by 'H NMR. This material was of good enough quality
to use in the step. Analytically pure samples could be obtained
by column chromatography [silica, EtOAc-CH,Cl, (1 : 9)]: HR-
ESI-MS (C,sH,(NO;Br) caled 338.0386 [M + H]*, obsd 338.0389
[M + H]*; '"H NMR ¢ 1.10 (t, J = 7.0 Hz, 3H), 2.27 (s, 3H),
2.40 (s, 3H), 3.13-3.23 (m, 1H), 3.61 (s, 2H), 4.08-4.18 (m, 1H),
6.28 (s, 1H), 7.09 (s, 1H), 7.49 (s, 1H); *C NMR 12.49, 17.38,
18.64,41.54,43.99, 116.04, 117.58, 120.38, 127.24, 131.97, 142.17,
151.29, 152.02, 159.96, 165.45; mp: 171 °C; IR (v, /(cm™"), KBr):
1723, 1676, 1626, 1614, 1558, 1502, 1444,

(5),. (Limited characterisation) ESI-MS: 513 [M + H]"; 'H
NMR 6 1.11 (t, J = 7.1 Hz, 6H), 2.23 (s, 6H), 2.39 (s, 6H), 3.20—
3.31 (m, 2H), 3.45 (d, J = 15.8 Hz, 2H), 3.74 (d, J = 15.8 Hz,
2H), 4.07-4.19 (m, 2H), 6.28 (s, 2H), 7.03 (s, 2H), 7.53 (s, 2H);
BCNMR 12.76, 17.12, 18.65, 30.29, 43.67, 60.66, 116.18, 117.58,
120.56, 132.01, 140.39, 151.24, 152.20, 159.79, 171.14; mp: 133—
134 °C; IR (V0 /(cm™"), KBr): 3450, 3066, 2983, 2930, 1728, 1662,
1611, 1557, 1499, 1448.

6Boc. A sample of 3 (3.10 g, 7.23 mmol) was dissolved in
CHCI; (100 mL) and TEA (10.20 mL, 7.40 g, 72.3 mmol) was
added to the solution. The solution was flushed with Ar for
10 min. N-Boc-Bromoethylamine (1.77 g, 7.95 mmol), dissolved in
CHCI; (20 mL) was added dropwise (1 h). Stirring was continued
for 24 h. Water was added. The phases were separated and
the aqueous phase was extracted with CH,Cl,. The combined
organic phases were washed with water and dried (MgSO,). The
solution was concentrated. The sample was subjected to column
chromatography [silica, CH,CL,—'PrNH, (0 — 20%)] to afford a
pale yellow solid (1.21 g, 29%): HR-ESI-MS (C;,H,NOs): calcd
573.3759 [M + HJ*, obsd 573.3765; '"HNMR 0 1.06 (t,J/ = 7.1 Hz,
3H), 1.22 (s, 9H), 2.24 (s, 3H), 2.39 (s, 3H), 2.38-3.23 (m, 24H),
4.02 (m, 1H), 6.26 (s, 1H), 7.00 (s, 1H), 7.48 (s, IH); *C NMR
12.72,17.22, 18.55, 28.19, 38.79, 43.09, 45.96, 47.41, 47.63, 51.49,
51.75, 51.98, 53.16, 53.35, 77.98, 115.67, 117.07, 120.02, 127.25,
131.65, 142.70, 151.44, 152.05, 156.07, 159.96, 169.56, 172.73; mp:
55 °C; IR (Ve /(cm™"), KBr): 3368, 2975, 2933, 2824, 1703, 1664,
1626, 1614, 1559, 1502.

15Boc. A sample of 6Boc (1.09 g, 1.91 mmol) was dissolved
in CH;CN (6 mL). K,CO; (4.25 g, 30.6 mmol), Nal (4.58 g,
30.6 mmol) and ethyl bromoacetate (2.12 mL, 3.19 g, 19.1 mmol)
were added to the solution. The mixture was refluxed under Ar
for 24 h. The sample was concentrated. The residue was dissolved
in a mixture of water and CH,Cl,. The phases were separated and
the aqueous phase was extracted with CH,Cl,. The combined
organic phases were washed with water and dried (MgSO,).
The solution was concentrated. Column chromatography [silica,
CH,CL-PrNH, (0 — 5%)] yielded an off-white solid (0.99 g,
70%): ESI-MS: 743 [M + HJ*, 765 [M + Na]*; '"H NMR ¢ 1.12
(m, 3H), 1.25 (m, 6H), 1.38 (s, 9H), 2.32 (s, 3H), 2.45 (s, 3H),
2.00-3.21 (m, 33H), 4.15 (m, 1H), 6.29 (s, 1H), 6.95 (s, 1H), 7.62
(s, 1H); *C NMR 12.58, 14.06, 14.12, 17.53, 18.87, 28.38, 43.48,
43.71, 50.52, 53.40, 55.10, 55.73, 56.27, 61.23, 61.36, 67.74, 79.98,
105.01, 115.84, 116.78, 117.10, 120.49, 127.99, 141.48, 141.55,
151.86, 160.06, 170.64, 173.24.

15. Asolution of 15Boc (0.99 g, 1.33 mmol) in CH,Cl, (10 mL)
was treated with TFA (5 mL). The reaction mixture was stirred
at room temperature for 30 min. The volatile components were
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evaporated. The residue was redissolved in CH,Cl,. Concentrated
aqueous KHCO; was added in small portions until pH 8 was
reached. The aqueous phase was extracted with CH,Cl,, and the
combined organic phases were washed with water. The organic
phase was dried (MgSO,). A pale yellow solid was obtained
after evaporation of the solvent, which was used without further
purification (0.72 g, 84%): ESI-MS: 643 [M + H]*, 686 unassigned,
'HNMR 6 1.07 (t, J = 6.9 Hz, 3H), 1.13-1.26 (m, 6H), 2.25 (s,
3H), 2.39 (s, 3H), 2.32-3.74 (m, 27H), 4.04-4.17 (m, 5H), 6.26 (s,
1H), 7.00 (s, 1H), 7.50 (s, 1H), 7.95 (s, 1H), 8.01 (br s, IH); *C
NMR 12.63, 14.00, 17.20, 18.64, 43.22, 49.16, 49.82, 50.95, 51.88,
53.39, 54.95, 60.42, 63.99, 115.74, 117.11, 127.47, 151.99, 160.09,
162.44, 164.67, 166.44, 171.38.
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N-Acetylated amino sugars are essential components of living organisms, but their dynamic
conformational properties are poorly understood due to a lack of suitable experimental methodologies.
Nuclear magnetic resonance (NMR) is ideally suited to these conformational studies, but accurate
equations relating the conformation of key substituents (e.g., the acetamido group) to NMR
observables are unavailable. To address this, density functional theory (DFT) methods have been used
to calculate vicinal coupling constants in N-acetylated amino sugars and derive empirical Karplus
equations for *J N2, of N-acetyl-D-glucosamine (GlcNAc) and N-acetyl-D-galactosamine (GalNAc).
The fitted Karplus parameters were found to be similar to those previously derived for peptide amide
groups, but are consistently larger in magnitude. Local intramolecular interactions had a small effect on
the calculated J-couplings and comparison with experimental data suggested that DFT slightly
overestimated them. An implicit solvation model consistently lowered the magnitude of the calculated
values, improving the agreement with the experimental data. However, an explicit solvent model, while
having a small effect, worsened the agreement with experimental data. The largest contributor to
experimentally-determined *J yny2,-couplings is proposed to be librations of the amide group, which are
well approximated by a Gaussian distribution about a mean dihedral angle. Exemplifying the usefulness
of our derived Karplus equations, the libration of the amide group could be estimated in amino sugars
from experimental data. The dynamical spread of the acetamido group in free a-GlcNAc, B-GlcNAc
and o-GalNAc was estimated to be 32°, 42° and 20°, with corresponding mean dihedral angles of 160°,

180° and 146°, respectively.

1. Introduction

N-Acetylated amino sugars are essential components of living
organisms from bacteria to plants and animals.'* For example,
chitin, a polymer of N-acetyl-D-glucosamine (GIlcNAc), is the
main constituent of the arthropod exoskeleton.* Amino sugars
are also part of the oligosaccharide decorations to glycoproteins
in humans, which allow the body to recognize itself (GlcNAc
is characteristic of the A blood-group antigen), among other
functions." Furthermore, amino sugar derivatives comprise a
large mass-fraction of the vertebrate extracellular matrix, being
the major constituent of glycosaminoglycans (GAGs).*’

The GAGs are a family of carbohydrate polymers, named
according to their basic repeating disaccharide, which comprises
an amino sugar and a single uronic acid sugar. For instance, the
GAGs hyaluronan and heparan sulfate contain GIcNAc, while
chondroitin sulfate contains N-acetyl-D-galactosamine (GalNAc),
see Fig. 1. They are found in all vertebrate tissue and although it
is known that GAGs partake in cell signaling, development and
growth,>*® many of their functions are not presently understood.
One of the major reasons for this poor appreciation of GAG
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Fig. 1 Structure and ring numbering of the o- (A) and B- (B) anomers
of N-acetylated amino sugars; only the anomeric-ring hydroxyl group is
shown. The two hydrogen atoms involved in the *J v, -coupling are shown
together with the corresponding angle 6. In GlcNAc (1) all ring hydroxyl
groups are equatorial; GalNAc (2) differs in that the hydroxyl group at the
C*-position is axial.

function is the current lack of detailed information about their
dynamic 3D-organization in solution.” Among experimental
techniques, vibrational and nuclear magnetic resonance (NMR)
spectroscopy are applicable to these investigations in aqueous
solution. While vibrational spectroscopy can yield some of this
information, extensive theoretical analysis is currently required to
deconvolute the resultant spectra.’ A more suitable technique
is NMR, which can determine 3D-structural information at
atomic resolution in relatively complex molecules. Unfortunately,
the repeating nature of GAGs results in little chemical shift
dispersion, which has reduced the effectiveness of NMR in this
area.!2 However, recent advances in NMR instrumentation and
experiments, coupled with chemical and biological methods for
derivation, purification and labeling, are finally allowing the
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3D solution structures of these complex carbohydrates to be
investigated with unprecedented atomic accuracy.'>15

Structural information is usually obtained from NMR experi-
ments using the nuclear Overhauser effect (NOE) or residual dipo-
lar couplings (RDC) induced by weak alignment. Furthermore,
the scalar coupling (also referred to as spin—spin or J-coupling)
between nuclei can be used to provide structural information if
the relationship between bond geometry and coupling is known.
This approach has been used to determine the conformational
dependence of several saccharides,'®* but in many cases, such
as around the acetamido moiety of the important amino sugars,
the geometry—coupling relationship has not been investigated.
In general, this relationship can be described by the Karplus
equation, an empirical relationship relating coupling constants
to bond dihedral angle and a second order expansion in the
cosine of this angle, which is regularly used in chemistry to
obtain geometrical information. The parameters needed to define
a Karplus relationship are traditionally determined using coupling
constants of molecules with known geometries and are then used
to analyze systems with unknown geometries.”” However, one may
calculate coupling constants using theoretical quantum-chemistry
methods for any arbitrary geometry. This approach has been
unpopular because significant computational effort is required to
produce accurate results.

With the advance of computational methods and power it is
now feasible to pursue the theoretical approach more routinely.
Recently, it has been shown that density function theory (DFT) can
calculate scalar couplings very accurately by employing basis-sets
that describe the electronic environment near the nucleus well.**
It has also been shown that the computational cost can be greatly
reduced by calculating the dominating Fermi contact (FC) term
of the scalar coupling using a larger basis-set and the compu-
tationally more demanding but smaller remaining contributions
from the paramagnetic spin—orbit (PSO), diamagnetic spin—orbit
(DSO) and spin dipolar (SD) terms using a smaller basis-set.?'*
Modern DFT calculations hold the promise of unprecedented
accuracy in geometry—coupling estimation because all dynamics
are frozen-out in calculations. This is not possible directly from
experimental measurements of even the most rigid molecules,
which generally report lower values than theoretical methods due
to local librations.* Furthermore, DFT calculations that include
solvent effects show improved accuracy, giving results in close
agreement with the experimental NMR measurements.?>*

Hydrogen-bonding interactions (intramolecular and inter-
molecular) are essential for defining carbohydrate 3D-structure
in aqueous solution.”” The theorized role of the amide group
as both a hydrogen-bond donor and acceptor in solvated GAGs
makes detailed analysis of this group particularly important.® In
N-acetylated 2-deoxyamino sugars, the H? proton is fixed within a
pyranose ring and its coupling to the HY proton provides detailed
information of the rotation of the entire acetamido group. Thus,
we have employed the recent developments in DFT calculations
to derive Karplus equations suitable for use in the amino sugars
found in GAGs (GIcNAc and GalNAc). The change in the derived
Karplus parameters with a change in the anomeric form of the
amino sugar was investigated in GIcNAc, where both the - and [3-
anomers were considered. Also, the effects of including an implicit
or an explicit solvent model was explored, the latter with the
aid of data from molecular dynamics (MD) simulations. Since

the interaction with water has been found to be important for
determining carbohydrate conformation,? we employed classical
MD simulations with explicit water molecules, rather than more
complex ab initio MD methods which are generally used in vacuo.*
Information from the MD simulations was also used to model
dynamical effects and an equation was derived to estimate the
dynamic conformational spread of the acetamido moiety directly
from a derived Karplus equation and NMR measurements.

2. Methods

2.1 Density functional theory (DFT) quantum methods

In all cases, the D-pyranose rings of the N-acetylated amino sugars
were fixed in the * C,-chair conformation, in which the O'-hydroxyl
is axial and equatorial in the o- and B-anomers, respectively. For
the g-anomer of GlcNAc, SD, PSO and DSO spin—spin coupling
terms were included using DFT (B3LYP?) with the IGLOO-IIT
basis-set (11s,7p,2d/6s,2p) [7s,6p,2d/4s,2p].* The FC term (used
for all coupling calculations) was calculated using the HIIIsu3
basis-set,”? where for first and second row atoms the s-orbital
functions of the IGLOO-III basis-set are decontracted and the
resulting basis is augmented by three tight s-orbital functions
in an even-tempered manner (14s,7p,2d/9s,2p) [14s,6p,2d/9s,2p].
Using this approach, calculations could be performed with a
reasonable amount of computer time for these purposes and gave
results in good agreement with the basis-set limit results published
previously.?!

All coupling constants were calculated using structures opti-
mized at the B3LYP/6-31G(d,p) level of theory. The calculations
were performed using the Gaussian 03 software rev. D (where the
FC calculation can easily be calculated separately from the spin—
spin coupling terms). The implicit PCM method implemented in
the G03 software was used where specified.

2.2 Derivation of the Karplus and related equations

The Karplus equation is an empirical relationship that relates
a three-bond dihedral angle (¢) to the corresponding scalar
coupling. It is a truncated cosine expansion, shown in eqn (1),
with a parameter (@) that reflects the phase shift between the
cosine modulation and the measured dihedral angle. In eqn (1),
the predicted scalar coupling is J and A, B, and C are empirical
constants fitted to either calculated or experimental data.

J = Acos*(0 + ¢) + Bcos(0 + p) + C (1)

In this case, the angle 6 was defined to be the H>-C>-N"-HN
torsion (Fig. 1), which by symmetry of the electronic orbitals
allows ¢ to be zero for the three-bond coupling. This torsion was
rotated through 360° in 30° degree increments, and at each point
minimization was performed, followed by spin-spin coupling
constant calculation. A Karplus-type equation was derived by
non-linear least-squares fitting the resultant spin—spin couplings
to the general eqn (1). In this procedure, implicit solvation
(when used) was applied during both minimization and spin-spin
coupling calculation.

Although eqn (1) only allows calculation of spin—spin coupling
for a static structure, it can be generalized to the case of harmonic
motion about a mean angle ¢ by integration. If the motion is
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assumed to be Gaussian with a standard deviation of o, then
the A, B and C parameters in eqn (1) can be replaced by the
modifications shown by eqn (2), as described previously.*

A= g =gl T 0=y g [1-e91 o

Assuming that the libration (¢) is small, it is possible to simplify
eqn (2) considerably assuming B’ = B, since the exponential
term in B’ is very close to 1 for small angles. Furthermore, by
substitution of these approximated equations into eqn (1), it is
possible to derive a relationship between the dynamic spread, o,
the measured coupling, J, and the original Karplus coefficients
from eqn (1), which is shown in eqn (3). Such an equation can
be used to calculate the angular spread for librations around
the cis or trans conformation (by suitable substitution of 6),
from an experimentally measured coupling and derived Karplus
parameters. Due to the assumption made for B, the result of eqn
(3) will always be slightly larger than the correct value, but will be
negligible for small angles.

, 1 AQ2cos20 — 1)
o’ ~ —log,

- 3
2 2J —2BcosO —2C — A4 3

2.3 Molecular dynamics simulations

Molecular dynamics (MD) simulations were performed using the
CHARMmM?* package with explicit solvent and using a force-
field suitable for carbohydrates. Temperature was kept constant
at 298 K using weak coupling to a heat bath and long-range elec-
trostatics were treated using the particle-mesh Ewald summation
method, as described previously.” Following equilibration, each
simulation was performed for a total time of 5 ns and coordinate
snapshots were saved at 0.05 ps intervals for subsequent analysis.

Models of the sugars that included several important explicit
water molecules were constructed from a representative snapshot
of the MD simulation (selected using statistical analysis of water
interactions during the complete MD simulation) by deletion of
non-essential water molecules and minimization using a molecular
mechanics force field (MMX?** in PCModel*), which includes a
hydrogen-bonding potential. The resulting structures were then
minimized without any restraints using the aforementioned DFT
method. This procedure was iterated until a structure was found
that both satisfied the MD data and converged to a low-energy
minimum according to DFT.

2.4 NMR experiments

N-Acetyl-D-galactosamine was obtained from a commercial
source (SigmaAldrich) and used without further purification. The
NMR sample was made up in H,O with 10% D,O for deuterium
locking and the pH was adjusted to 6.0 using NaOH and HCL
The NMR spectra were recorded at 600 MHz and the */-coupling
constant was determined using a simple 1D 'H spectrum with
WATERGATE solvent suppression; 128 scans of 32k complex
datapoints were collected (interscan delay of 2s) and the resulting
free-induction decay was processed using NMRPipe.3¢

3. Results

Theoretical density functional theory (DFT) quantum calcula-
tions of spin—spin couplings were performed on isolated molecules

and in the presence of implicit and explicit solvent to determine the
relative importance of intramolecular and intermolecular effects.
Results obtained by considering each of the two effects separately
are reported in the following sections, followed by an investigation
of the importance of internal dynamics.

3.1 Intramolecular effects

The DFT calculation of the scalar coupling constants of a-GlcNAc¢
was carried out by including the Fermi contact (FC) term using
the larger HIIISu3 basis-set and the remaining terms (PSO, DSO
and SD) using the smaller IGLOO-III basis-set. This calculation
was performed on 12 static (DFT optimized) structures that
differed by successive 30° rotations of the amide group and the
results are shown in Fig. 2 and 3. Eqn (1) was fitted to these
calculated coupling constants via the parameters A, B and C.
At the maximum of the Karplus curve (i.e., when the H>-C>—
NH-HN angle, 6, is 180°) the calculated non-FC terms are: SD:
—0.03 Hz, PSO: 3.04 Hz and DSO: —2.95 Hz giving a net total
of 0.06 Hz contribution, compared with a FC contribution of
11.90 Hz. This result suggests that the FC term is by far the
dominant contribution to this three-bond coupling. Indeed, when
the fitting procedure was repeated on calculations performed using
only the Fermi contact term (FC-only), identical values for the A4,
B and C parameters were obtained within fitting error. These
results are illustrated in Fig. 2, which shows that the PSO and
DSO terms nearly cancel and that the SD term is sine-modulated,
since it exhibits a correlation to the inter-nuclear distance, rather
than orbital overlap. Based on these findings, the calculations on
B-GIcNAc and o-GalNAc (B-GalNAc was not considered) were
performed using the same method, but included only the FC term.
The results are presented in Fig. 3 and the fitted parameters are
given in Table 1.

Each geometry minimization was first performed using an
empirical force-field followed by DFT at fixed angle 0. In the latter
high-level minimizations, only local minima could be found and
hence the rotamer states of hydroxyl moieties did not change. For
some values of 6, the demand that this angle should remain fixed
led to deformation of the amide plane during DFT minimization
(see Fig. 4), which resulted from a steric clash between the
carbonyl oxygen and the O hydroxyl oxygen. Consequently, in

4
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Fig. 2 Calculated non-FC (SD = “—’, PSO = *--->, DSO = *..)

contributions to the density functional theory (DFT) calculated coupling
constants in a-GlcNAc as a function of the intervening dihedral angle 6.
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14 1 —1a (FC+SD+PS0O+SD0)
A — -1a (FC only)
12 4 -~ 1a (FC only, PCM)

141 —1a (FC+SD+PS0+SDO)

—=1b (FC only)

124 - --2a (FC only)

0 60 120 180 240 300

B/e

Fig.3 Calculated *J g plotted as a function of the dihedral angle 6 (note arbitrary line-fit). A) DFT calculated scalar coupling constants for o-GlcNAc.

Full calculation (SD + PSO + DSO + FC) = “—’, FC-only = *---’, FC-only including implicit solvent effects (PCM) = *- -

B-GleNAc (FC-only) = *---’, a-GalNAc (FC-only) = *- - .

Table 1 Karplus coefficients fitted to DFT-calculated scalar coupling
constants. Full refers to DFT calculation, including all terms of the
coupling constant (FC, DSO, PSO, SD). FC refers to DFT calculations
including only the FC-term of the coupling constant. FC [PCM] refers
to DFT calculations of the coupling constant including only the FC-term
and including the implicit PCM for solvation. Error refers to the fitting
error to the Karplus equation (1)

A Error B Error C Error
[1] lo-Full 9.81 +£0.23 —1.51 =+0.12 0.62 +0.14
[2] lo-FC 9.56 +0.23 —1.62 +£0.11 0.69 +0.14
[3] lo-FC[PCM] 9.60 +£0.20 —1.51 =£0.10 099 +0.12
[4] 1B-FC 945 +0.26 —2.08 £0.13 0.63  £0.16
[5] 20-FC 10.02  +£0.21 —-1.79 +0.10 049 £0.13
Ref. 24« 944 — —-1.53 — 0.07 —
Ref. 24° 9.14 — —2.28 — -0.29 —

“Values derived using Ace-Ala—NMe. ° Values derived using Ala—Ala—
NH,.

successive minimizations the O® hydroxyl group could be found
either pointing towards or away from the carbonyl group. These
two orientations for the O® hydroxyl group (referred to as T and
A, respectively) resulted in differing levels of amide deformation
(Fig. 4). However, when the coupling constant was calculated
for both the A and T orientations at 6 = 180°, the calculated
difference in coupling was less than 0.2 Hz (Table 2). Furthermore,
although the extent of deformation was greater when 0 was fixed at
around 90° or 270°, the calculated vicinal coupling constants, and
subsequently any errors due to deformation, were found to be very
small. To investigate this further, the FC term was calculated for a-
GlcNAc with 0 fixed at 180°, and the out-of-plane bending of the
amide nitrogen was varied between 0° and 30° in 10° increments.
The result was a change of the vicinal coupling of 0.28 Hz (i.e., less
than 3% of the coupling constant), further suggesting that these
amide deformations have little effect on the accuracy of the scalar
coupling constants.

One may use the potential energy surface calculated during the
geometry optimization to estimate an average J-coupling. The 12
static conformers generated were Boltzmann weighted according
to eqn (4), where conformer « has internal energy E, and a
probability of observation of p, (ks is the Boltzmann constant

. B) 0-GleNAc (full) = “—,

Fig.4 Overlay of 12 DFT minimized structures of GIcNAc (top a, bottom
), with 30° incremental rotation of the HN-H? dihedral angle 6. The
carboxyl oxygen is represented by a sphere and the N"-H? bond by a
cylinder.

and T is the temperature).
e~ EalknT
P= 5 @

The average J-coupling is then estimated from the relative
populations of the 12 conformers and their calculated couplings.
This was performed on GlcNAc and the resulting average values
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Table 2 DFT-calculated scalar coupling constants (using only the FC contribution) for possible structures and solvent models of GIcNAc

Solvent 6/° OH config. Calc. *J i)/ Hz Pred. *Jypye)/Hz
o-GlcNAc
Vacuo 180 A 11.9 11.9
Vacuo 180 T 12.1 11.9
PCM 180 A 11.7 11.9
PCM 180 T 12.0 11.9
Explicit 168 T 11.2 114
B-GlcNAc
Vacuo 180 T 12.5 12.2
Vacuo 180 A 12.5 12.2
PCM 180 T 11.9 12.2
Explicit 163 A 11.8 11.3

were 5.09 Hz and 1.04 Hz for the o- and B-anomers respectively
(cf. experimental values of 8.9 Hz and 9.1 Hz, respectively). The
very poor agreement of the calculated average couplings of the -
anomer with the experimental data is due to the potential energy
surface of this anomer showing a minimum energy value around
270°, where a stabilizing intramolecular hydrogen bond is formed.
Similarly for the a-anomer, the minimum energy is found in the cis
orientation (near 60°), where a hydrogen bond is formed between
the carbonyl group of the amide and the anomeric hydroxyl
group. Similar results were found when including an implicit
solvent model (data only calculated for the o-anomer). Again the
stabilizing intramolecular hydrogen bond in the cis orientation
(near 30°) yielded the most stable conformation giving an average
J of 7.29 Hz. These results further support the need for explicit
water molecules to accurately predict the populations of individual
conformers.

3.2 Intermolecular effects and internal dynamics

In aqueous solution, complex carbohydrates form numerous
hydrogen bonds to surrounding water molecules, which may be
regarded as an integral part of the carbohydrate 3D-solution
structure. The simplest method for including solvent effects in
DFT calculations is by the use of an implicit solvent model (such
as the PCM used here), where the solute molecule is placed in a
cavity and polarized according to the properties of the solvent.
Using this model the FC contribution of the scalar coupling
was calculated (for GIcNAc), while forcing the dihedral angle
0 to 180° during in vacuo DFT optimization. This was done to
facilitate direct comparison of the different methods, and since
at this angle the highest value for the scalar coupling is obtained
(Table 2). Including implicit solvent has a small effect and appears
to decrease the magnitude of the scalar coupling. The effect is
larger in the B-anomer (0.6 Hz) of GlcNAc compared to that in
the a-anomer (0.2 Hz).

While the implicit solvation model is computationally efficient,
it ignores important electronic effects that may result from local
hydrogen-bonding interactions to solvent water molecules. There-
fore, in order to investigate the effect of these specific interactions
on coupling constants, explicit models of water interaction were
produced from 5 ns molecular dynamics (MD) simulations of
GlcNAc using a molecular mechanics force-field. The mean ori-
entation of various rotatable bonds and their standard deviations
were calculated from the simulations (Table 3). From the table, it
can be seen that the H>-C?>-N"-HN torsion is predominantly in the

Table 3 Conformer population of rotatable bonds in GlcNAc from MD
simulations, together with average torsion angle (¢) and standard deviation
(o). The rotamer states g+, g— and 7 represent torsion angles of 0° to 120°,
—120° to 0° and 120° to —120°, respectively

a-GlcNAc B-GlcNAc
Rotamer g+ g— t g+ g— t
O°-C'-O'-H
Population (%) 94 2 4 29 64 7
0 45 341 157 36 315 201
o 20 22 20 21 23 20
C-C*-0O’-H
Population (%) 13 57 29 9 52 39
0 56 287 196 63 283 195
o 21 22 23 20 21 23
C-C*-0O*-H
Population (%) 78 13 9 76 12 12
0 65 310 144 66 307 146
o 23 21 17 23 21 18
C-C-C*-0O°
Population (%) 57 2 41 53 2 45
0 61 282 187 60 284 186
o 10 17 13 11 17 13
C-C*-O°-H
Population (%) 32 21 47 32 23 45
0 66 292 180 67 288 180
o 23 25 25 22 24 25
H-N-C>-H
Population (%) — 0 100 — 13 87
0 — — 161 — 3 180
o — — 29 — 57 21

“ For HN-N"-C>-H? the cis orientation is given under ‘g—’.

trans orientation in both cases, with mean torsion angles of 161°
and 180° for the a- and B-anomers, respectively. Furthermore, the
MD simulations were used to identify the positions of key water
molecules in GlcNAc (Table 4). Those water molecules found to
be involved in hydrogen bonds and water bridges to the amide
were suitably positioned in a static model, which was subsequently
optimized using DFT. The two optimized structures for a- and f3-
GIcNAc, with attendant explicit water molecules, are shown in
Fig. 5. These geometries were used as a basis for calculating the
FC contribution to the three-bond scalar coupling. These results
are also given in Table 2, which includes calculations of the two
anomers of GIcNAc (for both the A and T orientations) excluding
any solvent effects. Furthermore, the scalar couplings have also
been calculated by using the Karplus relationship derived in vacuo
(see above).
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Table 4 Important water bridges and hydrogen-bonding interactions
identified from MD simulations of GlcNAc; those shown in bold were
found to be important for the conformation of the amide moiety

0o-GlcNAc B-GlcNAc
H,O () (H,0), (%) H,0 (%) (H,0), (%)
N>-O' 13 15 10°-10" 18 14
O-N? 12 15 10*-10° 22 26
o0 19 24 10°-10° 15 11
0-0° 19 16 10°-1IN? 2 12
0°-0! 6 17 10°-10! 3 40
o-0° 19 16 10°-10° 15 11
0°-0* 2 11 10°-10* 3 12

Fig. 5 Stereo view of the ab initio optimized structure of GIlcNAc,
including water bridges identified from MD simulations (A = o, B = f).
The dashed lines show intermolecular hydrogen bonds.

The change in the scalar coupling on inclusion of explicit water
molecules does not follow a definite trend, which is expected since
the solvent molecules are directly interacting with the solute and
thus the change in electronic configuration is complex. It is noted
that although only the a-anomer model has direct interactions
between the amide proton and water molecules (Fig. 5), it is the -
anomer that shows the greatest deviation from the derived Karplus
relationship defined above. Therefore, from the data in Table 2 it
is concluded that the deviation from the *JyNy2, due to solvent
effects is less than 0.6 Hz (i.e., less than 5%).

Using the H>-C*-N"-H" dihedral angle data from the MD
simulations and the Karplus parameters (defined earlier), an
average value for the scalar coupling constant could be determined
for a/B-GlcNAc. The coupling constants were calculated by
integrating the Karplus equation, as described in eqns (1) and (2),
about an angle @ with a Gaussian distribution (standard deviation
o) The average angles and standard deviations extracted from
the MD simulations were used (Table 2). This latter method was
repeated for a-GalNAc, using the same 0 and ¢ parameters as for
0-GIcNAc. The results are presented in Table 5 together with the
experimentally-measured coupling constants.

4. Discussion

The use of isotopic " N-labeling has greatly benefited NMR studies
of proteins, and brought about a cascade of experimental and
theoretical developments. In particular, the *Jgnye,-coupling can
be measured residue-specifically by multidimensional NMR tech-
niques, which is a useful measure of protein and peptide conforma-
tion. Based on these methodological successes, it is natural to apply
them to other, similar, molecules. N-Acetylated amino sugars
are ideal candidates because although they are carbohydrates,
they also have amide-containing side-chains. Furthermore, the
acetamido side-chains play an important role in determining the
conformation of vertebrate and bacterial polysaccharides and N-
and O-linked glycans. However, there are both experimental and
theoretical limitations to using 3J-couplings in the acetamido side-
chain for conformational analysis. First, a method is required
to measure these couplings in oligosaccharides. Recent work has
shown how ""N-labeling can be used to resolve individual amide
protons in defined-length hyaluronan oligosaccharides, over-
coming the first limitation.” Secondly, while there are equations

Table 5 Experimental *J e, scalar coupling and corresponding calculated coupling using appropriate Karplus equations derived here. Calculations
include averaging over MD populations and by assuming a Gaussian distribution of conformers (¢) about a frans mean dihedral angle ()

o-GIlcNAc/Hz

B-GlcNAc/Hz a-GalNAc/Hz

8.88

8.93
8.91¢
9.13¢
9.10/
9.07¢
9.29"

Experimental
MD average® (0 both cis and trans)

Gaussian average (0 exclusively trans)

9.07 8.42
10.39¢ —
10.91° 9.3y

“ Using corresponding parameters from Table 1. * Parameters from [1] in Table 1. ¢ Parameters from [2] in Table 1.  Parameters from [3] in Table 1.
¢ Parameters from [4] in Table 1./ Modified parameters from [1] in Table 1; 4' = 5.9, B = —1.3, C' = 0.6; § = 159, ¢ = 29. * Modified parameters from
[2]in Table 1; 4'=5.7, B = —1.4, C'=0.7; 0 = 159, ¢ = 29. " Modified parameters from [3] in Table 1; 4'=5.7, B = —1.3, C'=2.9; 0 = 159, 6 = 29.
"Modified parameters from [4] in Table 1; 4' = 7.2, B = —1.4, C' = 1.7; 0 = 180, ¢ = 21.7 Modified parameters from [5] in Table 1; 4’ = 6.0, B = —1.6,

C'=25;0=159,0=29.
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that relate measured *JyNyo-couplings to conformation in
proteins, 3 no corresponding equations exist for these im-
portant amino sugars, restricting the usefulness of accurate
experimental measurements. The investigation undertaken here
was designed to determine the sensitivity of the *J N2, vicinal
coupling in N-acetylated amino sugars to conformation, within
their unique chemical environment. This involved the analysis of
electronic structure, solvent and dynamics.

4.1 Scalar couplings in the pyranose ring

A few observations can be made from the *J-data involving the
H? atom, shown in Table 6. Firstly, in all cases the calculated
3J-coupling constants are larger in magnitude than the corre-
sponding experimental values. This is corrected to some extent
by inclusion of the implicit solvent model, but the values remain
consistently larger than the experimental values. Secondly, the
discrepancies are not fixed amounts and vary depending on the
chemical environment of the coupling. It is therefore suggested
that these observations can be explained by internal molecular
dynamics. Furthermore, it would suggest that the pyranose ring
itself undergoes slight changes in puckering, which should be
quantifiable by detailed analysis of accurate coupling-constant
measurements. From the data in Table 6 it is observed that
the larger trans H>~H? coupling constant differs more from the
experimental data than the smaller trans H'-H? coupling constant
in the B-anomer. This observation can be explained by the fact
that the larger coupling constant will decrease by a larger amount
than a smaller one, given they have the same ranges of motion and
average angles. Similarly for the a-anomer it is observed that the
larger H>-H? coupling differs from the experimental data more
than the smaller H'-H? coupling constant. Although one may
intuitively also expect this discrepancy to be due to dynamical
effects, the libration is not about a local maximum on a Karplus-
type curve, in fact here the dihedral angle is gauche (51°) and the
librations would lead to a very small change (increase or decrease
depending on the Karplus parameters) in the coupling constant.
The size of this overestimation may be approximated from a set of
Karplus parameters derived for cyclic H-C—-C-H vicinal couplings
(4 =11.16, B= —1.28, C = 0.77).*° Using this equation at the
gauche angle it was determined that a standard deviation spread of
angle of 10° (the MD simulation predicted that the spread would
be 8° in the pyranose ring) leads to a maximum change in coupling
of 0.1 Hz. This suggests that the overestimation will be in the range
of 0.4-0.6 Hz.

Table 6 Vicinal coupling constants involving H* of GlcNAc, together
with the corresponding DFT-calculated dihedral angles

3J].[I].IE/HZ 3J].H.F/I‘IZ 3JH3HN /Hz
Experimental o 3.60 10.74 8.88
B 8.46 10.40 9.07
In vacuo o 4.12 11.70 11.90
B 8.63 10.98 12.46
Implicit solvent o 4.08 11.56 11.69
B 8.79 10.98 11.94
Explicit solvent o 4.62 12.25 11.21
B 9.27 11.02 11.82

Based on these results it may be concluded that the calculated
values for the H'-H? scalar coupling in 0-GIcNAc are slightly
overestimated in the DFT calculations. One may speculate that it is
the solvent effects that are poorly modeled. However, experimental
results*! on a form of GIcNAc where all the hydroxyl groups are
acetylated shows that there is no change in this coupling constant
(the data are given to 0.1 Hz) when going from H,O to CDCl;,
suggesting that solvent effects are likely to be small. The remaining
sources for this overestimation are either due to the basis-set
or the DFT method itself. A larger basis-set is not expected to
improve the current calculations significantly, based on a previous
study.*? Furthermore, the same study found that overestimation
of coupling constants beyond motional dynamics is an intrinsic
property of the DFT methodology.

It is also noted that there are no simple factors that can be used
to correct for errors resulting from DFT calculations, suggesting
that the extent of this overestimation is coupling-specific. For the
trans three-bond H>-H? coupling the error is likely to be less than
10%, as any greater decrease would lead to calculated values lower
than those measured experimentally. It is therefore concluded
that although this inherent systematic error is small, one must be
vigilant when using Karplus parameters fitted to such calculations
as they are likely to result in either overestimation of the bond
librations or inaccurate mean dihedral angles.

4.2 Scalar couplings in the acetamido group, dynamics and
solvent effects

The experimental coupling constants for o- and B-GlcNAc are
8.88 Hz and 9.07 Hz for the two anomers respectively. If dynamical
effects were frozen out completely these experimental values would
correspond to a rotation of 30° from trans in both cases (using our
Karplus equation). This result is neither consistent with X-ray
diffraction data (which suggest a dihedral angle of 180° for o-
GIcNAC)*? nor MD simulations (where the average angles are 161°
and 180° for a- and B-GlcNAc, respectively). Therefore, dynamical
effects must explain the large deviation between the experimental
and calculated coupling constants for the flexible *J N2, scalar
coupling. If it is assumed that the 6 dihedral is exclusively trans in
B-GlcNAc, eqn (3) predicts that the standard deviation spread (o)
on the dihedral angle is 42°. Similar calculations for a-GIcNAc
result in a value for ¢ of 32°. This indicates that the f-anomer of
GIcNAc is more dynamic than the a-anomer, which is supported
by "N-NMR relaxation studies of hyaluronan oligosaccharides,
where the -anomer is found to have a lower order parameter than
the g-anomer."

It should be noted that the MD simulation of B-GIcNAc
shows a bimodal distribution of acetamido angles (while the trans
orientation of the @ dihedral is dominant, cis is also populated),
which cannot be taken into account by eqn (3). Averaging only
the trans conformations from the MD simulation, via fitting
to eqn (3), results in a larger predicted coupling and a worse
agreement with experimental data than averaging the whole
simulation (Table 5). Therefore, if this dihedral angle populates
both conformers in reality, the assumption that € is exclusively
trans for free GIcNAc will result in an overestimation of the spread
(o) of dihedral angles at the acetamido group. Alternatively, the
MD simulation both overestimates the relative population of the
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cis conformer and underestimates the dynamic spread around the
trans conformation.

In Table 5 the experimental and calculated coupling constants
(using the various approaches) are shown. The calculated coupling
constant using various Karplus equations derived for a-GlcNAc
differ little. The coupling constant calculated including an implicit
solvent model (PCM) is surprisingly higher than when a solvent
model is excluded. This difference appears as the geometry
optimization including the implicit solvent model favors the A
orientation of the O° atom, and in this orientation the coupling
constant is slightly higher than for the T orientation favored in
the in vacuo optimizations. It is interesting to note that local
geometrical changes have a similar (but slightly larger) effect on
the coupling constants than the calculated solvent effect. Similar
results are obtained when using the modified Karplus parameters
compared to averaging over the MD population, suggesting that
the distribution of conformers is Gaussian in the MD simulation.

In 0-GalNAc the experimental coupling constant is 8.42 Hz,
which is in disagreement with the calculated value reported in
Table 5 (9.35 Hz). This calculation is made using the Karplus
parameters derived specifically for a-GalNAc, but the 0 and ¢
values of eqn (1) and (2)are those determined for a-GlcNAc. Thus
it would appear that the mean dihedral angle or the extent of
libration is different in these two molecules. The crystal structure
of a-GalNAc is known and the dihedral angle of interest is
reported to be 146°.** Inserting this value into eqn (3), a dynamical
spread of 20° is found for this molecule. This suggests that both
the dynamics and the structure of a-GalNAc are different from
those of a-GlcNAc. This procedure can easily be repeated for
more complex systems such as in hyaluronan where the *J N2,
coupling constants for each amino sugar have been measured in the
hexasaccharide.”® We find by the methods presented here that the
amide group libration of the central ring (y ) in this molecule is 34°,
suggesting that this group is less dynamical than the corresponding
one in the free amino sugar.

In general, inclusion of the explicit solvent molecules worsens
the agreement between the experimental and calculated coupling
constants (see Tables 4 and 5). This may be due to the fact that the
intermolecular interactions with water are very dynamic and are
thus difficult to simulate using static DFT calculations. However,
the models that included explicit solvent molecules are much
more conformationally realistic than those without the solvent
model. This is evident when the a-GlcNAc structure is extracted
and superimposed with the available crystal structure (Fig. 6).
The positioning of the ring hydroxyl groups that form hydrogen
bonds with water molecules is nearly identical to those determined
by X-ray crystallography. The only differences between the two
structures are a deviation of the amide plane from planarity by
20° in the crystal structure (¢f. planar in the ab initio calculation)
and a deviation of the HY-H? dihedral angle by a compensating
amount in the ab initio calculated structure (¢f. trans in the crystal
structure). These discrepancies aside, this method does appear
to be able to generate realistic 3D-structures for these highly-
solvated carbohydrates in silico. Furthermore, one may argue
from these data that the a-anomer is involved in more hydrogen
bonds, see Fig. 6, which may explain the higher stability of this
anomer in aqueous solution than predicted by in vacuo calcula-
tions (where the more sterically-relaxed -anomer has the lower

energy).

Fig. 6 Overlay of the crystal structure and ab initio refined average
MD-structure of a-GIlcNAc.

5. Conclusions

Density functional theory (DFT) quantum calculations were
performed on N-acetylated amino sugars to make predictions
of 3J-couplings and the results were used to derive empirical
Karplus equations for *Jyny2,. The Karplus equations derived
for these sugars are sensitive to conformation and while the trend
is similar to those derived previously for proteins, the magnitude
of the couplings in sugars is found to be consistently larger due
to differences in chemical environment. It is therefore suggested
that Karplus equations derived for proteins are no longer used
for these important sugars. However, detailed comparison with
experimental data indicates that these extensive calculations using
the B3LYP method (even with a very large basis-set) tend to
slightly overestimate three-bond scalar couplings, which cannot
be corrected by any simple regularization process.

Calculated implicit solvent effects are small and lower the DFT-
calculated coupling constants, which improves the agreement with
the experimental data. The effect of local geometrical parameters,
excluding the dependence on the intervening dihedral angle, is
of the same order as implicit solvent effects. Due to the modest
contributions from these effects it is concluded that the *J N2,
and thus the Karplus parameters derived here are not sensitive
to these effects. Inclusion of explicit solvent molecules did not
improve the coupling constant calculations, but it was shown that
these are important to maintain a realistic structure for the sugars
during DFT minimization. For non-rigid bonds the largest effect
on the scalar coupling constant is due to dynamical effects (bond
libration). By integration of the Karplus equations, a relation is
presented that can estimate the range of libration of the acetamido
group from the DFT-derived Karplus parameters presented here
and an experimental *J~y2). Application of this method to the
sugars studied here suggests that the dynamical spreads at the
acetamido groups of 0-GlcNAc, B-GlcNAc and o-GalNAc are
32°,42° and 20°, respectively.
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Abbreviations

GlcNAc: N-acetyl-D-glucosamine; GalNAc: N-acetyl-D-galacto-
samine; GAG: glucosaminoglycan; DFT: density functional the-
ory; FC: Fermi contact; DSO: diamagnetic spin orbit; PSO: para-
magnetic spin orbit; SD: spin dipolar; MD: molecular dynamics;
PCM: polarizable continuum model; NOE: nuclear Overhauser
effect; RDC: residual dipolar coupling.
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A cationic polysaccharide bearing a -1,3-glucan main-chain structure (CUR-N*) forms a complex
with a hetero-sequence oligonucleotide, that is, a CpG ODN, and facilitates the transportation of the
resultant complex into a murine macrophage-like cell J774.A1, which induces an efficient secretion of a
cytokine (IL-12) as compared with that induced by conventional carriers such as poly(ethyleneimine)

(PEI) and poly(L-lysine) (PLL).

Introduction

Research toward exploitation of gene and drug delivery systems
using polymeric materials has rapidly grown over the past
decade.! Cationic polymers are frequently employed for the
delivery of antisense DNAs because of their ability to form
complexes with the DNAs through electrostatic interactions.”
Recently, increasing attention has been paid to unmethylated CpG
dinucleotide-containing oligodeoxynucleotides (CpG ODNSs) in
immunotherapy.> The unmethylated CpG motif is frequently
found in bacterial DNAs, which thereby stimulates cell-mediated
immune responses in mammals. Recent studies have revealed that
the CpG ODN s are excellent vaccine adjuvants against infectious
disease, cancer and allergy.® To bring this therapy into practical
usage, design of a good delivery system becomes indispensable. We
recently succeeded in delivering a CpG ODN into a macrophage-
like cell employing chemically modified schizophyllans (SPGs)1 as
carriers and demonstrated that cytokines are efficiently secreted.*
One serious drawback exists in this system, however, that we must
introduce a dA-tail to the CpG ODN, because the SPG derivatives
can bind homo-sequence ODNs but not hetero-sequence ODNs.*¢
As a result, we must inevitably use the ‘expensive’ dA-tail-
connected CpG ODN.

We have endeavoured to design artificial B-1,3-glucan derivatives
to extend and modify the ability of native B-1,3-glucan to bind
hydrophobic guest molecules. Recently, we found that CUR-
N*, which is a cationic polysaccharide derived from curdlan
(CUR) (Fig. 1) using ‘click chemistry’,” shows interesting binding
properties toward a homo-sequence polynucleotide (poly(C))

“Department of Chemistry and Biochemistry, Graduate School of Engineer-
ing, Kyushu University, Motooka 744, Nishi-ku, Fukuoka, 819-0395, Japan.
E-mail: seijitcm@mbox.nc.kyushu-u.ac.jp

*Department of Chemical Processes and Environments, Faculty of En-
vironmental Engineering, The University of Kitakyushu, Hibikino 1-1,
Wakamatsu-ku, Kitakyushu, Fukuoka, 808-0315, Japan

T Electronic supplementary information (ESI) available: Spectroscopic,
DLS, and cytotoxicity data (Fig. SI-S16). See DOI: 10.1039/b705997¢

i Schizophyllan (SPG) is a natural polysaccharide produced by the fungus
Schizophyllum commune, which consists of a -1,3-glucan main chain
bearing a B-1,6-glucoside side chain at every third glucose unit.

and various kinds of hydrophobic guest molecules in aqueous
solution.® Herein, we describe the unique binding phenomenon
between CUR-N* and a hetero-sequence oligonucleotide, that is,
the CpG ODN and the transportation of the resultant complex
into a murine macrophage-like cell in detail. Most importantly, we
have found that CUR-N" can bind to a hetero-sequence ODN even
though it bears no dA-tail. Subsequently, the ability of the CUR-
N*—CpG ODN complex to induce cytokine (IL-12) secretion has
been compared with those of PEI and PLL to assess the feasibility
of this delivery system.

Seor
A
OH N-N
‘L‘.&&ol MQ
oH I OH
CUR CUR-N+
AHg NHoHBr
) :1
H o X y NT,
1] O H
(C2HsN)n
PEI PLL

Fig. 1 Chemical structures of CUR, CUR-N*, PEI (C,H;N is counted
as the monomer unit in this study) and PLL.

Results and discussion

Synthesis and materials

As a CpG ODN, 5-TCC ATG ACG TTC CTG ATG-3' (18 mer,
the key sequence’ in italic) was used and CUR-N* (M, =
32000 (M, /M, = 1.6)) was synthesized according to the re-
ported method.*' The molecular weights (M,,) of PEI and PLL
used in this study are 25000 (branched) and 15000-30 000,
respectively.
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Complex formation between CUR-N* and ODN

We evaluated the complexation ability of CUR-N* toward the
CpG ODN by spectroscopic measurements. Fig. 2A (a) shows
the UV-vis and circular dichroism (CD) spectra of the CpG
ODN in aqueous solution (no salt and buffer, pH = 6.0) at
25 °C. When we added CUR-N* to this solution, the UV-vis
and CD spectra changed significantly depending on the amount
of added CUR-N", indicating that complexation occurred. These
spectral changes can be ascribed to the conformational changes
of the CpG ODN induced by the complexation with CUR-
N* because the CD intensity and absorbance of CUR-N" itself
is negligible in this wavelength region. The CD intensity was
increased with an increase in the amount of CUR-N* up to [CUR-
N*]/[CpG ODN] = 1 and then it was decreased and saturated at
[CUR-N*]/[CpG ODN] = 2 (Fig. 2B (a), [CUR-N*] and [CpG
ODN] denote the concentration in monomer unit and base unit,
respectively). At [CUR-N*]/[CpG ODN] = 1 (Fig. 2A (b)), the
CD intensity was increased and the absorbance was decreased
compared with those of CpG ODN alone. These facts indicate that
the base stacking was intensified at this composition. Conversely,
at [CUR-N*]/[CpG ODN] = 2 (Fig. 2A (¢)), the CD intensity was
decreased and the absorbance was increased, which is indicative of
weakened base stacking.§ These results suggest that CUR-N* can
take two different types of complex with the CpG ODN depending
on the feed ratio and the base alignment of the CpG ODN in
each complex is different, the base stacking of the CpG ODN is
intensified in a 1 : 1 complex and weakened in a 1 : 2 complex.
Since the hydrophobic domains of native B-1,3-glucans such as
SPG and CUR show almost no affinity with hetero-sequence
RNAs and DNAs,>® we presume that electrostatic interactions
between CUR-N* and the CpG ODN contribute effectively to
this complexation mode.

Absorbance

__(b) CUR-N*
sl |
S

1 2 3 4 5

- - - : -25 Polycation}{CpG ODN|
0 240 260 260 300 320 340 [Ranoeton¥Iced 20N

Wavelength (nm)

Q
22

Fig.2 (A) CD and UV-vis spectra of [CUR-N*]/[CpG ODN] =0 (a), 1
(b) and 2 (c) in aqueous solution (pH = 6.0-6.5) and (d) [CUR-N*]/[CpG
ODN] = 2 in PBS aqueous solution (pH = 7.4) at 25 °C with a 1 cm cell.
(B) Plots of CD intensity at 281 nm against [CUR-N*]/[CpG ODN] (a) in
aqueous solution and (b) in PBS aqueous solution, (c) [PEI]/[CpG ODN]
and (d) [PLL]/[CpG ODN]in PBS aqueous solution ([CpG ODN] = 6.3 x
1075 M).

To evaluate the stability of the CUR-N*-CpG ODN complex
under the physiological conditions, we again measured UV-
vis and CD spectra of the CUR-N*-CpG ODN complex in
phosphate-buffered saline (PBS) aqueous solution (pH 7.4) at

§ The similar perturbation of the CD band of single-stranded DNAs is
reported for single-stranded DNA binding proteins, see ref. 11.

25 °C (Fig. 2A (d)). As shown in Fig. 2B (b), the CD intensity
of the CpG ODN was decreased with an increase in the amount of
CUR-N* and saturated at [CUR-N*]/[CpG ODN] = 2, which
was accompanied by an increase in the baseline of the UV—
vis spectra. These results suggest that the CUR-N*-CpG ODN
complex consists of a 2 : 1 complex and results in aggregates
in the presence of salt; the presence of salt would destabilize a
1 : 1 complex presumably due to the shielding of electrostatic
interactions. By the addition of PEI or PLL, the CD intensity of
the CpG ODN decreased continuously and finally reached almost
zero (Fig. 2B (c) and (d)). This behaviour is typically observed for
polyion complexes'®* and can be rationalized by the formation
of ill-defined aggregates, in which the base stacking collapses.
Interestingly, no such complete collapse was observed for the
CUR-N*-CpG ODN complex. Fig. 3 depicts a proposed scheme
for the complex formation between the polycations and the CpG
ODN.

| e |
~ | No salt |
i CUR-N+
+ — —
H0
CpG ODN
CUR-N--CpG ODN Aggregates of CUR-N*-CpG ODN
CUR-N+-CpG ODN
N+ complex r
CUR-N i :Ft') complex complex (2:1)
(2:1)
B S c 520 nm
—
Y
Sait Y
Salt s & —
s + —_— H.0
A
862 D H,0 CpG ODN V¥

Highly compacted

Aggregates of PLL-CpG ODN
complex

Aggregates of PEI-CpG ODN

complex

PLL PEI

Fig. 3 Schematic illustration for the formation of (A) CUR-N*-CpG
ODN complexes, (B) PLL-CpG ODN complex and (C) PEI-CpG ODN
complex. The hydrodynamic radii of each aggregate were determined with
DLS (Fig. S11 in ESIY).

These aggregates of polycation-CpG ODN complexes in PBS
aqueous solution were characterized by dynamic laser light
scattering (DLS) and { potential measurements (Fig. S11 in ESI+).
The aggregates of the complex formed between CUR-N*, PEI
and PLL and the CpG ODN at [polycation]/[CpG ODN] = 2
have sizes of 850 nm, 730 nm and 520 nm and { potentials of
+13.3 mV, —12.4 mV and +16.1 mV, respectively. The anionic
charge of the aggregates of the PEI-CpG ODN complex at
[PEI]/[CpG ODN] = 2 can be attributed to the unprotonated
amino groups of PEI (pK, = ca. 5.5) under these conditions.
The size of the aggregates of the PEI-CpG ODN complex at
[PEI])/[CpG ODN] = 4 is 560 nm with a { potential of +6.8 mV.

Gel electrophoresis (Fig. 4) demonstrated that the CpG ODN
complexed with the polycations lost mobility, indicating that the
complexes are stable in the physiological solution. In addition, the
CpG ODN in the presence of 4 equivalents of PEI was hardly
stained with GelStar®, implying that the structure of the PEI-
CpG ODN complex is so compacted that the staining molecule
cannot access the nucleobases of the CpG ODN.
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Fig. 4 Formation of the polymer-CpG ODN complexes confirmed by
2% agarose gel electrophoresis stained with GelStar®. (Lane 1, CpG
ODN, lane 2, CUR-N*-CpG ODN ([CUR-N*]/[CpG ODN] = 2); lane
3, CUR-CpG ODN ([CUR]J/[CpG ODN] = 2); lane 4, PEI,—-CpG ODN
([PEI}/[CpG ODN] = 4); lane 5, PEI-CpG ODN ([PEI]/[CpG ODN] =
2); lane 6, PLL-CpG ODN ([PLL]/[CpG ODN] = 2), [CpG ODN] =
35ugmL™).

Several lines of evidence described above indicate that CUR-
N* shows unique binding properties toward the hetero-sequence
ODN (CpG ODN), which is stable in the physiological condition,
as compared with those of conventional polycations such as
poly(ethyleneimine) (PEI) and poly(L-lysine) (PLL).

Cellular uptake of complexes by a murine macrophage-like cell

Cellular uptake of the CpG ODN complexed with the polycations
by a murine macrophage-like cell J774.A1 was monitored with a
fluorescence activated cell sorting (FACS) analyzer, where FITC-
labeled CpG ODN (FCpG ODN) was used as a marker. The molar
ratio ([polycation]/[CpG ODN]) was fixed to 2 for the polycation—
CpG ODN complexes and also 4 for the PEI-CpG ODN
complex to evaluate the influence of { potential. Since the fluore-
scence intensity of FCpG ODN depends on microenvironments
(Fig. S12-13 in the ESIf) and/or the presence of quenchers, the
quantitative comparison may become inappropriate. Nevertheless,
the efficient uptake of the complexed CpG ODN compared with
that of the naked CpG ODN is evident from the marked shift of
peaks (Fig. 5A). The major uptake mechanism is owing to elec-
trostatic interactions between negatively-charged cell membrane
and positively-charged complexes and subsequently occurring
phagocytosis.'?

We examined the cytotoxicity by use of a WST-8 assay
(Fig. S14 in ESIt) and found that polymer-CpG ODN complexes
showed almost no cytotoxicity under the conditions that cytokine
secretion was examined (vide infra), except for the PEI-CpG
ODN complex at [PEI]/[CpG ODN] = 4. Then, we measured
the amount of IL-12 secreted from the J774.A1 cells by an ELISA
kit, comparing the naked CpG ODN, the polycation-CpG ODN
complexes and the polycations themselves (Fig. 5B and S15 (for
entire data) in ESItT). As shown in Fig. 5B, when the naked CpG
ODN was added, almost no IL-12 was secreted presumably due
to degradation of the CpG ODN by deoxyribonuclease as well
as its low permeability to the cell membrane. In sharp contrast,
the CpG ODN complexed with CUR-N* and PLL showed a
significant amount of IL-12 secretion. The complexed CpG ODN

25
A B
CUR-N+-FCpG 20
@ PEl:-FCpG =g
3 e E 15
g
i
= 1.0
5 PLL-FCpG -~
Untreated e
& 05
o
=
0
100 100 100 102 10° LLLLL P

FITC intensity

Fig. 5 (A) FACS analyses of untreated and naked FCpG ODN and
macrophage-like cells (J744.A1) treated with polycation-FCpG ODN
complexes. (B) Effect of polycation complexation on CpG ODN-mediated
cytokine (IL-12) secretion (see Experimental for details).

would be protected from the degradation®®* and be transported
efficiently into the cell (Fig. SA). Among the polycations, CUR-
N* achieved the highest performance (1.9 ng mL~', 62- and 1.4-
fold of PEI ([PEI]/[CpG ODN] = 2) and PLL, respectively). PEI
hardly induced the secretion of IL-12 even though the CpG ODN
complexed with PEI was efficiently ingested as evidenced by the
FACS analyses. Most probably, this low efficiency can be explained
by two reasons (1) the CpG ODN molecules complexed with
PEI were so compacted that they could not be released in the
endosomal compartments such as late endosome and lysosome,
where the CpG ODN recognition receptor of Toll-like receptor
9 (TLR-9) is present'* and (2) the proton sponge effect’™ of the
PEI-CpG ODN complex caused the endosomal escape of the CpG
ODN before the complex reached the endosomal compartments.
On the other hand, the CpG ODN complex with CUR-N*
and PLL should be transferred and remain in the endosomal
compartments without the proton sponge effect’® and be easily
recognized by TLR-9.

Confocal fluorescence microscopic images of the J774.A1 cells
treated with the CUR-N*-CpG ODN complex were obtained by
triple-labeling experiments using a nucleus-selective dye (DAPI),
FITC-labeled CUR-N* (FCUR-N*) and rhodamine(ROX)-
labeled CpG ODN (RCpG ODN). As shown in Fig. 6, red dots
are distributed heterogeneously within cytosol in a spotty fashion,
which indicates the localization of the RCpG ODN in vesicles,
presumably in the endosome or lysosome. In addition, the yellow
color in the merged image evidences noticeable colocalization
of FCUR-N* and the RCpG ODN. These results indicate that
the CUR-N*-CpG ODN complex is transported predominantly
into the endosomal compartments, which is essential for efficient
secretion of IL-12.

Conclusions

In conclusion, we have revealed that CUR-N* forms complexes
with a CpG ODN and facilitates the transportation of the
complexes into a macrophage-like cell and subsequent secretion
of IL-12. It is particularly worthy to emphasize that cytokine
secretion employing CUR-N* as the carrier was the largest
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Fig. 6 Internalization and localization of the FCUR-N*-RCpG ODN
complex in the J774.A1 cells (see Experimental for details). The blue,
green and red colors correspond to DAPI (nucleus), FITC (CUR-N*) and
ROX (CpG), respectively. The yellow color is the outcome of the merge
between FITC and ROX.

among the polycations used in this study, indicating that CUR-N*
could be one of the most suitable carriers for CpG ODN. Since
hydrophobic molecules, which are insoluble in water and/or
cannot be transported across the cell membrane by themselves,
can be included in the hydrophobic region of CUR-N* and be
transported with the CpG ODN, we will be able to engineer this
delivery system into more sophisticated one.*'®

Experimental
General

'H NMR spectra were obtained on a Brucker DRX600 or
AV300M spectrometer. 2,2-Dimethyl-2-silapentane-5-sulfonate
sodium salt (DSS) was used as reference for D,O as solvent. The IR
spectra were measured using a Perkin-Elmer Spectrum One FT-IR
spectrometer. The absorption and circular dichroism (CD) spectra
were measured in a 1 cm quartz cell unless otherwise noted using
a Jasco V-570 spectrometer and a Jasco J-710 spectropolarimeter,
respectively. The fluorescence spectra were measured using a
Perkin-Elmer LS-55 luminescence spectrometer. Matrix-assisted
laser desorption/ionization time-of-flight mass (MALDI-TOF
MS) spectra were recorded on a Voyager-DE PRO (PerSeptive
Biosystems) by use of a-cyano-4-hydroxy-cinnnamic acid (CHCA)
and 3-hydroxypicolinic acid (HPA) as the matrix. Dynamic light
scattering (DLS) and { potential were measured using a Malvern
Zeta Sizer Nano ZS incorporating non-invasive back scatter optics
(NIBS, 173°) with a laser source of He-Ne 633 nm. Size exclusion
chromatography (SEC) was performed with a Jasco PU-1580 Plus
liquid chromatograph system equipped with a UV-visible detector
(UV-1570 Plus), an RI detector (RI-2031 Plus) and a column oven
(CO-2060 Plus). A SEC column (Shodex OHpak SB-806M HQ)
was connected and H,O containing 100 mM of NaNO; was used
as the eluent at a flow rate of 0.5 mL min~' at 40 °C.

Materials

Curdlan (MW = 1000000) and poly(L-lysine) hydrobromide
(MW = 15000-30000) were obtained from Wako Chemicals.
Poly(ethylenimine) (MW = 25000) was purchased from Aldrich.
As CpG ODN, we adopted the sequence of 5-TCC ATG ACG
TTC CTG ATG-3 (MW = 5465.62). For CLSM and FACS, we
used 3'-rhodamine- and 3'-fluorescein-labeled CpG ODN (RCpG

ODN (MW = 6191.21) and FCpG ODN (MW = 6058.62),
respectively). All ODN samples were synthesized at Hokkaido
System Science (Hokkaido, Japan) and purified with high-pressure
liquid chromatography. The lengths of the synthesized ODNs were
confirmed with denature PAGE and MALDI-TOF MS spectral
technique. RNase- and DNase-free distilled sterile water and x 10
PBS buffer (pH 7.4) were obtained from Nippon Gene (Japan)
and used for all measurements. All other starting materials and
solvents were purchased from chemical companies and used as
received.

Sample preparation for measurements

Sample preparation for UV-vis and CD spectroscopic measure-
ments of the CUR-N*-CpG ODN complex in aqueous solution.
An CpG ODN aqueous solution (3.13 mM (base unit), 50 pL)
was diluted with sterile water (2500 uL). This solution was titrated
with Cur-N* aqueous solution (15.6 mM (monomer unit) at an
interval of 10 pL). The resulting solution was then subjected to
UV-vis and CD spectroscopic measurements.

Sample preparation for UV-vis and CD spectroscopic measure-
ments of CUR-N*-CpG ODN, PEI-CpG ODN and PLL-CpG
ODN complexes in PBS aqueous solution. A CpG ODN aqueous
solution (3.13 mM (base unit), 50 pL) was diluted with PBS
aqueous buffer (pH 7.4, 2500 uL). This solution was titrated with
Cur-N* or PEI or PLL aqueous solution (15.6 mM (monomer
unit) at an interval of 10 uL). The resulting solution was then
subjected to UV-vis and CD spectroscopic measurements.

DLS and { potential measurements. A CpG ODN aqueous
solution (3.13 mM (base unit), 20 uL) was diluted with PBS
aqueous solution (1000 pL). To this solution was added an
appropriate amount of polycation aqueous solution (15.6 mM
(monomer unit), 8 ul or 16 ul). The resulting solution was then
subjected to DLS and { potential measurements.

Synthesis

Synthesis of 1. To a solution of 5-fluorescein isothiocyanate,
isomer I (FITC) (100 mg, 0.26 mmol) in EtOH-THF (3: 2 (v/v),
15 mL) was added propargylamine (17.2 pL, 0.26 mmol) and
the solution was cooled to 0 °C. To the solution was added
triethylamine (36.2 pL, 0.26 mmol) and the resulting orange
reaction mixture was warmed to room temperature and stirred
for 3 h at room temperature under an argon atmosphere. The
reaction mixture was concentrated in vacuo and the residue was
purified by column chromatography (SiO,, CHCl;-MeOH = 5 :
1, v/v) to afford compound 1 as a yellowish-orange powder. Yield:
65 mg (75%). "H NMR (300 MHz, 0.5 mM, DMSO-d,, 25 °C):
0 =9.94 (s, 1H), 8.38 (s, IH), 7.73 (s, 1H), 7.12 (d, J = 8.4 Hz,
1H, ArH), 6.93-6.48 (m, 6H, ArH), 5.30 (s, IH, ArH), 5.25 (s, 1H,
ArH), 4.88 (s, 2H, CH,), 1.87 (s, 1H, C=CH); MALDI-TOF MS
(CHCA): calcd for [M(C,, H;,NOs) + HJ* 445.09, found. 445.11.

Synthesis of FCUR-N*. To a solution of CUR-N; (94 mg,
0.5 mmol (monomer unit)) in DMSO (5 mL) (stirring for 2 hours
at room temperature to dissolve CUR-N; in DMSO completely)
was added water (0.5 mL), propylamine (0.5 mL), CuBr, (5.6 mg,
5 mol%), ascorbic acid (22.0 mg, 25 mol%) and compound 1
(4.4mg, 0.02 eq. (monomer unit)). After the solution was stirred at
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60 °C for 24 h, 1-propynyltrimethylammonium chloride (334 mg,
5 eq. (monomer unit)) was added and the resultant solution was
further stirred at room temperature for 3 days. The solution was
dialyzed by distilled water with SpectraPor membrane (MWCO:
8000, wet with 0.1% sodium azide) for 2 days, purified by gel
filtration on Sephadex G-100 (Pharmacia) and lyophilized using a
LABCONCO freeze dryer 4.5 to afford FCUR-N* as an orange
powder. Yield: 102 mg. '"H NMR (600 MHz, 1.0 mg mL~!, D,O,
25 °C): 6 = 8.43 (s, 1H, triazole-H), 5.13 (br, 1H, H'), 4.70 (br,
2H (overlapped with water), NCH,), 3.85 (br, 2H, H® and H?),
3.66 (br, 2H, H® and H®), 3.38 (br, 2H, H? and H*), 3.18 (br,
9H, NCH,); FTIR (powder, cm™): 3373, 2923, 1576, 1475, 1073,
897, 551; UV-vis: An = 495 nm, fluorescence: A, = 518 nm,
SEC (0.1 M NaNO,; aq., pullulan standards) M,, = 3.6 x 10* and
M,/ M,=138.

Biological methods

Complex preparation for transfection experiment. 0.95 mgofa
CpG ODN were dissolved in sterile H,O (800 uL, 3.13 mM (base
unit)). An appropriate amount of polymer solution (15.6 mM
(monomer unit)) was added to the CpG ODN solution. The
molar ratio ([polymer]/[CpG ODN]) was controlled to be 2 (and
4 for PEI). After the solution was kept at room temperature
for 30 min to lead the complexation, we measured the gel
electrophoresis migration pattern (2% agarose gel) to verify the
complexation between the CpG ODN and the polymer. The bands
were visualized with GelStar® (Amersham).

Cell culture and the cytokine secretion measurement. Murine
macrophage-like cells, J774.A1 were obtained from the American
Type Culture Collection (ATCC, Rockville, MD). The J774.A1
cells were maintained in DMEM® supplemented with 10%
FBS. All medium contains a 1 wt% penicillin—streptomycin
mixture. The cell incubation was always carried out at 37 °C in fully
humidified air containing 5 wt% of CO,. J774.A1 cells were plated
in 96-well dishes using 1 x 10° cells per mL (1 well per 100 uL) and

were allowed to attach to the plate for 5 h. An appropriate amount
of the CpG ODN (35 ug mL™") and the polymer-CpG ODN
complex (CpG ODN: 35 ug mL™", [polymer]/[CpG ODN] = 2
(and 4 for PEI)) were added to J774.A1 cell cultures. Subsequently,
cells were incubated at 37 °C for 24 h and the supernatants
were collected for ELISA assays. The secretion of IL-12 was
determined using a commercially available ELISA kit according to
the instructions of the manufacture (Endogen). The experiments
were performed twice in triplicate.

Fluorescence activated cell sorting (FACS) analysis. J774.A1
cells were plated in a 48-well dish (1.5 x 10° cells per mL; 200 uL.
per well) and were allowed to attach to the well at 37 °C for 14 h.
Then, the FCpG ODN and the polycation-FCpG ODN complex
(FCpG ODN: 39 ug mL™!, [polycation]/[FCpG ODN] = 2 (and
4 for PEI), see above for the complex preparation) were added to
the J774.A1 cell cultures. The cells were incubated at 37 °C for 6 h,
washed twice with PBS and harvested. The number of the cells
having FITC was counted with an EPICS XL (Beckman Coulter).

Confocal microscopic observations. J774.A1 cells were plated
at a density of 1.5 x 10° cells per mL in a glass-bottom chamber
(Lab-Tek II Chembered Coverglass, Nalge Nunc, Rochester,
NY). Following addition of the FCUR-N*-RCpG ODN complex
(RCpG ODN: 40 pg mL™', [FCUR-N*]/[RCpG ODN] = 2.0)
to the medium, the cells were incubated for 6 h at 37 °C in a
5% CO, incubator. The cells were then washed twice with PBS
(200 pL), fixed with 5% HCHO (200 puL) in the presence of DAPI
(for nuclear staining, 1 pL (1.0 mg mL™")) at 4 °C for 20 min.
The cells were then washed twice with PBS (200 pL), treated
with one drop of antifade solution (SlowFade, Molecular Probes,
Eugene, OR) and the images of the samples were collected using a
fluorescence microscope (Eclips TE2000-U, Nikon, Tokyo, Japan)
with a confocal scan unit (Radiance2100, Bio-rad, Tokyo, Japan)
attached.

Cytotoxicity for carriers determined by a WST-8 assay.
J774.A1 cells were plated in 96-well dishes using 1 x 10° cells
per mL (1 well per 100 uL) and were allowed to attach to the
plate for 5 h. An appropriate amount of the CpG ODN (35 pg
mL™") and the polymer-CpG ODN complex (CpG ODN: 35 ug
mL~", [polymer]/[CpG ODN] = 2 (and 4 for PEI)) were added to
the J774.A1 cell cultures. Subsequently, the cells were incubated
for 24 h before measurement of the cell growth. The cell number
was evaluated by use of a Cell Counting Kit-8® (Dojindo, Japan),
called a WST-8 assay. The WST-8 assay uses a tetrazolium salt,
which produces a water-soluble formazane dye upon reduction
mediated by dehydrogenase in living cells. After incubation for
24 h, 10 uL of the Cell Counting Kit-8 working solution (contain-
ing WST-8 and 1-methoxy-5-methylphenazinium methosulfate)
were added to each well and the cells were incubated for 4 h
at 37 °C. Plates were read on a microplate reader Multiskan JX
(Thermo Labsystems) using a wavelength of 450 nm in comparison
with 650 nm. Each control or treated cells was tested in triplicate
wells, and the mean and standard deviation of the values were
plotted.
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The efficient synthesis of fluorescent and non-fluorescent multivalent neoglycoconjugates is described
by means of the Cu(1) catalyzed azide-alkyne 1,3-dipolar cycloaddition (“click-chemistry”). A
well-defined glycopolymer, glycocyclodextrin or glycocluster architecture displaying galactose or
lactose epitopes has been chosen. Cellular assays using U-937 and RAW 264.7 monocyte/macrophage
cells showed that these glycocompounds have the capability to act as synthetic activators mimicking the
lipopolysaccharide (LPS) effects. Thus, the click compounds promote cell adhesion and stimulation of
monocytes, measured as an increase in the amount of TNFa, facilitating their differentiation to

macrophages.

Introduction

Cell-surface oligosaccharides play a vital role in biological pro-
cesses such as cell adhesion, signal transduction and regulation
as well as bacterial and viral infections.!* Carbohydrates mediate
specific multivalent interactions with soluble or membrane pro-
teins called lectins.* Artificial multivalent carbohydrate models or
glycomimics® have been prepared by conjugation of the ligand
sugar part to a scaffold to ascertain the specific interactions
involved in these carbohydrate—protein bindings.* Nowadays, a va-
riety of these multivalent structures are available: linear polymers
or glycopolymers, liposomes, dendrimers, beads or nanoparticles.®
The utility of these glycomimics has been widely investigated for
biotechnology, pharmaceutical and medical applications.’
Bacterial endotoxin (lipopolysaccharide, LPS), the major
molecular component of the outer membrane of Gram-negative
bacteria,*'* activates monocytes and macrophages to produce
pro-inflammatory cytokines such as tumor necrosis factor-o
(TNF-a)." These cytokines contribute to the efficient control of
growth and dissemination of invading pathogens. All the LPSs
share a common structural principle comprising three parts: (1)
a hydrophobic glycolipid (lipid A), (2) a core oligosaccharide
containing 2-keto-3-deoxy-octulonic acid (KDO) and other sugars
including a heptose, and (3) a hydrophilic polysaccharide com-
posed of a chain of highly variable repeating oligosaccharide
subunits (O-antigenic side chain). There are ongoing efforts
to search for synthetic LPS analogues for the activation of
monocytes/macrophages.’ In order to overcome the structural
heterogeneity of endotoxin and in the search for new synthetic
activators of monocytes/macrophages, multivalent neoglycocon-
jugates possessing a well-defined architecture were sought as opti-
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mal candidates. To optimize the preparation of such compounds,
an easy, versatile and efficient synthetic methodology is required
and, for this aim, it was decided to use “click-chemistry”*® for their
construction.

The efficiency and versatility of this methodology has been
recently evidenced by the multiple applications that have been
found™" in the particular case of the Cu' catalyzed 1,3-dipolar
cycloaddition of alkynes and azides.’®*" In the present work,
this reaction has been applied as the synthetic strategy for
the formation of the glycan—scaffold link by conjugation of
complementary functionalized building-blocks considering the
easy preparation of alkyne-azide scaffold and sugar derivatives.
Furthermore, the modularity of this reaction has allowed the
fluorescent labeling of these structures, enhancing their potential
use in experiments where visualization is required. Cell adhesion
of monocyte/macrophage cell lines and the production of the pro-
inflammatory cytokine TNF-a were selected as the experimental
proofs to evaluate the capabilities of these synthetic glycocom-
pounds as activators.

Results and discussion
Synthesis of multivalent glycoconjugates

To achieve the pursued goals, three types of synthetic multivalent
glycoconjugates possessing different architectures were selected:
glycopolymers (Scheme 1), glycocyclodextrins (Scheme 2) and
sugar-based glycoclusters (Scheme 3) considering that the re-
quired starting materials to be used as scaffolds (polystyrene, B-
cyclodextrin and glucose) are inexpensive. These materials also
allow easy access to multivalent glycoconjugates with different
carbohydrate densities. In the present study, Gal and Lac were the
selected carbohydrates to decorate the multivalent constructs con-
sidering that different receptors with specificity for Gal epitopes
have been identified in macrophages.?**

The required clickable functionalized scaffolds for the click
grafting of carbohydrate appendages were prepared following
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already reported methods in the case of known compounds or
by conventional chemistry for new compounds. Thus, for the syn-
thesis of glycopolymers poly[p-(chloromethyl)styrene] 2** allowed
the easy introduction of the azide function by the nucleophilic
substitution of the chlorine atom in the reaction with sodium
azide giving the corresponding poly[p-(azidomethyl)styrene| 3 in
high yield. In the case of glycocyclodextrins, the grafting of sugar
moieties was planned to be performed at the primary face as
well as at the secondary face to study the potential influence of
such a difference in the topology of these compounds. The per-O-
acetylated monoazide (10*) and heptaazide (11%) B-cyclodextrin
derivatives were used as starting materials in the first case,
whereas the per-2-O-propargyl derivative 12 was prepared to gain
access to the secondary face. Finally, sugar-based glycoclusters
were constructed using the per-O-propargylated glucose derivative
26 that was prepared by per-O-alkylation of propargyl B-D-
glucopyranoside 25.

The complementary functionalized glycosides derived from D-
Galactose (Gal) and lactose (Lac) to be grafted to the scaffolds
were easily prepared following already reported procedures. Thus,
the propargyl glycosides 4a,b* and the azidoethyl glycosides
derived from Gal and Lac 13a,b*”* were obtained starting from
the corresponding per-O-acetylated sugars.

The click coupling reactions were performed using the condi-
tions previously described by us: (EtO);P-Cul as organic-soluble
catalyst, DMF as solvent and microwave irradiation or heating
in refluxing toluene.” These conditions allowed the synthesis
of the desired multivalent compounds in short reaction times
and high yields (yields ranging 79-93%). To ensure the complete
grafting of the “clickable” functions present in the scaffolds a 20%
equivalent excess per function of the complementary monoazide
or monoalkyne derivative was used.

As indicated above, fluorescent labeling of the neoglycoconju-
gates was also performed to enhance their utility, especially in
biological assays where visualization could facilitate the quantifi-
cation. The synthesis of the fluorescent multivalent counterparts
was designed by the modular incorporation of the fluorophore
and the sugar appendages using in both cases “click-chemistry”

in order to attain the maximum synthetic economy. Conjugation
of the alkynyl dansyl derivative 5*° was first carried out by
reaction with 0.25 equiv. per azide group, under the same
reaction conditions mentioned above, followed by in situ reaction
with 1.2 equiv. per azide of the appropriate monoalkyne sugar
derivatives 4a.b

Previous to the development of “click-chemistry”, the formation
of the covalent ligand-scaffold link in multivalent neoglyco-
conjugates had been performed by a variety of strategies such
as the formation of thiourea or amide bridge, by reaction of
amines with isothiocyanates or carboxylic acids, respectively,
by glycosylation or by nucleophilic substitution, as has been
largely documented.®*' The “clicking” strategy offers advantages
in relation to those methodologies since it enables the rapid and
high yielding preparation of carbohydrate conjugates by using the
heterocyclic triazole as a tether for the carbohydrate decoration.
In addition, the flexibility of the this strategy is particularly
notorious in the synthesis of the fluorescent counterparts. The
sequential coupling of the alkynyl fluorophore derivative and the
propargyl glycosides to the polyazide scaffolds allowed the efficient
preparation of these labeled multivalent neoglycoconjugates.

All the cycloaddition compounds were easily isolated and puri-
fied and when necessary they were de-O-acetylated to obtain the
corresponding hydroxylated derivatives to perform the biological
assays.

Biological assays

To evaluate the ability of the neoglycoconjugates as synthetic
activators, the adhesion of monocytes to cell culture plates was
measured. The non-adherent human promonocytic U-937 cell
line was selected, since it has been established as a useful model
for monocyte adhesion studies.® U-937 cells usually grow in
suspension in a medium supplemented with fetal bovine serum
while after their stimulation with LPS or phorbol 12-myristate 13-
acetate (PMA) and their differentiation to macrophages, they can
grow as a monolayer attached to the tissue culture flask.*®
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U-937 cells were re-suspended in a serum free medium and
added to wells coated with distilled water (control) or solutions
containing 40 pg of each glycocompound (glycopolymers 6, 7,
glycocyclodextrins 16, 17, 20, 21, 23 and 24, and glycoclusters
29 and 30). After three hours of incubation at 37 °C, plates were
washed twice with phosphate buffered saline and cell adhesion was
estimated by counting the attached cells per field by microscopy
(Fig. 1A). All the compounds assayed have a positive effect
promoting cell adhesion (cells per field values ranging from = 40
to 75 versus 10 for control). U-937 adhesion was dose-mediated
for the Lac-containing glycocyclodextrins 17 and 21 at 20 and
40 ng per well (Fig. 1B). Attached cells were maintained for an
additional day in complete medium and then cells were counted.
For each condition, the number of cells per field was approximately
double, indicating that the cells attached to the plate through the
neoglycoconjugates retain their capability to grow and divide.
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Fig. 1 Adhesion of U-937 cells to cell culture plates coated with
neoglycoconjugates. A. U-937 cells were plated on tissue culture plates
coated with distilled water (control) or neoglycoconjugates (40 pg).
Adhesion was measured as number of cells per field. Epitope nature is
indicated: Gal, dashed bars, Lac, solid bars, B. Effects of two different
concentrations (20 and 40 pg) of compounds 17 and 21 on cell adhesion
and growth. Number of cells was measured 3 h after the plating of the cells
(open bars) and 24 h after incubation in a complete medium as described
in the Experimental section. Results are the means + S.E.M. from at least
10 different fields for each independent experiment (n = 5).

To facilitate the detection of the neoglycoconjugates, a fluo-
rescent moiety was added. First, we investigated if the dansyl-
containing neoglycoconjugates were able to mediate U-937 cell
adhesion. The results obtained (Fig. 2) show that the labeled
compounds 8, 9 have a similar behaviour to their non-fluorescent
homologues 6, 7, while the Gal fluorescent compound 22 has a
slightly higher binding capacity than its non-fluorescent counter-
part 20.
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Fig. 2 Influence of fluorescent labelling on the adhesion of U-937 cells
to cell culture plates. U-937 cells were plated on cell culture plates coated
with dansyl-labeled glycopolymers 8 and 9, and Gal-glycocyclodextrin
22 (40 pg). Control cells were plated on non-coated (distilled water) cell
culture plates. The mediated adhesion was measured as number of cells
per field. Epitope nature is indicated: Gal, dashed bars, Lac, solid bars.
Results are the means &+ S.E.M. from at least 10 different fields for each
independent experiment (n = 5).

From the adhesion experiments, carried out with previously
non-stimulated U-937 cells, it can be suggested that the neo-
glycoconjugates probably have the ability to stimulate monocyte
differentiation and in response to this stimulation, facilitate their
adhesion to the culture plates. This effect would probably mimic
the action of LPS in cell differentiation and attachment.®

In addition, some conclusions regarding the influence of the
architecture, topology and nature of the saccharide appendages
present in the click glycocompounds can be extracted. First, the
Lac epitope in the neoglycoconjugates (compounds 7, 21, 24 and
30) determines higher levels of adhesion compared to the Gal-
containing compounds (6, 20, 23 and 29) regardless of the chemical
structure of the scaffold. The monovalent glycocyclodextrin
derivatives are the only exception to this behaviour: the Gal-
containing cyclodextrin 16 exhibits a slight higher cell binding
efficiency that its Lac-containing homologous 17.

Second, the data obtained from glycocyclodextrins indicate that
multivalency does not significantly affect cell adhesion mediated
by these compounds. In fact, the cells per field values are similar
for the monovalent (compounds 16 and 17) and the heptavalent
glycocyclodextrins (compounds 20, 21, 23 and 24). Also, the cell
adhesion efficiency in glycocyclodextrins is independent of the
face, primary or secondary, used for the presentation of the sugar
epitopes: the Gal-containing (20 and 23) and the Lac-containing
heptavalent glycocyclodextrins (21 and 24) have similar binding
capabilities regardless of the face to which the sugar epitope has
been attached.

Finally, regarding the nature of the scaffold, Gal-containing
cyclodextrins display a higher capacity for adhesion than the
corresponding glycoclusters or glycopolymers whereas the Lac
heptavalent cyclodextrins and glycopolymers exhibit a comparable
binding capacity. In general, glycocyclodextrins followed by
glycopolymers appear to be the ligands of choice to mediate
monocyte adhesion.

Since the adhesion experiment suggested the possibility that
neoglycoconjugates were able to induce monocyte differentiation
and therefore mediate cell adhesion, a series of assays were
designed to evaluate their macrophage-stimulating capability. For
this purpose the adherent RAW 264.7 cells were used. In this
cell line, the binding of the fluorescent neoglycoconjugates to
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the cell surface, its internalization and the synthesis of the pro-
inflammatory cytokine TNF-o, a marker of the macrophage
stimulation, were evaluated.

First, binding assays of the dansyl-labeled neoglycoconjugates
were performed at 4 °C to preclude the phagocytosis of the
neoglycoconjugates. The fluorescent-labeled compounds 8, 9 and
22 were added to RAW 264.7 cells. The plasma membrane
associated fluorescence was observed after an overnight incu-
bation by fluorescence microscopy and quantified by measuring
individual cells fluorescence from at least 10 different cellular fields
(Fig. 3). The Gal-containing cyclodextrin 22 was significantly
the glycoconjugate that produced the higher fluorescence signal
associated with the plasma membrane while the binding by the
Gal- and Lac-containing glycopolymers, 8 and 9 respectively, was
lower. Binding assays with previously LPS-stimulated (1 pg ml™")
RAW 264.7 cells were also carried out (Fig. 3). Interestingly, this
stimulation produced a significant decrease in the fluorescence
associated with the cells for the compounds containing either Gal
(8 and 22) or Lac (9) epitopes.
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Fig. 3 Binding of fluorescent-labeled neoglycoconjugates to RAW 264.7
cells. RAW 264.7 cells were grown to 60% confluency in complete
medium as described in the Experimental section, fasted for 24 h and
incubated overnight with the different fluorescent compounds. Cells were
pre-incubated (dotted bars) or not (open bars) with LPS for 4 h and then
incubated at 4 °C with glycopolymers 8 and 9 and Gal-cyclodextrin 22
(400 pg ml™") in the presence of LPS. Fluorescence was quantified by
fluorescence microscopy as described in the Experimental section. Results
are the means + S.E.M. from at least 50 different cells for each independent
experiment (n = 3).

The fluorescence detected in these experiments clearly indicates
that the neoglycoconjugates bind to the plasma membrane of
RAW cells. In addition, the assays provide insight into some
structure—function relationship regarding the nature of the neogly-
coconjugates: scaffold architecture and the saccharide appendages.
The relative fluorescence values obtained in the case of glycopoly-
mers (9 > 8) indicate that Lac is preferred over Gal to mediate the
specific binding of glycopolymers to the cell surface of monocyte
cell lines and are in agreement with the previous findings in the
adhesion of U-937 to the cell plates. Complementary to this, the
fact that the Gal-containing cyclodextrin 22 produces the higher
fluorescence can be explained by the concurrence in the same
construct of a cyclodextrin scaffold and a Gal epitope, in line again
with the adhesion experiments performed with U-937. These data

support the idea that the nature of the scaffold and the saccharide
moiety may determine the specificity of the binding in these cells.
In addition, the assays performed with LPS-stimulated cells at 4 °C
are indicative of a competition for the same membrane receptors
between LPS and the Gal- and Lac- derivatives.

The effect of calcium on the binding of the neoglycoconjugates
was assessed by removing this cation from the media by adding
EDTA. For this purpose, fasted cells were washed extensively
with Krebs-Henseleit Hepes buffer pH 7.4 without Ca** and
supplemented with EDTA 5 mM. Compound 22 (400 pg ml™")
was then added to cells in the presence or absence of calcium
and incubated at 4 °C overnight. The cells incubated in a medium
containing Ca’* showed a higher fluorescence (18.5 4+ 0,8 RFU per
cell) than those incubated in the absence of this cation (3,3 £+ 0,3
RFU per cell) (Fig. 4), indicating that the presence of Ca®* highly
facilitates the binding of this glycocompound to the cells. This
result suggests the involvement of C-type lectins in the binding to
RAW cells of the neoglycocompounds.3**

+Ca*
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Fig. 4 Fluorescence microscopy of RAW 264.7 cells incubated at 4 °C
with Gal-glycocyclodextrin 22 in the presence or absence of Ca’'.
Fluorescent photographs using an Olympus IX70 microscope equipped
with a WU excitation filter are shown.

Second, the total uptake of the neoglycoconjugates by RAW
264.7 cells at 37 °C was measured. Cells were incubated overnight
with the fluorescent-labeled compounds 8, 9 and 22. After
extensive washing, the uptake was visualized by fluorescence
microscopy. Fig SA shows that RAW cells incubated with the Gal-
branched glycocyclodextrin 22 mainly accumulate this compound
in the cytosol. A lower fluorescence incorporation was observed
when cells were incubated with the dansyl-glycopolymers (data
not shown).

To quantify the uptake of the neoglycoconjugates, incubated
cells were scraped and the total amount of fluorescence per mg
protein in the cell extracts was measured (Fig. 5B). The uptake
of the compounds was again significantly higher for the neoglyco-
compound containing Gal in a cyclodextrin scaffold. In all cases,
the fluorescence per mg protein of the cells incubated with the
different compounds increased when the cells were previously pre-
incubated with LPS. This increase is especially significant in the
case of glycocyclodextrin 22. The LPS-stimulated uptake results
point to the idea that macrophage differentiation is a requirement
for the efficient uptake of the neoglycoconjugates.

Third, to confirm the hypothesized stimulating-effect of the
Gal-cyclodextrin in cultured monocytes RAW 264.7 cells were
incubated for 18 h with glycocyclodextrin 22 (100 and 400 pg ml~")
and mRNA levels for TNF-a were measured by real time
PCR. Cells incubated with LPS for 18 h were included as a positive
control for cell stimulation. The results (Fig. 6) show that TNF-a
mRNA production depends on the concentration of compound
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Fig. 5 Uptake of fluorescent-labeled neoglycoconjugates into RAW
264.7 cells. A. Fluorescence microscopy of RAW 264.7 cells incubated
at 37 °C with Gal-glycocyclodextrin 22. Visible (Vis) and fluorescent (UV)
photographs are shown. B. Fluorescence of RAW 264.7 cells that were
pre-incubated (dotted bars) or not (open bars) with LPS for 4 h and then
incubated overnight with glycopolymers 8 and 9 and Gal-cyclodextrin 22
(400 pg ml~") at 37 °C. Fluorescence was quantified by spectrofluorometry
as described in the Experimental section. Results were normalized to the
amount of protein of each sample. Results are the means £+ S.E.M. from
each independent experiment (n = 3).
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Fig. 6 Stimulation of RAW 264.7 by glycocyclodextrin 22. Relative
amount of TNF-o mRNA RAW 264.7 cells were incubated for 18 h in
the absence (control) or the presence of 22 (100 and 400 ug ml~") or LPS
(1 pg ml™"). Relative amounts of TNF-o mRNA were measured by a real
time PCR.

22. The amount of TNF-a mRNA at concentrations of 400 ug ml™'
was similar to the production observed in LPS-stimulated cells,
indicating clearly the stimulating potential of this glycocompound.

Since the results show that LPS-differentiated cells can uptake
higher amounts of the glycocompounds (see Fig. 5), we evalu-
ated the intrinsic capacity of these glycocompounds to mediate
differentiation and uptake of their fluorescent counterparts. For
this purpose, RAW cells were pre-incubated with nothing (control
cells), LPS (1 pg ml™") and the non-fluorescent compound 20

(100 or 400 pg ml™') at 37 °C for 6 h. After this time, the
media was changed and compound 22 alone was added and the
cells incubated overnight. Cells were detached using 0.1% SDS
and fluorescence was measured by spectrofluorometry. Fig. 7A
shows that pre-incubated cells with glycocyclodextrin 20, at both
concentrations have an uptake of glycocyclodextrin 22 comparable
to those pre-incubated with LPS. These results confirm that
Gal-containing glycocyclodextrins stimulate the differentiation of
monocytes in a similar manner to LPS.
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Fig. 7 Glycocyclodextrin 22 binding and uptake in RAW 264.7 cells A.
Fluorescence of RAW 264.7 cells that were pre-incubated in the absence
(control) or in the presence of LPS and 100 or 400 pg ml~' of unlabeled
glycocompound 20 for 6 h and then incubated with Gal-glycocyclodextrin
22 (400 pg ml™') at 37 °C. Results were normalized to the amount of
protein of each sample. B. Fluorescence per cell of RAW 264.7 cells
pre-incubated or not with 400 pg ml~" of the unlabeled glycocompounds
20 (Gal) or 21 (Lac) for 4 h and then incubated at 4 °C with the labeled
Gal-glycocyclodextrin 22 (100 pg ml™'). Fluorescence was quantified by
fluorescence microscopy as described in the Experimental section. Results
are the means £ S.E.M. from at least 50 different cells for each independent
experiment (n = 3).

Once the stimulating-effect of the multivalent neoglycocon-
jugates and their capability to act as synthetic activators in
monocyte/macrophage cells was demonstrated, a competition
assay was performed to probe the specificity of the surface
receptor of monocytes/macrophages for glycocompounds bearing
Gal- or Lac-appendages. RAW-264.7 cells were pre-incubated
with the non-fluorescent glycocompounds containing Gal (20) or
Lac (21) during 4 h prior the supplementation overnight with
fluorescent compound 22 at 4 °C. The cell-associated fluorescence
was quantified as above (Fig. 7B). The significant decrease of
the fluorescence observed when the cells were pre-incubated with
the Gal- or Lac-compounds is indicative of the specificity of the
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surface receptors for these epitopes. This result corroborates the
rational design of neoglycoconjugates containing these epitopes
as hypothesized.

Conclusions

From the results described herein, it can be concluded that click
multivalent neoglycoconjugates with a well-defined structure have
the capability to act as synthetic activators since they promote cell
adhesion and stimulation of monocytes. These processes depend
on the architecture of the neoglycoconjugates as well as on the
nature of the saccharide epitope grafted to those neoglycoconju-
gates but it is independent of the multivalency degree. Gal and
Lac-containing glycocyclodextrins were demonstrated to be the
neoglycoconjugates with the highest adhesion and stimulation
capabilities. The fluorescent labeling of the multivalent neogly-
coconjugates enhances their utility, without modification of their
binding and stimulating properties. This allows their application
in experiments where visualization was required. Experiments
with dansyl-labeled neoglycoconjugates have demonstrated their
capability to affect the cytokine production by stimulating the
TNF-o expression in RAW 264.7 cells. This stimulation is dose-
dependent and mediates similar production levels of TNF-a to
those observed in LPS stimulated cells. Therefore, these synthetic
compounds act as LPS surrogates that can provide, without
the heterogenicity of natural endotoxins, a repetitive stimulation
and adhesion of monocytes in cell cultures. Considering the
flexibility and efficiency of “click-chemistry”, these well-defined
and custom-made click multivalent neoglycoconjugates appear
to be valuable compounds with applications not limited to the
activation of monocytes/macrophages but also with potential for
the development of therapeutics.

Experimental
General synthetic methods

Unless otherwise noted, commercially available reagents and
solvents were used as purchased without further purification. TLC
was performed on Merck Silica Gel 60 F,;, aluminium sheets.
Reagents used for developing plates include ceric sulfate (1% w/v)
and ammonium sulfate (2.5% w/v) in 10% (v/v) aqueous sulfuric
acid, iodine, ethanolic sulfuric acid (10% v/v) and by UV light
when applicable. Flash column chromatography was performed
on silica gel Merck (230-400 mesh, ASTM). Melting points were
measured on a Gallenkamp melting point apparatus and are un-
corrected. IR spectra were recorded on a Satellite Mattson FTIR.
'H and “C NMR spectra were recorded at room temperature
on a Bruker (300-400 MHz) spectrometer. J values are given in
Hz. FAB mass spectra were recorded on a Fisons VG Autospec-
Q spectrometer, using m-nitrobenzyl alcohol or thioglycerol as
matrix. Matrix-assisted laser desorption/ionization and time-of-
flight mass spectrometry (MALDI-TOF MS) were recorded on
a Bruker Daltonics (AUTOFLEX) spectrometer using DGB as
matrix

Synthesis of polymer 3

A solution of polymer 2 (1.0 g, MW = 3700), sodium azide
(2.13 g, 5 equiv.) and Bu,NI (20 mg) in DMF (10 mL) was heated

at 75 °C for 72 h. After this time, CH,Cl, (100 mL) was added and
the organic solution washed with water (5 x 15 mL). The organic
phase was dried (Na,SO,) and evaporated. Addition of MeOH
(75 mL) gave a solid that was filtered and dried under vacuum to
give 3 as a solid (88%).

Synthesis of heptakis(2-O-propargyl)-p-cyclodextrin 12

Compound 12 was prepared starting from heptakis(2-O-
propargyl-3,6-di-O-zert-butyldimethylsilyl)-B-cyclodextrin® and
following the procedure described in the literature® for the de-
O-silylation. mp >325 °C; [a], = +101 (¢ = 0.25 in methanol); IR
(KBr): v= 13430, 3288,2923,2117, 1636, 1363, 1159, 1049 cm™'; 'H
NMR (DMSO-d,, 300 MHz) (selected signals): 6 = 4.98 (d, J =
3.3 Hz, 7H, H-1),2.49 (br s, 7 H, C=CH); *C NMR (DMSO-dq,
75MHz):6 =99.8,81.7,79.7,78.4,77.7,72.5,71.3, 59.6, 58.5; MS
(MALDITOF): m/z: calcd for: Ci;HgO35Na 1423.5 [M + Nal*;
found: 1423.5.

Synthesis of propargyl 2,3,4,6-tetra-O-propargyl-p-p-
glucopyranoside 26

Propargyl 2,3.4,6-tetra-O-acetyl-B-D-glucopyranoside® (0.8 g,
2.3 mmol) was de-O-acetylated by the standard Zemplen proce-
dure using NaOMe-MeOH. The crude product, which showed
identical physical and spectroscopic data to those reported in
literature,* was dissolved in anhydrous THF (20 mL) and NaH
(0.7 g) was added under an argon atmosphere. After standing
at room temperature for 30 min, propargyl bromide (6.8 mL)
was dropwise added and the reaction mixture magnetically stirred
for 24 h. The reaction mixture was cooled in an ice bath and
MeOH (5 mL) was added dropwise. After 15 min, the solvent
was evaporated and the resulting crude was purified by column
chromatography (AcOEt-hexane 1 : 2) to give 26 as a syrup
(580 mg, 68.4% yield): [a], = —25.0 (¢ = 1 in chloroform); IR
(film): v = 3289, 2117, 1445, 1354, 1075 cm™'; '"H NMR (CL,CD,
300 MHz)0 =4.60-4.30 (severalm,9 H; H-1,2,3, 3 x CH,C=CH),
4.25(dd, J = 15.9, 2.3 Hz, | H; CH,CCH), 4.18 (dd, J = 15.9,
2.4 Hz, 1 H; CH,C=CH), 3.84 (dd, J = 10.9, 1.7 Hz, 1 H; H-6),
3.76(dd.J=10.9,4.2Hz, 1 H; H-6'),3.28 (t,/ = 8.5 Hz, | H; H-4),
3.50-3.35 (m, 3 H; H-5, CH,C=CH), 2.48 (m, 5 H; 5 x C=CH);
BCNMR (CL,CD, 75 MHz): 6 = 100.7, 83.2, 80.9, 80.1, 80.0, 79.8,
79.5,78.7,75.9,75.2, 74.8, 74.5, 74.1, 68.3, 60.2, 60.0, 59.2, 58.6,
55.9; HRMS (FAB+): m/z: calcd for C;;H,,O¢Na: 393.1314 [M +
Na]*; found: 393.1312.

General procedure for the synthesis of non-fluorescent
glycopolymers 6 and 7

A solution of the polystyrene derivative 3 (0.100 g), the
corresponding propargyl sugar derivative 4a, b* (0.76 mmol,
1.2 equiv. per azide group) and the copper catalyst [(EtO),P-Cul]
(0.063 mmol, 0.1 equiv. per azide group) in DMF (10 mL) was
irradiated at 800 W and 90 °C in a Milestone Star Microwave
Labstation until the IR spectra of the reaction mixture showed
complete disappearance of the starting material (15 min). The
reaction mixture was added dropwise to MeOH (100 mL). The
white precipitate that appears was filtered and washed with
MeOH, dichloromethane and ethyl ether. The resulting solid was
dissolved in water (10 mL) and freeze dried to get a white powder.
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Gal-glycopolymer 6

Obtained in 79% yield: IR (KBr): v = 3484, 1663, 1498, 1390,
1256, 1100 cm™'; "C NMR (DMSO-d,, 75 MHz): 6 = 144.5,
133.6, 128.0, 125.0, 103.2, 75.6, 73.8, 71.0, 68.6, 61.9, 61.0, 53.0.

Lac-glycopolymer 7

Obtained in 82% yield: IR (KBr): v = 3430, 1663, 1498, 1439,
1389, 1256, 1097 cm™'; *C NMR (DMSO-dg, 75 MHz): 6 = 144.0,
127.8, 124.7, 103.9, 101.9, 80.8, 75.5, 74.9, 73.3, 70.6, 68.2, 61.7,
60.5, 53.0.

General procedure for the synthesis of fluorescent glycopolymers 8
and 9

A solution of the polystyrene derivative 3 (0.100 g), the propargyl
dansyl derivative 5* (0.03 mmol, 0.05 equiv. per azide group)
and the copper catalyst [(EtO);P-Cul] (0.063 mmol, 0.1 equiv. per
alkyne group) in DMF (10 mL) was irradiated at 800 W and
90 °C in a Milestone Star Microwave Labstation until the TR
spectra of the reaction mixture showed complete disappearance of
the starting material (15 min). At this moment, the correspond-
ing propargyl sugar derivative 4a,b (0.76 mmol, 1.2 equiv. per
alkyne group) was added and the reaction mixture irradiated for
additional 15 min. The work-up procedure was identical as that
indicated for the synthesis of non-fluorescent glycopolymers 6, 7.

Fluorescent Gal-glycopolymer 8

Obtained 0.179 g. IR (KBr): v = 3386, 1644, 1513, 1226, 1141,
1067 cm™'; "H NMR (DMSO-d,, 300 MHz) (selected signals): 6 =
8.12 (br s; H-triazole), 6.90. 6.35 (2 br s; Ar); *C NMR (DMSO-
dg, 75 MHz): 0 = 144.7, 144.0, 127.5, 127.3, 127.1, 124.4, 124.2,
102.6, 75.1, 73.2, 70.4, 68.0, 61.3, 60.3, 52.5.

Fluorescent Lac-glycopolymer

Obtained 0.313 g. IR (KBr): v = 3384, 2921, 1644, 1054 cm™';
"H NMR (DMSO-d, 300 MHz) (selected signals): & = 8.15 (br's;
H-triazole), 6.91, 6.33 (2 br s; Ar), 5.47 (br s; ArCH,N); *C NMR
(DMSO-dg, 75 MHz): 6 = 143.8,132.8,127.3,124.5,103.98, 101.8,
80.7,75.4,74.9,73.2,70.5, 68.1, 61.6, 60.4, 52.4.

General procedure for the synthesis of non-fluorescent
glycocyclodextrins functionalized at the primary face 14, 15, 18
and 19

A solution of the 6-azido cyclodextrin derivative 10* or 11*
(0.100 mmol), the corresponding propargyl sugar derivative 4a,b
(1.3 equiv. per azide group) and the copper catalyst [(EtO),P-Cul]
(0.1 equiv. per azide group) in toluene (15 mL) was refluxed
for 1.5 h. The reaction mixture was evaporated and the crude
purified by column chromatography to yield the corresponding
glycocyclodextrin.

Monovalent Gal(OAc)-glycocyclodextrin 14

Column chromatography (AcOEt-hexane 10 : 1 to AcOEt) gave
14 (79%) as an amorphous solid: [a], = +97 (¢ = 1 in chloroform);
IR (KBr): v = 1750, 1372, 1235, 1047 cm™'; '"H NMR (CL;CD,
300 MHz) (selected signals): 6 = 7.63 (s; H-triazole), 5.60 (d,

J = 4.0 Hz, 1 H); "C NMR (CLCD, 75 MHz): 6 = 170.9—
169.30 (19 peaks), 143.7,125.9, 100.3, 97.15,97.1, 96.8, 96.8, 96.7,
96.6, 96.5, 77.5,77.3, 77.1, 76.9, 76.7, 76.5, 75.9, 71.5, 71.3, 71.1,
70.9, 70.8, 70.5, 70.5, 70.3, 70.2, 70.0, 69.8, 69.7, 69.5, 69.4, 68.8,
67.2, 62.8, 62.7, 62.5, 62.3, 61.3, 49.4, 20.8, 20.8, 20.7, 20.6; MS
(MALDITOF): m/z: caled for CoH5N; OgNa: 2408.7 [M +
Na]*; found 2408.8.

Monovalent Lac(OAc)-glycocyclodextrin 15

Column chromatography (AcOEt) gave 15 (75%) as a solid: mp
156-158 °C; [a]p = +80 (¢ = 1 in chloroform); IR (KBr): v = 1750,
1371, 1232, 1046 cm™'; '"H NMR (Cl;CD, 300 MHz) (selected
signals): & = 7.63 (s, H-triazole); *C NMR (C1;CD, 75 MHz): 6 =
170.9-169.0 (17 peaks), 143.8, 126.0, 101.0, 100.8, 99.7,97.1,97.0,
96.8, 96.6, 96.5, 83.2, 80.9, 77.2, 77.0, 76.2, 76.0, 75.8, 75.1, 74.7,
74.4,74.3,74.1,72.7,71.6, 71.5, 71.3, 71.0, 70.7, 70.5, 70.4, 70.2,
70.1, 70.0, 69.7, 69.4, 69.1, 68.4, 66.7, 62.6, 62.3, 62.1, 60.8, 60.2,
60.0, 59.3, 58.7, 55.9, 49.4, 20.8, 20.6, 20.5; MS (MALDITOF):
m/z: caled for C,yH N5, 05;Na: 3167.1 [M + Na]*; found: 3167.1.

Heptavalent Gal(OAc)-glycocyclodextrin 18

Column chromatography (CH,Cl,-MeOH 20 : 1) gave 18 (88%)
as a solid: mp 184-186 °C; [a]p = +7.5 (¢ = 1 in chloroform);
[alss = 10.0 (¢ 1, chloroform); IR (KBr): v = 1752,
1372, 1228, 1048 cm™'; 'H NMR (CLCD, 300 MHz) (se-
lected signals): 6 = 7.76 (s; H-triazole); *C NMR (DMSO-
dg, 75 MHz): 6 = 170.4, 170.3, 169.5, 144.2, 125.8, 100.8,
96.4, 84.5, 70.8, 69.8, 68.7, 67.1, 65.5, 61.1, 20.8, 20.6;
MS (MALDITOF): m/z: caled for C,3H,sN, O ,Na: 4623.8
[M + Na]*; found: 4624.0.

Heptavalent Lac(OAc)-glycocyclodextrin 19

Column chromatography (AcOEt then AcOEt-MeOH 30 : 1)
gave 19 (87%) as a solid: mp 194-196 °C; [a], = +14.5 (c =1
in chloroform); IR (KBr): v = 1750, 1370, 1225, 1047 cm™'; 'H
NMR (CL,CD, 300 MHz) (selected signals): 6 = 7.76 (br s, 7
H; H-triazole), 5.36 (br s, 7 H; H-4' lactose), 5.25-3.50 (several
m), 2.15, 2.05, 2.03, 1.97, 1.93 (5 s, 189 H; 63 x Ac); *C NMR
(CL,CD, 75 MHz): 6 = 170.4, 170.2, 170.1, 169.8, 169.6, 169.2,
144.0, 126.0, 100.9, 100.2, 96.4, 76.1, 72.7, 71.5, 71.0, 70.5, 69.7,
69.0, 66.6, 63.0, 62.0, 60.7, 60.4, 50.1, 21.2, 20.9, 20.8, 20.7, 20.5;
MS (MALDITOF): m/z: caled for CgHyusN, O, ,Na: 4623.8
[M + Na]*; found: 4624.0.

Synthesis of fluorescent glycocyclodextrin functionalized at the
primary face (22)

A solution of the 6-azido cyclodextrin derivative 11 (0.100 g),
the propargyl dansyl derivative 5 (0.15 mmol, 0.25 equiv. per
azide group) and the copper catalyst [(EtO);P-Cul] (0.063 mmol,
0.1 equiv. per azide group) in DMF (5 mL) was irradiated at
800 W and 90 °C in a Milestone Star Microwave Labstation
for 6 h. At this moment, the corresponding propargyl sugar
derivative 4a (0.76 mmol, 1.2 equiv. per alkyne group) was
added and the reaction mixture irradiated for an additional 2 h.
The work-up procedure was identical to that indicated for the
synthesis of non fluorescent glycocyclodextrins 14, 15, 18 and
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19. The crude product was de-O-acetylated by NaOMe-MeOH.
Evaporation of the solvent was followed by purification by column
chromatography (acetonitrile-water 3 : 1) giving 22. '"H NMR,
BC NMR and MS (MALDITOF) showed a mixture of different
compounds with 22 as the general formula.

General procedure for the synthesis of glycocyclodextrins
functionalized at the secondary face 23 and 24

A solution of the propargylated cyclodextrin 12 (0.100 mmol),
the corresponding azido sugar derivative 13a,b*”* (1.5 equiv. per
alkyne group) and the copper catalyst [(EtO),P-Cul] (0.1 equiv. per
azide group) in DMF (15 mL) was irradiated at 500 W and 90 °C
in a Milestone Star Microwave Labstation for 40 min. Evaporation
gave a crude that was purified by column chromatography
(acetonitrile-water 2: 1 to 1:1).

Heptavalent Gal(OAc)-glycocyclodextrin 23

Tsolated as a solid in 92% yield: mp > 250 °C (decomp.); [a], =
+34 (¢ = 0.5 in water); [a]se = +160 (¢ = 0.5 in water); IR
(KBr): v = 3381, 2991, 1636, 1152, 1080, 1037 cm™'; "C NMR
(DMSO-d,, 200 MHz): 6 = 143.4, 125.0, 103.4, 99.9, 82.0, 78.9,
75.3, 73.3, 73.0, 71.5, 70.4, 68.1, 67.1, 64.2, 60.4, 54.8, 49.6. MS
(MALDITOF): m/z: caled for C,sH,5N,,0,,Na: 4303.8 [M +
Nal*; found: 4303.4.

Heptavalent Lac(OAc)-glycocyclodextrin 24

Isolated as a solid in 86% yield: mp > 250 °C (decomp.); [a]p +96
(¢ = 0.5 in water); [a]ye = +188 (¢ = 0.5 in water); IR (KBr):
v = 3996, 1645, 1373, 1157, 1035 cm™'; “C NMR (DMSO-dq,
75 MHz): 0 = 143.5, 125.4, 103.8, 102.5, 100.0, 81.7, 80.6, 78.5,
75.1,74.8,73.2,72.9, 71.5, 70.5, 68.1, 67.3, 64.9, 63.8, 60.4, 59.6,
49.8; MS (MALDITOF): m/z: calcd for C,s; H,59N,,0,,,Na 4303.8
[M + Na]*; found: 4303.4; C,;H,5N,,0,,K 4319.9 [M + K]J*;
found: 4319.3.

General procedure for the synthesis of hydroxylated
glycocyclodextrins 16, 17, 20 and 21

A solution of the corresponding per-O-acetylated derivatives 14,
15, 18 or 19 (0.05 mmol) in MeOH-DMF-Et;N (8 : 2 : 1 ml) was
refluxed for 60 h. Evaporation gave a crude that was crystallized
to yield the corresponding hydroxylated derivatives 16, 17, 20, or
21, respectively.

Monovalent Gal(OH)-glycocyclodextrin 16

Crystallization in AcCOEt-MeOH gave 16 in 90% yield as a solid:
mp > 250 °C (decomp.); [a]p +110 (¢ = 1 in water); '"H NMR
(D,0, 300 MHz) (selected signals): 6 = 8.16 (s; H-triazole); *C
NMR (D,0, 75 MHz): 6 = 143.6, 126.9, 102.0, 101.9, 101.5, 83.0,
81.3,81.1, 80.7,75.2, 73.1, 72.8, 72.7, 72.0, 71.8, 71.7, 71.4, 70.6,
68.6, 61.7, 61.0, 60.2, 59.1, 51.1; MS (MALDITOF): m/z: calcd
for C5;Hg;N;O4Na: 1400.5 [M + Nal*; found: 1440.5.

Monovalent Lac(OH)-glycocyclodextrin 17

Crystallization in MeOH gave 64% yield as a solid: mp > 165-
166 °C; '"H NMR (D,0, 400 MHz) (selected signals): 6 8.13 (s;

H-triazole); *C NMR (D,0, 100 MHz): § = 143.5, 127.0, 103.0,
102.0, 101.9, 101.5, 101.3, 83.0, 81.3, 81.1, 80.7, 78.3, 75.3, 74.8,
74.3,73.0, 72.8, 72.7, 72.5, 72.0, 71.8, 71.4, 70.9, 70.5, 68.5, 61.8,
61.0, 60.2, 60.1, 59.1, 51.2; MS (MALDITOF): m/z: caled for
C5;HosN;045Na: 1562.50 [M + Na]*; found 1562.60.

Monovalent Gal(OH)-glycocyclodextrin 20

Crystallization in MeOH gave 20 in 80% yield as a solid: mp >
250 °C (decomp.); [a]p = +10 (¢ = 0.5 in water); [al;s = +20
(¢ = 0.5 in water); IR (KBr): 3400, 1638, 1156, 1076, 1048 cm™;
'H NMR (DO, 300 MHz): 6 = 8.1 (s, H-triazole); "C NMR
(D,0, 75 MHz): 6 = 140.9, 124.5,99.4, 98.3, 79.6, 72.4,70.0, 69.7,
68.9, 68.0, 67.3, 65.8, 58.3; MS (MALDITOF): m/z: caled for
CiosHi61 N, O5Na: 2858.0 [M + Na]*; found: 2858.3.

Heptavalent Lac(OH)-glycocyclodextrin 21

Crystallization in MeOH gave 95% yield: '"H NMR (D,O,
300 MHz) (selected signal): 6 = 8.11 (br s, H-triazole); MS
(MALDITOF): m/z: calcd for C,4;Ha N, OgsNa: 3995.5 [M +
Na]*; found: 3995.6.

General procedure for the synthesis of glucose-based glycoclusters
27-30

A solution of the propargylated glucose derivative 26
(0.100 mmol), the corresponding azide sugar derivative 13c,d
(1.3 equiv. per alkyne group) and the copper catalyst [(EtO),P-Cul]
(0.1 equiv. per alkyne group) in toluene (15 mL) was refluxed for
1 h. The reaction mixture was evaporated and the crude purified by
column chromatography to yield the corresponding glycocluster.

Gal(OAc)-glycocluster 27

Column chromatography (AcOEt-MeOH 15 : 1) gave 27 (93%)
as a solid: mp 112-114 °C; [a], = —17.7 (¢ = 1 in chloroform);
[a)yze = —34.3 (¢ = 1 in chloroform); IR (KBr): v = 2937, 1750,
1371, 1225, 1051 cm™'; '"H NMR (Cl;CD, 300 MHz) (selected
signals): 6 7.99, 7.90, 7.88, 7.85, 7.74 (5 s, 5 H; H-triazole); *C
NMR (CL;CD, 75 MHz): o = 170.3, 170.0, 169.4, 169.1, 144.7,
144.6, 144.5, 144.1, 124.7, 124.6, 124.3, 102.3, 100.9, 83.9, 81.6,
74.7,70.8, 10.6, 68.9, 68.4, 67.5, 67.4, 66.9, 66.3, 66.6, 65.4, 64.5,
62.6, 61.1, 49.9, 20.6, 20.6, 20.4; MS (MALDITOF): m/z: caled
for Cjo,H,3;N 505 Na: 2478.8 [M + Na]*; found: 2478.5.

Lac(OAc)-glycocluster 28

Column chromatography (AcOEt-MeOH 15 : 1) gave 28 (92%)
as a solid: mp 149-151 °C; [a]p = —13 (¢ = 1 in chloroform); IR
(KBr): v = 2958, 1753, 1371, 1230, 1053 cm™'; "H NMR (CL,CD,
300 MHz) (selected signals): 6 = 7.99, 7.91, 7.89, 7.85, 7.73 (5 s,
5 H; H-triazole), 5.35 (d, J = 1.3 Hz, 5 H; H-4 Gal); "C NMR
(CL,CD, 75 MHz): 6 = 170.3, 170.1, 169.9, 169.6, 169.5, 169.1,
144.7, 144.5, 144.2, 124.6, 124.5, 124.2, 101.0, 100.4, 76.1, 76.0,
72.8,72.5,71.3,70.9, 70.6, 69.1, 67.7, 66.6, 61.9, 61.8, 60.7, 49.8,
49.7; MS (MALDITOF): m/ z: caled for C,s; H,;N5OgsNa: 3921.5
[M + Na]*; found: 3921.8.
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General Procedure for the synthesis of hydroxylated glycoclusters
29 and 30

A solution of the per-O-acetylated derivatives 27 or 28 (0.05 mmol)
in MeOH-Et;N (8 : 2 ml) was refluxed for 3 h. Evaporation gave
a crude that was purified by column chromatography to give the
corresponding glycoclusters 29 or 30.

Gal(OH)-glycocluster 29

Column chromatography (AcOEt-MeOH 15 : 1) gave 29 (94%)
as a solid: mp >250 °C (decomp.); [a]ss = +3 (¢ = 0.5 in water);
IR (KBr): v = 3408, 2925, 1118, 1076 cm™~'; "H NMR (DMSO-dq,
300 MHz) (selected signals): 0 = 8.20, 8.16, 8.13, 8.10 (4 s, 5 H;
H-triazole); “C NMR (DMSO-d,, 75 MHz): 6 = 143.8, 143.6,
143.2, 143.1, 143.0, 124.7, 124.6, 103.4, 101.1, 83.2, 83.1, 76.9,
75.3,73.7,73.3,70.4, 68.1, 67.0, 65.5, 65.0, 64.8, 63.8, 61.8, 60.4,
49.5; MS (MALDITOF): m/z: caled for Cq;Ho;NsO5,Na: 1638.6
[M + NaJ*; found, 1638.7.

Lac(OH)-glycocluster 30

Column chromatography gave 30 (94%) as a solid: mp > 280 °C
(decomp.); [a]p = +10.4 (¢ = 0.5 in water), [a]; = +20.6 (¢ =
0.5 in water); IR (KBr): v = 3392, 2922, 1146, 1070 cm™'; 'H
NMR (DMSO-d,, 300 MHz) (selected signals): 0 = 8.17, 8.13,
8.12, 8.08, 8.08 (s, 5 H; H-triazole); *C NMR (CL,CD, 75 MHz):
0 = 143.5, 124.5, 103.7, 102.3, 80.5, 75.3, 74.8, 74.7, 73.1, 72.8,
70.5, 68.0, 67.2, 60.3, 60.2, 49.5; MS (MALDITOF): m/z: calcd
for CoyH ;N 50¢ Na 2448.9: [M + Na]*; found: 2448.9.

Cell culture

U-937 human histiocytic lymphoma cells (ECACC No. 85011440)
were grown in suspension in RPMI 1640 medium (Sigma, St.
Louis, MO, USA) supplemented with 10% (v/v) fetal bovine
serum (Cultek, Madrid, Spain), 2 mM glutamine, plus 100 units
per ml penicillin and 0.1 mg ml™' streptomycin (Sigma, St.
Louis, MO, USA). Mouse monocyte macrophages, RAW 264.7
(ECACC No. 91062702) were grown in Dulbecco’s Modified
Eagle’s Medium (DMEM) containing 10% (v/v) fetal bovine
serum, plus the same supplements as for U-937 cells. All cell lines
were maintained at 37 °C in a humidified incubator containing
CO, (5%) and air (95%).

Monocyte adhesion assays

U-937 cells were collected, washed free of serum and placed in
serum free RPMI medium. The neoglycoconjugates tested were
dissolved at 1 mg ml~" in distilled water and then were added to a
24 well plate to achieve a concentration of 20 or 40 pg ml~" in a final
volume of 500 ul of water. The water in the wells was allowed to
completely evaporate overnight. Next4 x 10* U-937 cells in RPMI
1640 medium without serum were plated in the wells and were
incubated at 37 °C for 3 hours. After the attachment period, the
medium and the non-adhered cells were aspirated and the plates
were washed gently twice with 1 ml of cold of phosphate buffered
saline. Adhesion was measured by counting the adhered cells by
microscopy. At least 10 different cellular fields were examined in
each plate at 100 x magnification.

Labelling studies

For labelling studies, RAW 264.7 cells were used at 60-70%
confluence. Cells were incubated in medium without FCS for
8 h and then treated in the absence or presence of 1 pug ml™!
lipopolysaccharide 055:B5 (Sigma, St. Louis, MO) for 4 hours.
Neoglycoconjugates bearing Glc, Gal and Lac appendages (9-
11 and 24) marked with a dansyl group were dissolved in water
and added to the growth media in a concentration of 100 or
400 ug ml~! of each labelled neoglycoconjugate. After incubation
of 24 hours at 4 °C and 37 °C the cells were washed extensively
with cold PBS and analyzed by fluorescence microscopy using an
Olympus IX70 microscope equipped with a WU excitation filter.
Image acquisition was performed under constant conditions in
every field examined. Digital image acquisition and processing
were performed with an Olympus DP10 camera and the NIH
image software package, respectively. At least 10 different cellular
fields were examined in each plate at 100x or 200x magnification.
Alternatively, fluorescence intensity was assayed using a Shimadzu
RF-5301PC spectrofluorophotometer. Cells were scraped and the
total amount of fluorescence in the cell extracts was measured at
Agc 335 and Jgy 518 nm. Results were normalized using the total
amount of protein of the cell extracts.*’

Quantitative RT-PCR

Specific RNA concentrations were quantified by RT-real time
PCR. Total RNA was isolated from the RAW 264.7 cells using
a guanidinium thiocyanate method.** Three pg of total RNA
was used as a template to generate the cDNA by reverse transcrip-
tion (RT) with the first-strand cDNA synthesis kit (GE Health
Care Life Sciences, Uppsala, Sweden) using a oligodT-Norl
primer as per manufacturer’s protocol. Real time PCR was
performed using double-stranded DNA-specific dye SYBR Green
I. The RT products were amplified using the following primers:
TNFa 5-CCTGTAGCCCACGTCG TAGC-3 and 5-TTGACC-
TCAGCGCTGAGTTG-3* and B-actin 5-GGCCAACCGTG-
AAAAGATG-3 and 5-GGATCTTCATGAGGTAGTCTGTC-
3. Amplification, data acquisition and data analysis were carried
out using a LightCycler 480 system (Roche Applied Science,
Barcelona, Spain). In each run, standard curves were generated
for a primer set by serial dilution of plasmid DNA encoding the
relevant cDNA. Melting curves were generated after each run to
verify melting temperatures of the amplicon, and the purity of
RT-PCR was additionally verified by running the PCR products
on agarose gel (data not shown). TNF-o mRNA amounts were
calculated using the real time PCR standard curve method.*

Acknowledgements

We thank Direccion General de Investigacion Cientifica y Técnica
for financial support (BQ2002-03 and CTQ2005-02219). N. Sevil-
lano is the recipient of a predoctoral fellowship from the Fun-
dacion Ramon Areces, Spain.

References

1 J. Vitte, A. Benoliel, A.-N. Pierres and P. Bongrand, Clin. Hemorheol.
Microcire., 2005, 33, 167-188.

2300 | Org. Biomol. Chem., 2007, 5, 2291-2301

This journal is © The Royal Society of Chemistry 2007





2 R. Auzely-Velty, M. Cristea and M. Rinaudo, Biomacromolecules, 2002,
3, 998-1005.

3 P. Mowery, Z. Q. Yang, E. J. Gordon, O. Dwir, A. G. Spencer, R. Alon
and L. L. Kiessling, Chem. Biol., 2004, 11, 725-732.

4 Carbohydrates in Chemistry and Biology, Part 11, Biology of Saccharides,
vol. 4, Lectins and Saccharide Biology, ed. B. Ernst, G. W. Hart and
P. Sinay, Wiley-VCH, Weinheim, 2000.

5 Carbohydrate Mimics: Concepts and Methods, ed. Y. Chapleur, Wiley-
VCH, Weinheim, 1998.

6 S. K. Choi, Synthetic multivalent molecules: Concept and biomedical
application, John Wiley & Sons, USA, 2005.

7 D. J. Doores, D. Gamblin and B. G. Davis, Chem.—Eur. J., 2006, 12,
656-665.

8 Endotoxin in Health and Disease, ed. H. Brade, D. C. Morrison, S. Opal
and S. Vogel, Dekker, New York, 1999.

9 A. J. Ulmer, E. Th. Rietschel, U. Zahringer and H. Heine, Trends
Glycosci. Glycotechnol., 2002, 14, 53-68.

10 R. Chaby, Cell. Mol. Life Sci., 2004, 61, 1697-1713.

11 M. Fujihari, M. Muroi, K. Tanamoto, T. Suzuki, H. Azuma and H.
Ikeda, Pharmacol. Ther., 2003, 100, 171-194.

12 W. J. Christ, O. Asano, A. C. Robidoux, M. Perez, Y. Wang, G. R.
Dubuc, W. E. Gavin, L. D. Hawkins, P. D. McGuinness, M. A.
Mullarkey, M. D. Lewis, Y. Kishi, T. Kawata, J. R. Bristol, J. R. Rose,
D. P. Rossignol, S. Kobayashi, L. Hishinuma, A. Kimura, N. Asakawa,
K. Katayama and I. Yamatsu, Science, 1995, 268, 80-83.

13 H. C. Kolb, M. G. Finn and K. B. Sharpless, Angew. Chem., Int. Ed.,
2001, 40, 2005-2021.

14 Q. Wang, S. Chittaboina and H. N. Barnhill, Letz. Org. Chem., 2005,
2,293-301.

15 V. D. Bock, H. Hiemstra and J. H. van Maarseveen, Eur. J. Org. Chem.,
2006, 51-68.

16 H. C. Kolb and B. B. Sharpless, Drug Discovery Today, 2003, 8, 1128—
1137.

17 S. Debola, S. A. Nepogodiev and R. A. Field, Org. Biomol. Chem.,
2007, 5, 1006-1017.

18 V. V. Rostovtsev, L. G. Green, V. V. Fokin and K. B. Sharpless, Angew.
Chem., Int. Ed., 2002, 41, 2596-2599.

19 C. W. Tornoe, C. Christensen and M. Meldal, J. Org. Chem., 2002, 67,
3057-3064.

20 A. L. Biessen, H. F. Bakkeren, D. M. Beuting, J. Kuiper and T. J. C.
van Berkel, Biochem. J., 1994, 299, 291-296.

21 S. Kelm and R. Schauer, Biol. Chem. Hoppe-Seyler, 1988, 369, 693~
704.

22 B. J. Cherayil, S. J. Weiner and S. Pillai, J. Exp. Med., 1989, 170, 1959—
1972.

23 K. Kishi, T. Ishimaru, M. Ozono, I. Tomita and T. Endo, J. Polym.
Sci., Part A: Polym. Chem., 2000, 38, 35-42.

24 F. Cazier-Dennin, P. Woisel and G. Surpateanu, FR 2873120, 2006
[Chem. Abstr. 2006, 144, 88512].

25 P.R. Ashton, R. Koeniger, J. F. Stoddart, D. Alker and V. D. Harding,
J. Org. Chem., 1996, 61, 903-908.

26 R. Roy, S. K. Das, F. Santoyo-Gonzalez, F. Hernandez-Mateo, T. K.
Dam and C. F. Brewer, Chem.—Eur. J., 2000, 6, 1757-1762.

27 F. Fazio, M. C. Bryan, O. Blixt, J. C. Paulson and C.-H. Wong, J. Am.
Chem. Soc., 2002, 124, 14397-14402.

28 X-L Sun, K. M. Faucher, M. Houston, D. Grande and E. L. Chaikof,
J. Am. Chem. Soc., 2002, 124, 7258-7259.

29 F. Perez-Balderas, M. Ortega-Munoz, J. Morales-Sanfrutos, F.
Hernandez-Mateo, F. G. Calvo-Flores, J. A. Calvo-Asin, J. Isac-Garcia
and F. Santoyo-Gonzalez, Org. Lett., 2003, 5, 1951-1954.

30 F. Bolletta, D. Fabbri, M. Lombardo, L. Prodi, C. Trombini and N.
Zaccheroni, Organometallics, 1996, 15, 2415-2417.

31 D. A. Fulton and J. F. Stoddart, Bioconjugate Chem., 2001, 12, 655~
672.

32 C. Weber, W. Erl, A. Pietsch and P. C. Weber, Circulation, 1995, 91,
1914-1917.

33 M. L. Cybulsky and M. A. Gimbrone, Science, 1991, 251, 788-791.

34 D. C. Kilpatrick, Biochim. Biophys. Acta, 2002, 1572, 187-197.

35 R Loris, Biochim. Biophys. Acta, 2002, 1572, 198-208.

36 F. Ortega-Caballero, J. J. Gimenez-Martinez and A. Vargas-Berenguel,
Org. Lett., 2003, 5, 2389-2392.

37 P. R. Ashton, S. E. Boyd, G. Gattuso, E. Y. Hartwell, R. Koeniger, N.
Spencer and J. F. Stoddart, J. Org. Chem., 1995, 60, 3898-3903.

38 H. B. Mereyala and S. R. Gurrala, Carbohydr. Res., 1998, 307, 351—
354.

39 A. M. Blinkovsky and J. S. Dordick, Tetrahedron: Asymmetry, 1993, 4,
1221-1228.

40 M. M. Bradford, Anal. Biochem., 1976, 72, 248-54.

41 P. Chomcezynski and N. Sacchi, Anal. Biochem., 1987, 162, 156-159.

42 Y.J. Jeon, S. B. Han, K. S. Ahn and H. M. Kim, Immunopharmacology,
1999, 43, 1-9.

43 M. W. Pfaffl, Nucleic Acids Res., 2001, 29, 2002-2007.

This journal is © The Royal Society of Chemistry 2007

Org. Biomol. Chem., 2007, 5, 2291-2301 | 2301






PAPER

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

Diastereo- and enantioselective synthesis of a,p-epoxyketones using aqueous
NaOCl in conjunction with dihydrocinchonidine derived phase-transfer
catalysis at room temperature. Scope and limitations

Barry Lygo,* Stuart D. Gardiner, Michael C. McLeod and Daniel C. M. To

Received 30th April 2007, Accepted 18th May 2007
First published as an Advance Article on the web 13th June 2007
DOI: 10.1039/b706546a

In this paper we present studies into the scope and limitations of asymmetric PTC epoxidation of
enones and the oxidation—epoxidation of allylic alcohols using aqueous NaOCl in conjunction with a

dihydrocinchonidine derived quaternary ammonium salt catalyst.

Introduction

Asymmetric phase-transfer catalysis (PTC) using chiral quater-
nary ammonium salts has now been established as a powerful
method for the generation of high value enantio-enriched syn-
thetic intermediates.! This technology has proved particularly
effective for the asymmetric alkylation of active methylene and
methine compounds, leading to highly practical methods for the
production of a wide variety of chiral intermediates including
indanones,? a-amino acids,® and B-ketoesters.* The application of
asymmetric quaternary ammonium PTC in the epoxidation of
o,B-unsaturated ketones has also attracted considerable interest
in recent years.”® This is in part because of the simplicity of the
procedures involved,'*** and in part because of the synthetic utility
of the resulting a,B-epoxyketones.'***

The utility of chiral quaternary ammonium PTCs as catalysts
for the asymmetric epoxidation of o,f-unsaturated ketones was
pioneered by Wynberg et al.,> who demonstrated that quinine
derivative 3 was capable of promoting enantioselective Weitz—
Scheffer epoxidation of chalcones 1 under liquid-liquid phase-
transfer conditions (Fig. 1).

X RaN*
17 - . /<c|))1\
R! /%)k R2 R? J\/L R2 R R?
1 2
R4N+ “OX R4N+ X

Organic Phase

Na* -OX > Na* X Aqueous Phase

‘ “OX = "OCl, "O0H, -OOR ‘

Fig. 1 Weitz-Scheffer PTC epoxidation.

This process had a number of attractive features: the procedure
is extremely simple to carry out; the catalyst 3 is easily prepared
(1 step) from an inexpensive, renewable, chiral starting material
(quinine) and is effective at reasonably low catalyst loadings
(2.5 mol%); the oxidants (NaOCl, NaOH/H,O, or NaOH/¢-
BuOOH) are readily available and produce relatively innocuous

School of Chemistry, University of Nottingham, Nottingham, UK NG7 2RD

by-products (NaCl, H,O, or --BuOH); and the two-phase reaction
system allows for simple separation of products and reagents.

There were however some aspects of this procedure that limited
its usefulness, most notably the modest levels of enantioselectivity
obtained with simple acyclic o,B-unsaturated ketones (typically
20-50% ee).

Our own investigations in this area led to improved reaction
conditions and established that substantially increased levels of
enantioselectivity could be obtained by using dihydrocinchonidine
and cinchonine derived quaternary ammonium salts 4 and 5
(Fig. 2).° These latter two catalysts are enantio-complimentary,
the dihydrocinchonidine-derived salt 4 giving high selectivity for
(28,3 R)-epoxide 2 and the cinchonine-derived salt 5 giving similar
levels of selectivity for the (2R,3.S)-isomer. In this paper we focus
on reactions involving these catalysts and describe detailed studies
aimed at defining their scope and limitations in the preparation of
enantiomerically-enriched a,B-epoxyketones.

Fig. 2 Quaternary ammonium salts used as catalysts in Weitz—Scheffer
PTC epoxidation.

Results and discussion

In our earlier studies we identified aqueous sodium hypochlorite
as an effective oxidant for Weitz—Scheffer epoxidations involving
catalyst 4.% Subsequent to this potassium hypochlorite was also
shown to be highly effective when used in conjunction with lower
temperatures.” More recently the in situ generation of this unstable
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Table 1 Survey of alternative oxidants
o} 6}

oxidant 0}
Ph/\)L Ph  PhMe, 25°C Ph/<l)1\ Ph
6 1 mol% 4 7
Entry Oxidant Time/h Conv. (%) Ee (%)

1 30% aq. H,0,, 50% aq. KOH 48 >95 11
2 70% aq. t-BuOOH, 50% aq. KOH 16 >95 20
3 Na,CO0;-1.5H,0, 48 <10 —
4 44% aq. Na,CO;-1.5H,0, 48 <10 —
5 NaBO;-H,0O 48 <10 —
6 Ca(0Cl), 48 <10 —
7 TCCA, 50% aq. KOH 15 >95 89
8 NaDCCA, 50% aq. KOH 244 >95 88
9 NDDH, 50% aq. KOH 24« 80 86
10 NCS, 50% aq. KOH 48 20 90
11 15% aq. NaOCl 12 >95 86
12 247 >95 89

TCCA = trichloroisocyanuric acid, NaDCCA = dichloroisocya-
nuric acid, NDDH = 1,3-dichloro-5,5-dimethylhydantoin; NCS = N-
chlorosuccinimide.” Reaction performed at 0 °C.

oxidant via reaction of trichlororisocyanuric acid (TCCA) with
potassium hydroxide has also been successfully applied in this
chemistry.?

In principle a variety of other nucleophilic oxidants could also
be used. Thus, in an effort to compare the effectiveness of aqueous
sodium hypochlorite with alternatives, we screened a range of
commercially available reagents in the epoxidation of chalcone 6
(Table 1). Reactions involving TCCA-aq. KOH, NaDCCA-aq.
KOH, NDDH-aq. KOH, NCS-aq. KOH, were all expected to
generate potassium hypochlorite in situ'® and so these reactions

Table 2 Enantioselective epoxidation using catalyst 4

were performed at 0 °C in order to minimize decomposition of
this intermediate. They all proved successful, generating epoxide 7
in high enantiomeric excess, although the reaction employing NCS
gave poor levels of conversion. Interestingly, the reaction involving
TCCA-KOH in conjunction with catalyst 4 (Table 1, entry 7) has
previously been reported to require 5 mol% catalyst,® however
in our hands this procedure worked equally well using 1 mol%.
Reactions involving aqueous sodium hypochlorite (Table 1, entries
11-12) were similarly successful, suggesting that the metal counter-
ion has little effect on enantioselectivity. All other oxidants
investigated gave either low enantioselectivity (Table 1, entries 1,
2) or poor conversion (Table 1, entries 3-6) in this reaction."”

The results in Table 1 also seem to indicate that the enantios-
electivity increases slightly as the reaction temperature decreases
(compare entry 11 with entries 7-10, 12)," however, given the con-
venience of operating at ambient temperatures, we have focused
on exploring the utility of this chemistry at room temperature. For
this purpose we opted to employ the more stable oxidant, sodium
hypochlorite, for all subsequent investigations.

To test the generality of these conditions we examined the epox-
idation of a range of a,B-unsaturated ketones (Table 2). Almost all
of the substrates examined were converted into the corresponding
epoxides in high yield. The only exceptions were 4-methyl-1-
phenylpent-1-en-3-one and 4-phenylbut-3-en-2-one (entries 7 and
8). Both of these enones gave low conversions under the standard
reaction conditions, and the starting materials were recovered in
high yield. Given that all the other substrates had non-enolizable
R2-substituents, it would seem that competing enolization is the
most likely explanation for this observation. Apart from this
limitation, this epoxidation appears to tolerate a wide variety of
different substituents in positions R' and R?. Enantioselectivities

O O
15% aq. NaOCl (0]
H‘/\)LRZ PhMe, 25°C R1MR2
1 1 mol% 4

Entry R' R? Product Yield (%) Ee (%)

1 Ph Ph 7 98 86(98)"

2 3,4-(OCH,0)C,H, 8 95 92(>99)"

3 4-NO,-C,H, 9 85 86

4 4-Br-C4H, 10 93 88

5 4-F-C¢H, 11 94 87(98)°

6 t-Bu 12 83 87

7 i-Pr 13 <10 —

8 Me 14 <10 —

9 2-Thienyl 15 97 84
10 3,4-(0OCH,0)C;H;  Ph 16 94 92(>99)*
11 4-Br-C4H, 3,4-(OCH,0)C¢H; 17 89 91(=99)
12 n-Cp;Ha, Ph 18 98 81(=99)"
13 2-Thienyl 19 96 78(>99)"
14 2-Furyl 20 96 80(>99)
15 n-CeHys Ph 21 90 81
16 4-Br-C¢H, 22 91 84
17 4-NO,-C,H, 23 84 90
18 3,4-(OCH,0)C,H, 24 77 86
19 PhCO Ph 25 93 68
20 BnO,C 26 76 67
21 EtO,C 4-NO,-C¢H, 27 74 86(93)°
22 4-MeO-C¢H, 28 97 65

« After purification by chromatography. * Ee of crude reaction product. Ee given in parentheses is that obtained after one recrystallization.
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of the crude products were generally high, typically in the range
80-90% ee, although some substrates, most notably those with R!
= carbonyl, generally gave lower enantioselectivities. In all cases
the diastereoselectivity was high (>95% de).

As the majority of these products were crystalline solids, for
selected examples we investigated whether the initial enantiomeric
excess could be improved by recrystallization. In all cases inves-
tigated a single recrystallization led to a significant improvement
in enantiomeric excess (see Table 2, entries 1, 2, 5, 10-14, and 21),
and in most cases this provided the product with >98% ee. Isolated
yields after recrystallization were 50-80% (see Experimental for
examples), suggesting that this is a highly effective means of
preparing highly enantiomerically-enriched «,B-epoxyketones.

To further probe the scope of this chemistry we briefly ex-
amined other substitution patterns in the starting enone. The
tri-substituted chalcones 29 and 30 (Fig. 3) did not undergo
epoxidation under the standard reaction conditions, suggesting
that further substitution around the alkene is not tolerated. cis-
Chalcone 31 reacted slowly, requiring 10 mol% catalyst to go
to completion, but interestingly delivered the corresponding cis-
epoxide 32 albeit with moderate enantioselectivity (Scheme 1).
High selectivity for the cis-epoxide diastereoisomer with enones
such as cis-chalcone 31 is unusual for Weitz—Scheffer epoxidations
as the two-step mechanism (Fig. 1) allows for bond rotation prior
to ring closure. This generally results in loss of stereochemical in-
formation and results in formation of the trans-epoxide product."
It seems unlikely that this reaction is proceeding via an alternative
(concerted) mechanism, so the diastereoselectivity observed here
is probably an indication that electrostatic interactions in the
intermediate ion-pair slow the rate of bond rotation relative to
ring closure.

Fig. 3 Tri-substituted chalcones that did not undergo epoxidation under
standard conditions.

Ph O Ph O

K/U\ 15% aq. NaOCl 0
—_—
X~"“pn PhMe, 25°C, 72 O Ph

31 10 mol% 4 32
72%
(53% e.e.)
Scheme 1

To probe the effect of enone conformation in cis-alkenes
we also briefly investigated epoxidation of perinaphthenone 33
(Scheme 2). In this case the reaction was complete within 24 h and
epoxide 34 was obtained with significantly higher enantiomeric
excess.

Unfortunately we have been unable to determine the absolute
stereochemistry of epoxides 32 and 34, so at this point in time
it is not possible to draw any further conclusions from these
experiments.

The modest enantioselectivity obtained in the epoxidation of
cis-chalcone 31 is of limited synthetic utility, but the capacity
to generate cis-epoxyketones with high diastereoselectivity is a

(0]

o o}
‘ 15% aq. NaOCl ‘
_— >
Oe PhMe, 25 °C, 24h OO

10 mol% 4
33 34
1%
(76% e.e.)
Scheme 2

potentially useful feature of this chemistry. To probe this further
we investigated the PTC epoxidation of enones 35 and 38. These
particular enones are of interest as the corresponding epoxides
have been shown to be useful precursors to novel carbohydrate
derivatives.” In addition, both of these enones have previously
been investigated using the Julia—Colonna—Roberts epoxidation,
which employs polyleucine in conjunction with urea—hydrogen
peroxide complex,? hence this study would allow an interesting
comparison of the quaternary ammonium PTC epoxidation with
this complimentary procedure.

It was found that when (E)-enone 35 was employed as the
substrate, trans-epoxides 36 and 37 were produced in high yield
(Table 3). With a simple achiral PTC (Bu,NBr), the anti-isomer
36 was favoured, and this selectivity was significantly enhanced
when PTC 4 was employed. With PTC 5 the diastereoselectivity
was reversed, giving the syn-isomer 37 as the major product. In all
cases we could detect no sign of the corresponding cis-epoxides by
'"H NMR.

With (Z)-enone 38, the PTC conditions produced the corre-
sponding cis-epoxides (39 and 40) in high yield. In this case
Bu,NBr also favoured the anti-isomer 39 and again this selectivity
was significantly enhanced when PTC 4 was employed (Table 4).
This time the mismatched PTC 5 also produced the anti-isomer
39 albeit with lower levels of diastereoselectivity. Again we could
detect no sign of the corresponding trans-epoxides by 'H NMR.

These results echo those found with (E)- and (Z)-chalcone,
and confirm that the PTC conditions employed are capable of
generating cis-epoxyketones with high diastereoselectivity. This
contrasts with the Julia—Colonna—Roberts procedure which is
reported to produce only trans-epoxides 36 and 37 from cis-enone
38.

Table 3 Diastereoselective epoxidation of 35

o}

O\)\/:W Ph
15% aq. NaOClI

O, Ph L» 36 o o

= PhMe, 25°C .

1 mol% PTC #\o

35 (0]
0 Ph
(0]
37 (0]

Catalyst Yield (%)* Ratio 36 : 37"
n-Bu,NBr 96 2:1

4 96 11:1¢

5 97 1:3¢

* After purification by chromatography. * By 'H NMR spectroscopy.
¢Ratio of major diastereoisomer could be improved to >20 : 1 by
recrystallization.
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Table 4 Diastereoselective epoxidation of 38

(¢]
#\O 15% aq. NaOClI 39
—_—
0 = PhMe, 25°C +
38 1 mol% PTC #\O o) Ph
o (@)
40
Catalyst Yield (%)* Ratio 39 : 40°
n-Bu,NBr 98 4:1
4 96 13:1¢
5 97 2.5:1

“ After purification by chromatography. * By '"H NMR spectroscopy.
¢ Ratio could be improved to >20 : 1 by recrystallization.

In an effort to further expand the synthetic utility of the
asymmetric PTC epoxidation reaction we have also investigated
the one-pot conversion of allylic alcohols into a,B-epoxyketones.?!
At the outset of this study it was known that secondary alcohols
could be oxidized to the corresponding ketones using NaOCl
under PTC conditions. Ethyl acetate appeared to be the optimal
organic solvent for this process,?? but we have previously observed
that this solvent leads to significantly reduced enantiomeric excess
when employed as the organic phase in the asymmetric PTC
epoxidation of chalcone 6 using a cinchonidine-derived PTC.%
In order to confirm that the dihydrocinchonidine-derived PTC 4
behaves in the same way, we investigated the asymmetric PTC
epoxidation of chalcone 6 in ethyl acetate. The desired epoxide 7
was obtained in high yield, but as anticipated, it had a significantly
reduced enantiomeric excess (45% ee) compared to when the
reaction was performed in toluene.

To probe this further, we investigated the asymmetric epox-
idation of chalcone 6 with PTC 4 using a selection of other
water-immiscible organic solvents of varying dielectric constant
(¢) and also using two water-immiscible solvent mixtures. The
results obtained clearly show that enantioselectivity decreases with
increasing solvent polarity (Fig. 4 and 5).

Taken together, these results suggest that polar solvents (or polar
additives) should be avoided wherever possible.

100
|_CCly
PhMe CHCI3
80
1 CICgHs
60 |
%Ee | CHyCly
40 EtOAc
20 |
0 ‘ : :
2 4 6 8 10

Fig.4 Ee vs. dielectric constant (¢) for the epoxidation of chalcone 6 using
catalyst 4.

=== CHuCly/PhMe
20 — EtOAc/PhMe
0+ T T T )
0 25 50 75 100
% Toluene

Fig.5 Ee vs. solvent composition for the epoxidation of chalcone 6 using
catalyst 4.

Thus, in order to develop a one-pot conversion of allylic alcohols
to enantioenriched o,fB-epoxyketones it was necessary to develop
conditions that employed as non-polar an organic medium as
possible. To this end, we elected to investigate the use of toluene
as this was expected to be a good solvent for the substrates and
has already been shown to be compatible with the asymmetric
epoxidation step. Initially we attempted the reaction of allylic
alcohol 41 under the same conditions that had proved successful
for the epoxidation of chalcone 6 (Scheme 3).

OH
/\)\ 15% aq. NaOCI >10%
_— o
Ph” X Ph PhMe, 25°C after 24h
a1 1 mol% 4
Scheme 3

Disappointingly, although we could detect formation of both
chalcone 6 and epoxide 7, overall conversions were low. By
increasing the catalyst loading to 10 mol% we were able to obtain
complete conversion of 41 into the desired epoxide 7, but during
the course of this study we noted that the enantiomeric excess
of the product 7 changed as the reaction progressed. At low
conversions (<10%), the enantiomeric excess was low; this then
increased rapidly once the starting alcohol 41 had been consumed.
In the direct epoxidation of chalcone 6, the enantiomeric excess
of the product 7 remains constant throughout the course of the
reaction, so this suggested that high starting concentrations of the
alcohol 41 might be detrimental to enantioselectivity. To probe
this further we investigated varying the catalyst loading and rate
of addition of the starting alcohol (Fig. 6).

This study established that simply by combining increased
catalyst loading (5 mol%) with slow addition of the substrate,
oxidation and epoxidation could be combined to deliver the a,B-
epoxyketone 7 in enantioselectivities approaching those obtained
by epoxidation of the preformed enone 6.

This approach was then tested on a series of allylic alcohols
(Table 5). The reactions all proceeded to completion, and delivered
the desired a,B-epoxyketones in good overall yield. In all cases the
products were produced with enantioselectivities similar to, but
slightly lower than, those obtained by direct epoxidation of the
corresponding enone.
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Table 5 Enantioselective PTC oxidation-epoxidation using catalyst 4
OH 0
/\)\ 15% aq. NaOCI /<(l))]\
—_—
R "R®  phMe, 25°C R R?
5 mol% 4
R! R? Product  Yield (%)*  Ee (%)°
Ph Ph 7 66 79
3,4-(OCH,0)C¢H; 8 63 87(=99)
4-Br-C4H, 9 73 86
4-F-C4H, 11 95 84(98)°
2-Thienyl 15 84 82
4-Br-CH, 3,4-(OCH,0)C{H;, 17 78 86(>99)
n-CsHy; Ph 21 77 80
4-Br-C4H, 22 76 80

“ After purification by chromatography. * Ee of crude reaction product. Ee
given in parentheses is that obtained after one recrystallization.

100
80 ------------------
% E.e. l'_-"
60 - 1
! ‘
‘ === 12 h addition
0 === 4 h addition
— fast addition
20
0
0 5.0 10.0 15.0 20.0
mol% 4

Fig. 6 Effect of catalyst loading and rate of substrate addition on
enantioselectivity in the conversion of 41 to 7.

For three examples we also examined purification of the final
products by recrystallization, and as before this led to significant
enhancement of the enantiomeric excess. This demonstrates that
the direct oxidation of allylic alcohols to a,B-epoxyketones can
serve as an effective means of obtaining highly enantiomerically-
enriched products.

Conclusion

This study has demonstrated that the readily prepared dihydrocin-
chonidine derived PTC 4 is an effective catalyst for the asymmetric
epoxidation of a range of simple trans-a,B-unsaturated ketones of
type 1. The epoxidations can be performed at room temperature
under operationally simple conditions and in many instances
the enantiomeric excess of the product can be further enhanced
by simple recrystallization. Simple cis-a,f-unsaturated ketones
can also be converted into cis-o,B-epoxyketones, using the same
conditions, although the reactions are slower and stereoselectivity
is lower. Further alkene substitution in the substrate does not
appear to be tolerated. The reaction conditions employed for
epoxidation can also be used to effect oxidation of allylic alcohols,
allowing for direct formation of enantioenriched o, B-epoxyketones
from these substrates.

Experimental
General details

All solvents and chemicals were used as provided by the supplier.
Reactions were monitored by thin layer chromatography using
Merck silica gel 60 F,5, precoated glass TLC plates, visualised
using UV light and then basic potassium permanganate solution.
Flash chromatography was performed using Merck silica gel (230
400 mesh) as the stationary phase. Melting points were determined
using a Kopfler hot-stage apparatus and are uncorrected.

Infrared spectra were recorded using either a Perkin-Elmer FT
1600 or a Nicolet Avatar 360 FT-IR infrared spectrophotometer.
"H NMR and “C NMR spectra were recorded on a Bruker AV400
or DRX500 spectrometer at ambient temperature. Chemical shifts
are quoted relative to residual solvent and J values are given in
Hz. Multiplicities are designated by the following abbreviations: s,
singlet, d, doublet, t, triplet, q, quartet, br, broad, m, multiplet.
Mass spectra were obtained on a Micromass Autospec or Mi-
cromass LCT instrument using electron impact (EI), fast atom
bombardment (FAB) or electrospray (ES). Specific rotations were
measured using a Jasco DIP370 digital polarimeter at ambient
conditions and are given in units of deg cm? g'; ¢ is in g per
100 ml of solvent. HPLC analysis was performed on a Hewlett
Packard 1100LC machine fitted with a diode array detector. ec was
determined via HPLC comparison with racemates using Chiralcel
OD-H, Chiralpak AD, or Chiralpak AS columns. Epoxides 7-
10, 12, 15, 16, 21-24.° 11,7 25.'°¢ 37 and 38* were characterised
by comparison of '"H NMR and HPLC retention times with
previously reported data.

General procedure for the epoxidation of enones (Method A)

A solution of the enone (3.40 mmol) and PTC catalyst 4
(0.03 mmol) in toluene (10 ml) in a 25 ml round-bottom flask
was treated with 15% aqueous sodium hypochlorite (6.80 mmol)
and the resulting mixture was stirred vigorously (magnetic stirrer
at ca. 1000 rpm) at room temperature for 4-24 h. After this
time water (20 ml) was added and the layers were separated.
The aqueous layer was extracted with ethyl acetate (2 x 30 ml)
and the combined organics were dried over sodium sulfate then
concentrated under reduced pressure. The residue was purified
either by chromatography on silica gel or by recrystallization
(from either ethyl acetate—petroleum ether or 7-butylmethyl ether—
petroleum ether).

General procedure for the oxidation—epoxidation of allylic alcohols
(Method B)

A mixture of PTC catalyst 4 (0.13 mmol) in toluene (5 ml) and 15%
aqueous sodium hypochlorite (10.0 mmol) was placed in a 25 ml
round-bottom flask. The mixture was stirred vigorously (magnetic
stirrer at ca. 1000 rpm) at room temperature and a solution of the
allylic alcohol (2.5 mmol) in toluene (10 ml) added dropwise over
5 h. The reaction mixture was then stirred for a further 18 h,
then water (10 ml) was added and the layers were separated.
The aqueous layer was extracted with ethyl acetate (2 x 30 ml)
and the combined organics were dried over sodium sulfate then
concentrated under reduced pressure. The residue was purified
either by chromatography on silica gel or by recrystallization
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(from either ethyl acetate—petroleum ether or 7-butylmethyl ether—
petroleum ether).

(2S,3R)-3-(4-Bromophenyl)-2,3-epoxy-1-
|3,4-(methylenedioxy)phenyl]propan-1-one, 17

Method A: 89% yield, 91% ee after chromatography or 68% yield,
>99% ee after recrystallization. Method B: 78% yield, 86% ee after
chromatography or 61% yield, >99% ee after recrystallization. R;
(silica gel): 0.3 (80 : 20 petroleum ether : ethyl acetate); mp 142—
143 °C (from tert-butylmethylether—petroleum ether); [a], 203.0
(¢ 1.4 in CHCl;, >99% ee); found: C, 55.4; H, 3.2; Br, 22.8. Calc.
for C,¢H,,0,Br: C, 55.4; H, 3.2; Br, 23.0%; Vpna (solid)/cm™" 1678;
oy (400 MHz, CDCl;): 7.62 (1H, dd, J 8.0, 1.0, 6'-H), 7.53 (2H, d,
J 7.0, Ar-H), 7.48 (1H, d, J 1.0, 2’-H), 7.24 (2H, d, J 7.0, Ar-H),
6.87(1H,d, J 8.0, 5-H),6.07 (2H, s, CH,), 4.15(1H, d, J 2.0, 2-H),
4.03 (1H, d, J 2.0, 3-H); ¢ (125 MHz, CDCl;): 190.6 (C), 152.8,
148.6, 134.8 (C), 132.0 (CH), 130.3 (C), 127.5, 125.2 (CH), 123.1
(C), 108.3, 108.0 (CH), 102.2 (CH,), 60.8, 58.7 (CH); HRMS (EI):
found M* 345.9828, C,,H,,;0,”Br requires 345.9841; R, HPLC
(Chiralpak AD column, 60 : 40 hexane : ethanol, 1.0 ml min~',
254 nm) 15.5 min (major), 21.4 min (minor).

(25,3R)-2,3-Epoxy-1-phenylhexadecan-1-one, 18

Method A: 97% yield, 81% ee after chromatography on silica,
42% yield, 99% ee after recrystallization. R; (silica gel): 0.5 (80 :
20 petroleum ether : ethyl acetate); mp 59-60 °C (from ethyl
acetate—petroleum ether); [a], —13.3 (¢ 1.1 in CHCl;, 99% ee);
found: C, 79.8; H, 10.4. Calc. for C,,H;,0,: C, 80.0; H 10.4%;
Vmax (s0lid)/cm™" 1691; 6 (400 MHz, CDCl,): 8.06-8.03 (2H, m,
Ar-H), 7.66-7.62 (1H, m, Ar-H), 7.54-7.50 (2H, m, Ar-H), 4.04
(1H,d, J 2, 2-H), 3.16 (1H, dt, J 2.0, 5.5, 3-H), 1.84-1.70 (2H, m,
4-CH,), 1.59-1.48 (2H, m, 5-CH,), 1.40-1.21 (20H, m, 10 x CH,),
0.88 (3H, t, J 7.5, CHs;); 6 (100 MHz, CDCl;): 194.8 (CO), 135.6
(C), 133.8, 128.8, 128.3, 60.1, 57.5 (CH), 32.0-22.7 (12 x CH,),
14.1 (CH;); HRMS (EI): found M* 330.2552, C,,H,,0, requires
330.2559; R, HPLC (Chiralcel OD-H column, 98.5 : 1.5 hexane :
IPA, 0.5 ml min~', 254 nm) 24.4 min (major), 22.7 min (minor).

(2S5,3R)-2,3-Epoxy-1-(thien-2-yl)hexadecan-1-one, 19

Method A: 96% yield 79% ee after chromatography on silica gel,
56% yield, 99% ee after recrystallization. R; (silica gel): 0.5 (80 :
20 petroleum ether : ethyl acetate); mp 61-62 °C (from ethyl
acetate—petroleum ether); [a]p, —16.1 (¢ 0.3 in CHCl;, 99% ee);
found: C, 71.2; H, 9.5. Calc. for C,,H;,0,S: C, 71.4; H, 9.6%; V.«
(solid)/cm™" 1668; J;; (400 MHz, CDCl,): 8.00-7.99 (1H, m, Ar-
H), 7.71-7.70 (1H, m, Ar-H), 7.17-7.15 (1H, m, Ar-H), 3.77 (1H,
d, J 2.0, 2-H), 3.22 (1H, dt, J 2.0, 5.5, 3-H), 1.73-1.68 (2H, m,
4-CH,), 1.52-1.48 (2H, m, 5-CH,), 1.38-1.20 (20H, m, 10 x CH,),
0.88 (3H, t, J 7.5, CH;); dc (100 MHz, CDCl;): 188.6 (C), 141.1
(C), 135.2, 133.8, 128.7 (CH), 60.5, 59.1 (CH), 32.3-23.1 (12 x
CH,), 14.5 (CH;); HRMS (EI): found M* 336.2136, C,H;,0,S
requires 336.2123; R, HPLC (Chiralcel OD-H column, 90 : 10
hexane : IPA, 0.5 ml min™', 254 nm) 13.3 min (major), 15.0 min
(minor).

(25,3R)-2,3-Epoxy-1-(furan-2-yl)hexadecan-1-one, 20

Method A: 96% yield, 80% ece after chromatography on silica
gel, 54% yield, 99% ee after recrystallization. R; (silica gel): 0.5
(80 : 20 petroleum ether : ethyl acetate); mp 74-76 °C (from ethyl
acetate—petroleum ether); [a]p, —1.9 (¢ 5.1 in CHCl;, 99% ee);
found: C, 75.0; H, 10.1. Calc. for C, H;,05: C, 74.9; H, 9.9%;
Vmax (s0lid)/cm™" 1669; dy; (400 MHz, CDCl;): 7.68-7.67 (1H, m,
Ar-H), 7.44-7.43 (1H, m, Ar-H), 6.59-6.58 (1H, m, Ar-H), 3.83
(1H,d, J 2, 2-H), 3.20 (1H, dt, J 2.0, 5.5, 3-H), 1.74-1.66 (2H, m,
4-CH,), 1.54-1.47 2H, m, 5-CH,), 1.45-1.24 (20H, m, 10 x CH,),
0.89 (3H, t, J 7.5, CH;); . (100 MHz, CDCl;): 184.2 (CO), 151.4
(C), 147.8, 119.7, 112.9, 60.7, 57.7 (CH), 32.3-23.1 (12 x CH,),
14.5 (CH;); HRMS (EI): found M* 320.2348, C,H;,05 requires
320.2351; R, HPLC (Chiralcel OD-H column, 95 : 5 hexane : IPA,
0.5 ml min~', 254 nm) 15.5 min (major), 13.5 min (minor).

Benzyl (25,35)-2,3-epoxy-4-phenyl-4-oxobutanoate, 26

Method A: 76% yield, 67% ee after chromatography. R; (silica
gel): 0.3 (80 : 20 petroleum ether : ethyl acetate); [a], 62.1 (¢ 0.3
in CHCls, 67% e€); Vs (film)/cm™' 1756, 1687; 6 (400 MHz,
CDCl,): 8.01-7.98 (2H, m, Ar-H), 7.67-7.36 (8H, m, Ar-H), 5.28
(2H, apparent d, J 4.5, CH,), 4.46 (1H, d, J 2.0, 3-H), 3.75
(1H, d, J 2.0, 2-H); J. (100 MHz, CDCl;): 191.8, 167.2 (CO),
135.1, 134.7 (C), 134.5, 129.1, 128.9, 128.8, 128.7 (CH), 68.0
(CH,), 55.4, 53.1 (CH); HRMS (ES): found [M + Na]* + CH;CN
346.1073, C,yH,;NNa requires 346.1055. R, HPLC (Chiralcel OD-
H column, 90 : 10 hexane : IPA, 0.8 ml min~', 254 nm) 22.4 min
(major), 35.4 min (minor).

Ethyl (25,35)-2,3-epoxy-4-(4-nitrophenyl)-4-oxobutanoate, 27

Method A: 74% yield, 86% ee after chromatography or 52% yield,
93% ee after recrystallization. R; (silica gel): 0.3 (80 : 20 petroleum
ether : ethyl acetate); mp 89-91 °C (from tert-butylmethylether—
petroleum ether); [a], 126.9 (¢ 0.25 in CHCl;, 93% ee); found: C,
54.2; H,4.1; N, 5.3. Calc. for C,H,,O4N: C, 54.3; H,4.2; N, 5.3%;
Vmax (sOlid)/cm~': 1742, 1730; 6y (400 MHz, CDCI;): 8.38-8.35
(2H, m, Ar-H), 8.21-8.16 (2H, m, Ar-H), 4.41 (1H, d, J 2.0, 3-H),
4.34-431 (2H, m, CH,), 3.71 (1H, d, J 2.0, 2-H), 1.36 (3H, t, J
7.0, CH;); o (100 MHz, CDCl,): 191.2, 166.7, 151.0, 139.2 (C),
129.9,124.2 (CH), 62.7, 55.8 (CH), 53.2 (CH,), 14.2 (CH;); HRMS
(EI): found M* 265.0590, C,,H,,O4N requires 265.0586. R, HPLC
(Chiralcel OD-H column, 70 : 30 hexane : IPA, 0.65 ml min~',
254 nm) 57.4 min (minor), 68.4 min (major).

Ethyl (25,35)-2,3-epoxy-4-(4-methoxyphenyl)-4-oxobutanoate, 28

Method A: 97% yield, 65% ee after chromatography. R; (silica
gel): 0.3 (80 : 20 petroleum ether : ethyl acetate); [a], 69.2 (¢ 0.75
in CHCl,, 65% ee); mp 32-33 °C; v, (solid)/cm™" 1745, 1683;
Jn (400 MHz, CDCl,): 8.05-8.01 (2H, m, Ar-H), 7.00-6.97 (2H,
m, Ar-H), 4.41 (1H, d, J 2.0, 3-H), 4.35-4.27 (2H, m, CH,), 3.90
(3H, s, OCH,), 3.70 (1H, d, J 2.0, 2-H), 1.35 (3H, t, J 7.0, CH;); d
(100 MHz, CDCl;): 190.0, 167.5,164.7 (C), 131.1 (CH), 128.3 (C),
114.3 (CH), 62.3 (CH,), 55.7 (CH,), 55.2, 53.0 (CH), 14.2 (CH,);
HRMS (EI): found M* 250.0838, C;;H,,05 requires 250.0841. R,
HPLC (Chiralpak AD column, 90 : 10 hexane : IPA, 1.5 ml min™",
254 nm), 10.8 min (minor), 23.4 min (major).
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cis-2,3-Epoxy-1,3-diphenylpropan-1-one, 32

Method A: 72% yield, 56% ee after chromatography on silica. R;
(silica gel): 0.1 (90 : 10 petroleum ether : ethyl acetate); mp 86—
87 °C; Vi (solid)/cm™' 1694; Jy; (400 MHz, CDCl;): 7.92-7.85
(2H, m, Ar-H), 7.56-7.18 (8H, m, Ar-H), 4.51 (1H, d, J 4.5, 2-H),
4.49 (1H, d, J 4.5, 3-H); 6 (100 MHz, CDCl;): 193.3 (C), 136.9
(C), 135.1 (CH), 134.3 (C), 130.1, 129.8, 129.5, 129.5, 127.8, 62.3,
60.1 (CH); HRMS (EI): found M* 224.0834, C,sH,,0, requires
224.0837; R, HPLC (Chiralpak AD column, 90 : 10 hexane :
ethanol, I ml min™', 254 nm) 12.9 min (major), 13.8 min (minor).

(—)-2,3-Dihydro-2,3-epoxyphenalen-1-one, 34

Method A: 71% vyield, 76% ee after chromatography. R; (silica
gel): 0.6 (80 : 20 petroleum ether : ethyl acetate); mp 139-141 °C;
[a]lp —427.8 (¢ 0.1 in CHCl;, 76% ee); Vinue (solid)/cm™ 1682; 5y
(400 MHz, CDCl;): 8.38 (1H, dd, J 7.5, 1.0, Ar-H), 8.15 (1H,
dd, J 8.0, 1.0, Ar-H), 7.96 (1H, dd, J 8.5, 1.0, Ar-H), 7.86 (1H,
dd, J 7.0, 1.0, Ar-H), 7.67 (1H, dd, J 8.0, 7.5, Ar-H), 7.57 (1H,
dd, J 8.5, 7.0, Ar-H), 4.59 (1H, d, J 3.5, 2-H), 4.14 (1H, d, J
3.5, 3-H); ¢ (100 MHz, CDCl;): 192.5 (C), 135.0 (CH), 133.2
(0), 129.9, 129.8 (CH), 129.1 (C), 128.5 (CH), 127.7, 127.0 (C),
126.6, 126.0, 57.2, 56.8 (CH); HRMS (FAB): found M* 197.0598,
C;H;50, requires 197.0603; R, HPLC (Chiralpak AS column, 90 :
10 hexane : ethanol, 0.2 ml min~', 254 nm) 7.2 min (minor), 9.2 min
(major).

(2R,3R,4R)-2,3-Epoxy-4,5-isopropylidenedioxy-1-
phenylpentan-1-one, 39

Method A: 96% yield, 86% de after chromatography or 81%
yield, >95% de after recrystallization. R; (silica gel): 0.3 (80 : 20
petroleum ether : ethyl acetate); mp 65-68 °C (from ethyl acetate—
petroleum ether); [a], —22.9 (¢ 0.6 in CHCl;, >95% de); found: C,
67.8;H, 6.5. Calc. for C,H,,0,: C, 67.7; H, 6.5%; Vs (solid)/cm™!
1692; 0 (400 MHz, CDCl,): 8.08-7.50 (5H, m, Ar-H), 4.21 (1H, d,
J4.5,2-H),3.88-3.84 2H, m, 5,-H, 5,-H), 3.79-3.73 (1H, m, 4-H),
3.45(1H,dd, J 6.5, 4.5, 3-H), 1.38 (3H, s, CH;), 1.27 (3H, s, CH,);
dc (100 MHz, CDClL,): 193.4 (C), 135.4 (C), 134.3, 129.0, 128.6
(CH), 110.5 (C), 74.5 (CH), 66.0 (CH,), 58.7, 56.0 (CH), 26.4,
25.3 (CH;); HRMS (FAB): found [M + HJ* 249.1127, C,,H};0,
requires 249.1127.
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Cations derived from 1,2-bis(benzimidazolium)ethane can penetrate the cavity of dibenzo-24-crown-8
macrocycles to produce a new family of [2]pseudorotaxanes. These supramolecular structures are held
together by a series of charge-assisted hydrogen bonds (+)N-H - - - O, ion-dipole and n-stacking
interactions. These new adducts were fully characterised by NMR spectroscopy, ESI mass spectrometry
and single-crystal X-ray diffraction. The effect of electron-donating and electron-withdrawing groups
on the association constants was also analyzed. Chemical control of the threading/unthreading process

was acheived by the alternate addition of acid and base.

Introduction

The successful development of machines at the molecular scale,
based on the bottom-up approach, relies on the precise design
and preparation of functional components that can be organized
into more sophisticated structures. Some of the most promising
systems are based on interlocked molecules.! The application
of this strategy has generated some of the most interesting and
stimulating examples known today, such as molecular elevators,?
switches,? valves,* motors® and ‘muscles’.®

An important approach for the synthesis of interlocked
molecules is based on the penetration of a linear molecule—
the axle-through the cavity of a cyclic molecule—the wheel—
to generate an interpenetrated complex or [2]pseudorotaxane,
which can be transformed into more elaborate structures, such
as rotaxanes and catenanes.’

A wide variety of templating motifs for the self-assembly of
interpenetrated and interlocked molecules have been investigated,
ranging from cationic® and neutral® to anionic.' Among the
most versatile cationic systems is the motif pioneered by Loeb!
based on the linear cation 1,2-bis(4,4'-bipyridinium)ethane 1**
(Scheme 1). This motif has lead to the formation of rotaxanes,"
polyrotaxanes'® and catenanes' when utilized in combination with
dibenzo-24-crown-8 (DB24C8) macrocycles.

An essential contribution to the formation of these supramolec-
ular structures is the C-H - - - O hydrogen bonding between the
hydrogens o to the N* atoms on the axle with the oxygen atoms
on the crown ether.”> We reasoned that by the substitution of
these C—H bonds in the axle for a more acidic version, i.e. N-H
bonds, but keeping the charge state and geometry intact, we could
create a new templating motif that would interact with DB24C8
through charge-assisted hydrogen bonding, (+)N-H---O, and
simultaneously we could gain threading/unthreading control by
protonation/deprotonation of the nitrogen atoms on the axle.

Departamento de Quimica, Centro de Investigacion y de Estudios Avanzados,
Avenida IPN 2508, Zacatenco 07360, México D. F., Mexico. E-mail:
Jtiburcio@cinvestav.mx; Fax: +52 55-50613389

T Electronic supplementary information (ESI) available: Computational
details, NMR and MS spectra; crystal structure data. See DOI:
10.1039/b707211b
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Scheme 1 Re-design of axles and [2]pseudorotaxane formation between
1,2-bis(benzimidazolium)ethane cations and DB24C8 macrocycles.

A literature survey helped us to identify an excellent candidate,
the neutral molecule 1,2-bis(benzimidazolyl)ethane, which affords
a dication upon protonation, possesses four N-H bonds and
displays an anti steplike structure in the solid state,'® similar to
that observed for 1%*.

Herein, we provide computational and experimental evidence of
the ability of several 1,2-bis(benzimidazolium)ethane cations that
function as templating motifs for the self-assembly of [2]pseu-
dorotaxanes with DB24C8, and the use of acid/base chemistry to
switch between complexed/uncomplexed states.
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Results and discussion

DFT calculations using the deMon2k!” suite of programs were
performed to estimate the interaction energy between [2], [2-H]*
and [2-H,]** with DB24C8 (sece ESIT). These values (17.8, 31.6
and 70.5 kcal mol™', respectively) clearly indicate an increase in
pseudorotaxane stability as the charge and number of protons is
increased on the axle, with an important electrostatic contribution
in addition to the expected role of hydrogen bonding. These
calculations support the feasibility of pseudorotaxane formation
between [2-H,]** and DB24C8 and discard any significant inter-
action with [2], opening the possibility to switch between the
pseudorotaxane and the free components by acid/base control.

The synthesis of neutral 1,2-bis(benzimidazolyl)ethane from
1,2-phenylenediamine and succinic acid was performed following
a previously reported procedure.'® The addition of two equivalents
of trifluoromethanesulfonic acid to an acetonitrile solution of this
compound rendered the product [2-H,][CF;SO;], as a soluble salt
(Scheme 1). The cation thus formed possesses two positive charges
delocalized in each imidazolium ring and four N-H bonds that can
be used for hydrogen bonding with the crown ether.

When equimolar solutions of axle [2-H,][CF;SO;], and DB24C8
were mixed together at room temperature in CD;CN or CD;NO,,
a new species was observed in the "H NMR spectrum, in addition
to the corresponding signals for the uncomplexed cation and the
crown (Fig. 1), indicating slow exchange on the NMR timescale.

|

I | ! | I !
8.0 7.0 6.0 5.0 4.0 3.0

Fig. 1 '"H NMR spectra of [2-H,][OTf], (top), DB24C8 (bottom) and a
1 : 1 mixture of [2-H,][OTf], and DB24C8 at 2 x 10~* M (middle).

The resonances of the new species are consistent with the
formation of an interpenetrated complex, the peak for the -CH,-
protons being shifted to higher frequency compared to the free
axle (A0 = +0.30 ppm) as a consequence of their participation in
C-H - - - O hydrogen bonding with the crown ether. The aromatic
protons, both in the axle and the crown, are shifted to lower
frequencies (A0 = —0.25 ppm, Ao = —0.28 ppm), probably due
to a parallel arrangement of the aromatic rings, maximizing

n-stacking interactions. The 1 : 1 stoichiometry of the new complex
was directly determined from integration of the spectrum.

Further evidence of chemical exchange was obtained by
variable-temperature NMR (see ESIT) and EXSY experiments. In
the EXSY spectrum (Fig. 2), cross-peaks relating the complexed
and uncomplexed species were observed.
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Fig.2 Aromatic portion of the EXSY spectrum of an equimolar mixture
(2 x 107° M) of [2-H,][OTf], and DB24C8. Exchanging peaks are indicated
by squares (blue: axle, orange: macrocycle).

The association constant (K,) of [2-H,]** with DB24C8 was
determined in CD;CN using two different counterions, [BF,]
and [CF;SO;7] (Table 1). The K, values are comparable to those
reported for other cationic templating motifs®!! in similar solvents.
When trifluoroacetate [CF;COO~] was utilized as the counterion,
no significant association occurred, probably as a consequence of
strong ion-pairing in solution."

The new complex was crystallized from acetonitrile and the
structure determined by X-ray diffraction,” displaying the ex-
pected interpenetrated geometry [2-H,]** cDB24C8 (Fig. 3). The
axle and macrocycle lie about a common inversion centre which is
at the midpoint of the ethane C—C bond. The [2]pseudorotaxane
structure is held together by a series of non-covalent interactions:
i) two charge-assisted hydrogen bonds (+)N-H:---O (N---O
2.933(4) A, N-H---0O 150°), ii) four weak C-H--- O contacts
(C---0,, 3.543(5) A, C-H--- Oy, 156° and C- - - Oy, 3.686(4) A,
C-H---0,; 153°), iii) ion—dipole interactions (3.289(3) A from

Table 1 Association constants with DB24C8 determined by 'H NMR

Compound K, x 10*/M~" « AG°/kJ mol™!
[2-H,][CF,SO;], 4.0 (0.3) —14.8(0.2)
[2-H,][BF.], 4.8 (0.4) ~15.3(0.2)

]

]
[2-H,][CF;CO0], ~0.0 0.0
[3-H,][CF;S0;), 2.5(0.4) —13.6(0.5)
[4-H,][CF;S0;], 5.4 (0.6) —15.6(0.3)
“ Determined at 25 °C, in CD;CN, average values are shown with standard
deviations from three independent measurements by the single-point
method using a 2 x 10~ M concentration.
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Fig. 3 Ball-and-stick (top) and space-filling (bottom) representations of
the crystal structure of [2-H,]** CDB24C8 showing the interpenetrated
nature of the complex. Solvent and anions are omitted for clarity.

the centroid of the five membered-ring to one aromatic oxygen
atom in the crown ether), and iv) offset m-stacking between the
electron-poor benzimidazolium rings on the axle and the electron-
rich catechol rings on the crown, confirming the presence of all the
interactions observed in solution by NMR. Surprisingly, only two
N-H groups on the axle are involved in hydrogen bonding with the
crown ether; a closer look revealed that the other two N-H groups
are hydrogen bonded to acetonitrile molecules (N - - - N 2.918(6) A,
N-H---N 152°). To evaluate a possible solvent effect, the same
complex was crystallized from nitromethane, a less coordinating
solvent. In this case, the same basic interpenetrated structure is
observed, with the main difference being that the N-H bonds
previously hydrogen bonded to the solvent are now bound to the
anions (see ESIT).

In order to assess the electronic effect of the substituent
groups on the association constants, two new axles, [3-H,]** and
[4-H,]**, were synthesized (Scheme 1). The mixing of the new axles
with DB24C8 in solution results in pseudorotaxane formation
(according to NMR) in a similar fashion to [2-H,]**. Axle [3-H,]**
possesses electron-donating methyl groups (EDGs), while axle
[4-H,]** presents electron-withdrawing ethyl ester groups (EWGs)
in their structures. The association constants follow the expected
trend based on the electronic nature of the substituents; there
is a significant increase for [4-H,]**, which possesses an EWG (-
COOE), and a decrease for [3-H,]** with an EDG (-CHj;), both
compared to [2-H,]** (Table 1).

With the aim of investigating the ability of the new motif to per-
form association/dissociation with the crown ether by pH control,
we synthesized a more soluble axle bearing four methyl groups
on the aromatic rings [5-H,][CF;SOs], (Scheme 2). The neutral
compound [5] is unable to associate with DB24C8, while [5-H,]*
forms a [2]pseudorotaxane with K, = 1.2 x 10> M~ in acetonitrile.

This allows ~95% control of the threading/unthreading pro-
cess by the alternate addition of triflic acid and triethylamine

H
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Scheme 2 Acid/base control of [2]pseudorotaxane formation.

(Scheme 2) in the presence of four equivalents of crown ether.
After 4 cycles there is no significant evidence of decomposition
by '"H NMR; this behaviour is similar to that displayed by
dibenzylammonium?' and benzylanilinium® axles. The size and
position of the substituents in the axle did not modify significantly
the ability of the axle to penetrate the cavity of DB24CS8, although
equilibrium is reached after a longer period of time compared to
[2-H.J".

Furthermore, the new adducts were characterized by mass
spectrometry using electrospray ionization (see ESIT). In all cases,
singly-charged species were simultaneously observed in the spec-
tra: [axle-H,CDB24C8 + BF,]*, [axle-HCDB24C8]*, [axle-H, +
BF,]*, [axle-H]* and [NacDB24C8]*.

Also, in order to investigate possible electrochemical control
of the association/dissociation process, an electrochemical study
was performed (Fig. 4). The cyclic voltammogram of compound
[2-H,][BF,], exhibited two overlapping reduction waves, from

1/ A
&
1

[crown-ether)/mM E,IVvs SCE
-40 - o :
4d — 05
= 1.0 "
504 — 15 o
gg 29 9
p— 3:0 -1.28 [crown-ether]/mM
-60 0 1 ] 3
1 v L] ' T T T T T
-2.0 -1.5 -1.0 -0.5 0.0
E/V vs SCE

Fig.4 Cyclicvoltammetry of 2mM [2-H,][BF,], in the presence of various
concentrations of DB24C8 in acetonitrile on a glassy carbon electrode at
0.1 Vs~ Inset: E, values at various DB24C8 concentrations.
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—1.03to —1.17 Vvs. SCE, corresponding to the stepwise reduction
of the two positive redox centres. Due to the chemically irreversible
nature of these waves, it is likely that the reduced species are
unstable radicals, preventing any kind of electrochemical control.
Nevertheless, a significant shift (~0.15 V) in the reduction waves
towards a more negative potential was observed in the presence
of DB24C8, in agreement with the stabilisation of the positive
charges in [2-H,]** by effect of its association with DB24C8, sup-
porting the formation of a pseudorotaxane under electrochemical
conditions.”

Conclusions

The results presented herein provide evidence of the ability of
1,2-bis(benzimidazolium)ethane cations to function as a tem-
plating motif for the self-assembly of [2]pseudorotaxanes with
DB24C8. These adducts are held together by a series of non-
covalent interactions: charge-assisted hydrogen bonding (+)N-—
H---O, ion-dipole and m-stacking interactions. We have shown
that the strength of the interactions can be modified by varying
the substituent groups on the axle, electron-withdrawing groups
providing an increase in the electrostatic interactions and therefore
an increase in the association constants. Moreover, control of the
threading/unthreading process was accomplished by adding an
acid/base. We are currently investigating further properties of this
pseudorotaxane motif and its incorporation into the structure of
permanently interlocked molecules.

Experimental
General

All chemicals were purchased from Aldrich and used without
further purification. The solvents were dried and distilled prior
to use. "H NMR spectra were recorded on Jeol Eclipse 400 MHz
or Jeol GSX 270 MHz spectrometers locked to the deuterated
solvent. Mass spectra were obtained on an Agilent G1969A
electrospray-ionization time-of-flight spectrometer. Electrochem-
ical measurements were performed in a Radiometer Potentiostat
IMT102-DEA332 with positive feedback resistance compensation
in a three-electrode cell (a glassy carbon disk 3 mm in diameter,
a platinum screen and an aqueous saturated calomel electrode)
in acetonitrile at 25 °C under an argon atmosphere using 0.2 M
n-Bu,NPF; as the supporting electrolyte.

General procedure for the syntheses of
1,2-bis(benzimidazolium)ethane derivatives 2—-5

A mixture of succinic acid (236 mg, 2.0 mmol) and 1,2-
phenylenediamine (519 mg, 4.8 mmol) was ground and mixed with
silica gel (2 g). The solid mixture was irradiated in a conventional
microwave oven (LG MS-0745V, 700 W) for 30 min (3 x 10 min).
The reaction mixture was washed with 5% aqueous sodium
bicarbonate (3 x 20 mL) and water (3 x 20 mL). The product
was extracted from the remaining solid using hot ethanol (3 x
10 mL ). The solvent was removed by rotary evaporation and
the solid residue was recrystallized from ethanol to yield an off-
white solid. Yields: 10% for 2; 12% for 3; 15% for 4; and 20% for
5. These solids were first converted to the chloride salts by the
addition of aqueous hydrochloric acid and then anion exchanged

in situ with different sodium salts to render the corresponding salts
in quantitative yields.

General procedure for the K, measurements

A '"H NMR spectrum of an equimolar solution (2.0 x 1073 M)
of 1,2-bis(benzimidazolium)ethane salt and dibenzo-24-crown-8
ether in CD;CN was recorded at 25 °C. The concentration of
all the species at equilibrium was determined using the initial
concentrations and integration of the aromatic resonances of
the uncomplexed and complexed species. See ESI for the NMR
assignments.}

[2-H,][CF;S0O;),. 1,2-Bis(benzimidazolium)ethane triflate. 'H
NMR (CD;CN): 6 (ppm) 7.79 (m, 4H, b), 7.58 (m, 4H, c), 3.70 (s,
4H, a). HR-MS-ESI: m/z [2-H]* [C,sH,N, + H]* calc.: 263.1291,
found: 263.1294 (error: 1.1 ppm).

[3-H,][CF;S0s),. 1,2-Bis(4'-methylbenzimidazolium)ethane tri-
flate. 'H NMR (CD;CN): J (ppm) 7.65 (d, 2H, J = 8.4 Hz,
b), 7.57 (s, 2H, d), 7.36 (d, 2H, J = 8.4 Hz, c¢), 3.64 (s, 4H, a),
2.51 (s, 6H, e). HR-ESI-MS: m/z [3-H]* [CsHsN, + H]" calc.:
291.1604, found: 291.1609 (error: 1.6 ppm).

[4-H,][CF;SO;],. 1,2-Bis(4'-ethoxycarbonylbenzimidazolium)-
ethane triflate. 'H NMR (CD;CN): § (ppm) 8.41 (d, 2H, J =
1.5 Hz, d), 8.20 (dd, 2H, J = 8.6 Hz, J = 1.5 Hz, ¢), 8.01 (d, 2H,
J=86Hzb),4.34(q,4H, J = 7.2 Hz, ¢), 3.80 (s, 4H, a), 1.38 (t,
6H, J = 7.2 Hz, f). HR-ESI-MS: m/z [4-H]* [C,,H,,N,O, + H]*
calc.: 407.1714, found: 407.1704 (error: 2.4 ppm).

[5-H,][CF;S0s),. 1,2-Bis(4',5 -dimethylbenzimidazolium)ethane
triflate. 'H NMR (CD;CN): ¢ (ppm) 7.52 (s, 4H, b), 3.52 (s,
4H, a), 2.39 (s, 12H, ¢). HR-ESI-MS: m/z [5-H]* [C, H,,N, + H]*
calc.: 319.1917, found: 319.1907 (error: 3.4 ppm).

[2-H,)** c[DB24C8|[CF;SOs],. 'H NMR (CD;CN) J (ppm)
7.47 (broad, 4H, b), 7.41 (broad, 4H, c), 6.68 (broad, 4H, d), 6.55
(broad, 4H, e), 4.03 (s, 4H, a), 3.97 (broad, 8H, f), 3.90 (broad,
8H, h), 3.81 (broad, 8H, h). HR-ESI-MS: m/z [2-HCDB24C8]*
[CsoHyN,Oy + HJ]* calc.: 711.3388, found: 711.3384 (error:
0.69 ppm).

[3-H,]* c[DB24C8][CF;SO;],. 'H NMR (CD;CN): ¢ (ppm)
7.36 (overlapped, 2H, ¢), 7.21 (d, 2H, J = 8.1 Hz, b), 7.16 (s, 2H,
d), 6.70 (m, 4H, f), 6.54 (m, 4H, g), 3.97 (m, 8H, h), 3.92 (s, 8H,
1), 3.89 (m, 8H, j), 3.96 (s, 4H, a), 2.41 (s, 6H, ¢). HR-ESI-MS:
m/z [3-HCDB24C8]* [C,,H5,N,Oz + HJ" calc.: 739.3701, found:
739.3699 (error: 0.37 ppm).

[4-H,)** c[DB24C8|[CF;SO;],. 'H NMR (CD;CN): 6 (ppm)
7.98 (d,2H, J = 0.8 Hz, d), 7.86 (dd, 2H, J = 8.3 Hz, J = 0.8 Hz,
¢), 7.56 (d, 2H, J = 8.2 Hz, b), 6.63 (m, 4H, g), 6.48 (m, 4H, h),
4.30(q,4H, J =9.0 Hz, ¢), 4.13 (m, 8H, 1), 4.05 (s, 4H, a), 4.04 (s,
8H, k), 3.80 (m, 8H, j), 1.36 (t, 6H, J = 9.0 Hz, f). HR-ESI-MS:
m/z [4-HcDB24C8]" [C,cHs,N,O,, + H]* calc.: 855.3811, found:
855.3805 (error: 0.76 ppm).

[5-H,]** c[DB24C8|[CF;SO;],. 'H NMR (CD;CN): 6 (ppm)
7.15 (s, 4H, b), 6.68 (m, 4H, d), 6.52 (m, 4H, e), 3.97 (m, 8H,
f), 3.93 (s, 4H, a), 3.92 (s, 8H, h), 3.88 (m, 8H, g), 2.30 (s, 12H,
¢). HR-ESI-MS: m/z [5S-HcDB24C8]* [C,,H;,N,O; + H]* calc.:
766.3942, found: not observed.
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X-Ray crystal structure determination

Crystals were grown by slow evaporation of saturated solutions
containing [2-H,][BF,], and three equivalents of DB24C8 in
CH;CN or CH;NO,. Crystals were mounted on a glass fibre.
A full hemisphere of data were collected with 30 s frames
on an Enraf-Nonius Kappa diffractometer fitted with a CCD-
based detector using MoKa radiation (0.71073 A). Diffraction
data and unit-cell parameters were consistent with the assigned
space groups. The structures were solved by direct methods,
completed by subsequent Fourier syntheses and refined with
full-matrix least-squares methods against | F?| data. All non-
hydrogen atoms were refined anisotropically. All hydrogen atoms
were treated as idealized contributions. Scattering factors and
anomalous dispersion coefficients are contained in the SHELXTL
5.03 program library.** Ball-and-stick diagrams were prepared
using DIAMOND 3.0.»

Crystal structure data for [2-H,|[BF,],cDB24C8.(CH;CN),.
CyuHyB,FsNOg, M = 968.55, monoclinic, a = 11.5985(4), b =
14.1871(5), ¢ = 14.5743(6) A, = 100.842(2)°, V = 2355.4(2) A3,
T = 293(2) K, space group P2,/¢, Z = 2, D. = 1.366 g cm™*,
#(MoKa)=0.114mm™", Rl =0.0991 (2540F, > 40 F,) and 0.1453
(all data), wR, = 0.2662, GOF = 1.038. CCDC reference number
634481. For crystallographic data in CIF or other electronic
format see DOI: 10.1039/b707211b

Crystal structure data for [2.-H,][BF,],cDB24C8-(CH;NO,),.
C,HyB,FsNO,, M = 1008.53, triclinic, a = 8.9189(3), b =
11.0803(4), ¢ = 12.0622(4) A, a = 81.660(2), f = 79.928(1), »
77.557(2)°, V = 1138.93(7) A3, T = 293(2) K, space group PI,
Z=1,D,=1470 gcm™>, u(MoKa) = 0.127 mm~', R1 = 0.0608
(2690F, > 40F,) and 0.0970 (all data), wR, = 0.1327, GOF =
1.017. CCDC reference number 634482. For crystallographic data
in CIF or other electronic format see DOI: 10.1039/b707211b
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A strategy for the synthesis of 2,3-disubstituted indole deriva-
tives based on an intramolecular carbopalladation-anion
capture cascade has been developed, wherein construction
of the pyrrole ring and functionalisation of the indole C2 and
C3 positions were achieved by extensive use of palladium(0)-
catalysed coupling reactions.

The indole nucleus is a prominent and privileged structure that
is widely found in naturally occurring substances and bioactive
molecules of pharmaceutical importance.! Since the discovery of
the Fischer indolisation,” the synthesis of indole derivatives has
been an active area of research, and numerous reports dealing
with their synthesis have been recorded to date.* Among these,
Fukuyama radical cyclisation,* Larock heteroannulation,’ and
Cacchi aminopalladation® are the principal general strategies
that enable a facile and efficient preparation of 2,3-disubstituted
indoles under mild conditions.

Over the past two decades, palladium-catalysed cascade re-
actions have attracted a great deal of attention from organic
chemists because of their ability to generate multiple carbon—
carbon bonds to build up complex polycyclic frameworks in a
single operation with high atom economy.” Grigg and co-workers
have reported that the allenyl group can serve as a relay unit
in palladium-catalysed cascade reactions; they reported the syn-
thesis of nitrogen heterocycles based on palladium-catalysed
cyclisation—anion capture processes involving allenyl species.® This
strategy has only been applied to the synthesis of an indole-
3-acetamido derivative.” We envisaged that utilisation of N-(o-
halophenyl)allenamide (1), which bears a substituent (R) at the
o position of the allenamide, would allow for facile generation of
the m-allylpalladium intermediate (2) via carbopalladation, which
in turn could be trapped with an appropriate nucleophile, such
as an aryl or alkenyl boronic acid or alkylborane,' generating
a 2,3-disubstituted indole (3) (Scheme 1). Importantly, the use
of a silicon group as a substituent at the o position of the
allenamide moiety would allow for further functionalisation at
the C2 position by means of palladium-catalysed cross-coupling
reactions. In this sense, construction of the pyrrole ring as well
as functionalisation of the C2 and C3 positions can be achieved
by extensive use of palladium(0)-catalysed reactions. We describe
herein the development of a strategy for the synthesis of 2,3-
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Scheme 1 Concept of the present work.

disubstituted indole derivatives based on a carbopalladation—
anion capture cascade starting from N-(o-halophenyl)allenamides.

We first prepared starting allenamides 6, 8, and 9, as sum-
marised in Scheme 2. Treatment of o-haloanilines 4a,b with p-
TsCl followed by propargylation gave alkynes 5a,b, which were
exposed to catalytic KOz-Bu in THF at room temperature to
afford p-Ts-protected allenamides 6a,b. In a similar manner, N-
Boc allenamides 8a,b were synthesised. Selective functionalisation
of the a-position of 8a,b was performed according to the Hsung
protocol.'*2 Thus, exposure of 8a,b to 2.0 equiv of LDA, followed
by the addition of an appropriate electrophile, furnished the
desired allenamides 9a—e in good yields without touching the aryl
iodide functionality.

U o oY
KON ¥

da: X =1 5a: X =| 6a: X =
4b: X =Br 5b: X = Br 6b: X = Br
ge O -0 = L
or—»
N
BO/C\ BOC Boc
7a: X =1 8a: X=1 9a:R=Me; X =1
7b: X =Br 8b: X=Br 9b:R=Bn X=I

9c: R=SiMe;; X =1
9d: R = Si(OH)Mey; X =1
9e: R=Me; X =Br

Scheme 2 Synthesis of N-(o-halophenyl)allenamides. Reagents and con-
ditions: (a) p-TsCl, pyridine, 80 °C; (b) propargyl bromide, K,CO;, DMF,
60 °C, 88% (5a), 90% (5b); (c) KO#-Bu, THF, room temperature, 98% (6a),
83% (6b); (d) Boc,O, THF, reflux; (e¢) propargyl bromide, K,CO;, DMF,
60 °C, 89% (7a), 100% (7b); (f) KOz-Bu, THF, room temperature, 83% (8a),
91% (8b); (g) LDA, THF, —78 °C, then Mel, BnBr, Me;SiCl or Me,SiCl,,
—78°C, 76% (9a), 72% (9b), ~100% (9¢), 70% (9d), 97% (9e).

We then surveyed a series of reaction conditions using al-
lenamide 8a (1 equiv.), phenylboronic acid (1.1 equiv.), and 3 M
aqueous Cs,CO; (3.0 equiv.) as a model case (Table 1). Initial
attempts employing Pd(PPh;), or Pd(OAc),-2PPh; catalysts were
unsuccessful (entries 1 and 2); in each case, only a trace amount
of the desired 3-substituted indole 10 was detected in a complex
mixture, and no trace amounts of the corresponding “shunt”
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Table 1 Screening of a variety of conditions®

Table 2 Screening of a variety of conditions”

Pd catalyst
@'J 3M aq. Cs,CO5 O O
N PhB(OH), N |
Boc  solvent, 7(°C) Boc
8a 10
Entry Pd catalyst Solvent T/°C Yield (%)
1 Pd(PPh,), THF 60 Trace
2 Pd(OAc),—2PPh; DMF 80 Trace
3 Pd(OAc), DMF 80 41
4 Pd,(dba), DMF 80 55
5 Pd,(dba);—8AsPh; DMF 60 36
6 Pd,(dba);—4P(o-tol); DMF 80 49
7 Pd,(dba), DMF rt 35
8 Pd,(dba), THF 60 Trace
9 Pd,(dba), Toluene 105 Trace
10 Pd,(dba), CH,CN 70 31
11 Pd,(dba), EtOH 80 98

“ All reactions were performed using Pd catalyst (0.1 equiv.), 3 M aq.
Cs,CO; (3 equiv.), and PhB(OH), (1.1 equiv.).

product was observed. In contrast, the use of “ligandless” catalysts
such as Pd(OAc), and Pd,(dba); turned out to be effective for
the present process, giving 10 in moderate yields (entries 3 and
4). Combined use of Pd,(dba); with a weakly donating ligand
(AsPh;) or an electron-rich bulky ligand (P(o-tol);) was found
to be detrimental (entries 5 and 6)." It is known that oxidative
addition of aryliodides to ligandless palladium(0) catalysts readily
occurs because of their high reactivity, although the use of
a supporting ligand is generally preferred for Suzuki-Miyaura
reaction.’” An attempt to bring about the present cascade at room
temperature lowered the product yield, suggesting a necessity for
heating (entry 7). Finally, we examined the effects of solvent.
Although changing the solvent to THF, toluene, or CH;CN
led to discouraging results (entries 8-10), the present reaction
proceeded smoothly in EtOH at 80 °C, affording the desired 10 in
a remarkable 98% yield (entry 11).

We then attempted to apply the established conditions for the
synthesis of a variety of 3-substituted indole derivatives. Unfortu-
nately, however, we soon recognised that the conditions developed
above did not work well for the case wherein an alkylborane was
employed as a nucleophile. This drawback may be attributed to
the different nucleophilic properties between arylboronic acid and
alkylborane in palladium(0)-catalyzed cross-coupling reactions.’
Alkylboranes have rarely been used in palladium(0)-catalysed
cascade processes' and have not been utilized in cyclopalladation—
anion capture cascades. Therefore, we also screened the reaction
conditions suitable for an alkylborane nucleophile (Table 2). As
noted above, only a trace amount of the desired product 12 was
obtained using alkylborane 11 (1.2 equiv.), Pd,(dba);, and 3 M
aqueous Cs,CO; in EtOH at 80 °C. Changing the solvent back to
DMF gave a better result, affording a moderate yield of 12 (entry
2). We eventually found that the product yield could be improved
to practical levels when PdCl,(dppf) was employed as a catalyst
(entries 3, 4).

Having established two reliable conditions, we next synthesised
a series of 3-substituted indole derivatives to address the versatility

[ :E | J
Pd catalyst
N Y

Boc 3M aqg. Cs,CO;

N
8a solvent, T (°C) N
& Boc
B OMPM 12

4

1
Entry Pd catalyst Solvent T/°C Yield (%)
1 Pd,(dba), EtOH 80 Trace
2 Pd,(dba), DMF rt 38
3 PdCl,(dppf) DMF 50 53
4 PdACL (dppf)-4AsPh, DMF 50 )

“ All reactions were performed using Pd catalyst (0.1 equiv.), 3 M aq.
Cs,CO; (3 equiv.), and alkylborane (1.2 equiv.).

of our cascade process. The results are summarised in Table 3. N-
Tosyl allenamide 6a also served as a good starting material in
the present process (entries 1-3). A wide range of nucleophiles,
including arylboronic acids (entries 1, 2 and 4), alkenylboronic
acid (entry 3), 2-thiopheneboronic acid (entry 5), and alkylboranes
(entries 6-8) were successfully employed, giving a variety of 3-
substituted indoles in good to excellent yields. Notably, the aryl
bromide 6b also smoothly entered the carbopalladation—cross-
coupling cascade to give 20 in 82% yield.

Application of the present strategy for the synthesis of 2,3-
disubstituted indoles starting from a-functionalised allenamides
9a—e was also successful (Table 4). The indole derivatives with
methyl, benzyl, trimethylsilyl, and dimethylsilanolyl functionali-
ties at the C2 position were prepared in good to excellent yields.
However, when 9e was employed as a substrate and an alkylborane
generated from acrolein diethylacetal was used as a nucleophile,
the desired product 26 was isolated in 42% yield. The major
product of this reaction was the shunt product 27,'S which was
isolated in 56% yield. An attempt to utilise Ph;As as a co-ligand
was not effective for improving the yield of 26.

The indole derivatives with a silicon functional group at the
C2 position (e.g., 24 and 25) serve as potential precursors for
further palladium(0)-catalysed transformation (Scheme 3).* Thus,
exposure of 24 to ICl in the presence of AgBF, (2 : 1 MeOH-
THF)'* smoothly afforded 2-iodo derivative 28, which in turn
underwent clean methoxycarbonylation using a PdCl,(dppf) cat-
alyst, providing methyl indole-2-carboxylate 29 in a quantitative
yield. On the other hand, the Denmark variant'” of Hiyama cross-
coupling®”® of 25 with 4-iodonitrobenzene in the presence of a
Pd,(dba);-CHCI; catalyst, Cul, and NaOs-Bu in toluene at room
temperature furnished the desired cross-coupled product 30 in
89% yield. To the best of our knowledge, this is the first example
of a successful application of the Denmark—Hiyama coupling to
synthesis of a 2,3-disubstituted indole.

Extension of our strategy could be accomplished simply by
trapping the m-allylpalladium intermediate with nucleophiles
other than organoboron species.” For instance, utilization of p-
TolSO,Na, NaN;, and vinyl tri-n-butyltin afforded the corre-
sponding sulfone, azide, and vinyl derivatives in excellent yields,
respectively (Scheme 4). Upon treatment of 8 with PACl,(dppf) in
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Table 3 Synthesis of 3-substituted indole derivatives

Entry Allenamide Boron nucleophile Product Yield (%)
oo o oo
(HO):B N 13
2¢ 6a /©/Cl O ] O 71
(HO)B % c
3¢ 6a /\Q O ¥ 73
A0
(HO)B” X N
Ts 15
Co o™ oo, "
(HO)B Eoc .6 OMe
54 8 J S, 58
(HO):B |
2 @ [ l
Boc 17
6 8 & O 64
Bv@
L)
N
Boc 1g
7 8 & OEt 66
B\/YOEt [IN] OFEt
B
OEt o 19
8 6b & OFEt 82
B OEt mt
\/\( Ts 20

OEt

“Pd,(dba); (0.05 equiv.), 3 M aq. Cs,CO; (3 equiv.), EtOH, 80 °C. * PdCl,(dppf) (0.1 equiv.), 3 M aq. Cs,CO; (3 equiv.), DMF, 50 °C. < PdCl,(dppf) (0.1

equiv.), 3 M aq. Cs,CO; (3 equiv.), DMF, 70 °C.

Ph
C | \/— a | Ph b | Ph
N SiMe : : : : C: ::
Boc 3 N | réloc CO,Me

Boc
24 28 29
Ph Ph
L o=
N Si'OH N
Boc / \ Boc
NO,
25 30

Scheme 3 Palladium(0)-catalysed functionalisation of the C2 position.
Reagents and conditions: (a) ICl, AgBF,, 2 : 1| MeOH-THE, 0 °C, 97%;
(b) PdCL,(dppf)-CH,Cl,, Et;N, MeOH-DMF, CO (1 atm), 60 °C, 100%;
(c) 4-iodonitrobenzene, Pd,(dba);-CHCI;, Cul, NaOz-Bu, toluene, room
temperature, 89%.

the presence of Et;Nin 1 :2 MeOH-DMF under a CO atmosphere
(1 atm), indole-3-acetic acid derivative 34 was synthesised in mod-
erate yield. The above examples further potentiate the generality
and versatility of our strategy.

In conclusion, we have developed an efficient strategy for the
synthesis of 2,3-disubstituted indole derivatives starting from N-

a | /,S\\
6b —— OO0
N
Ts

31

32: X =N,
33: X = CH=CH,
34: X = CO,Me

Scheme 4 Synthesis of additional series of 3-substitued indoles.
Reagents and conditions: (a) p-TolSO,Na, Pd(PPh;),, DMF, 70 °C, 83%;
(b) NaNj, Pd(PPh;),, DMF, room temperature, 97%; (c) vinyl tri-n-
butyltin, Pd,(dba),, DMF, 80 °C, 96%; (d) PdCl,(dppf), Et;N, 1 : 2 MeOH-
DMEF, CO (1 atm), 60 °C, 49%.

(o-halophenyl)allenamide based on the carbopalladation—anion
capture cascade. Selective introduction of an appropriate silicon
group to the a position of the allenamide allows for the synthesis
of 2-silyl substituted indole derivatives, which serve as powerful
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Table 4 Synthesis of 2,3-disubstituted indole derivatives®

Entry Allenamide Boron nucleophile Product Yield (%)
o o oo
(HO),B N~ "Me
Boc 21
o0 oo
(HO)B Boc
O
3 9b (HO)ZB\/\ O ] = 84
N
Boc 23
4 9¢ /@ O 71 (from 8)
(HO),B O |
N SiMey
Boc
24
5 9d /@ O 61
(HO)B O |
N Si'OH 25
Boc /
6 9e &L OFEt 42
|
OEt
B OEt
~Y Boc " 5
OEt
Me 56
|
Eoc Me 27

@ All reactions were performed using Pd,(dba); (0.05 equiv.), 3 M aq. Cs,CO; (3 equiv.), boronic acid (1.1 equiv.) in EtOH at 80 °C unless otherwise
noted. ® The reaction was performed using PACL(dppf) (0.1 equiv.), 3 M aq. Cs,CO; (3 equiv.), alkylborane (1.2 equiv.) in DMF at 70 °C.

substrates for further palladium(0)-catalysed transformations at
the C2 position. In addition, we have demonstrated that the
strategy can be easily extended by utilisation of appropriate nucle-
ophiles in place of organoboron species, providing an additional
series of indole derivatives. Application of the present strategy to
the search for new bioactive substances is currently underway.

This work was supported in part by a Grant-in-Aid for Scientific
Research by the Ministry of Education, Culture, Sports, Science
and Technology, Japan (MEXT).
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The experimental re-investigation of a reported synthesis
of a macrocyclic pseudopeptide promoted by bis(tetrabutyl-
ammonium)terephthalate allowed us to elucidate the nature
of the non-bonding interactions between the reagents and
the template; while the involvement of aromatic-aromatic
interactions could be ruled out, the relevance of the role of
the carboxylate ion was confirmed.

Tt was recently reported! that the macrocyclization of the bispheny-
lalanine derivative 1 with dialdehyde 2 in MeOH (Scheme 1)
afforded the desired macrocycle 3 in good yield (60-65% as deter-
mined on the more easily isolated reduction product 4)* only if the
reaction occurred in the presence of the bis(tetrabutylammonium)
salt of terephthalic acid 5 acting as a template. In its absence, only
linear oligomeric products were formed.

BU4NOOC‘©‘COONBU4
5

CHPh

ON " NH; HO
NH
(CH2)2 *
NH

04\(NH2 CHO

CH2Ph

1 2

C_;HzPh CH2Ph gHzph CH2Ph
O AT <= g0 O N,—@ﬂNJ\Fo

H H
[NH HN] NaBHq [NH HN]
N NH H HN

OJ\[NL@_;N\_/&() OJ\(N\_@-/N\/&O

CHPh CHzPh CH2Ph CH2Ph

CHzPh CH2Ph

__-o O~ -
NH HN
-7
NH2 ¢ — N\/J§
O//J\f OHC <= = o
CH2zPh CH2Ph

Scheme 1 Templated synthesis of macrocyclic pseudopeptide 4.

Strong evidence, both experimental (mass spectrometry, NMR
and CD spectroscopy) and theoretical (Monte Carlo conforma-
tional analysis), was collected, pointing to an active role of the
template, that was able to promote the macrocyclization through
a combination of favourable non-bonding interactions. As shown
in structure 6, these were believed to involve hydrogen-bond
formation between the amide hydrogens of 1 and the carboxylate

Dipartimento di Chimica Organica e Industriale Universita degli Studi di
Milano, Via Golgi 19, I-20133 Milano, Italy. E-mail: franco.cozzi@unimi.it

anions of 5, and an attractive aromatic-aromatic n-stacking
interaction between the aromatic ring of the template and those
of the reagents.’

The putative involvement of a m-stacking interaction in this
macrocyclization reaction attracted our attention because, on
the basis of our experience in the field,® the observation of
aromatic—aromatic non-bonding interactions* in solution and for
a conformationally non-restricted system,® is extremely rare.®’
Therefore, we decided to assess the actual importance of aromatic
interactions in this case by an experimental re-investigation.

We first reasoned that the validity of the n-stacking interaction
hypothesis could be readily tested by replacing template 5 with
its tetrafluoro analog 7 (Fig. 1). On the basis of others® and our
own work,* this modification was expected to result in an increase
in the macrocyclization yield because of an attractive interaction
between aromatic rings of opposite charge distribution.**® It must
be noted that the polar reaction solvent MeOH, which should
favour the hydrophobic component of the aromatic-aromatic
interaction,** was expected to maximize this phenomenon.

COONBu,4
F F cl*,OONBu4 F.
(CHa)4
F F
COONBuy4 F
COONBuUy
7 8 9
R4NX CH,Ph PthC NH

10, R =Bu, X = OAc
11, R=Bu, X=Br
12, R=Me, X=Br

NH H”
OJY 2 f
NH,

CHyPh PhHZC

1a

Fig. 1 Structures of additives 7-12 and of conformations 1a and 1b.

However, when the macrocyclization was carried out in the
presence of 7 under the reported conditions,’ no improvement
in the yield was observed, and the reactions carried out with 5 or 7
afforded 4 in identical isolated yield (58%). The macrocyclization
yield remained almost the same (56%) also when the reaction was
performed in the presence of bis(tetrabutylammonium) adipate 8,
a template that obviously cannot benefit from any n—m interaction.
On the other hand, the use of hexafluorobenzene 9 as a template
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potentially allowing m-stacking interactions but not hydrogen-
bonds,’ did not lead to the isolation of any macrocyclic product.

These experiments strongly suggested that the involvement of
an aromatic-aromatic interaction between the template and the
substrate in the macrocyclization could be ruled out; on the
other hand the formation of hydrogen-bonds between the amide
hydrogens and the carboxylate ions could indeed be an important
factor by which the template was exerting its effect, as originally
proposed.!

To further investigate the importance of the role of the car-
boxylate group in favoring the macrocyclization, the reaction was
carried out in the presence of tetrabutylammonium acetate 10 as an
additive. We were pleased to find that the use of 1 mol equiv. of 10
promoted a high-yielding macrocyclization, allowing the isolation
of 4 in 86% yield. This result seemed to indicate that it is not
necessary for the template to carry two carboxylate functionalities
as in 5, 7, and 8. Rather, the presence of a single carboxylate
group in the additive appears to be sufficient to induce enough
conformational pre-organization in the macrocycle precursor to
efficiently undergo ring closure.

To conclusively establish the central role of the carboxylate
anion, the macrocyclization reaction was carried out in the
presence of tetrabutylammonium bromide 11. We were surprised
to find that also the use of 1 mol equiv. of 11 promoted the
reaction, although in only 20% isolated yield. To explain this
observation, one can make the hypothesis that the ammonium
cation could favour the cyclization acting as a template by an
attractive interaction with the lone pairs of the amide oxygens
of the bisphenylalanine moieties of the macrocycle precursor.'*!
The weaker nature of this interaction with respect to that between
the carboxylate ion and the amide hydrogens," can be considered
in a qualitative agreement with the difference in chemical yield
observed in the reactions promoted by 10 and 11.

To further check the validity of the hypothesis of an involvement
of the ammonium cation in the macrocyclization, the reaction
was also performed in the presence of tetramethylammonium
bromide 12, with the expectation of observing an increase in the
templating effect (and, as a consequence, in the macrocyclization
yield) because this cation, smaller than 11, should be co-ordinated
more easily by the macrocyclic precursor. However, in the presence
of 12 the macrocyclization yield dropped to 11%. This result clearly
pointed to a very minor contribution, if any, of the ammonium
cation as significant templating additive.

In conclusion, the experimental re-investigation of this macro-
cyclic pseudopeptide synthesis allowed us to rule out the in-
volvement of aromatic-aromatic interactions, while confirming
the dominant role of the carboxylate ion. From a more general
standpoint, these results contribute to show how difficult it is
to observe an aromatic-aromatic interaction in solution, whose
existence in a conformationally non-restricted system is frequently
claimed*® but seldom firmly demonstrated.®
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573.
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Oxidation of some cage hydrocarbons by dioxiranes. Nature of the transition
structure for the reaction of C—H bonds with dimethyldioxirane: a comparison
of B3PWO1 density functional theory with experiment
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Dimethyl- (DMD) and methyl(trifluoromethyl)-dioxiranes were used for oxyfunctionalization of
spiro{1’,7-cyclopropan-(E)-2-methylbicyclo[2.2.1]heptane} (1), tricyclo[3.2.2.0**]nonane (2),
exo-endo-endo- (3) and exo-exo-exo- (4) heptacyclo[9.3.1.0%'°.0*%.0*.0%?.0'**]pentadecane, yielding
tertiary alcohols as the main products. The rate constants for oxidation of 1-4 by DMD were measured
and the Arrhenius parameters determined. The DFT theory (B3LYP and B3PW91) using restricted and
unrestricted methods was employed to study the oxidation reaction of the C—H bond of cage
hydrocarbons 1-4, adamantane, and acetone with DMD. The kinetic isotopic effect calculated using
unrestricted methods agreed with experiment. The reaction mechanism in terms of the concerted

oxygen insertion vs. the radical part is discussed.

Introduction

Norbornane derivatives and their dimers find applications in
the production of high-energy multi-purpose rocket fuels.! Con-
sequently, the study of their oxidative stability and improve-
ment of fuel characteristics is currently of practical interest in
rocket technology. The biological activity of hydroxyl- and oxy-
derivatives of cage hydrocarbons represents another important
area of application.?

The oxidation of hydrocarbons at ambient temperature is a
continuing challenge.>* For more than two decades, dioxiranes
have been employed for the oxyfunctionalization of various
organic substrates with high regio- and stereoselectivity.’ Despite
the amount of work devoted to this problem, the mechanism of
oxidation of the C-H bond is still of great interest due to its
complexity.>”’

The products of the reaction between dimethyldioxirane
(DMD) and alkyl- as well as bicyclic derivatives of cyclopropane
have been studied in a series of papers and the oxidation of the
a-position to the 3-membered ring discussed.” A similar behavior
was found in oxidation reactions of strained polycyclic hydrocar-
bons, such as binor-S.!%!! In some cases, however, as in the case
of spiro(cyclopropane-1,2’-adamantane),' the oxidation occurs at
positions remote from the 3-membered ring. A product analysis
after reacting methyl(trifluoromethyl)dioxirane (TFD) with 2,4-
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T Electronic supplementary information (ESI) available: Results of molec-
ular modeling, 2D NMR spectra of alcohols 3a, 4a, and Fig. SI-S3. See
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didehydroadamantane, spiro(cyclopropane-1,2’-adamantane), n-
butyl cyclopropane, 1-cyclopropyl-3-methylbutane and bicy-
clo[6.1.0lnonane shows that in most cases the tertiary C—
H bonds undergo oxidation, with the exception of 2,4-
didehydroadamantane,'® where the authors reported the relevance
of reactivity to the spatial orientation of the cyclopropane
moiety and the proximal C-H bond, which is oxidized. In this
particular case a cyclopropane moiety, constrained to a favorable
“bisected” arrangement, can activate the a-methylene moiety
and thus facilitate the oxyfunctionalization of this position,
which competes effectively with O-insertion into the other C—
H bonds, where oxidation by dioxirane predominantly occurs
at the tertiary C—H bonds rather than at secondary or primary
ones.'* On the contrary, upon oxidation of spiro(cyclopropane-
1,2-adamantane) by dioxirane, even the bridgehead tertiary
C-H bonds become deactivated by the cyclopropyl moi-
ety, lying in an unfavourable perpendicular orientation.'
Oxidation of propellanes, such as 4-phenyl-3,6-dehydrohomo-
adamantane and 3,6-dehydrohomoadamantane, by DMD re-
sulted in formation of the corresponding 1- and 4-hydroxy
derivatives.”> Moreover, the thermodynamically favourable
molecule-induced homolysis of the C-C bond in the reac-
tion of the relatively unstable 1,3-dehydroadamantane with
DMD yields 3-methylenebicyclo[3.3.1Jnonan-7-one (46%) and
1,3-dihydroxyadamantane (8%)."

The high reactivity of TFD is responsible for the observation of
more than one oxidation product in most cases.® It is important
to mention that even under low temperature reaction conditions
(below 0 °C), the products of a radical reaction were not detected
for TFD,*7 whereas the reactions using DMD show the presence
of the radical channel (proposed by Minisci ef al.) in the oxidation
of various substrates.'>'*

The dioxiranes can generate free radicals during reaction with
C-H bonds, as proposed in theoretical studies,’*'*!” and demon-
strated by experiment.>'**>!* The results show the possibility of
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Table 1 Conversion of the substrates and yield of alcohols 1a—4a in the
reaction of cage hydrocarbons 1-4 with DMD (in CCl,; 20 °C) and with
TFD (in TFP, 0 °C) after the complete consumption of the dioxiranes

Compound  Oxidant  Conversion® (%)  Yield of alcohol® (%)
1 DMD 39 (92) 87 (88)
TFD 99 99
2 DMD 31 (91) 68 (67)
TFD 99 99
3 DMD 97 (97) 98 (98)
TFD 99 99
4 DMD 62 (95) 95 (94)
TFD 99 (92) 98 (88)

“Values in parentheses correspond to the solution saturated with oxygen.

5-8,19 3,12-15,18

both molecular and radical mechanisms as a concerted
molecule-induced homolytic/rebound process. The contribution
of these channels is predominantly determined by the structure of
the reactants and the reaction medium.>!>1>-18

Here we report the oxidation by DMD and TFD of several
norbornane derivatives and tricyclo[3.2.2.0**Inonane. The mech-
anism of the oxidation reaction is discussed in terms of concerted
oxygen insertion and the possible radical channel.

Results and discussion

We have found that the oxidation of spiro{cyclopropan-1',7-
(E)-2-methylbicyclo[2.2.1]Theptane} (1), tricyclo[3.2.2.0**lnonane
(2), exo-endo-endo- (3) and exo-exo-exo- (4) isomers of
heptacyclo[9.3.1.0>1°.0%%.04.0°°.0">*]pentadecane by DMD and
TFD in equimolar ratio gives corresponding ternary alcohols with
good yields (Table 1). The positions of oxygen insertion are shown
in Scheme 1.

; DMD (0.5 eq.) or TFD (1 eq)
£ CCly
1 Me

Y

L
o ol
w2y H
AL <R

Spectroscopic studies were carried out on the products of the
reaction of DMD and TFD with the substrates mentioned above.

Along with the IR spectra of alcohols 1a—4a, which show a strong
O-H stretching absorption, varying over 3432-3268 cm™', analysis
of the two-dimensional NMR spectra confirmed the formation
of the corresponding alcohols. The electron impact mass spectra
give the formulae C,\H,;O (m/z = 152 by GC-MS) for 1a,
CyH,,0 (m/z = 138.105 by HRMS) for 2a, and C;sH ;O (m/z =
214.134 and 214.136 by HRMYS) for 3a and 4a respectively. The
protons of the methyl group of product 1la (Scheme 1) appear
as a singlet in the '"H NMR spectra contrary to the products
of oxidation of hydrocarbons 2-4, for which both 'H and "*C
NMR spectra show the absence of symmetry elements in products
2a-4a. The experimental "C NMR spectra for substrates 1-4
and corresponding alcohols 1a—4a are in very good agreement
(correlation coefficient r* = 0.998) with the calculated *C isotropic
chemical shifts (Fig. S1, ESIT), computed using the methodology
of Viki¢-Topi¢ and Pejov.® The results of these calculations are
included as supporting information. ¥

The oxidation of exo-endo-endo- (3) and exo-exo-exo- (4)
isomers of heptacyclo[9.3.1.0%!°.0°%.0*¢.05?.0'*"*]pentadecane by
DMD and TFD occurs at the C(2)-H bond (Table 1 and Scheme 1)
and independently of the -endo-endo- or -exo-exo- configuration.
The mass spectra of compounds 3a and 4a have identical ions,
which is characteristic for geometrical isomers.?' The dissociation
of these radical-cations of 3a and 4a, leading to the formation of
the most abundant fragment ion is shown in Scheme 2.

o+
M OHT
HO
rel. intensity: 9.6 rel. |nten3|ty 6.8

o A L

rel. intensity: 100

Scheme 2

Molecular ion fragmentation occurs through cleavage of the
C(1)-C(2) and C(10)-C(11) bonds, specific for norbornane radical
cation formation.”> The relative intensity of the molecular ions
formed from 3a and 4a is 6.8 and 9.6 respectively (Scheme 2).
The higher stability of the radical-cation formed from 4a can be
explained due to its smaller strain energy (E,.). This is supported
by the quantum chemical calculations at the B3 PW91/6-311 +
G(d,p) level of theory, where the difference between the strained
energies of alcohols 3a and 4a A(E,.(3a) — E..(4a)) was found
to be 4.4 kcal mol ™.

The kinetics of the oxidation of 1-4 by DMD were studied by
monitoring consumption of the oxidant, with or without constant
oxygen saturation. The kinetic curves have a break which separates
two regions with low and high rate correspondingly (see Fig. 1),
as previously demonstrated in the oxidation of other alkanes,
including adamantane (5)*® and 2,2,4-trimethylpentane.”® The
increase in the reaction rate after the break was attributed to a free-
radical-induced decomposition of DMD.'* This process is initiated

This journal is © The Royal Society of Chemistry 2007
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Fig. 1 The typical kinetic curves of DMD consumption in oxidation of
1 in CCl, at 30 °C (1: solution saturated with oxygen during the whole
period of oxidation, 2: solution saturated with oxygen only before starting
the experiment [O,], = 5 x 1073 M).

by a decrease in the concentration of the oxygen in solution, so that
alkyl radicals, formed in this reaction, can not be trapped by O,. At
the same time reaction in a solvent saturated with oxygen allows
the rapid transformation of the alkyl radicals into peroxyl radicals,
which are consumed by recombination according to the Russell
mechanism giving molecular products.”® Under these conditions
DMD is not consumed in a competitive reaction, and the yield of
products increases (Table 1).

In oxygenated solutions the kinetics of oxidation of 1-4 by
DMD follow a second order reaction, but first order for both
dimethyldioxirane and the substrate (RH), respectively:

—d[DMD}/dt = K[RH][DMD].

The pseudo-first order reaction is observed in the presence of
excess substrate:

ker = k[RH]y, if [RH], >> [DMD],

therefore, the effective rate constant can be derived from the
equation:

—d[DMD]/dt = ks [DMD]

The linear dependence of the effective rate constants on the
initial concentration of the substrate [RH], indicates a first order
reaction with respect to the substrate RH. Also, good agreement
was found between the bimolecular rate constants, calculated

from the dependence of k. upon [RH], and measurements using
equimolar ratios of reagents.

For hydrocarbon 3 the yield of alcohol is independent of
molecular oxygen content in the reaction solution (Table 1). The
same results were found for oxidation of binor-S by DMD, on
the basis of which it was concluded that dioxiranes react with a
substrate via O-insertion into the C-H bond." Thus, in the case
of some hydrocarbons, such as 3 and binor-S, oxidation occurs
either without the escape of radicals from a solvent cage, or the
contribution of the radical channel is insignificant.

The Arrhenius parameters for oxidation of the cage hydrocar-
bons 1-4 by DMD are summarized in Table 2 (over a temperature
range of +18° to +70 °C). Experimentally determined activation
energies range from 12.1 to 19.6 kcal mol™'. The negative values of
the entropy of activation indicate highly-ordered transition states.

The data obtained can be explained by the mechanism presented
in Scheme 3, which combines two parallel channels. The concept
has been expressed in the literature as the concerted and molecule-
induced homolytic/rebound mechanism.>*'>*® The relatively low
values of the entropies of activation obtained here for the oxidation
of cage hydrocarbons are unexpected for general reactions of
radical abstraction (R-H + *ORj;), such as, for example, hydrogen
abstraction by oxygen-centred radicals.* At the same time the
good yields of alcohols (Table 1) and the high selectivity of
oxidation, even in the presence of the radical channel, indicates the
predominance of the cross-reaction between the peroxy radicals
of cage hydrocarbons (ROO") and MeOO", formed from the
dioxirane, which would react in accordance with the Russell
mechanism as shown in Scheme 3.

If a degenerate branching chain reaction of peroxy radicals
with a hydrocarbon (ROO* + RH — ROOH + R°) were to
provide an appreciable contribution to the process, then numerous
products of oxidation would have been observed, and the yield
of alcohols would depend upon the initial concentration of
the substrate [RH],, but this was not found even with a 10-
fold excess of the substrate. Also, if homo-recombination of
peroxy radicals dominated over cross-recombination, the yield
of alcohol would be lower than observed in our experiments.
This hypothesis is supported by analysis of the rate constants
of peroxy radicals in recombination reactions. The rate constant
of the recombination of methylperoxy radicals is higher than that
of ROO" by several orders of magnitude (kyeoo = 3.9 x 10° L
mol~" s at 295 K;® kroo < kipuoo = (1.6-15) x 10° L mol~! s~! at
295 K*). Consequently, the steady-state concentration of ROO*
can be determined from the equations:

[ROO"] = [MeOO|(kneoo/kroo), . [ROO"] < 161[MeOO"]

Table 2 Kinetic parameters for oxidation of 1-4, adamantane and acetone by DMD (in CCl,, 18-70 °C)

k(30°C) x 10*/ AH7 5 /kcal AS7 594/ cal AG7 5/ kcal
Compound L mol~'s™! E,/kcal mol™! lg A/L mol™"'s™! R mol™! K" mol™! mol~!
1 2.34+£0.01 174+ 0.3 89+0.1 0.9992 16.8 —19.8 22.7
2 2.87 £0.01 149+£04 7.2+£0.1 0.9984 14.3 -27.5 22.5
3 43.7+£0.1 12.1 £ 0.1 6.42 +0.08 0.9995 11.5 —31.1 20.8
4 2.25£0.01 19.6 £ 0.5 10.5+0.2 0.9990 19.0 —12.5 22.7
Adamantane “ 17.8 £0.1 14.0+£0.2 7.33 £0.09 — 13.4 —26.9 21.4
Acetone® 0.0020 £ 0.0002 23.2+0.3 8.7+0.2 — 22.6 -20.7 28.8

“ Reference 18, the oxidation of adamantane by DMD in CCl,. * Reference 15.
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Unfortunately, there are very few results on the reaction
rate constants of the cross-recombination of primary peroxy
radicals with tertiary peroxy radicals. But analysis of available
experimental data demonstrates that the rate constant of this type
of recombination is one order of magnitude lower than that of
the homo-recombination of primary peroxy radicals. In our case,
the cross-reaction (MeOO® + ROO") will dominate with a rate
constant k >10° L mol~'s7', and this value is in agreement with the
literature data on the rate constants for this type of reaction.'®+?7

The low yield of alcohol 2a can be explained by the fact that
the tricyclo[3.2.2.0**]nonan-1-yl formed and/or the product of its
reaction with oxygen can undergo isomerization with the opening
of the cyclopropylic fragment at the -position with respect to the
reaction centre.

Oxidation of 1-4 by TFD occurs much faster than by DMD. Re-
action times vary from one minute for hydrocarbon 3 to twenty for
compound 4. Apparently, the oxidation by TFD is characterized
by the absence of free radical processes.

This experimental study of the reaction of cage hydrocarbons
with DMD was carried out in parallel with a theoretical study
of the oxidation reactions employing DFT calculations. The
molecular geometries of reactants, products and transition states,
as well as the corresponding energies of the activation barriers
for oxidation of cage hydrocarbons 1-4 and adamantane (5)
by DMD were calculated at the B3LYP/6-31G(d) level and
further improved with B3LYP/6-311 + G(d,p) calculations in
a single-point fashion. The transition state (TS) structures of
the reaction of dimethyldioxirane with cage hydrocarbons are
shown in the supporting information.f The energy parameters
of TS formation are summarized in Table 3. As can be seen
from a comparison of experimental and calculated activation
free energies, the correlation is poor (Fig. 2). The reasons for
this exception are not clearly understood and require further
clarification. Even inclusion of the solvent effect with the COSMO
model and the CCl, dielectric constant of 2.228 in the single-point
fashion does not significantly improve the results. The differences
in Gibbs free energy is approximately 1 kcal mol™' as can be
seen in Table 3. This could be due to errors in the calculation of
the energies of polycyclic systems.?® Unfortunately, recalculation
of energies using B3PW91/6-311 + G(d,p)//B3LYP/6-31G(d),
and also calculation at the B3PW91/6-31 + G(d) level of theory

Table 3 Theoretical activation parameters from computation using restricted wave functions for oxidation of 1-4 cage hydrocarbons (from TS1-C to
TS4-C respectively), adamantane (TS5-C) and acetone (TS6-C) by dimethyldioxirane computed at various levels of theory

Transition AS7,s/cal  AH75/kcal  AG7y5/kcal  AG7 e /keal
structure Method AE,/kcalmol™  K-'mol! mol! mol™! mol™!
TS1-C B3LYP/6-31G(d) 25.4 —35.6 24.8 35.5 35.1
B3LYP/6-311 + G(d,p)//B3LYP/6-31G(d) 18.4 — 17.8 — —
B3PW91/6-311 + G(d,p)//B3LYP/6-31G(d)  20.5 — 20.9 31.5 —
B3PW91/6-31 + G(d) 24.7 —34.5 25.1 354 —
TS2-C B3LYP/6-31G(d) 29.1 —34.1 28.5 38.6 37.7
B3LYP/6-311 + G(d,p)//B3LYP/6-31G(d) 21.7 — 21.1 — —
B3PW91/6-311 + G(d,p)//B3LYP/6-31G(d)  23.7 — 24.1 34.3 —
B3PW91/6-31 + G(d) 27.9 -333 28.4 38.3 —
TS3-C B3LYP/6-31G(d) 22.4 —35.0 21.9 32.3 32.0
B3LYP/6-311 + G(d,p)//B3LYP/6-31G(d)  15.0 - 14.5 - -
B3PW91/6-311 + G(d,p)//B3LYP/6-31G(d)  17.1 — 17.6 28.0 —
B3PW91/6-31 + G(d) 21.3 —-35.9 21.7 324 —
TS4-C B3LYP/6-31G(d) 26.8 —34.0 26.4 36.5 37.2
B3LYP/6-311 + G(d,p)//B3LYP/6-31G(d) 19.7 — 19.3 — —
B3PW91/6-311 + G(d,p)//B3LYP/6-31G(d) 21.9 — 22.6 32.7 —
B3PW91/6-31 + G(d) 26.2 -34.9 26.7 37.1 —
TS5-C B3LYP/6-31G(d) 28.1 -29.5 27.5 36.3 35.5
B3LYP/6-311 + G(d,p)//B3LYP/6-31G(d) 20.3 — 19.7 — —
B3PW91/6-311 + G(d,p)//B3LYP/6-31G(d) 22.2 — 22.7 31.5 —
B3PW91/6-31 + G(d) 26.4 -29.7 27.0 35.8 —
TS6-C B3LYP/6-31G(d) 39.3¢ —29.6* 38.0¢ 46.3¢ 48.5%
B3PW91/6-31 + G(d) 39.1 -32.9 39.1 49.1 —

“ Reference 17. ®* CH,Cl,, reference 17.

This journal is © The Royal Society of Chemistry 2007

Org. Biomol. Chem., 2007, 5, 2302-2310 | 2305





1sc_°
- 45 '
©
£
T 40 |
X -
= % TS-LS o~
o o : —
g 35 A ° - —
) (o) .
» /"/
N
30 1
Q301 TS-0S
25 -
20 22 24 26 28 30

AGogg(exp), kcal-mol™!

Fig. 2 Correlation between experimental AG7,y and theoretical data,
calculated at the (U)B3PW91/6-31 + G(d) level, for oxidation of cage
hydrocarbons by DMD.

does not lead to any substantial improvement in the correlation
between experimental and theoretical results.

However, in the case of reactions possibly involving radical
(biradical) intermediates, the problem arises in the choice of
an adequate method for quantum chemical calculations. The
standard calculation schemes based on the use of restricted wave
functions for closed shells (restricted Hartree—Fock or Kohn-—
Sham methods) are inappropriate in such situations. It has
previously'” been shown that the wave functions calculated® for
the transition state of the reactions of dioxiranes with alkanes,
aldehydes, and alcohols have singlet—triplet instability, i.e., there
is another unrestricted solution of the Schrodinger (or Kohn—
Sham) equation with nonequivalent o and [ orbital manifolds,
which is lower in energy. Calculation methods that take into
account the multiconfigurational character of the wave function
are necessary for the adequate description of systems of biradical
nature. However, such calculations are computationally intensive
and time-consuming. The DFT calculations of (bi)radicals using
the hybrid functional as in B3LYP in the unrestricted variant
(UB3LYP) with broken o—f symmetry were shown* to give results,
whose quality are comparable with the state-of-the-art multi-
reference coupled cluster calculations (MR-AQCC). In this work,
we used the UB3PWO91 method to calculate the reactions of DMD
with alkanes. The B3PW91 was chosen because it allows one to
calculate in a correct manner the energy of polycyclic systems.?
Generally, in calculations of singlet biradicals within the frame-
work of the unrestricted hybrid DFT methods, such as UB3LYP
and UB3PW91, fairly strong spin contamination is inevitable: the
(S?) value can be considerably higher than zero, which indicates
a significant radical character of the molecular wave function. It
is known*' that the thermochemical and geometric parameters
calculated by the hybrid DFT methods are less prone to the
influence of spin contamination than those obtained by the HF,
MP2, CC, and other methods.

As a test, possible reaction pathways for the 2-methylpropane—
DMD system using B3PWO91 were calculated. Results (Fig. S2,
ESIt) are in good agreement with literature data for this system at
the B3LYP/6-311 + G(d,p)//B3LYP/6-31G(d), B3LYP/6-311 +
G(d,p) and CCSD(T)/cc-VTZ2P + f.d levels of theory.®'>"

Also in agreement with the above and previous work,'>" the
transition states can be described as two structures: TS-LS, the
molecule-induced homolytic pathway, and TS-OS—the radical
reaction with OS-'A,-DMD. The radical reaction with OS-*A,-
DMD via TS-T is possible, but improbable, therefore we shall not
consider it further. The two structures TS-LS and TS-OS (Fig. 3)
can be considered as extreme variants of a transitive condition for
this system.

Fig.3 Geometry of transition structures TS-LS and TS-OS for oxidation
of 2-methylpropane with DMD at the UB3PW91/6-31 + G(d) level.

As shown earlier'” TS-LS can lead to molecular products and
due to the fact that intermediates in this process are radical pairs,
some of the radicals probably escape from the cage thus leading
to radical chain processes.

The results obtained for TS-LS and TS-OS transition states
agreed better with values obtained experimentally (Table 4, Fig. 2).
The kinetic isotope effect previously measured™ for oxidation
of methylcyclohexane by DMD is also better described by the
transition states having a radical character (Table 5). Thus, the TS
of oxidation of the C—H bond by DMD have a radical character.

In some cases the reaction of DMD with hydrocarbons leads
to the formation of radicals but in others the oxidation occurs
without radicals being observed. What is the mechanism of
interaction of cage hydrocarbons with DMD? Comparison of
experimental with theoretical results showed that the TS have a
radical character as proposed in previous theoretical work.*>!7
The further evolution of the process leads to the formation of
a singlet radical pair complex,"” which can rapidly decompose
and/or transform, depending upon the nature of the interacting
radicals. Thus, changing the electron-donating group on the sub-
strate to an electron-withdrawing group leads to an increase in the
contribution of the radical channel, as shown for the oxidation of a
series of p-substituted analogues of 1-methoxy-1-phenylethane by
DMD.*? Along with the nature of the substrate, the solvent itself,
apparently, can destabilize the radical pair complex, leading to the
formation of free radicals. It has been reported™ that the oxidation
of cyclohexane in the gas phase proceeds almost completely
by the no-free-radical mechanism, whereas the reaction in a
solution of acetone' occurs with significant contribution of the
radical processes. Previously, we have reported a detailed study of
adamantane oxidation by DMD.' It was shown that the reaction
of interest has two possible channels: first, the absence of the
formation of free radicals; and second, with the escape of radicals
from a solvent cage. The contribution of the radical channel in the
oxidation of adamantane increases continuously with increasing

2306 | Org. Biomol. Chem., 2007, 5, 2302-2310

This journal is © The Royal Society of Chemistry 2007





Table 4 Theoretical activation energies and selected geometrical parameters from computations using unrestricted variants of wave functions for
oxidation of 1-4 (TS1-LS and TS1-OS to TS4-LS and TS4-OS respectively), adamantane (TS5-LS, TS5-OS), and acetone (TS6-LS, TS6-OS) by DMD
at the B3PW91/6-31 + G(d) level

Transition ) ) ) AE,/kcal AS7,s/cal  AH75/kcal — AG7,5/kcal
structure (8% C'-H/A H-O'/A O0'-0*’A «C'HO'/° £0'C*0*/° mol! K'mol" mol! mol™!
TSI-LS 0.43  1.266 1.258 1.920 171.0 86.9 20.1 —35.4 20.4 30.9
TS2-LS 0.50 1.278 1.232 1.957 169.0 88.9 20.4 —-33.2 20.7 30.6
TS3-LS 0.39 1.254 1.278 1.911 167.2 86.4 17.9 —35.7 18.2 28.9
TS4-LS 0.46 1.273 1.252 1.938 169.3 87.8 20.5 —35.9 20.8 31.5
TS5-LS 0.47 1.269 1.244 1.943 168.1 88.2 19.9 —-30.9 20.2 29.4
TS6-LS 0.68 1.316 1.188 1.982 170.5 89.7 27.5 -32.8 27.6 374
TS1-0S 094 1.221 1.383 2.323 172.9 116.4 15.2 —35.2 15.5 26.1
TS2-0S 0.93 1.229 1.355 2.319 171.7 116.1 15.2 —-33.6 15.6 25.7
TS3-0S 093  1.207 1.418 2.321 170.6 116.4 13.1 —34.8 13.5 239
TS4-0S 0.91 1.239 1.352 2.325 168.2 116.6 15.1 —38.4 15.5 25.9
TS5-0S 093 1.222 1.370 2.320 170.0 116.2 14.6 -31.0 15.1 24.4
TS6-0S 094  1.269 1.270 2.317 176.4 115.7 19.0 -32.9 19.1 28.9

Table 5 Selected geometrical parameters and kinetic isotopic effect for oxidation of methylcyclohexanes H,, and D, the fully hydrogenated and
deuterated compounds, by DMD (TS7) at the B3PW91/6-311 + G(d,p) level

Transition

structure (8%) C'-H/A H-O'VA 0'-0*/A ZC'HO'/° £0'C20*/° /HO'0*/° u/D  —8AG*/calmol™  ky/kp,at0°C
TS7-C 0.000 1.452 1.065 2.044 155.5 93.1 155.7 773 7587 4.05

TS7-LS 0.358  1.251 1.270 1.890 171.0 85.3 163.7 456 9457 5.72

TS7-0S 0.929  1.200 1.427 2314 172.1 116.5 93.7 1.75  804.5 4.41
Experiment — — — — — — — — — 6.05 £0.27¢

“ Reference 14.

temperature, in a fashion similar to the formation of radicals,
which originate from the solvent cage upon the decomposition of
normal radical initiators such as azabisisobutyronitrile (AIBN).*
These facts can only be explained if both the radical pathway
and the other pathway (without free radicals) have very similar
Arrhenius parameters. Both pathways probably have a common
TS and the free radicals form after the TS."

In oxidation reactions with participation of TFD, the presence
of free radicals was not observed here as previously reported
in the literature.>™' The reason for this phenomenon could be
attributed to the insufficient electron density on the carbon atom
due to the presence of the strong electron-withdrawing group —
CF;, which contributes to the stabilization of a singlet radical pair
complex (leading to increases in the stability constant). It probably
also facilitates the isomerization of the radical pair through the
reduction of the activation barrier of migration of the hydroxyl
group to the substrate radical leading to the formation of either
the corresponding alcohol or ketone.

The fact that the oxidation of the chiral substrates occurs with
the conservation of chirality** and that the oxyfunctionalization
of compounds with a cyclopropyl fragment occurs without the
destruction of the fragment,”>" have been used as decisive
arguments for the concerted insertion of an oxygen atom into
the C-H bond.” However, spin density on the carbon atom of the
substrate in the TS is not so high (0.65 = 0.25) and we suggest
that it is not enough for isomerization of hypersensitive radical
clocks with a rearrangement time comparable with the lifetime of
the TS. After the TS, radicals in a singlet radical pair complex do
not possess properties characteristic of free radicals and also the
isomerization of clock radicals in such complex should have much
lower rate constants. Moreover, the last step, the “oxygen rebound”

Su2 process, for this diradical pair has a very low activation barrier
of about 0.5 kcal mol™."” The complex must also have a rigid
structure which fixes the configuration not allowing the radicals
to rotate in this stage of the reaction. This leads to very little
change in chirality, low isomerization of clock radicals and high
product selectivity.**

Conclusions

We have shown experimentally and theoretically that oxidation of
cage hydrocarbons by DMD can occur through radical transition
states, which can generate free radicals, but it may also occur
without producing radical products. The reaction with TFD is
characterized by much faster reaction rates and by the absence
of free radicals. The role of radicals can be very important in
oxidation by dioxiranes and it depends upon the structure of the
substrate and of the dioxirane itself.

Experimental
Materials and methods

The GC analyses were run using a capillary column (30 m x
0.25 pm id, OV-101) on a “Shimadzu” chromatograph, 1,1,1,2-
tetrachloro-2,2-difluoroethane was used as an internal standard.
Column chromatography was performed on silica gel (230-
400 mesh), continuously increasing the concentration (up to a
2 : 1 ratio) of Et,O in n-hexane. The MS analyses were per-
formed in EI mode (70 eV) on a high-resolution mass spec-
trometer Thermo Finnigan MaT95XP and/or GC-MS Hewlett
Packard HP5980 (capillary column HP5; 60 m x 0.25 mm) with
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mass-detector HP5972A. The '"H NMR spectra were recorded
on a 500 MHz “Varian” NMR-spectrometer and/or 300 MHz
“Bruker” spectrometer, resonances were referenced to a residual
isotopic impurity: CHCl; (7.26 ppm) in CDCl;, used as solvent.
The C NMR spectra (125.759 MHz and/or 75 MHz) were
referenced to the middle peak of the CDCl; solvent (77.00 ppm).
IR spectra were obtained in KBr or NaCl on a Specord M80 Carl
Zeiss Jena.

1,1,1-Trifluoro-2-propanone (TFP) (bp 22 °C), purchased from
Aldrich, was purified by fractional distillation over granular
P,0;, and redistilled prior to use. Acetone of HPLC grade was
stored over 4 A molecular sieves, and routinely distilled on
the rectification column. Commercial starting materials, CCl,,
and other solvents were purified by standard methods. Ox-
one (2KHSO;-KHSO,-K,SO,) from Aldrich was used in the
synthesis of dioxirane. The solution of 0.9-1.1 M of methyl-
(trifluoromethyl)dioxirane (TFD) in TFP* and the solution of
0.08-1.4 M of dimethyldioxirane (DMD) in acetone® were syn-
thesized according to the standard procedures. The extraction of
DMD from acetone into CCl, was done by the routine technique.*”

Spiro{cyclopropan-1',7-2-methylbicyclo[2.2.1]heptan-(Z)-2-ol }
(1a)

Oxidation by DMD: 1 (136 mg, 1.0 mmol), dissolved in CCl,
(1 mL), was mixed at 20 °C with 0.5 eq. of DMD (4.2 mL, 0.12 M,
CCl,, 0.5 mmol), the solution was saturated with oxygen, and
the reaction was monitored by GC. After 7 days, the solvent was
removed by vacuum and the residue was separated by column
chromatography on SiO, and afforded 1a (66 mg, 0.43 mmol, yield
87%) as a colourless oil and a starting material (67 mg, 0.49 mmol).

Oxidation by TFD: 1 (136 mg, 1.0 mmol) was dissolved in CCl,
(1 mL) and mixed at 0 °C with 1 eq. of dioxirane (1.7 mL, 0.6 M,
TFP, 1.0 mmol). The reaction was monitored by GC. After 15 min
the solvent was removed by vacuum, and column chromatography
gave pure (99%+, by GC) 1a (149 mg, isolated yield, 98%) as a
colourless oil. "H NMR (300 MHz, CDCl;, 25 °C) 6 2.20 (br. s,
1H, OH), 1.84 (ddd, J = 13.1 Hz, J/ = 4.8 Hz, J = 2.6 Hz, 1H,
3-H,,), 1.77-1.58 (m, 2H, 5-H,,, and 6-H,,,), 1.53-1.41 (m, 3H,
4-H, 6-H..4,, 1-H), 1.37-1.32 (m, 1H, 3-H..4), 1.28 (s, 3H, CH,),
1.19-1.11 (m, 1H, 5-H 4, ), 0.81-0.74 and 0.71-0.63 (m, 2H, 2'-H),
0.40-0.28 (m, 2H, 3'-H) ppm. *C NMR (75 MHz, CDCI;) J 3.06
(C-3), 6.50 (C-2), 23.85 (C-6), 24.61 (CH;), 27.68 (C-5), 34.57
(C-7), 42.77 (C-4), 49.99 (C-3), 53.14 (C-1), 79.48 (C-2). GC-MS
(70 V) m/z (rel. intensity): 152 (M*, 7.3), 137 (M* — CH;, 7.0),
134 (M* — H,0, 8.3), 123 (M* — CHO, 9.3), 119 (M* — H,O —
CH;, 14.2), 109 (M* — C,H;0, 30.9), 94 (M* — CH,C(O)CH;,
80.4), 79 MM+ — C4H;, 100), 67 (27.0), 43 (79.6). IR (NaCl) v 3432
(OH), 3072, 2952, 2872, 1740, 1444, 1424, 1380, 1344, 1312, 1268,
1220, 1192, 1176, 1152, 1124, 1100, 1072, 1008, 952, 939, 916, 880,
844, 800 cm™'. Anal. calcd for C,,H,,O: C, 78.90; H, 10.59; found:
C, 77.20; H, 10.70%.

Tricyclo[3.2.2.0**Inonan-1-ol (2a)

Oxidation by DMD: 2 (122 mg, 1.0 mmol), dissolved in CCl,
(1 mL), was mixed at 20 °C with 0.5 eq. of DMD (4.6 mL, 0.11 M,
CCl,, 0.5 mmol), and the reaction was monitored by GC. After
7 days, the solvent was removed by vacuum and the residue was

separated by column chromatography on SiO, giving 2a (47 mg,
0.34 mmol, yield 68%) as a white solid and the starting material
(60 mg, 0.49 mmol).

Oxidation by TFD: 2 (122 mg, 1.0 mmol) was dissolved in CCl,
(1 mL) and mixed at 0 °C with 1 eq. of dioxirane (1.7 mL, 0.6 M,
TFP, 1 mmol). The reaction was monitored by GC. After 15 min
the solvent was removed by vacuum, and column chromatography
yielded pure (99%+, by GC) 2a (135 mg, isolated yield, 98%) as a
white solid. '"H NMR (300 MHz, CDCl;, 25 °C) 6 2.36 (br. s, 1H,
OH), 1.88-1.60 (m, 4H), 1.58-1.45 (m, 1H, 5-H), 1.42-1.30 (m,
4H), 1.18-1.02 (m, 1H, 2-H), 1.00-0.88 (m, 1H, 4-H), 0.65-0.56
(m, 1H, 3-H), 0.40-0.30 (m, 1H, 3-H) ppm. "C NMR (75 MHz,
CDCl;) 0 3.02 (C-3), 15.88 (C-4), 19.26 (C-2), 23.42 (C-6), 24.41
(C-5), 29.93 (C-8), 32.75 (C-7), 34.04 (C-9), 70.64 (C-1). GC-MS
(70 eV) m/z (rel. intensity) 138 (M*, 36), 131 (25), 123 (23), 119
(26), 110 (24), 109 (100), 105 (16), 97 (17), 96 (34), 95 (89), 94 (21),
93 (26), 92 (20), 91 (44), 83 (40), 82 (19), 81 (35), 80 (21), 79 (79),
77 (32), 70 (24), 69 (72), 67 (42), 65 (16). HRMS calcd for C,H,,0
138.1045, found 138.1044. IR (KBr) v 3268 (OH), 1732, 1462,
1378, 1348, 1294, 1108, 1030, 1018, 946, 922, 904, 814, 724 cm .

exo-endo-endo-Heptacyclo[9.3.1.0%'°.0%%.0%¢.05°.0'>"*|pentadecan-
2-0l (3a)

Oxidation by DMD: 3 (198 mg, 1.0 mmol), dissolved in CCl,
(2 mL), was mixed at 20 °C with 0.5 eq. of DMD (4.6 mL,
0.11 M, CCl,, 0.5 mmol), and the reaction was monitored by
GC. After 1 day, the solvent was removed by vacuum, and the
residue was separated by column chromatography on SiO, and
gave 3a (103 mg, 0.49 mmol, yield 98%) as a white solid and the
starting material (99 mg, 0.47 mmol, yield 94%).

Oxidation by TFD: 3 (198 mg, 1.0 mmol), dissolved in CCl,
(2 mL), was mixed at 0 °C with 1 eq. of dioxirane (1.7 mL, 0.6 M,
TFP, 1 mmol). The reaction was monitored by GC. After 5 min
the solvent was removed by vacuum, and column chromatography
yielded pure (99%+, by GC) 3a (210 mg, isolated yield, 98%) as a
white solid.

Mp 77.5-78.5 °C. 'H (500 MHz, CDCl;) ¢ 0.09 and 0.66 (both
dt, *J gy = 5.4 Hz, J 5000100 = 7.0 Hz, J 13.10/12.0ms = 3.0 Hz, 2H,
13-H), 1.10 (br. dt, Js, = 2.1 Hz, J = 5.5 Hz, 1H, 5-H), 1.14 (br. dt,
J.,s=21Hz, J,s =55Hz, J,, = 5.5Hz, 1H, 4-H), 1.18 (m, 1H,
14-H), 1.19 (m, 1H, 6-H), 1.22 (m, 1H, 12-H), 1.26 and 1.30 (both
dt, *J,.,, = 10.8 Hz, J = 1.5 Hz, 2H, 7-H), 1.20 (m, 1H, 15-H,,,),
1.36 (dq, */J,.,, = 10.9 Hz, J = 1.2 Hz, 1H, 15-H,,,), 1.67 (br. s, 1H,
OH), 1.99 (br. t, J = 2.1 Hz, 1H, 3-H), 2.02 (br. t, J ~ 4.0 Hz,
1H, 10-H), 2.08 (dt, J,,, ~ 4.0 Hz, J ~ 2.1 Hz, 1H, 9-H), 2.27 (dt,
Jinw = 1.5Hz, J,;s = 1.2 Hz, 1H, 1-H), 2.39 (m, J,,,; = 3.8 Hz,
J ~ 1.2-1.5 Hz, 1H, 11-H), 2.44 (m, 1H, 8-H). "C NMR
(125 MHz, CDCl;) 6 4.39 (C-13), 13.66 (C-14), 13.67 (C-5), 13.84
(C-12), 14.07 (C-4), 16.64 (C-6), 27.34 (C-7), 29.98 (C-15), 39.46
(C-11),45.45(C-9),47.34 (C-1),48.06 (C-8), 53.32 (C-3), 61.44 (C-
10), 89.04 (C-2). HRMS calcd for C;sH,50 214.136, found 214.135.
GC-MS (70 eV) m/z (rel. intensity): 214 (M*, 6.8), 199 (M* — Me,
2),196 (M* — H,0, 5.5), 160 (3), 155 (4), 147 (5), 134 (M* — C.H;,
100), 129 (7), 119 (11), 116 (53), 105 (12), 91 (22), 81 (11), 79 (13),
77 (11), 69 (9), 65 (4), 55 (3). IR (KBr) v 3344 (OH), 1496, 1464,
1376, 1352, 1304, 1264, 1248, 1224, 1208, 1168, 1124, 1096, 1040,
1008, 984, 968, 920, 872, 836, 816, 784, 752, 728, 600, 520 cm™'.
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Anal. calcd for CsH;O: C, 84.07; H, 8.47; found: C, 84.5; H,
8.65%.

exo-exo-exo-Heptacyclo[9.3.1.0%'°.0°4.0%¢.05°.0'>"“|pentadecan-
2-0l (4a)

Oxidation by DMD: 4 (198 mg, 1.0 mmol), dissolved in CCl,
(2mL), was mixed at 20 °C with 0.5 eq. of DMD (4.6 mL, 0.11 M,
CCl,, 0.5 mmol), and the reaction was monitored by GC. After
1 day, the solvent was removed by vacuum and the residue was
separated by column chromatography on SiO, giving 4a (99 mg,
0.34 mmol, yield 93%) as a white solid and the starting material
(98 mg, 0.49 mmol).

Oxidation by TFD: 4 (198 mg, 1.0 mmol) was dissolved in CCl,
(2 mL) and mixed at 0 °C with 1 eq. of dioxirane (1.7 mL, 0.6 M,
TFP, 1 mmol). The reaction was monitored by GC. After 15 min
the solvent was removed by vacuum, and column chromatography
yielded pure (99%+, by GC) 4a (211 mg, isolated yield, 98%) as
a white solid. Mp 78-79.5 °C. "H (500 MHz, CDCl;) ¢ 0.23 (dt,
Jynani = 5.8 Hz, J 314,12 = 7.0 Hz, 1H, 13-H,,,,), 0.71 (ddd, /.., =
11.8 Hz, J = 2.2 Hz, J = 1.7 Hz, 1H, 15-H), 0.79 (dt, J 0 =
5.8 Hz, Ji314/120ms = 3.3 Hz, 1H, 13-H,,,), 0.81 (t, J/ = 4.3 Hz, 1H,
12-H), 0.82 (t, / = 5.3 Hz, 1H, 5-H), 0.90 (dt, J,; = 2.0 Hz, J,5s =
5.1 Hz, 1H, 4-H), 1.26 (m, 1H, 14-H), 1.36 and 1.35 (both t, J =
1.5Hz, 2H, 7-H), 1.45 (tq, J = 4.8 Hz, J = 1.2 Hz, 1H, 6-H), 1.54
(dd, J =4.6 Hz, J = 2.4 Hz, 1H, 10-H), 1.87 (br. s, |H, OH), 1.98
(t,J =2.2Hz, 1H, 3-H),2.06 (dt,/ =4.6 Hz, ] = 2.2 Hz, 1H, 9-H),
2.13 (m, 1H, 15-H), 2.16 (dq, J = 11.8 Hz, / = 1.4 Hz, 1H, 11-H),
2.24 (m, 2H, 8-H and 1-H). ®C NMR (125 MHz, CDCl;) ¢ 4.68
(C-13), 11.84 (C-14), 12.96 (C-5), 14.29 (C-4), 16.77 (C-12), 20.04
(C-6), 22.76 (C-15), 27.94 (C-7), 37.89 (C-11), 41.64 (C-1), 42.94
(C-8), 46.18 (C-9), 53.88 (C-3), 59.24 (C-10), 90.60 (C-2). HRMS
caled for C;sH ;30 214.136, found 214.137. GC-MS (70 eV) m/z
(rel. intensity): 214 (M*, 9.8), 199 (M* — Me, 2), 196 (M* — H,0,
1.8), 160 (3), 155 (3), 147 (5), 134 (M* — C4Hs, 100), 129 (6), 119
(9), 116 (49), 105 (10), 91 (19), 81 (10), 79 (11), 77 (10), 69 (3), 65
(3), 55 (3). IR (KBr) v 3346 (OH), 1462, 1378, 1288, 1258, 1234,
1156, 1114, 1036, 1006, 976, 814, 712 cm™".

Calculations

All geometry optimizations were carried out at the Becke’s three-
parameters functional level with the LYP and PWO9I1 correla-
tion functionals named as B3LYP and B3PW91 hybrid density
functionals® with the 6-311 + G(d,p), 6-31 + G(d) and 6-31G(d)
basis sets,*” using the Gaussian 98 suite of programs.* All studied
structures and TSs were optimized without constraints. Vibra-
tional frequencies and zero-point vibrational energies (AZPVE)
were obtained at the same levels of theory and were scaled by
a factor of 0.9806 for the B3LYP/6-31G(d) method;* other
calculations were carried out without any scaling factors. The
total electronic energies (E) and zero-point corrected energies (E +
ZPVE) of all species of interest are summarized in the supporting
information.

BCNMR isotropic chemical shifts of compounds 1-5, products
1a—5a and tetramethylsilane (TMS) as reference were performed in
redundant internal coordinates using Schlegel’s gradient optimiza-
tion algorithm (calculating the energy derivatives analytically).*

Carbon isotropic shielding constants of cage hydrocarbons and
their corresponding alcohols o(**C)con, Were computed in the
single-point fashion using the MPW1PW91 method* with 6-311 +
G(2d,p) basis set and the continuous set of gauge transformations
(CSGT) methodology.** Chemical shifts, d(**C), were normalized
to a standard TMS according to the equation: 6(*C) = g("*C)ys —
6("*C)comp» Where the isotropic shielding constant of carbon atoms
in TMS, o("*C)rys = 182.60 ppm.

Kinetic isotopic effects were calculated at the B3PW91/6-311 +
G(d,p) level of theory using the definition KIE = ky/ky =
exp(—0AG7/RT), AG* = AG,™ — AGy™, with AGy” and AGp™
the activation free energies of the protonated and the deuterated
species, respectively.*
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Targeted gene inactivation and metabolic profiling revealed
that the cryptic PKS-NRPS gene cluster in the genome of
the plant commensal Pseudomonas fluorescens Pf-5 codes for
the biosynthesis of antiproliferative and antifungal rhizoxin
derivatives.

Rhizoxin (1, Fig. 1) is a potent antiproliferative agent that was first
isolated from the plant pathogenic fungus Rhizopus microsporus.
It has been shown that the 16-membered polyketide macrolide
represents the causative agent of rice seedling blight, a plant disease
that results in severe losses in agriculture.! Rhizoxin exerts its
destructive effect by binding to the B-tubulin subunit and thus
blocking mitosis.> Due to its excellent antiproliferative activities
not only in rice plants but also in most eukaryotic cells 1 has
attracted considerable interest as an antifungal and antitumoral
agent.>*

Rhizoxin (1)

Fig. 1 Structure of rhizoxin, the causal agent of rice seedling blight.

During our studies on the molecular basis of rhizoxin biosyn-
thesis in R. microsporus we made an unexpected observation.
We found that 1 is in fact not produced by the fungus, but by
bacteria that live within the fungal cytosol.”® By curing the fungus
from endosymbiotic bacteria and re-infecting an aposymbiotic
strain we could clearly correlate rhizoxin biosynthesis to the
endosymbionts, which belong to the genus Burkholderia.™® The
ultimate proof was provided by the cultivation of the endofungal
bacteria in the absence of the fungal host and by the analysis
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photograph showing results of PCR targeting the kan resistance cassette,
Fig. S2 Mass spectra of rhizoxin derivatives produced by P. fluorescens Pf-5
and Table S1 Deduced gene functions encoded by the rzx gene cluster. See
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and characterization of a complex of highly active rhizoxin
derivatives.”® Cloning, sequencing and inactivation of the rhizoxin
(rhi) biosynthesis gene cluster in the cultured bacterial symbionts
finally revealed that the macrolide is assembled by a giant modular
polyketide synthase-non-ribosomal peptide synthetase (PKS—
NRPS) hybrid.!! Database searches showed that the rhizoxin
biosynthesis genes are most similar to orthologues that have been
identified in the genome of the plant commensal Pseudomonas
Sfluorescens Pf-5. All genes related to the rhi genes from the
Burkholderia symbiont fall into a single gene locus, which has
remained cryptic to date.”? The gene organization clearly deviates
from the rhi gene cluster, and out of 17 ORFs (PFL2980-
PFL2997, Table S1T) only nine are related to the rhi cluster.
However, due to the high sequence similarities it was tempting
to speculate that this organism would be capable of producing
complex polyketides related to rhizoxin." We first searched for
conserved motifs in the deduced gene products of the PKS-NRPS
gene locus. The sequence was translated into a loading module,
an NRPS module and eleven functional PKS modules that are
terminated by a thioesterase domain. The architecture of the
thiotemplate system strongly resembled the rhizoxin NRPS-PKS
found in the fungal endosymbionts. In addition, a tandem acyl
transferase (AT), and the two tailoring enzymes, a cytochrome
P-450 monooxygenase and an O-methyltransferase (O-MT) were
encoded by the Pseudomonas gene cluster. This finding strongly
suggested that P. fluorescens Pf-5 has the potential to produce
members of the antimitotic rhizoxin complex. To test this hy-
pothesis we monitored the metabolic profile of P. fluorescens Pf-5
under various growth conditions. Using authentic references and
an optimized analytical set-up (HPLC-DAD/MS)i we succeeded
in detecting low amounts of rhizoxin derivatives (in total 2mg L")
in a crude extract of a P. fluorescens Pf-5 culture grown in nutrient
medium (Fig. 2). Seven rhizoxin derivatives could be identified.
The most abundant metabolite proved to be identical with rhizoxin
S2 (2, 1 mg L). Significantly lower amounts (ug L") of the Z-
isomer of 2, rhizoxin Z1 (5)," as well as the didesepoxy derivatives,
rhizoxin D1 (6) and D3 (4)," were produced. Rhizoxin S1 (3),
WF1360 F (7)," and rhizoxin D (8)'“"* were detected in trace
amounts only. These compounds are also produced by the cultured
endosymbionts of R. microsporus, albeit at a slightly altered ratio."
Also, the production is much lower in Pseudomonas.

To correlate the formation of the rhizoxin derivatives with the
expression of the putative PKS-NRPS gene cluster in the genome
of Pseudomonas fluorescens Pf-5 we aimed at disrupting the AT
gene (ORF PFL2996), which codes for an essential component
of the hybrid synthase (Fig. 3). For this purpose, a pK19-based
suicide plasmid bearing a 0.58 kb AT gene fragment and an
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Fig. 2 Chromatographic profile of extracts from P fluorescens Pf-5
(b) and the mutant lacking an intact AT gene (c), and an authentic reference
of 2 (a).

additional kanamycin resistance marker was used." Plasmid DNA
was introduced into electrocompetent cells of P. fluorescens Pt-5
by electroporation.’* Transformed cells were recovered in TSB
and eventually plated onto nutrient agar supplemented with
kanamycin.§ Integration of the plasmid into the genome was
verified by PCR using primers targeting the resistance cassette
(Fig. S17). Positive colonies were selected and cultivated in liquid

media to analyze the metabolic profiles by HPLC. As shown in
Fig. 2c, the selected mutant is not capable of producing any
rhizoxin derivatives, thus confirming the postulated role of the
cryptic PKS-NRPS (rzx) gene cluster in P. fluorescens Pf-5.

The plant commensal is known to inhabit the plant rhizosphere
and to function as a biocontrol agent in agricultural soils. In partic-
ular, the bacterium has been implicated in protecting plants from
fungal infections. For several well-characterized antibiotics, such
as phenazines, 2,4-diacetylphloroglucinol, pyoluteorin, pyrrolni-
trin, lipopeptides, and hydrogen cyanide, biocontrol properties
have been demonstrated experimentally.'>** The finding that the
plant associated bacterium is capable of producing members of the
rhizoxin family of antibiotics is certainly an important addition
to the currently available metabolic data. Agar diffusion assays re-
vealed that the main product, rhizoxin S2 (2) significantly inhibits
growth of the plant pathogenic fungus Fusarium oxysporum.§ The
potent rhizoxin derivatives produced under laboratory conditions
thus contribute to the battery of antifungal agents produced by
P. fluorescens Pf-5. Thus, the ecological role of rhizoxin may be
context-dependent: in alliance with a resistant fungal host like
Rhizopus sp. sensitive plants (rice seedlings) may be attacked.
Conversely, if a rhizoxin-tolerant plant provides the rhizosphere
niche for P. fluorescens, rhizoxin may serve as a biocontrol agent
against sensitive fungal plant pathogens.
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Fig. 3 Organization of the r/i and rzx biosynthesis gene clusters from endosymbiotic Burkholderia sp. Bl and the plant commensal P. fluorescens Pf-5,
respectively (top). Molecular processing line deduced from rzxA4-F and structures of 2-8. RzxA—F: modular PKS-NRPS; RzxG: AT, acyltransferase,
RzxH: cytochrome P-450 monooxygenase, RzxI: O-methyltransferase; Rhil: putative oxygenase, GNAT: N-acetyltransferase; KS: ketosynthase, AT:
acyl transferase, ACP: acyl carrier protein, HC: condensation-heterocyclization, A: adenylation, PCP: peptidyl carrier protein, OXY: oxygenase, KR:
ketoreductase, DH: dehydratase, MT: C-methyltransferase, TE: thioesterase, B: domain possibly involved in f-branching (bottom).
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Notes and references

1 Analytical HPLC was performed on a Shimadzu HPLC system con-
sisting of an autosampler, high-pressure pumps, column oven, and
DAD. HPLC conditions: C18 column (Grom Sil 100 ODS 0AB, 3 pm,
250 x 4.6 mm) and gradient elution (MeCN-0.1% TFA (H,O) 25 : 75,
5 min, in 35 min to MeCN-0.1% TFA (H,0) 80 : 20, in 5 min to 100%
MeCN), flow rate | mL min~".

§ The pK19-based suicide plasmid bearing the 0.58 kb AT gene fragment
was introduced into electrocompetent cells of P. fluorescens Pf-5. Trans-
formed cells were suspended in 1 mL TSB and cultivated overnight at 30 °C
at 110 rpm. Cells were then plated onto nutrient agar supplemented with
kanamycin (10 pg mL~", 25 pg mL™").

9 Antifungal activity was determined by agar plate diffusion. Inhibition
diameter: 1.8 cm at ¢ = 10 pg mL~' (MeOH).
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