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Several 2-alkylcarbamoyl-1-alkylvinylbenzo[b]furans were designed to find a selective leukotriene B,
(LTB,) receptor antagonist. 2-(2-Alkylcarbamoyl-1-alkylvinyl)benzo[b]furans having a substituent
group at the 3-position, 4-(2-alkylcarbamoyl-1-methylvinyl)benzo[b]furans having a substituent group
at the 3-position, and 7-(2-alkylcarbamoyl-1-methylvinyl)benzo[b]furans and 3-(2-alkylcarbamoyl-1-
alkylvinyl)benzo[b]furans were prepared and evaluated for LTB, receptor (BLT, and BLT,) inhibitory
activities. (E)-3-Amino-4-[2-[2-(3,4-dimethoxyphenyl)ethylcarbamoyl]-1-methylvinyl]benzo[b]furan
((E)-17¢) showed potent and selective inhibitory activity for BLT,. On the other hand, (E)-7-(2-
diethylcarbamoyl-1-methylvinyl)benzo[b]furan ((E)-27a) showed potent inhibitory activity for both

BLT, and BLT..

Introduction

Leukotriene B, (LTB,), a dihydroxy fatty acid formed from
arachidonic acid by the 5-lipoxygenase pathway, is a potent
chemoattractant of leukocytes, which are involved in various
inflammatory diseases. The LTB, receptor is a target for anti-
inflammatory drugs, and many antagonists of it have been devel-
oped and are being evaluated but none have yet been approved for
clinical use.!

Recently, two G-protein-coupled receptors for LTB, have been
identified.>® BLT, is a high affinity receptor exclusively expressed
in leukocytes, while BLT, is a low affinity receptor expressed
more extensively. Current studies on LTB, receptors (BLT,, BLT),)
suggest the possibility of new clinical drugs being developed for the
treatment of asthma,” pancreatic cancer,'™" arteriosclerosis'>*®
and rheumatoid arthritis.'*

We previously reported preparation of various (E)-2- and 4-
(2-alkylcarbamoyl-1-methylvinyl)benzo[b]furans (type A and B
compounds) (Fig. 1) and inhibitory activities of their selective
LTB, receptors (BLT,, BLT,).""*® The study revealed a significant
relationship between the conformation of the (£)-2-alkylcarba-
moyl-1-methylvinyl group and BLT, and/or BLT, inhibitory
activity. The type A compound, in which the (E)-2-(2-
alkylcarbamoyl-1-methylvinyl) group lies on nearly the same plane
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Fig. 1

as the benzo[b]furan ring, shows selective BLT), inhibitory activity.
On the other hand, the type B compound having some torsion an-
gle (ca. 46°) between the (E)-4-(2-alkylcarbamoyl-1-methylvinyl)
group and the benzo[b]furan ring shows both BLT, and BLT,
inhibitory activities. These findings encouraged us to prepare
several new series of 2-alkylcarbamoyl-1-alkylvinylbenzo[b]furans
to find more potent and selective BLT, and/or BLT, inhibitors.

We designed type C, D, E, F and G compounds (Fig. 2) on the
basis of lead compounds A and B. Type C and E compounds have
a substituent group neighboring the 2-alkylcarbamoylvinyl group.
This neighboring group may force the 2-alkylcarbamoylvinyl
group into a twisted steric position. On the type D compound,
the methyl group on the 2-alkylcarbamoyl-1-methylvinyl group of
type A compound was replaced with a hydrogen atom or a phenyl
group. Type F and G compounds have the 2-alkylcarbamoyl-1-
methylvinyl group at the 3- and 7-positions, respectively.

We describe here the preparation of the designed compounds
and their inhibitory activities for BLT, and/or BLT,.

Results and discussion
Chemistry

Preparation of type C compound. Preparations of the starting
materials (3, 7) used to prepare the type C, D, F and G compounds
are shown in Scheme 1 and 2.
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Scheme 1 (a) BrCH,COC¢H,(4-H or Cl), K,CO;, acetone; (b) PPA.

Alkylation of phenols (1a, 1b) by using phenacyl bromides af-
forded 2a and 2b, which were converted to 3-phenylbenzo[b]furans
(3a, 3b) by heating with polyphosphoric acid (Scheme 1)."%*

Several 2- or 3-alkylbenzo[b]furans (7) were prepared from
the corresponding 2-acylphenols (4) according to the procedure
reported by Brady er al ' Salicylaldehydes (4a—4d) were treated
with ethyl 2-bromopropionate to give the corresponding O-alkyl
compounds, which were hydrolyzed to carboxylic acids (Sa,
5b, 5d, Se). On the other hand, a reaction of 4b with ethyl
2-bromophenylacetate afforded 2,3-dihydro-3-hydroxybenzo[b]-
furan (6). Ring closure reaction of compounds (5a, 5b, 5d, 5e) with
sodium acetate and acetic anhydride gave 2-alkylbenzo[b]furans
(7a, 7b, 7d, 7e). 2,3-Dihydroxy-3-hydroxybenzo[b]furan (6) was
converted to 2-phenylbenzo[b]furan (7¢) under the same con-
ditions. Similarly, 3-alkylbenzo[b]furans (7f-7h) were prepared
starting from 2-acylphenols (4e—4g) via O-alkyl compounds
(5f-5h) (Scheme 2).

The conformation of the 2-alkylcarbamoyl-1-methylvinyl group
of the lead compounds A and B affected the inhibitory activi-
ties of BLT, and/or BLT,."""® Thus, we prepared 3-alkyl-2-[(2-
alkylcarbamoyl)-1-alkylvinyl]benzo[b]furans (type C compound,
9, 11) with steric hindrance between the 3-substituent group and
the 2-alkylcarbamoylvinyl group at the 2-position (Scheme 3).

Acylation of 3-alkylbenzo[b]furans (3a, 3b, 7f) with acyl
chlorides gave 3-alkyl-2-acylbenzo[b]furans (8a—8d). Treatment
of 8 with several N-alkyl diethylphosphonoacetamides in the
presence of NaH under the Horner—Wadsworth-Emmons (HWE)
reaction conditions®? afforded 3-alkyl-2-(2-alkylcarbamoyl-1-
alkylvinyl)benzo[b]furans ((E/Z)-9a-9g) as a mixture of E- and
Z-isomers. Each predominant E-isomer (9a-9g) was isolated from
the mixture by column chromatography.

E-Isomers ((E)-11a, 11b) were selectively prepared from
2-bromobenzo[b]furans (10) under the Heck reaction condi-
tions.?**” Bromination of 3-ethylbenzo[b]furan (7h) with NBS gave
2-bromo-3-cthylbenzo[b|furan (10) which was treated with
N-alkylcrotonamides prepared in our laboratory'”*® in the pres-
ence of palladium acetate, tri-o-tolylphosphine and triethylamine
to selectively afford (FE)-2-(2-alkylcarbamoyl-1-methylvinyl)-3-
ethylbenzo[b]furans (11a, 11b) (Scheme 3).

Preparation of type D compound. To examine the effect of
the substituent group on the olefinic carbon of the type A
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Scheme 2 (a) (i) BrCH(R*)COOC, H;, K,CO,, CH,CN; (i) K,COs, H,0, CH,OH; (b) CH;COONa, (CH,CO),0.
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compound on the inhibitory activity for BLT, and/or BLT,, 2-(2-
alkylcarbamoylvinyl) compounds (13) and 2-(2-alkylcarbamoyl-
1-phenylvinyl) compounds (15), both type D compounds, were
prepared (Scheme 4, 5).
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Scheme 4 (a) SeO,, 1,4-dioxane; (b) (C,H;0),POCH,CONR'R?, NaH,
THF.

Oxidation of 2-methylbenzo[b]furan (7e) using SeO,* gave 2-
formylbenzo[b]furan (12) which was treated with N-alkyl di-
ethylphosphonoacetamides under the HWE reaction conditions
to selectively afford (E)-2-(2-alkylcarbamoylvinyl)benzo[b]furans
((E)-13a-13c¢) (Scheme 4).

Ring closure reactions of salicylaldehydes (4a, 4d) with phena-
cylbromides were achieved to afford 2-benzoylbenzo[b]furans
(14a-14f).*3' 2-Benzoyl compounds (14) were treated with
N-alkyl diethylphosphonoacetamides under the HWE reac-
tion conditions to afford a corresponding mixture of E- and
Z-isomers of 2-(2-alkylcarbamoyl-1-phenylvinyl)benzo[b]furans
((E/ Z)-15a-151), in which the Z-isomers (Z-15) were preferentially
prepared (Scheme 5). On the contrary, the 2-acetylbenzo[b]-
furans (8) predominantly gave the E-isomers (9) (see Scheme 3).

Preparation of type E compound. Preparation of 4-(2-
alkylcarbamoyl-1-methylvinyl)benzo[b]furans (type E compounds
17, 19) having a substituent group at the 3-position is shown
in Scheme 6. 3-Amino-4-bromobenzo[b]furans (16a, 16b)* were
treated with N-alkylcrotonamides under Heck reaction condi-
tions to obtain (E)-3-amino-4-(2-alkylcarbamoyl-1-methylvinyl)-
benzo[b]furans ((E)-17a-17f). X-Ray analysis of (E)-17¢ was
examined to check the steric effect of the 3-amino group on
conformation of the 2-alkylcarbamoyl-1-methylvinyl group at the
4-position. The stereostructure of (E)-17¢ was determined by X-
ray analysis as shown in Fig. 3. The torsion angle between the
2-[2-(3,4-dimethoxyphenyl)ethylcarbamoyl]-1-methylvinyl group
and the benzo[b]furan ring of (E)-17¢ was 87.0°. Introduction
of the amino substituent group at the 3-position forced the 2-
[2-(3,4-dimethoxyphenyl)ethylcarbamoyl]-1-methylvinyl group at
the 4-position to be orthogonal to the benzo[b]furan ring plane.

Fig.3 X-Ray structures of (E)-17c.

Acylation of 16 with acyl chlorides gave 3-acylamino-4-bromo-
benzo[b]furans (18). Treatment of 18 with several N-alkylcroton-
amides under Heck reaction conditions afforded the corres-
ponding (E)-3-acylamino-4-(2-alkylcarbamoyl-1-methlvinyl)-
benzo[b]furans ((E)-19a-19j) (Scheme 6).

Preparation of type F compound. Type A-E compounds have
a 2-alkylcarbamoyl-1-alkylvinyl group at the 2- and 4-positions.
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K,CO;, CH;CN.
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K,CO,, CH,CN.

Preparation of the novel type F compound having a 2- Friedel-Crafts acylation of 7a-7d afforded 3-aceyl-(20a-20d),
alkylcarbamoyl-1-alkylvinyl group at the 3-position was achieved 3-(3-bromopropionyl)-(20e) and 3-(3-ethoxycarbonylpropionyl)-
as shown in Scheme 7, 8. benzo[b]furans (20f). Treatment of acyl compounds (20a-20d,
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20f) with N-alkyl diethylphosphonoacetamides under HWE
reaction conditions afforded a mixture of E- and Z-isomers
of  3-(2-alkylcarbamoyl-1-alkylvinyl)benzo[b]furans  ((E/Z)-
21a-210). Interestingly, 5-bromo-3-[4-(diethoxyphosphoryl)-4-
alkylcarbamoylbutyryl]-2-methylbenzo[b]furans (22a, 22b) were
obtained by treatment of 3-(3-bromopropionyl)benzo[b]furan

(20e) with N-alkyl diethylphosphonoacetamides under similar
conditions (see Scheme 7). Alkyl bromide (20e) reacted with the
active methylene group of N-alkyl diethylphosphonoacetamides
in the presence of NaH and formed a carbon—carbon bond.*

Bromination of 2-n-butylbenzo[b]furan (7i) with NBS gave
3-bromo-2-n-butylbenzo[b]furan (23). The compound (23) was
treated with N-alkylcrotonamides under Heck reaction conditions
to selectively afford (E)-3-(2-alkylcarbamoyl-1-methylvinyl)-2-n-
butylbenzo[b]furans ((E)-24a—24c) (Scheme 7).

Oxidation of 3-methylbenzo[b]furan (7g) using SeO, afforded
3-formylbenzofurane (25). Treatment of 25 with several N-alkyl
diethylphosphonoacetamides under HWE reaction conditions
afforded the corresponding (E)-3-(2-alkylcarbamoylvinyl)benzo-
[b]furans ((E)-26a—26¢), similar to the preparation of 13.

Preparation of type G compound. The novel type G
compounds (27, 31) having a 2-alkylcarbamoyl-1-methylvinyl
group at the 7-position were prepared as follows. Treatment of
7-bromo-2-(3-ethoxycarbonylpropionyl)-3-phenylbenzo[b]furan
(8¢c) with N-alkylcrotonamides under Heck reaction conditions
selectively afforded the corresponding (E)-7-(2-alkylcarbamoyl-
I-methylvinyl)-3-phenylbenzo[b]furans  ((E)-27a, 27b, 27d)
(Scheme 9).
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Bromonation of 5-chlorosalicylaldehyde (4b) gave 3-bromo-5-
chloro-2-hydroxybenzaldehyde (28) which was converted to 3-
bromo-5-chloro-2-hydroxybenzonitrile (29).3¢ Reaction of 29
with chloroacetone afforded 3-aminobenzo[b]furan (30a) which
was treated with ethyl succinyl chloride to give 2-acetyl-7-bromo-
3-ethoxycarbonylpropionylaminobenzo[b]furan (30c). Reaction
of 28 with chloroacetone afforded 3-acetylbenzo[b]furan (30b).
Treatment of 30b and 30c¢c with N-alkylcrotonamides under
Heck reaction conditions afforded the corresponding (E)-7-(2-
alkylcarbamoyl-1-methylvinyl)benzo[b]furans ((E)-31a, 31b), re-
spectively (Scheme 10).

Biological activity

The compounds prepared were evaluated for LTB, receptor in-
hibitory activity by measurement of the inhibition of calcium mo-
bilization in both CHO cells overexpressing human BLT, (BLT))
and human BLT, (BLT,) at the concentration of 10 uM.%*!718

We checked the effectiveness of introducing a substituent
group at the 3-position of the 4-(2-alkylcarbamoylvinyl-1-
methylvinyl)benzo[b]furans for BLT, and/or BLT, inhibitory

activities (Table 1, type E compound). 4-[2-[2-(3,4-Dimethoxy-
phenyl)ethylcarbamoyl]-1-methylvinyl]benzo[b]furan  ((E)-36,"
type A compound) having no substituent group at the 3-position
showed only weak inhibitory activities (BLT,, 10.8% inhibition;
BLT,, 29.7% inhibition). Interestingly, 3-amino-4-[2-[2-(3,4-
dimethoxyphenyl)ethylcarbamoyl] - 1 - methylvinyl]benzo[b]furan
((E)-17¢) showed potent activity and 12-fold selectivity for
BLT, over that for BLT, (BLT,, 7.4% inhibition; BLT,, 92.6%
inhibition). The torsion angle of (E)-17c¢ was 87.0° on the basis
of the X-ray analysis as described above. We previously reported
that the  3-unsubstitued-4-(2-alkylcarbamoyl-1-methylvinyl)
compound (type B compound, (E)-35, -36") had the torsion
angle (ca. 46°) between the 2-alkylcarbamoyl-1-methylvinyl
group and the benzo[b]furan ring plane. The torsion angle
of (E)-17¢ was larger than that of the type B compounds.
Introduction of the substituent group at the 3-position forced the
2-[2-(3,4-dimethoxyphenyl)ethylcarbamoyl]-1-methylvinyl group
at the 4-position to twist more. The compound ((E)-17¢) having
the larger torsion angle (87.0°) inhibited BLT, selectively; on the
other hand, the type B compounds bearing the smaller torsion
angle (ca. 46°) inhibited both BLT, and BLT,.

R
al CHO a Cl CHO b Cl CN c Cl Q
. E—— COCHs
56.1% 41.9%

OH 44.4% OH i 3 steps OH  for 31a ©
Br Br Br ]
4b 28 29 30 ‘ R
30a | NH2

c T 30b | H d
142% 30c | NHCO(CH2)2CO0C2Hs
for 30b
1
Cl
e N—cocHs | R R? R®
11.919.7% > o (E)-31a | NHCO(CH2)2COOCoHs  -CH2CH20CH2CH2-
T (E)-31b| H CHs CaHs
Hae™ ™
oc. R
N
R3
(E)-31

Scheme 10 (a) NBS, CHCL,; (b) (i) HONH,-HCI, pyridine, CH,OH; (i) CH,COONa, (CH,CO),0; (iii) K,CO,, H,0, CH,OH; (c) CICH,COCH,,
K.CO,, CH,CN; (d) CICOCH,CH,COOC,Hs, THF; (¢) CH(CH,)=CHCONR’R®, Pd(CH,COO),, P(o-tolyl), N(C,Hs).

This journal is © The Royal Society of Chemistry 2008

Org. Biomol. Chem., 2008, 6, 296-307 | 301





Table 1 Evaluations of 4-[( E)-2-alkylcarbamoylvinyl]benzo[b]furans ((E)-17, -19, -35, -36) for LTB, receptor (BLT,, BLT,) inhibitory activity*

R5
|
oc” N~ R*

HaCo_~

NHCOR?

N\

HiC =

R5
|
OC/N\R“
NH,

HyCu =

COCH,

A\

COCH,

COR'

OR®

OCH;

OCHs

(E)-35, -36

()19

(E)-17

ICsp/uM

Inhibition (%)/10 uM

BLT, BLT, BLT,

R* RS BLT,

R3

Rl

Type

Compound

0.48

0.42

5

(CH,),CsH3(3,4-OCH3)

C,Hs
(CH,),CsH3(3,4-OCH3)

(CH,),CsH3(3,4-OCH3)

CyHs

C,Hs
-(CH,),O(CH,),-

CH

C,H5s
-(CH;),0(CH,)»-
C,H5s

H
CyHs

CyHs

H
H

CH(CHj3)C¢Hs
CH(CH3)CsHs

(CH»),COOC,Hs
(CH»),COOC,Hs

CH;

CH;
CH;
CH;
CeHa(4-Cl)

RFRARRRRAR

RS2 uUToT O
EECRS AR
AT RER GO
SRAISISISESEOIS

N. I.: not inhibited.” Effect of calcium mobilization by LTB, (300 nM) in CHO-hBLT, and CHO-hBLT, cells, unless otherwise noted. * Stimulated by LTB, at 100 nM.

(E)-7-(2-Alkylcarbamoyl-1-methylvinyl)-2-ethoxycarbonylpro-
pionylbenzo[b]furans (type G compound, (E)-27, -31) were found
to be potently active against LTB, receptors (Table 2). The
3-ethoxycarbonylpropionyl moiety present in these compounds
is effective for displaying the inhibitory activity in our current
study.'? The compound ((E)-27a), having a 2-diethylcarbamoyl-
I-methylvinyl group at the 7-position, was the most active
against both BLT, and BLT, (BLT,, 73.7% inhibition, BLT,,
95.7% inhibition). In contrast, (E)-7-[2-[2-(3,4-dimethoxyphenyl)-
ethylcarbamoyl]-1-methylvinyl]benzo[b]furan ((E)-27b) showed
an approximately 6-fold potency for BLT, over that for BLT,
(BLT,, 14.7% inhibition; BLT,, 86.3% inhibition). The acidic
compound (E)-27e was inactive. The compound (E)-31a having
the ethoxycarbonylpropionyl moiety at the 3-position also showed
moderate activity. The type G compound showed more potent
activity for BLT, than for BLT,.

Here let us consider the efficacy of introducing a substituent
group at the 3-position of 2-alkylcarbamoylvinylbenzo[b]furans
for the inhibitory activity for BLT, and/or BLT, (Table 3). The
compound (E)-33," having a 2-(4-methoxyphenylcarbamoyl)-1-
methylvinyl group at the 2-position, showed no inhibitory activity.
(E)-9d, having the same functional group at the 2-position as (E)-
33, was given a phenyl group at the 3-position. (E)-9d did not show
any activity either. Unfortunately, introduction of the substituent
group at the 3-position did not enhance the inhibitory activity.

Replacement of the methyl group (type A compound, (Z)-
34'%) by a phenyl group (type D compound, (Z)-15b, -15¢, -15f)
did not enhance the inhibitory activity (Table 3). In the preparation
of (E/Z)-15, Z-isomers were preferentially formed and isolated.
We previously reported that the Z-isomer of type A showed
lower inhibitory activity than the E-isomer (Table 3, (E)-34"
and (Z)-34). The Z-isomers of type D might also have lower
activity than the E-isomers, similar to the case of the type A
compound. Unfortunately, (E)-21, -24, -26 (type F), having a 2-
alkylcarbamoylvinyl group at the 3-position, prepared in this study
were inactive (Table 4).

LTB, receptor antagonists have been reported to show anti-
pancreatic cancer activity.'™! Therefore, we tested representa-
tive compounds ((£)-15f, (E)-17a, (E)-21c, 22b) and a selective
BLT, inhibitory compound (32)"7"® for anti-pancreatic cancer
activity using a human pancreatic cancer cell line (MiaPaCa-2).
However, none of the compounds showed any growth inhibition
of MiaPaCa-2 at 10 uM (data not shown). Human pancreatic
cancer cells have been reported to express both BLT, and BLT,."
Inhibitors of both BLT, and BLT, will be advantageous for
displaying growth inhibitory activity against human pancreatic
cancer cells. Both the BLT, and BLT, inhibitory compounds
prepared in our current study are being tested for anti-pancreatic
cancer activity.

In summary, selective BLT, inhibitors (type A) and both
BLT, and BLT, inhibitors (type B) showed a significant rela-
tionship between the conformation of the (E)-2-alkylcarbamoyl-
I-methylvinyl group and BLT, and/or BLT, inhibitory activity
in our previous study. In this study, type C and E compounds,
having a substituent group at the 3-position, which may af-
fect the conformation of the 2-alkylcarbamoyl-1-methylvinyl
group, were prepared. As expected, 4-(2-alkylcarbamoyl-1-
methylvinyl)benzo[b]furan (type E, (E)-17c), with a substituent
group introduced at the 3-position, has a larger torsion angle
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Table 2 Evaluations of 7-[(£)-2-alkylcarbamoyl-1-methylvinyl]benzo[b]furans ((E)-27, -31) for LTB, receptors (BLT,, BLT,) inhibitory activity*

L

NHCOCH,CH,CO0C,Hs
el O N an Ny —cocH,
d \—\ Q
COOR' X
HaC™ HaC
oc 2 OoC._
‘N’R N/\
!‘?3 K/O
27 (E)-31a
Inhibition (%)/10 uM 1Cs,/uM
Compound Type R! R? R3 BLT, BLT, BLT, BLT,
(E)-27a G C,H; C,H; C,H; 73.7 95.7 7.05 2.54
(E)-27b G C,H; H (CH,),CH;(3,4-OCH,) 14.7 86.3
(E)-27e G H -(CH,),0(CH,),- N. L 3.1
(E)-31a G 43.9 81.9

N. L.: not inhibited.* Effect of calcium mobilization by LTB, (300 nM) in CHO-hBLT, and CHO-hBLT, cells.

Table 3 Evaluations of 3-[(E)-2-alkylcarbamoylvinyl]benzo[b]furans ((E)-9d, (£)-15, (E)-32, -33, (E/ Z)-34) for LTB, receptor (BLT,, BLT),) inhibitory

activity”
R1
s N
oc o \ co
N—R® OR? N—R®
R* R*
(E)-od (2)15 (E)-32, -33, (E/2)-34
Inhibition (%)/10 uM 1C5/uM
Compound Type R! R? R3 R* BLT, BLT, BLT, BLT,
(E)-9d C 6.5 20.8
(Z)-15b D Cl — C,H; C,H; 7.8 37.3
(Z)-15¢ D Cl — -(CH,),0(CH,),- N. L 154
(2)-15f D OCH;, — C,H; C,H; 1.4 18.4
(E)-32 A — CH(CH;)C¢H; C,H; C,H; 69.9 >100 2.88 0.68
(E)-33 A — O(CH,);COOC,Hs H CsH,(4-OCH,) 1.7 6.6
(E)-34 A — O(CH,);COOC,Hs C,H; C,H; 21.9 88.1
(2)-34 A — O(CH,);COOC,Hs C,H;, C,H; 9.2 34.4

N. L.: not inhibited.* Effect of calcium mobilization by LTB, (300 nM) in CHO-hBLT, and CHO-hBLT, cells.

(87.0°) than the original compound (type B). But, (E)-17¢
showed surprising selectivity for BLT,, unlike the original type
B compound. The inhibitory potency and selectivity of the type E
compound might be affected by not only the conformation of
the 2-alkylcarbamoyl-1-methyvinyl group, but also the chemical
properties of the substituent group at the 3-position.

The novel 7-(2-alkylcarbamoyl-1-methylvinyl) compound (type
G, (E)-27a) showed potent inhibitory activity for both BLT, and
BLT,; as did the 4-(2-alkylcarbamoyl-1-methylvinyl) compound
(type B, (E)-35). The 2-alkylcarbamoyl-1-methylvinyl group of
both (E)-27a and (E)-35 are neighboring with the furan ring.
This common stereochemical characteristic might exert similar
inhibition activity.

Evaluation of the BLT, and/or BLT, inhibitors prepared in our
current study is in progress to find novel anti-pancreatic cancer
agents.

Experimental

All melting points were determined using a Yanako microscopic
hot-stage apparatus and are uncorrected. '"H-NMR, “C-NMR
and HMBC, HMQC spectra were obtained with a JEOL JNM-
ECP400, JEOL INM-ECP500 and a JEOL PMX60FT spectro-
meter with tetramethylsilane as an internal standard. MS spectra
(MS, HRMS) were obtained using a JEOL JMS-700 EIMS
spectrometer. Elemental analyses (EA) were performed using a

This journal is © The Royal Society of Chemistry 2008

Org. Biomol. Chem., 2008, 6, 296-307 | 303





Table 4 Evaluations of 3-[(E)-2-alkylcarbamoylvinyl]benzo[b]furans ((E)-21, -24, -26) for LTB, receptor (BLT,, BLT),) inhibitory activity”

1
. D i
- N —N
R o co RN
N\_CH, N\ _CH, N
cl cl
esSvl e \
o o o
(E)-21 (E)-24¢ (E)-26
Inhibition (%)/10 uM
Compound Type R? R’ BLT, BLT,
(E)-21j F H (CH,),C,H;(3,4-OCH,) N.L 44.9
(E)-21k F C,H, C.H, N. 1 28.8
(E)-24c¢ F 2.0 8.9
(E)-26b F C,H; C,H; N. L N. L
(E)-26¢ F -(CH,),0(CH,),- N. L 5.7

N. L.: not inhibited.* Effect of calcium mobilization by LTB, (300 nM) in CHO-hBLT, and CHO-hBLT, cells.

CHN CORDER MT-3 (Yanako). All organic extracts were dried
over anhydrous MgSO,. Column chromatography was carried out
on Wakogel C-200. Thin layer chromatography was performed on
a Merck silica gel plate (0.5 mm, 60F-254).

2-Acetyl-7-chloro-3-(4-chlorophenyl)benzo[b]furan (8a)

General procedure for 8b—8d, 20a-20f. To a suspension of
AICI; (2.0 g, 15 mmol) in chloroform (15 ml) was added dropwise
acetyl chloride (0.20 ml, 2.8 mmol) under a N, atmosphere at 5 °C
with stirring. A solution of 3a (1.0 g, 3.8 mmol) in chloroform
(10 ml) was added dropwise to the mixture at 5 °C, and the
mixture was stirred at the same temperature for 1.5 h. The mixture
was poured into ice water, and extracted with ethyl acetate. The
organic layer was washed with brine and dried. The solvent was
evaporated off. The residue was recrystallized from ethanol to give
8a (0.45 g, 39.0%) as an orange solid (found: C, 62.83; H, 3.18.
CH,,CL,0, requires C, 62.97; H, 3.30%); mp 145.6-146.8 °C; dy
(60 MHz; CDCl;; Me,Si) 2.64 (3H, s, CH;), 7.25-7.28 (1H, m,
5-H), 7.46-7.54 (6H, m, 4-, 6-H, phenyl H); m/z (EI) 306 (M + 4,
10.83%), 304 (M + 2, 64.67), 304 (M*, 100.00).

In a similar manner to that described above, 3a gave 8b, 3b gave
8c, 7f gave 8d, 7a gave 20a, 20e, 20f, 7b gave 20b, 7d gave 20c, 7¢
gave 20d.

(E)-7-Chloro-3-(4-chlorophenyl)-2-|diethylcarbamoyl-1-
methylvinyl|benzo[b]furan ((£)-9b)

General procedure for 9a, 9c-9g, 21a-210. To a suspension of
NaH (60% in oil, 0.13 g, 3.3 mmol) in THF (10 ml) was added
dropwise a solution of N,N-diethyl diethylphosphonoacetamide
(0.74 g, 2.9 mmol) in THF (10 ml) under a N, atmosphere at —5°C
with stirring. The solution was stirred at the same temperature
until it became clear. A solution of 8a (0.50 g, 1.6 mmol) in THF
(10 ml) was added dropwise to the clear solution at 15 °C, and
the mixture was stirred at 20 °C for 5 h. The reaction mixture
was then quenched with saturated NH,Cl solution and extracted
with chloroform. The organic layer was washed with brine and
dried. The solvent was evaporated off, giving a residue which was

recrystallized from ethyl acetate to give (E)-9b (0.23 g, 34.8%) as
yellow needles (found: C, 65.54; H, 5.22; N, 3.48. C,H,,CL,NO,
requires C, 65.68; H, 5.26; N, 3.48%); mp 136.9-139.2 °C; oy
(500 MHz; CDCl;; Me,Si) 1.05 (3H, t, J 7.1, CH,CH,), 1.15 (3H,
t,J 7.1, CH,CH,), 2.17 (3H, d, J 1.4, C=C(CH,)), 3.22 (2H, q,
J1.3,CH,CH;), 3.42 (2H, q, J 7.8, CH,CH,), 6.60 (1H, q, J 1.4,
C=CH),7.15(1H,t,J 7.8,5-H), 7.22 (1H, dd, J 7.8 and 0.9, 6-H),
7.33 (1H, dd, J 7.6 and 1.2, 4-H), 7.38 (2H, d, J 8.7, 2'-, 6'-H or
3-, 5-H), 7.46 (2H, d, J 8.2, 2'-, 6'-H or 3'-, 5-H); m/z (EI) 401
(M*, 63.46), 329 (100.00).

In a similar manner to that described above, 8a gave 9a, 9¢, 9d,
8b gave 9e, 9f, 8d gave 9g, 20a gave 21a, 21b, 20b gave 21c-21f, 20c
gave 21g-21i, 20d gave 21j-211, 20f gave 21m-21o.

2-Bromo-3-ethylbenzo|b]furan (10)

To a solution of 7h (1.0 g, 6.9 mmol) in chloroform (20 ml) was
added dropwise N-bromosuccinimide (1.3 g, 7.5 mmol) in CH;CN
(20 ml) at —8 °C. The reaction mixture was stirred at the same
temperature for 1 h. The reaction mixture was poured into water
and extracted with chloroform. The organic layer was washed
with brine and dried. The solvent was evaporated off, giving a
residue which was purified by silica gel column chromatography
(hexane) to give 10 (1.1 g, 68.8%) as a colorless oil: d,; (60 MHz;
CDCl;; Me,Si) 1.24 (3H, t, J 7.32, CH,CH,), 2.67 (2H, q, J 7.32,
CH,CH,), 7.00-7.60 (4H, m, 4-, 5-, 6-, 7-H); m/z (EI) 226 (44.12),
224 (M*, 44.12), 102 (100.00).

Compound (23) was prepared from 7i according to the proce-
dure described for 10.

(E)-2-[2-]2-(3,4-Dimethoxyphenyl)ethylcarbamoyl]-1-methylvinyl|-
3-ethylbenzo|b]furan ((£)-11b)

General procedure for 11a, 24a—24c. A mixture of 10 (0.63 g,
2.8 mmol), (E)-N-[2-(3,4-dimethoxyphenyl)ethyl]-2-butenamide
(1.4 g, 5.6 mmol), palladium acetate (30 mg, 0.13 mmol), tri-o-
tolylphosphine (90 mg, 0.30 mmol) and triethylamine (2.0 ml,
19.8 mmol) was heated at 90-100 °C for 7 h. The mixture was
treated with ethyl acetate, and the insoluble portion was removed
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by filtration. The filtrate was evaporated to dryness. The residue
was poured into ice water, and extracted with ethyl acetate. The
organic layer was washed with brine and dried. The solvent was
evaporated off. The residue was purified with silica gel column
chromatography [hexane—ethyl acetate (10 : 1)] to give a yellow
solid. This solid was recrystallized from ethyl acetate to give (E)-
11b (0.51 g, 46.4%) as pale yellow needles (found: C, 72.99; H,
7.06; N, 3.58. C,,H;,NO, requires C, 73.26; H, 6.92; N, 3.56%);
mp 131.0-135.0 °C; o4 (400 MHz; CDCl;; Me,Si) 1.29 (3H, t,
J 7.3, CH,CH,), 2.63 (3H, d, J 1.5, CH=CCH,), 2.84 (2H, t,
J 7.0, NCH,CH,), 2.90 (2H, q, J 7.3, CH,CH;), 3.61 (2H, m,
NCH,CH,), 3.87 (3H, s, OCH), 3.88 (3H, s, OCH}), 5.60 (1H,
t,J 5.5, NHCH,CH,), 6.27 (1H, d, J 1.1, CH=CCH,;), 6.76-6.78
(2H, m, 2'-, 6-H), 6.83 (1H, d, J 8.4, 5-H), 7.20-7.31 (2H, m, 5-,
6-H), 7.39 (1H, d, J 8.4, 7-H), 7.53 (1H, d, J 7.7, 4-H); m/z (EI)
393 (M*, 12.86), 164 (100.00).

In a similar manner to that described above, 10 gave 11a, 23
gave 24a-24c.

2-Formyl-7-methoxybenzo|b]furan (12)

A mixture of 7e (2.8 g, 17 mmol) and SeO, (3.8 g, 34 mmol)
in 1,4-dioxane (50 ml) was heated at 75 °C for 92 h. After the
insoluble portion was filtered off, the filtrate was evaporated under
reduced pressure. The residue was purified by silica gel column
chromatography [hexane—ethyl acetate (10 : 1)] to give a pale yellow
solid. This solid was recrystallized from ethyl acetate to give 12
(1.42 g, 46.7%) as yellow needles: mp 41.0-43.9 °C; 6, (60 MHz;
CDCl;; Me,Si) 4.03 (3H, s, OCH,), 7.04-7.53 (4H, m, 3-, 4-, 5-,
6-H), 9.91 (1H, s, CHO); m/z (EI) 176 (M*, 100.00).

Compound (25) was prepared from 7g according to the proce-
dure described for 12.

(E)-2-Diethylcarbamoylvinyl-7-methoxybenzo|b]furan (13b)

General procedure for 13a, 13c, 26a—-26¢. To a suspension of
NaH (60% in oil, 0.14 g, 3.4 mmol) in THF (10 ml) was added
dropwise a solution of N,N-diethyl diethylphosphonoacetamide
(0.77 g, 3.1 mmol) in THF (10 ml) under a N, atmosphere at —8 °C
with stirring. The solution was stirred until it became clear. A
solution of 12 (0.3 g, 1.7 mmol) in THF (10 ml) was added dropwise
to the clear solution at 20 °C, and the mixture was stirred at the
same temperature for 4 h. The mixture was then quenched with
saturated NH,Cl solution and extracted with ethyl acetate. The
organic layer was washed with brine and dried. The solvent was
evaporated off, giving a residue which was recrystallized from ethyl
acetate to give (E)-13b (0.30 g, 63.8%) as white needles (found: C,
70.29; H, 7.24; N, 5.07. C,4H,,NO; requires C, 70.31; H, 7.01; N,
5.12%); mp 86.6-88.7 °C; oy (400 MHz; CDCl;; Me,Si) 1.22-1.27
(6H, m, CH,CH; x 2), 3.51 (4H, q, J 6.9, CH,CH; x 2), 4.03
(3H, s, OCH,), 6.85 (1H, m, Ar H), 6.86 (1H, s, 3-H), 7.02 (1H,
d, J 15.0, vinyl H), 7.13-7.18 (2H, m, Ar H), 7.59 (1H, d, J 15.1,
vinyl H); m/z (EI) 273 (M*, 46.62), 201(100.00).

In a similar manner to that described above, 12 gave 13a, 13c,
25 gave 26a—26c¢.

2-(4-Chlorobenzoyl)-7-hydroxybenzo|b]furan (14e)

To a mixture of AICl; (3.7 g, 28 mmol) and 1-dodecanethiol
(3.3 ml, 14 mmol) in chloroform (100 ml) was added dropwise

a solution of 14d (1.0 g, 3.5 mmol) in chloroform (50 ml) at —4 °C
with stirring. The mixture was stirred at 20 °C for 22 h. The
mixture was poured into water and extracted with chloroform.
The organic layer was washed with brine and dried. The solvent
was evaporated off, giving a residue which was purified by silica gel
column chromatography [hexane—ethyl acetate (20 : 1)] to give 14e
(0.25 g, 26.3%) as a yellow solid: mp 212.2-217.5 °C; oy (60 MHz;
acetone-dq; Me,Si) 7.11-8.20 (8H, m, Ar H), 9.23 (1H, s, OH);
m/z (EI) 274 (M + 2, 37.96%), 272 (M*, 100.00), 139 (62.44).

Compound (19i) was prepared from 19h according to the
procedure described for 14e.

2-(4-Chlorobenzoyl)-7-(2-phenylethoxy)benzo|b]furan (14f)

A mixture of 14e (0.2 g, 0.74 mmol), K,CO; (0.2 g, 1.5 mmol), and
(1-bromoethyl)benzene (0.15 ml, 1.1 mmol) in CH;CN (100 ml)
was stirred at 75 °C for 2.5 h. After the insoluble portion was
filtered off, the filtrate was distilled under reduced pressure. The
residue was purified by silica gel column chromatography [hexane—
ethyl acetate (10 : 1)] to give 14f (0.20 g, 71.4%) as a pale yellow
oil: oy (60 MHz; CDCl;; Me,Si) 1.76 (3H, d, J 6.4, CHCH,), 5.61
(1H, q, J 5.9, CHCH,), 6.79-8.17 (13H, m, Ar H); m/z (EI) 378
M + 2, 16.61), 376 (M*, 46.81), 105 (100.00).

Compound (19§) was prepared from 19i according to the
procedure described for 14f.

(£)-5-Bromo-2-|1-(4-chlorophenyl)-2-
diethylcarbamoylvinyl|benzo[b]furan (15b)

General procedure for 15a, 15¢-151. To a suspension of NaH
(60% 1in oil, 0.12 g, 3.0 mmol) in THF (10 ml) was added dropwise
a solution of N,N-diethyl diethylphosphonoacetamide (2.0 g,
4.1 mmol) in THF (40 ml) under a N, atmosphere at —8 °C with
stirring. The solution was stirred until it became clear. A solution
of 14a (0.50 g, 1.5 mmol) in THF (20 ml) was added dropwise
to the clear solution at 8 °C, and the mixture was stirred at the
same temperature for 1.5 h. The mixture was then quenched with
saturated NH,Cl solution and extracted with ethyl acetate. The
organic layer was washed with brine and dried. The solvent was
evaporated off, giving a residue which was recrystallized from ethyl
acetate to give (£)-15b (0.20 g, 31.3%) as white needles (found: C,
58.29; H, 4.43; N, 3.19. C,,H,,BrCINO, requires C, 58.29; H, 4.43;
N, 3.24%); mp 106.7-109.8 °C; Jy (500 MHz; CDCl;; Me,Si) 1.08
(3H, t, J 7.2 CH,CH,), 1.27 (3H, t, J 6.9, CH,CH,;), 3.39 (2H,
q, J 7.4, CH,CH,), 3.52 (2H, q, J 7.4, CH,CH,), 6.26 (1H, s,
C=CHCO), 6.63 (1H, s, 3-H), 7.25-7.27 (2H, m, 6- and 7-H),
7.38-7.39 (4H, br m, phenyl H), 7.64 (1H, d, J 1.8, 4-H); m/z
(ET) 435 (M + 4, 19.34), 433 (M + 2, 73.51), 431 (M*, 54.93), 361
(100.00).

In a similar manner to that described above, 14a gave 15a, 15c,
14b gave 15d-15g, 14¢ gave 15h—15k, 14f gave 151.

(E)-2-Acetyl-3-amino-4-|2-[2-(3,4-dimethoxyphenyl)ethyl-
carbamoyl]-1-methylvinyl]-7-methoxybenzo|b]furan ((E)-17¢)

General procedure for 17a, 17b, 17d-17f, 19a-19g. A mixture
of 16a (0.60 g, 2.1 mmol), (E)-N-[2-(3,4-dimethoxyphenyl)ethyl]-
2-butenamide (0.63 g, 2.5 mmol), palladium acetate (24 mg,
0.10 mmol), tri-o-tolylphosphine (64 mg, 0.21 mmol) and triethy-
lamine (20 ml) was heated at 90-100 °C for 31 h. The mixture was
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treated with chloroform, and the insoluble portion was removed by
filtration. The filtrate was evaporated to dryness. The residue was
poured into ice water and extracted with chloroform. The organic
layer was washed with brine and dried. The solvent was evaporated
off, giving a residue which was purified by silica gel column
chromatography [chloroform-ethyl acetate (10 : 1)] to give (E)-
17¢ (0.28 g, 29.2%) as yellow needles (found: C, 66.16; H, 6.30; N,
6.23. C,sHxN,Oq requires C, 66.36; H, 6.24; N, 6.19%); mp 176.4—
177.7°C; 6y (500 MHz; CDCl;; Me,Si) 2.51 (3H, s, COCH,), 2.60
(3H, d, J 1.4, CH=CCH,), 2.81 (2H, t, J 6.8, NCH,CH,), 3.60
(2H, m, NCH,CH,), 3.86 (3H, s, OCH,), 3.87 (3H, s, OCH,),
4.01 (3H, s, OCH;), 5.55 (1H, brt, J 5.6, NHCH,CH,), 5.72 (2H,
brs, NH,), 5.74 (1H, q, J 1.4, CH=CCH,), 6.73-6.75 (2H, m, 2'-,
6-H), 6.81 (1H, d, J 8.7, 5-H), 6.91 (1H, d, J 8.3, 6-H), 6.97 (1H,
d, J 8.3, 5-H); m/z (EI) 452 (M*, 17.77), 244 (100.00).

In a similar manner to that described above, 16a gave 17a, 17b,
16b gave 17d-17f, 18a gave 19a, 19b, 18b gave 19c, 18c gave 19d—
19f, 18d gave 19g.

2-Acetyl-3-acetylamino-4-bromo-7-methoxybenzo|b]furan (18a)

General procedure for 18b—18d, 19h, 30c. A mixture of 16a
(1.0 g, 3.5 mmol) and acetyl chloride (0.37 g, 5.3 mmol) in
tetrahydrofuran (50 ml) was heated at 60 °C for 8.5 h. The reaction
mixture was poured into ice water, and the resulting precipitate was
collected by filtration, then recrystallized from ethyl acetate to give
18a (0.84 g, 73.0%) as pale yellow needles (found: C, 47.86; H, 3.70;
N, 4.26. C;H,BrNO, requires C, 47.87; H, 3.71; N, 4.29%); mp
235.3-237.4°C; 0y (60 MHz; CDCl;; Me,Si) 2.25 (3H, s, COCH,;),
2.59 (3H,s, COCH,),4.02 (3H, s, OCH), 6.88 (1H, d, J 8.4, 6-H),
7.37 (1H, d, J 8.5, 5-H), 8.49 (1H, brs, NH); m/z (EI) 327 (M +
2,20.51%), 325 (M*, 20.88), 283 (100.00).

In a similar manner to that described above, 16a gave 18b—18d,
17a gave 19h, 30a gave 30c.

5-Bromo-3-[4-(diethoxyphosphoryl)-4-diethylcarbamoylbutyryl]-
2-methylbenzo[b]furan (22b)

To a suspension of NaH (60% in oil, 69 mg, 1.7 mmol) in THF
(10 ml) was added dropwise a solution of ethyl diethylphospho-
noacetamide (0.39 g, 1.6 mmol) in THF (10 ml) under a N,
atmosphere at —10 °C with stirring. The solution was stirred until
it became clear. A solution of 20e (0.30 ml, 0.87 mmol) in THF
(20 ml) was added dropwise to the clear solution at 27 °C, and the
mixture was stirred at the same temperature for 5 h. The mixture
was then quenched with saturated NH,Cl solution and extracted
with ethyl acetate. The organic layer was washed with brine and
dried. The solvent was evaporated off, giving a residue which
was purified by silica gel column chromatography [chloroform-—
ethyl acetate (20 : 1)] to give (E)-22b (0.13 g, 63.8%) as pale
yellow needles (found: C, 50.96; H, 6.09; N, 2.68. C,,H;; BrNO¢P
requires C, 51.17; H, 6.05; N, 2.71%); mp 92.7-95.6 °C; dy
(400 MHz; CDCl;; Me,Si) 1.13 (3H, t, J 7.2, NCH,CH,;), 1.19
(3H, t, J 7.2, NCH,CH,;), 1.32 (3H, t, J 6.8, OCH,CH;), 1.34
(3H, t, J 7.0, OCH,CH,;), 2.32-2.51 (2H, m, COCH,CH,), 2.76
(3H, s, CH;), 2.83-2.93 (1H, m, COCH,CH,), 3.06-3.14 (1H, m,
COCH,CH,), 3.22-3.38 (2H, m, NCH,CHj;), 3.45-3.55 (2H, m,
NCH,CH;, CH), 3.61-3.70 (1H, m, NCH,CHj;), 4.11-4.22 (4H,
m, OCH,CH; x 2), 7.30 (1H, d, J 8.8, 7-H), 7.39 (1H, dd, J 8.6

and 2.0, 6-H), 8.08 (1H, d, J 2.2, 4-H); m/z (EI) 517 (M + 2,
30.34), 515 (M*, 30.23), 72 (100.00).

Compound (22a) was prepared from 20e according to the
procedure described for 22b.

(E)-7-2-]2-(3,4-Dimethoxyphenyl)ethylcarbamoyl]-1-methylvinyl]-
2-ethoxycarbonylpropionyl-3-phenylbenzo[b]furan (27b)

General procedure for 27a, 27d, 31a, 31b. A mixture of
8¢ (0.43 g, 1.1 mmol), (E)-N-[2-(3,4-dimethoxyphenyl)ethyl]-
2-butenamide (0.40 g, 1.6 mmol), palladium acetate (12 mg,
0.052 mmol), tri-o-tolylphosphine (32 mg, 0.11 mmol) and
triethylamine (8.0 ml) was heated at 90-100 °C for 16 h. The
mixture was treated with CHCl;, and the insoluble portion was
removed by filtration. The filtrate was evaporated to dryness. The
residue was poured into water, and extracted with chloroform.
The organic layer was washed with brine and dried. The solvent
was evaporated off. The residue was purified by silica gel column
chromatography [chloroform—ethyl acetate (5 : 2)] to give a yellow
solid. This solid was recrystallized from methanol to give 27b
(0.18 g, 29.5%) as yellow needles (found: C, 71.27; H, 6.22; N,
2.48. Cy,H3sNO;-1/4H,0 requires C, 71.13; H, 6.23; N, 2.44%);
mp 145.6-147.4 °C; oy (500 MHz; CDCl;; Me,Si) 1.23 (3H, m,
OCH,CH;), 2.69 (2H, t, J 6.8, CH,CH,), 2.75 (3H, d, J 0.9,
CH=CCH,), 2.87 (2H, t, J 7.3, NCH,CH,), 3.25 (2H, t, J 6.9,
CH,CH,), 3.62-3.66 (2H, m, NCH,CH,), 3.86 (3H, s, OCH),
3.87 (3H, s, OCH,), 4.12 (2H, q, J 7.3, OCH,CH,), 5.92 (1H, t,
J 5.5, NH), 6.51 (1H, d, J 0.9, CH=CCH,), 6.77-6.84 (3H, m,
2-,5-,6-H), 7.31 (1H, t, J 7.8, 5-H), 7.44-7.60 (7TH, m, 4-, 6-H,
phenyl H); m/z (EI) 569 (M*, 5.82%), 164 (100.00).

In a similar manner to that described above, 8¢ gave 27a, 27d,
30b gave 31b, 30c gave 31a. 27¢ and 27e were obtained in the usual
manner from 27b and 27d, respectively.

Measurement of calcium mobilization in CHO cells

Evaluation for BLT, and BLT, receptor inhibitory activity was
carried out according to a procedure reported previously.'”*®
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The synthesis of a-, - and y-substituted a-phosphono-y-lactones was accomplished using different ring
closure and ring homologation strategies. It was found that the lactones could be selectively
transformed into the corresponding ethyl cyclopropanecarboxylates by treatment with sodium ethoxide

in boiling THF. The reported reaction provides an attractive alternative to the classical homologous

Horner—Wadsworth—Emmons approach to the construction of cyclopropanes with

electron-withdrawing functionalities.

Introduction

The stereocontrolled synthesis of cyclopropanecarboxylates re-
mains an important and active subject in organic chemistry due
to the wide occurrence of these structural motifs in a number
of biologically active natural products and several unnatural
analogues.’

The homologous Horner—Wadsworth-Emmons (HWE)-type
reaction of a-phosphonoalkanoate anions with epoxides provides
an attractive route to differently substituted cyclopropanecarboxy-
lates 4.> The commonly accepted mechanism of this reaction,
in particular that involving phosphonoacetate anion 1, has been
described as follows (Scheme 1).2¢¢

o)
I I
(EtO),P.__COEt . (EtO),P. o°
€]
5 Et0,C R
1 \3 (0 r ,

H/\ CO:E!
EtOZC\/\rOP(O)(OEt)z R . “H
©

3 R + (EtO),PO)0°

Scheme 1

The cyclopropanation is initiated by epoxide ring opening
(promoted by the anion 1), leading to the y-oxyalkylphosphonates
2, which are then converted into the phosphates 3 by 1,4-migration
of a phosphoryl functionality from carbon to oxygen. Subsequent
v-elimination of the elements of phosphoric acid from the latter
results in a cyclopropane ring closure. Surprisingly, despite the
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evident synthetic advantage, this cyclopropanation reaction has
not found wider application.?

The crucial role of y-oxyalkylphosphonates in the formation of
cyclopropanecarboxylates and their potentially easy accessibility
by independent preparative methods prompted us to attempt
modification of the standard homologous Horner—Wadsworth—
Emmons reaction procedure. We believed that we would be able
to generate y-oxyalkylphosphonate anions 6 with different sub-
stitution patterns and to transform them into the corresponding
cyclopropanecarboxylates 7 using a novel, simple and effective
reaction sequence. We showed that an alternative and convenient
source of the anions 6 could be the base-catalyzed ethanolysis
of the appropriate a-phosphono-y-butyrolactones 5.* Futher con-
version of these anions into the target cyclopropanecarboxylates
7 was realized using consecutive reaction steps and preparative
procedures similar to those involved in the classical cyclopropa-
nation. Additionally, we observed that this modified version
of cyclopropanation was highly stereoselective. The substituted
a-phosphono-y-lactones of various regio- and stereochemistry
were cleanly transformed into individual diastereoisomeric cyclo-
propanes (Scheme 2).

0o
R EtON i o N
a 1
(EtO),P 0y — (EtO),R__ R Rt —= %(COzEt
EtO,C R® 5 ]
RZ R® R2 R R
5 6 7
5,6,7 R' R? R’ R’
a H H H Me
b CH,=CHCH, H H H
¢ PhCH=CHCH, H H H
d Bn H H H
e H n-Bu Me Me
f H (CH3),C=CH| Me Me
g CH,=CHCH, H H Me
h Bn H H Me
Scheme 2

In our previous work on a novel approach to cyclopropanecar-
boxylates, we generally used readily obtainable and simple a-
phosphono-y-lactones 5 as model substrates. We hoped that broad
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access to more functionalized starting materials would allow us to
recognize better the scope of the synthesis.

This paper reports on effective, stereoselective, and in a
large part original preparation of a series of mono-, di- and
trisubstituted a-phosphono-y-lactones bearing alkyl, alkenyl and
aryl substituents. We present the most favorable conditions
and stereochemistry of the homologous Horner-Wadsworth—
Emmons-like cyclopropanation reaction performed with all these
lactones. An important correction concerning the relative con-
figuration assigned to the previously reported a,B-disubstituted
cyclopropanecarboxylates 7g and 7h is also included. Finally,
we describe here successful attempts for the preparation of -
phosphono-y-oxyalkanoate anions containing selected y-electron-
withdrawing groups and their employment as excellent substrates
for the synthesis of cyclopropanecarboxylates functionalized with
these groups on the B-carbon atom.

Results and discussion

Conjugate addition of organometallic reagents to various a,f3-
unsaturated-a-phosphono-y-lactones represents a mild, effective
and fully trans-diastereoselective approach to the corresponding
B-substituted-a-phosphono-y-lactones.” We have already used the
conjugate addition method to obtain the lactones 5e and 5f with
B-located alkyl and alkenyl groups, respectively.* Now we want to
extend this list by adding the lactones 10a—c.

While the lactone 10¢c was smoothly prepared by standard
reaction of a simple a,f-unsatured lactone 8b*>¢ with phenylmag-
nesium bromide in the presence of Cul in diethyl ether at 0 °C,
the preparation of the lactones 10a and 10b required a different
protocol. Synthesis of the lactones 10a and 10b could be achieved
in a satisfactory manner when the starting a,-unsatured lactone
8a° was subjected to the reaction with a large excess (3 equiv.) of
the corresponding Grignard reagents 9a and 9b, respectively, in
the presence of Cul in THF at —78 °C (Table 1).

The trans stereochemistry of the lactone 10¢ was assigned on
the basis of '"H and “C NMR data. The observed values of the
coupling constants *Jy; py 12.2 Hz, *Jpyy 15.7 Hzand *J 5 13.6 Hz
clearly proved the trans arrangement of the phosphoryl and phenyl
groups.® Unfortunately, the spectra of lactones 10a and 10b could

Table 1 Preparation of B-substituted-a-phosphono-y-lactones 10a—c
(0] o

I ies 1 2
P(OEt), a (entries 1 and 2)

I}
o R P(OEY),
R @ b (entry 3) R
R 0 o] R O o)
8a-b 10a-c
Entry R R’ Product Yield (%)
1 H (8a) n-Bu (9a) 10a 64
2 H (8a) Ph (9b) 10b 58
3 Me (8b) Ph (9b) 10c 82

Reagents and conditions: a) R'MgBr (3 equiv.), Cul (cat.), THF, —78 °C,
2.5 h; b) R"MgBr (3 equiv.), Cul (cat.), Et,O, 0 °C, 2.5 h.

not be interpreted unequivocally. Therefore, taking into account
the method of preparation and the structural similarity of the
lactones of 10c and 10a,b, we by analogy also assigned trans-
stereochemistry to the lactones 10a and 10b.

A separate strategy has been employed to carry out the synthesis
of model a-alkyl, a-aryl-monosubstituted and a,y-disubstituted-y-
lactones. We expected that particularly attractive precursors of
these lactones would have the same carbon framework as o-
phosphono-y-hydroxyalkanoates, which could be obtained by a
few consecutive, commonly known transformations of the appro-
priate y-oxoalkylphosphonates or a-phosphono-y-alkenoates.

Thus, the usual protection of carbonyl functionality in the
selected y-oxoalkylphosphonates 11° and 157 with triethyl or-
thoformate or ethylene glycol gave the ketals 12 and 16. The
ketals 12 and 16 as well as 19® were then ethoxycarbonylated
using Savigniac’s well-known procedure.” Their metallation with
LDA followed by ethoxycarbonylation of the resultant lithium
derivatives with diethyl carbonate provided the appropriate o-
phosphono-v,y-diethoxyalkanoates 13 and 20 and o-phosphono-
v-dioxolanylalkanoate 17. Acid-catalyzed hydrolytic deprotection
of the ethoxycarbonylated ketals 13, 17 and 20 afforded a-
phosphono-y-oxoalkanoates 14, 18! and 21," crucial interme-
diates in further projected transformations (Scheme 3).

Similarly, functionalized intermediates 24a and 24b with o-
alkyl and a-aryl groups were synthesized in a two-step sequence

o 0
I I I I
(EtO)zP\/\H/Me (EtO),P Me (EtO),P. Me _° . (EtORP Me
5 Et0” OEt Ei0,c Et0 OFt EOC O
11 12 13 14
0 i i I
c,d e
(EtO),P PR _—— .  (EOpP Ph >~ .,  (EtO),P Ph % . (EtO)P Ph
V\H/ vo><0 o o
o \/ EtO,C 1\ J EtO,C O
15 16 17 18
o] 0
I ¢ d I I
(EtO)ng\l/OEt &9 . (EtORP OEt (EO),P H
OEt EtO,C  OEt Et0,C O
19 21

Scheme 3 Reagents and conditions: a) (EtO);CH, Amberlyst 15,0 °C, 10 h; b) HOCH,CH,OH, p-TSA (cat.), toluene, reflux, 24 h; c) LDA, THF, —78 °C,

d) (Et0),C=0, r.t., 20 h; ) 3 N HCI/THF, r.t., 24 h.
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Scheme 4  Reagents and conditions: a) NaH, THF, 0 °C, 0,5 h; b) CH,=CHCH,Br, r.t., 20 h; ¢) EtOH, Os, —78 °C; d) Me,S, r.t., 20 h.

involving alkylation of generally accessible a-phosphonoal-
kanoates 22a and 22b with allyl bromide, and consecutive standard
ozonolysis of the resulting allylation products 23a and 23b
(Scheme 4).

With the a-phosphono-y-oxoalkanoates 14, 18, 21 and 24a,b in
hand, we turned our attention to their effective conversion into
various a-phosphono-y-hydroxyalkanoates as well as a cyclization
reaction of the latter producing designed, specific a-phosphono-
y-lactones. Thus, reduction of y-oxoalkanoates 14 and 18
with KBH, smoothly afforded a-phosphono-y-hydroxyalkanoates
25a,b, while addition of n-BuMgBr and BnMgBr to the y-
oxoalkanoates 21, 24a and 24b gave the y-hydroxyalkanoates
27. In both cases, the y-hydroxyalkanoates formed underwent
spontaneous cyclization under the reaction conditions, producing
the target y-alkyl- (26a, 26¢, 26d), y-aryl- (26b), a,y-dialkyl- (26e,
26f) and o-aryl-y-alkyl- (26g, 26h) substituted lactones as mixtures
of inseparable diasterecoisomers (Scheme 5 and Table 2).

Moreover, we developed a convenient homologation of some
previously obtained o-unsubstituted o-phosphono-y-lactones
based on their alkylation reaction. Sequential treatment of o-
phosphono-y-lactones 26b, 26¢ and 26d with LDA, and then with
3-methyl-2-butenyl bromide, allyl bromide or benzyl bromide, has

o)
I I
(EtO),P-__COEt L (EtO),P-_ _CO,Et
o OH
R R
14 R=Me 25
18 R=Ph

proven useful as a concise entry to new o-alkyl-y-aryl and o,y-
dialkyl-a-phosphono-y-lactones 26i, 26j, 26k and 261, respectively.
All alkylation reactions proceeded with quite high stereoselectivity.
Unfortunately, attempts to separate particular stereoisomers were
unsuccessful (Table 3).

All the lactones prepared were subjected to the modified homol-
ogous HWE reaction under the previously optimized conditions.
Treating these compounds with sodium ethoxide in THF-ethanol
solution (100 : 2) at reflux for a few hours led to the expected
cyclopropanecarboxylates in high or satisfactory yield (Tables 4
and 5).

'H and “C NMR analysis revealed that the 2-substituted
cyclopropanation products 27a,"* 27b,"* and 27¢"* obtained from
a-phosphono-y-lactones 10a, 10b as well as 26b, and 27¢, respec-
tively, had the trans-configuration, while the products 27a** and
27d" derived from the lactones 26¢ and 26d, respectively, consisted
of trans and cis stereoisomers, each in a ratio 93 : 7. Using
NMR spectroscopy, we established also that 1,2-disubstituted
cyclopropanecarboxylates 27e-1 were single diastereoisomers.
However, the assignment of their configuration required a different
approach. X-Ray crystallographic analysis carried out on I-
benzyl-2-phenylcyclopropanecarboxylic acid (which was prepared

I
(E10),P a R=Me 44:56

b R=Ph 45:55

26a,b

Scheme 5 Reagents and conditions: a) KBH,, MeOH, 0 °C, 1 h; b) 3 N HCI (aq.), r.t.

Table 2 Preparation of o,y-disubstituted-a-phosphono-y-lactones 26¢-h

(0] 1 (e} (e}
I (EtO),P. CO,Et I}
(EtO),P. CO,Et ab (EtO),P. o
= — R — R
R CHO
R' OH R'
21, 24a,b 27 26c-h
Entry R R’ Yield (%) Diastereoisomer ratio Product
1 H (21) n-Bu 70 56:44 26¢
2 H (21) Bn 75 67:33 26d
3 Me (24a) n-Bu 68 80:20 26e
4 Me (24a) Bn 71 80:20 26f
5 Ph (24b) n-Bu 79 90:10 26¢g
6 Ph (24b) Bn 75 92:8 26h

Reagents and conditions: a) R’'MgBr, THF, 0 °C, 24 h; b) 1 N HCI (aq.).
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Table 3 Preparation of a,y-disubstituted-a-phosphono-y-lactones 26i-1
(o}

?I (o]
1l
(EtO),P o ab (EtO),P. o
R
R R
26b-d 26i-l
Entry R R’ Yield (%) Diastereoisomer ratio Product
1 Ph (26b) Bn 75 93:7 26i
2 Ph (26b) (CH;),C=CHCH, 89 70 : 30 26§
3 n-Bu (26¢) Bn 78 84:16 26k
4 Bn (26d) CH,=CHCH, 79 84:16 261
Reagents and conditions: a) LDA, THF, —78 °C; b) R’'MgBr, THF, —78 °C then r.t.
Table 4 Preparation of 2-substituted cyclopropanecarboxylates 27a—d
Entry Lactone Reaction time/h Product Yield (%)
1 Q 8 A ~CO,Et 82
n-Bu .P(OEt), n-Bu
o
(o) 6]
10a
2 0 7 A\\\‘COZEt 70
Ph P(OEY), Ph
Xk
(o) o
10b
3 |CI) 8 Me Me 74
Ph ~P(OEt), WCOEt
Me o o 27c
10c
4 0 8 /\ COE 65
P(OEt), Ph
Ph O e}
26b
5 9 8 /\ .~COE 86
P(OEt), n-Bu
27a
& trans:cis = 93:7
n-Bu O @)
26¢
6 0 8 JJA\\\\COZEt 65
P(OEt), Bn
27d
trans:cis = 93:7
Bn O o]
26d

by base-catalyzed hydrolysis of the cyclopropanecarboxylate 27i)'
showed that the ring substituents of this compound remain in a cis
relationship (Fig. 1). Details of the structure determination were
published elsewhere.’” Such a geometry unequivocally proves the
trans-configuration of the parent cyclopropanecarboxylate 27i.

This unexpected position of the “largest” groups in the rep-
resentative 1,2-disubstituted cyclopropanation product disposed
us to examine once again the structure of the previously de-
scribed 1-benzyl-2-methylcyclopropanecarboxylate 7h. The car-
boxylate 7h was converted in a standard manner into the
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Table S Preparation of 1,2-disubstituted cyclopropanecarboxylates 27e-1
Entry Lactone Reaction time/h Product Yield (%)
1 Q 8 A\COZEt 55
P(OEt), n-Bu Me
n-Bu [0) (@]
26e
2 Q 8 A\COZEt 53
P(OEt), Bn Me
Bn O o]
26f
3 ﬁ 8 A“CO ,Et 58
P(OEt), n-Bu Ph
n-Bu O [e]
26g
4 Q 8 /\«COE 62
P(OEt), Bn Ph
Bn [0) 0]
26h
’ 0 ’ AN ¥
P(OEt), Ph Ph
&Ph 27i
Ph O (0]
26i
6 O 6 74
P(OEt),
~—_—Me
27j Me
Ph O O Me
26j
7 O 8 ACOZ Et 62
P(OEt), n-Bu Ph
&Ph 27k
n-Bu O O
26k
8 Q 8 ~CO,Et 61
P(OEt), B
L= S
—=
271
[e]

Bn O
261

dicyclohexylammonium salt of the parent acid,” which was
analyzed by X-ray diffraction. Results of this analysis allowed
us to assign trans-stereochemistry to the salt, and indirectly to the
carboxylate 7h (Fig. 2). The cyclopropane ring shows high level of
the endocyclic C-C bond length asymmetry. The shortest bond is
located opposite to the axial carboxylate group. This shortening
of the distal bond presumably results from interactions of the
endocyclic 6(C-C) and exocyclic antibonding ©*(C=0) orbitals."”

The crystal is constituted from centrosymmetric dimers in which
all carboxylate groups are involved in the hydrogen bonding with
the neighbouring dicyclohexylammonium cations.

The observed trans selectivity of the representative homo-
logous HWE-type reactions providing 1,2-disubstituted cyclo-
propanecarboxylates entitles us to correct the previously reported
cis-configuration of the carboxylates 7g and 7h.* On the other
hand, it speaks simultaneously for trans-configuration for the
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Fig. 1 The molecular structure of the cyclopropanecarboxylic acid
derived from ester 27i as published in ref. 17. Displacement ellipsoids are
drawn at the 50% probability level. H atoms are represented by circles of
an arbitrary radius. The endocyclic cyclopropane bond lengths are: C1-C2
1.480(2), C2-C3 1.540(2), C1-C3 1.510(2) A.

Fig. 2 The molecular structure of 1-benzyl-2-methylcyclopropane-
carboxylate anion derived from the ester 7h. In the crystal the anion
is hydrogen-bonded to the dicyclohexylammonium cation. The latter has
been removed from the plot for clarity. Displacement ellipsoids are drawn
at the 50% probability level. H atoms are represented by circles of an
arbitrary radius. The endocyclic cyclopropane bond lengths are: C1-C2
1.475(2), C2-C3 1.523(2), C1-C3 1.514(2) A.

remaining newly obtained cyclopropanecarboxylates 27e-h and
2751

Such a stereochemical course of the cyclopropanation reaction
can be rationalized by assuming that metal ion of the enolate
intermediate involved in a ring closure is chelated by the oxygen
atom of the P=0 group. The resulting nine-membered complex
28 with an E- (rather than Z-) configured enolate functionality
should be the predominant structure. The phosphate group in the
chelate 28 undergoes intramolecular substitution by its enolate
carbon atom according to steric requirements of a classical Sy2
mechanism. Of the two competitive pathways which are possible
for this reaction, that with the transition state A minimizing the
transannular steric interaction of the enolate substituent R? should
be kinetically favored. Therefore, the chelates with R' = H and
R? = alkyl and/or aryl would be preferentially converted into trans
2-substituted cyclopropanecarboxylates. When both R! and R?
were alkyl and/or aryl, the corresponding trans-1,2-disubstituted
cyclopropanecarboxylates with syn-oriented substituents would
be the dominant cyclization products (Scheme 6).

Intending to demonstrate the generality of our methodology,
we attempted to employ it also for the preparation of cyclo-
propanecarboxylates with various functional groups on C-2. A

EtO,C, ﬁ H EtO,C, ﬁ R?
R2 R'=H,alkyl,aryl R1 H

trans R2=alkyl,aryl cis

Scheme 6

particularly important objective of these attempts was the devel-
opment of a simple approach to appropriately y-functionalized-a-
phosphono-y-hydroxyalkanoate intermediates for the cyclopropa-
nation reaction. We reasoned that such a type of compound
should be accessible by nucleophilic addition of selected ambident
anions or enolates to the already mentioned o-phosphono-y-
oxoalkanoates. We decided to use cyanide, diethyl phosphite and
triethyl phosphonoacetate anions as model nucleophiles.

Surprisingly, the reaction of a-phosphono-y-oxobutanoate
21 with acetone cyanohydrin serving as a cyanide anion
equivalent®® was found to proceed in a rather unexpected way
(Scheme 7). The only isolated product of this reaction was
neither o-phosphono-y-cyano-y-hydroxybutanoate 29 nor the
corresponding a-phosphono-y-cyanolactone but the y-cyano-y-
phosphoryloxybutanoate 30 resulting from the previously men-
tioned 1,4-transfer of phosphoryl group from the o-carbon to
the y-oxygen atom within the first of these compounds. Similarly,
hydrophosphonylation of the same y-oxobutanoate 21 with diethyl
phosphite in the presence of catalytic sodium ethoxide? afforded y-
phosphono-y-phosphoryloxybutanoate 32 exclusively (Scheme 8).
The butanoates 30 and 32, when subjected to reaction with NaH
in THF solution, readily underwent completely regioselective
cyclization, providing trans-cyclopropanecarboxylates 312 and
33,2 respectively.

o}
I I
(EtO)P__COEt (EtO),P-__CO,Et
o OH
H CN
21 29
OP(O)(OEY),
b A\\\\COZE’(
NC CO,Et NC
30 31

Scheme 7  Reagents and conditions: a) (CH;),C(OH)CN, Ti(OiPr),, r.t.,
20 h; b) NaH, THF, reflux, 5 h.
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Scheme8 Reagents and conditions: a) (EtO),P(O)H, EtOH, EtONa (cat.),
rt, 0.5 h; b) NaH, THF, reflux, 5 h.

Considering the well-known chemical behavior of f-
and y-hydroxyalkylphosphonates bearing a-electron-withdrawing
groups, one could have expected that the adduct 34 of triethyl
phosphonoacetate anion and a-phosphono-y-oxobutanoate 21
would be able to split off the elements of phosphoric acid by
means of both the HWE reaction and its homologous version
to give olefin 35 and cyclopropanecarboxylate 36, respectively.
To the best of our knowledge no reports have addressed direct
competition between those two transformations. We established
that the olefination and cyclopropanation reactions occurring with
the adduct 34 were kinetically parallel and that they provided the
expected products 35 and 36 in a 4 : 1 ratio. Both 35 and 36 were
separated and their trans-stereochemistry was corroborated using
NMR spectroscopy (Scheme 9).

(EtO)Zi:l

CO,Et
I
o T (EtO),P.__COEt
21 H
a
i
(EtO),P_ _CO,Et
CO,Et
P(OEt),
I
OH O
34
o
(EtO)B CO,Et i COEL
2 \(; (EtO),P
oyt COREt
35 36

Scheme 9  Reagents and conditions: a) NaH, THF, reflux, 5 h.

Conclusions

In summary, we have developed a concise and efficient synthesis
of a variety of o-phosphono-y-lactones. We have shown that
such o-phosphono-y-lactones can be efficiently transformed into
the corresponding ethyl cyclopropanecarboxylates. It has been
proven that 2-substituted and 1,2-disubstituted cyclopropanecar-

boxylates are formed as trans isomers exclusively. This method
also allowed the synthesis of cyclopropanecarboxylates bearing
C-2 electron-withdrawing substituents. The described approach to
cyclopropanecarboxylates is equivalent to that of a conventional
Horner—Wadsworth-Emmons-type cyclopropanation.

Experimental
General

NMR spectra were recorded on a Bruker DPX 250 instrument
at 250.13 MHz for 'H and 62.9 MHz for “C and 101.3 MHz
for P NMR, respectively, using tetramethylsilane as internal
standard and 85% H;PO, as external standard. The multiplicities
of carbons were determined by DEPT experiments. IR spectra
were measured on a Specord M80 (Zeiss) instrument. Elemental
analyses were performed on a Perkin-Elmer PE 2400 analyzer.
Melting points were determined in open capillaries and are
uncorrected. Flash chromatography was carried out using Fluka
silica gel 60 (230-400 mesh). Thin layer chromatography was
carried out on commercially available pre-coated plates (Fluka
Silica gel on TLC plates).

General procedure for the preparation of cyclopropanecarboxy-
lates 27a-1. To asuspension of sodium hydride (0.14 g, 6.0 mmol)
and o-diethoxyphosphoryl-y-lactone 10a—¢ or 26b-1 (6.0 mmol)
in tetrahydrofuran (15 ml) was added dropwise under argon
atmosphere at room temperature a solution of ethanol (0.40 ml,
6.6 mmol) in tetrahydrofuran (5 ml). The reaction mixture was
stirred for 0.5 h and then was heated at reflux for the time
given in Table 4 and Table 5. After cooling to room temperature,
saturated NaCl solution (5 ml) was added and tetrahydrofuran
was evaporated under reduced pressure. The residue was extracted
with methylene chloride (3 x 15 ml) and dried (Na,SO,). After
evaporation of the solvent under reduced pressure, the crude
products were purified by column chromatography.

2-Butylcyclopropanecarboxylic acid ethyl ester (27a)"*. Purifi-
cation (CHCl;, R; = 0.63) gave the cyclopropanecarboxylate 27a
as a colourless oil (0.84 g, 82%); oy (CDCI;) 0.68 (ddd, *Juy =
9.7Hz, *Juy = 5.7 Hz, *Jyy = 4.0 Hz, 1H, CHH); 0.89 (t, *Jun =
6.7Hz,3H, CH,); 1.11-1.17 (m, IH, CHH); 1.26 (t, *J s = 7.2 Hz,
3H, CH;CH,0); 1.30-1.38 (m, 8H, CH, CH, 3 x CH,); 4.11 (q,
3Jun = 7.2 Hz, 2H, CH,0).

2-Phenylcyclopropanecarboxylic acid ethyl ester (27b)". Pu-
rification (CHCl;-hexane 80 : 20, R; = 0.50) gave the cyclo-
propanecarboxylate 27b as a colourless oil (0.80 g, 70%); Jy
(CDCly) 1.26 (t, *Juy = 7.0 Hz, 3H, CH;CH,0); 1.28-1.32 (m,
1H, CH); 1.58 (ddd, *Juy = 8.5 Hz, *Jyy = 6.5 Hz, *Jyyy = 4.2 Hz,
IH, CHH); 1.88 (ddd, *Juy = 8.5 Hz, *Juy = 5.2 Hz, *Jyy =
4.2 Hz, 1H, CHH); 2.52 (ddd, *Jyy = 9.0 Hz, *Jyy = 6.5 Hz,
*Jun = 5.2 Hz, 1H, CH); 4.17 (q, *Jus = 7.0 Hz, 2H, CH,0);
7.08-7.28 (m, SH, CH ,,).

2,2-Dimethyl-3-phenylcyclopropanecarboxylic acid ethyl ester
(27¢)*. Purification (CHCl;—hexane 50 : 50, R; = 0.36) gave the
cyclopropanecarboxylate 27¢ as a colourless oil (1.00 g, 85%); dy
(CDCly) 1.05 (s, 3H, CH;); 1.23 (t,*Juy = 7.0 Hz, 3H, CH,CH,0);
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1.56 (s, 3H, CH.); 1.85 (d, *Juu = 6.5 Hz, 1H, CH); 2.47 (d,
3w = 6.5 Hz, 1H, CH); 4.00 (q, *Juy = 7.0 Hz, 2H, CH,0);
7.20-7.39 (m, SH, CH.,).

2-Benzylcyclopropanecarboxylic acid ethyl ester (27d). Pu-
rification (CHClL;~hexane 50 : 50, R; = 0.45) gave the cyclo-
propanecarboxylate 27d as a colourless oil (0.53 g, 65%); dy
(CDCl,) 0.86 (ddd, *Juy = 9.0 Hz, *Jyy = 6.0 Hz, 2Jyy = 4.0 Hz,
1H, CHH); 1.24 (t, *Jyuy = 7.0 Hz, 3H, CH;CH,0); 1.32 (ddd,
Jun = 9.5 Hz, *Juy = 6.2 Hz, 1H, *Juy = 4.0 Hz, CHH); 1.50
(ddd, *Juy = 9.0 Hz, *Juy = 6.5 Hz, *Juy = 6.2 Hz, 1H, CH);
1.67-1.78 (m, 1H, CH); 2.54 (dd, *Jyy = 14.0 Hz, *Jyyy = 7.0 Hz,
1H, CHH); 2.76 (dd, *Jyu = 14.0 Hz, *Juy = 6.5 Hz, 1H, CHH);
4.13 (q, *Jun = 7.0 Hz, 2H, CH,0); 7.20-7.31 (m, SH, CH,,).

2-Butyl-1-methylcyclopropanecarboxylic acid ethyl ester (27e).
Purification (CHCl;-hexane 50 : 50, R; = 0.27) gave the cyclo-
propanecarboxylate 27e as a colourless oil (0.40 g, 55%); Vi
1764; 6, (CDCl;) 0.59-0.70 (m, 1H, CHH); 0.82 (t, *Jyy; = 6.7 Hz,
3H, CH;); 1.07 (dd, *Jyy = 6.2 Hz, *Jyy = 3.7 Hz, 1H, CHH);
1.18 (t, *Juy = 7.0 Hz, 3H, CH;CH,0); 1.20-1.37 (m, 6H, 3 x
CH,); 1.45 (s, 3H, CH»); 1.78 (ddt, *Jyy = 9.2 Hz, *J,yy = 6.7 Hz,
3Juw = 6.2 Hz, 1H, CH); 4.08 (q, *Juy = 7.0 Hz, 2H, CH,0);
Jc (CDCly) 13.77 (CHs); 14.18 (CH;CH,0); 18.68 (CHS5); 21.27
(CH,); 23.13 (CH,); 24.12 (CH,); 29.27 (CH); 31.18 (CH,); 33.74
(CH); 60.63 (CH,0); 174.66 (C=0). C,;H,,0,: requires C 71.70,
H 10.94; found C 71.56, H 10.99.

2-Benzyl-1-methylcyclopropanecarboxylic acid ethyl ester (27f).
Purification (CHCl;-hexane 50 : 50, R; = 0.41) gave the cyclo-
propanecarboxylate 27f as a colourless oil (0.39 g, 53%); Viax
1748; 6y (CDCly) 1.18 (t, *Jyy = 7.0 Hz, 3H, CH,CH,0); 1.27
(dd, *Jyy = 6.5Hz, *Jyy = 3.7 Hz, 1H, CHH); 1.46 (s, 3H, CH,);
1.69 (dd, *Jyy = 9.0 Hz, 2Jyy = 3.7 Hz, CHH); 2.00 (dd, 2Jy =
8.7 Hz, *Jyy = 5.0 Hz, 1H, CHH); 2.18-2.31 (m, 1H, CH); 3.12
(dd, *Jyy =3Jun = 8.7Hz, 1H, CHH); 4.18 (q, *Jyu = 7.0 Hz, 2H,
CH,0); 7.10-7.24 (m, SH, CH ,,); o (CDCI;) 13.06 (CH;CH,0);
17.73 (CH;); 18.88 (CH,); 29.11 (CH); 31.42 (CH,); 33.40 (CH);
60.33 (CH,0); 126.00 (2 x CH,,); 127.88 (CH,,); 127.65 (2 x
CH,,); 138.48 (Cy,); 171.47 (C=0). C,,H50,: requires C 77.03,
H 8.31; found C 77.27, H 8.27.

2-Butyl-1-phenylcyclopropanecarboxylic acid ethyl ester (27g).
Purification (CHCl;-hexane 50 : 50, R; = 0.32) gave the cyclo-
propanecarboxylate 27g as a colourless 0il (0.53 g, 58%0); V., 1768;
on (CDCl;) 0.48-0.55 (m, 1H, CHH); 0.81 (t, *Juy = 7.0 Hz, 3H,
CH,;); 1.08 (dd, *Juy = 6.5 Hz, *Juy = 4.0 Hz, |H, CHH); 1.15
(t,*Juu = 7.2 Hz, 3H, CH;CH,0); 1.18-1.25 (m, 2H, CH,); 1.27-
1.38 (m, 4H, 2 x CH,); 1.80 (ddt, *Jy; = 9.0 Hz, *Jy,, = 6.5 Hz,
*Jun = 6.2 Hz, 1H, CH); 4.05 (q, *Juy = 7.2 Hz, |H, CHHO);
4.12 (q, *Jun = 7.2 Hz, IH, CHHO); 7.22-7.31 (m, SH, CH,,);
oc (CDClLy) 13.99 (CHy); 14.15 (CH;CH,0); 21.27 (CH,); 22.39
(CH,); 28.49 (CH,); 29.96 (CH); 31.32 (CH,); 33.74 (CH); 60.83
(CH,0); 126.84 (CH,,); 127.79 (2 x CH,,); 131.32 (2 x CH,,);
136.52 (Cy,); 174.66 (C=0). C;H,,0,: requires C 78.01, H 9.00;
found C 78.12, H 8.97.

2-Benzyl-1-phenylcyclopropanecarboxylic acid ethyl ester (27h).
Purification (CHCl;-hexane 50 : 50, R; = 0.41) gave the cyclo-
propanecarboxylate 27h as a colourless oil (0.50 g, 629); Vi,
1740; o4 (CDCly) 1.20 (t, *Juy = 7.0 Hz, 3H, CH;CH,0); 1.31

(dd, 3Jyy = 7.0 Hz, °Jyyy = 3.7 Hz, 1H, CHH); 1.79 (dd, 3Jyy, =
9.0Hz,>Jyy = 3.7Hz, 1H, CHH); 2.05 (dd, *Jyy =8.5Hz, *Jyyy =
5.0 Hz, 1H, CHH); 2.18 (dddd, *Juy = 9.0 Hz, *Juy = 8.5 Hz,
3an = 7.0 Hz, *Jyy = 5.0 Hz, 1H, CH); 3.12 (dd, *Jyy = *Jun =
8.5 Hz, 1H, CHH); 4.14 (q, *Jus = 7.0 Hz, 2H, CH,0); 6.94—
7.33 (m, 10H, CH ,,); 6 (CDCl;) 13.06 (CH;CH,0); 18.88 (CH,);
29.11 (CH); 31.04 (CH,); 33.40 (CH); 59.19 (CH,0); 125.25 (2 x
CH,,): 125.96 (2 x CH,,); 126.00 (CH,,); 126.78 (CH,,); 129.64
(2 x CHy,); 132.60 (2 x CHy,); 138.05 (Cy,); 141.04 (Cy,); 171.20
(C=0). C;yH,O,: requires C 81.40, H 7.19; found C 81.34, H7.16.

1-Benzyl-2-phenylcyclopropanecarboxylic acid ethyl ester (27i).
Purification (CHCl;-hexane 50 : 50, R; = 0.26) gave the cyclo-
propanecarboxylate 27i as a colourless oil (1.22 g, 74%); V. 1764;
on (CDCLy) 1.18 (t, *Juy = 7.0 Hz, 3H, CH;CH,0); 1.41 (dd,
3Jun = 7.0 Hz, *Juy = 5.0 Hz, 1H, CHH); 1.88 (dd, *Juy =
9.2 Hz, *Jyy = 5.0 Hz, 1H, CHH"); 2.00 (d, *Jyy = 15.5 Hz, 1H,
CHH); 2.84 (dd, *Juy = 9.2 Hz, *Juy = 7.0 Hz, 1H, CH); 3.20 (d,
*Jun = 15.5Hz, 1H, CHH); 4.12 (q, *Jun = 7.0 Hz, 1H, CHHO);
4.13(q, *Juyu = 7.0 Hz, 1H, CHHO); 7.12-7.30 (m, 10H, CH ,,);
Jc (CDClLy) 14.01 (CH,CH,0); 17.78 (CH,); 30.77 (CH,); 31.00
(0); 32.52 (CH); 60.72 (CH,0); 125.74 (2 x CH,,); 126.86 (2 x
CH,,); 127.93 (CH,,); 128.24 (CHy,,); 128.55 (2 x CHy,); 129.20
(2 x CHy,); 136.58 (Cy,); 140.26 (Cy,); 174.40 (C=0). C,yH,,0,:
requires C 81.40, H 7.19; found C 81.57, H 7.17.

1-(3-Methylbut-2-enyl)-2-phenylcyclopropanecarboxylic  acid
ethyl ester (27j). Purification (CHCl;—hexane 80:20, R; = 0.66)
gave the cyclopropanecarboxylate 27 as a colourless oil (0.96 g,
62%0); Vinax 1764, 1664; 6, (CDCly) 1.22 (dd, *Jyy = 7.2 Hz, *J g =
5.0 Hz, 1H, CHH); 1.27 (t, *Jux = 7.0 Hz, 3H, CH,CH,0);
1.39 (s, 3H, CH); 1.57 (dd, *Juy = 15.2 Hz, *Jyy = 6.7 Hz, 1H,
CHH); 1.61 (s, 3H, CH); 1.66 (dd, *Jyy = 9.0 Hz, °Jyy = 5.0 Hz,
IH, CHH); 2.26 (dd, *Juy = 15.2 Hz, *Juy = 6.7 Hz, 1H, CHH);
2.81(dd, *Juy = 9.0 Hz, *Jyy = 7.2 Hz, 1H, CH); 4.17 (q, *Jyn =
7.0 Hz, 1H, CHHO); 4.18 (q, *Jus = 7.0 Hz, 1H, CHHO); 5.59
(t,*Juw = 6.7 Hz, 1H, CH); 7.19-7.32 (m, 5H, CH 4,); 5 (CDCl;)
13.22 (CH;CH,0); 16.64 (CHj;); 24.72 (CH,); 26.04 (CH,); 29.45
(CH); 31.01 (C); 35,41 (CH,), 59.65 (CH,0); 120.90 (CH); 125.66
(2 x CH,,); 127.11 (CH,,); 128.29 (2 x CHy,); 131.15 (€); 135.90
(Cyr); 173.88 (C=0). C;H,,0,: requires C 79.03, H 8.58; found
C 78.87, H 8.54.

1-Benzyl-2-butylcyclopropanecarboxylic acid ethyl ester (27k).
Purification (CHCl;—hexane 50 : 50, R; = 0.33) gave the cyclo-
propanecarboxylate 27k as a colourless oil (1.25 g, 80%); Vi
1740; 6,; (CDCl;) 0.58 (dd, *Juy = 6.0 Hz, 2Jyy = 3.7 Hz, 1H,
CHH); 0.91 (t, *Juy = 6.7 Hz, 3H, CH;); 1.12 (t, *Jyu = 7.0 Hz,
3H, CH;CH,0); 1.22-1.59 (m, 8H, 3 x CH,, CHH, CH); 2.66 (d,
*Jun = 15.5 Hz, 1H, CHH); 3.23 (d, *Juy = 15.5 Hz, 1H, CHH);
4.03 (q, *Jun = 7.0 Hz, IH, CHHO); 4.04 (q, *Jun = 7.0 Hz, 1H,
CHHO); 7.15-7.23 (m, SH, CH ,); d (CDCl;) 13.87 (CH,), 14.01
(CH,CH,0); 21.08 (CH,); 22.45 (CH,); 27.93 (CH,); 28.03 (CH,);
29.04 (C); 31.68 (CH); 33.46 (CH,); 60.40 (CH,0); 124.52 (CH,,);
128.02 (2 x CHy,); 128.53 (2 x CHy,); 140.72(Cy,); 175.31 (C=0).
C;H,,0,: requires C 78.42, H 9.29; found C 78.67, H 9.27.

1-Allyl-2-benzylcyclopropanecarboxylic acid ethyl ester (271).
Purification (CHCl;—hexane 50 : 50, R; = 0.50) gave the cyclo-
propanecarboxylate 271 as a colourless oil (0.24 g, 61%); Vi,
1720, 1640; 6y (CDCl;) 0.84 (dd, *Juy = 6.5 Hz, *Jyy = 4.0 Hz,
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1H, CHH); 1.20 (t, 3Juy = 7.0 Hz, 3H, CH,CH,0); 1.30 (dd,
3Jun = 9.0 Hz, >Jyyy = 4.0 Hz, 1H, CHH); 1.52-1.60 (m, 1H, CH);
2.00 (dd, *Juy = 15.7 Hz, *Jyy = 7.0 Hz, 1H, CHH); 2.12 (dd,
*Jun = 15.7 Hz, *Jyy = 6.0 Hz, 1H, CHH); 2.51 (dd, *Jyy =
12.0 Hz, *Jyy = 7.0 Hz, 1H, CHH); 2.74 (dd, *J,y = 12.0 Hz,
3Jun = 6.0 Hz, 1H, CHH); 4.11 (q, *Jux = 7.0 Hz, 2H, CH,0);
5.07 (d, *Juq = 9.7 Hz, 1H, CHH); 5.08 (d, *Juy = 17.7 Hz, 1H,
CHH); 5.90 (dddd, *Jyy = 17.7Hz, *Jyy = 9.5 Hz, *Jyy = 7.0 Hz,
3Jun = 6.0 Hz, 1H, CH); 6. (CDCl;) 13.73 (CH,CH,0); 21.81
(CH,); 22.12 (CH); 30.24 (CH,); 32.11 (C); 61.11 (CH,0); 114.75
(CH,); 125.13 (2 x CH,,); 127.06 (CH,,); 128.69 (2 x CH,,);
135.21 (CH); 135.94 (Cy,,); 175.30 (C=0). C,H,,O,: requires C
78.65, H 8.25; found C 78.89, H 8.28.

4-Cyano-4-(diethoxyphosphoryloxy)butyric acid ethyl ester (30).
To a solution of phosphonate 21 (0.80 g, 3.0 mmol) and acetone
cyanohydrin (1.10 ml, 1.2 mmol) in methylene chloride (10 ml)
titanium(1v) isopropoxide (0.89 g, 3.0 mmol) was added. The
resulting solution was stirred at room temperature for 20 h.
Water (10 ml) was added, the organic layer was separated and the
aqueous layer was extracted with methylene chloride (2 x 15 ml).
The combined organic layers were washed with 1 N HCI (5 ml)
then dried (MgSO,) and evaporated under reduced pressure. The
residue was chromatographed (CHCl;—acetone 90 : 10, R; = 0.26)
to give the ester 30 as a colourless oil (0.84 g, 95%); Vi 2200,
1748, 1260, 1042; 6, (CDCl;) —2.14; 6, (CDCl;) 1.26 (t, *Jyy =
7.0 Hz, 3H, CH;CH,0); 1.35 (td, *Juy = 7.0 Hz, *Joy = 0.5 Hz,
3H, CH;CH,OP); 1.37 (td, *Juy = 7.0 Hz, “Jpy = 0.5 Hz, 3H,
CH,CH,OP); 2.30 (t, *Jun = 6.5 Hz, 2H, CH,); 2.52-2.63 (m, 2H,
CH,); 4.18 (q, *Jun = 7.0 Hz, CH,0); 4.20 (dq, *Jpy = *Jun =
7.0 Hz, 4H, 2 x CH,OP); 5.15 (dt, *Jpy = 8.5 Hz, *Jyyy = 6.50 Hz,
1H, CH); 6 (CDCl;) "C NMR 6. (CDCl;) 13.24 (s, CH;CH,O);
15.74 (d, *Jyc = 5.8 Hz, CH;CH,OP); 15.80 (d, *Jpc = 5.6 Hz,
CH;CH,OP); 25.04 (d, *J»c = 3.7 Hz, CH,); 28.87 (s, CH.); 60.04
(s, CH,0); 60.29 (s, 2 x CH,OP); 69.11 (d, >*Jpc = 6.7 Hz, CHO);
117.28 (s, CN); 170.14 (s, C=0). C,;H,)NOP: requires C 45.05,
H 6.87, N 4.78; found C 45.27, H 6.82, N 4.81.

4-(Diethoxyphosphoryl)-4-(diethoxyphosphoryloxy)butyric acid
ethyl ester (32). To a solution of phosphonate 21 (0.80 g,
3.0 mmol) and diethyl phosphite (0.52 ml, 3.0 mmol) in ethanol
(10 ml), a catalytic amount of sodium ethoxide (15 mg) was added
and the mixture was stirred for 0.5 h at room temperature. Water
(5 ml) was added and ethanol was evaporated under reduced
pressure. The residue was extracted with methylene chloride (3 x
15 ml). The combined organic layers were washed with saturated
NaCl solution (5 ml) then dried (MgSO,) and evaporated under
reduced pressure. The residue was chromatographed (CHCl;—
acetone 90 : 10, R; = 0.20) to give the ester 32 as a colourless
oil (0.97 g, 80%); vma 1748, 1226, 1024; J, (CDCl;) —0.67 (d,
*Jep = 22.2 Hz); 19.51 (d, *Jpp = 22.2 Hz); 64 (CDCly) 1.26 (t,
*Jun = 7.0 Hz, 3H, CH;CH,0); 1.35 (t, *Juy = 7.0 Hz, 6H, 2 x
CH,CH,OP); 1.36 (t, *Jyy = 7.0 Hz, 6H, 2 x CH;CH,OP); 2.07—
2.19 (m, 1H, CHH); 2.23-2.36 (m, 1H, CHH); 2.56-2.64 (m, 2H,
CH,); 4.15(dq, *Jey = *Juuw = 7.0 Hz, 8H, 4 x CH,OP); 4.20 (q,
2H, *Jyy = 7.0 Hz, CH,0), 4.69 (dddd, *Jpy = 15.2 Hz, *Jpy =
10.5Hz,*Jyy =8.0Hz*Jyy =4.7Hz, IH, CHO); 6. (CDCl;) 13.81
(s, CH;CH,0); 15.66 (d, *Jpc = 7.0 Hz, CH;CH,OP); 15.68 (d,
*Jec = 6.9 Hz, CH;CH,OP); 16.05 (d, *J»c = 5.6 Hz, CH;CH,OP);

16.08 (d, *Jpc = 5.6 Hz, CH;CH,OP); 25.95 (dd, *Jyc = 7.2 Hz,
*Jpe = 4.3 Hz, CH,); 29.38 (d, *Jpc = 41.7 Hz, CH,); 60.12 (s,
CH,0); 62.58 (s, 2 x CH,OP); 62.97 (s, 2 x CH,OP); 71.65
(dd, 'Jpc = 171.2 Hz, *Jpc = 7.2 Hz, CHO); 172.05 (s, C=0).
C4,H3,00P;: requires C 41.59, H 7.48; found C 41.68, H 7.44.

General procedure for the preparation of cyclopropanecarboxy-
lates 31 and 33. To a suspension of sodium hydride (0.048 g,
2.0 mmol) in tetrahydrofuran (10 ml), phosphate 30 or 32
(2.0 mmol) was added and the resulting mixture was stirred for
0.5 h at room temperature and then heated at reflux for 5 h.
Saturated NaCl solution (5 ml) was added and tetrahydrofuran
was evaporated under reduced pressure. The residue was extracted
with methylene chloride (3 x 15 ml). The combined organic layers
were dried (MgSO,) and then evaporated under pressure to give a
crude product, which was purified by column chromatography.

Trans-2-Cyanocyclopropanecarboxylic acid ethyl ester (31)>.
Purification (CHCI;, R; = 0.46) gave the ester 31 as a colourless oil
(0.20 g, 68%); 6,; (CDCl5) 1.26 (t, .y = 7.0 Hz, 3H, CH,CH,0);
1.42 (ddd, *Jyy = 9.0 Hz, 3J,y = 6.0 Hz, *Jyy = 4.5 Hz, 1H,
CHH); 1.50 (ddd, *Jyy = 8.7 Hz, °Jyyy = 6.2 Hz, °Jy;, = 4.5 Hz,
1H, CHH); 1.94 (ddd, *Juy = 9.0 Hz, *Jyy = 6.2 Hz, *Jyy =
4.7Hz, 1H, CH);2.25 (ddd, *Jyyy =8.7Hz, 3 Jyy = 6.0 Hz, 3 J gy =
4.7Hz, 1H, CH); 4.18 (q, *Jun = 7.0 Hz, 2H, CH,0).

Trans-2-(Diethoxyphosphoryl)cyclopropanecarboxylic acid ethyl
ester (33)®. Purification (CHCl;—acetone 90 : 10, R, = 0.24) gave
the ester 33 as a colourless oil (0.35 g, 70%); dp (CDCl;) 22.64; 6y
(CDCl) 1.00-1.11 (m, 2H, CH,-C3); 1.12 (t, *Juy = 7.0 Hz, 3H,
CH;CH,0); 1.37 (td, *Juy = 7.0 Hz, *Jpy = 0.5 Hz, 6H, 2 x
CH,OP); 1.54 (dddd, *Jpy = 15.2 Hz, *Juy = 10.0 Hz, *Jyy =
6.2 Hz, *Jyy = 6.0 Hz, 1H, CH); 2.10 (dddd, *Jsy = 20.0 Hz,
3Jun = 9.5 Hz, *Juy = 6.5 Hz, *Juy = 6.0 Hz, 1H, CH); 4.09 (q,
*Jun = 7.0 Hz, 2H, CH,0); 4.12 (dq, *Jpy = *Jun = 7.00 Hz, 2H,
CH,OP); 4.13 (dq, *Jey = *Jun = 7.0 Hz, 2H, CH,OP).

(E)-5-(Diethoxyphosphoryl)hex-2-enedioic acid diethyl ester
(35) and 2-|(diethoxyphosphoryl)ethoxycarbonylmethyl]cyclopro-
panecarboxylic acid ethyl ester (36). To a suspension of sodium
hydride (0.072 g, 3.0 mmol) in tetrahydrofuran (10 ml), triethyl
phosphonoacetate (0.6 ml, 3.0 mmol) was added at room temper-
ature and the mixture was stirred for 0.5 h. Then phosphate 21
(0.8 g, 3.0 mmol) was added and the resulting mixture was heated
at reflux for 5 h. Water (10 ml) was added and tetrahydrofuran was
evaporated under reduced pressure. The residue was extracted with
methylene chloride (4 x 15 ml) and dried (MgSO,). Evaporation
of the solvent afforded crude products 35 and 36, which were
separated by column chromatography using ethyl acetate as eluent.

Compound 35. Yield (0.1 g, 13%); colourless oil; (R; = 0.49);
Ve 1748, 1720, 1648, 1226, 1032; 6, (CDCl;) 21.51; o4 (CDCly)
1.27 (td, *Jun = 7.0 Hz, *Jp; = 1.0 Hz, 3H, CH,CH,OP); 1.31 (td,
Jun = 7.0 Hz, *Jpy = 1.0 Hz, 3H, CH,CH,OP); 1.34 (t, *Jyy =
7.0 Hz, 3H, CH,CH,0); 1.35 (t, *Juy = 7.0 Hz, 3H, CH,CH,0);
2.76 (dddd, *Jpy = 11.5Hz, 3Jyy = 7.0 Hz, 3Jyy = 4.0 Hz, *Jyyy =
1.5 Hz, 1H, CHH); 2.82 (dddd, *Jyy = 10.5 Hz, *J; = 8.5 Hz,
Jun = 7.0 Hz, *Jyy = 1.50 Hz, 1H, CHH); 3.09 (ddd, *Jy =
22.7 Hz, 3Jyy = 10.5 Hz, 3Jyy = 4.0 Hz, 1H, CH); 4.10-4.26
(m, 8H, 2 x CH,0, 2 x CH,0P); 5.89 (dt, *Jyy = 15.5 Hz,
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‘Jun = 1.5 Hz, 1H, CH); 6.86 (dt, *Jyy,; = 15.5 Hz, 3J,y; = 7.0 Hz,
1H, CH); . (CDCL;) 14.03 (s, CH;CH,0); 14.15 (s, CH;CH,0);
16.28 (d, *Jpc = 5.7 Hz, 2 x CH;CH,OP); 29.34 (d, >*Jpc = 3.8 Hz,
CH,); 44.38 (d, 'Jpc = 131.3 Hz, CHP); 60.31 (s, CH,0); 61.65 (s,
CH,0);62.84 (d,*Jpc = 7.15 Hz, CH,OP); 62.97 (d, >*Jpc = 7.2 Hz,
CH,OP); 123.45 (s, CH); 144.21 (d, *Jyc = 15.7 Hz, CH); 165.96
(s, C=0); 167.99 (d, *Jpc = 4.7 Hz, C=0). C,,H,;0,P: requires C
50.00, H 7.49; found C 49.77, H 7.44.

Compound 36. Yield (0.13 g, 13%); colourless oil; (R, = 0.63);
Vmax 1764, 1724, 1220, 1024; 6, (CDCl;) 23.16; 6y (CDCl;) 1.18 (td,
*Jun = 7.0 Hz, *J,y = 1.2 Hz, 3H, CH,;CH,OP); 1.20-1.38 (m,
12H,2 x CH,CH,0, CH,CH,OP,CH,, CH);2.24 (ddddd, *J,;;; =
11.0 Hz, *Jyy = 10.5 Hz, 3Jpy = 7.0 Hz, 3J 4y = 6.0 Hz, 3Jyy =
5.0 Hz, 1H, CH); 3.12 (dd, *Jpy = 23.2 Hz, *Juy = 10.5 Hz, 1H,
CH);4.11-4.24 (m, 8H, 2 x CH,0,2 x CH,0P);d. (CDCl,) 14.03
(s, CH;CH,0); 15.13 (s, CH;CH,0); 16.28 (d, 3Jpc = 5.7 Hz, 2 x
CH;CH,OP); 21.10 (d, *Jpc = 2.6 Hz, CH2); 28.95 (s, CH); 30.88
(d, *Jpc = 3.0 Hz, PCH); 41.41 (d, 'Joc = 131.3 Hz, CHP); 61.28
(s, CH,0); 62.14 (s, CH,0); 62.63 (d, *Jpc = 6.2 Hz, CH,OP);
62.95(d, *Jpc = 6.1 Hz, CH,OP); 168.92 (d, *Jyc = 3.1 Hz, C=0);
175.14 (s, C=0). C,,H,s0,P: requires C 50.00, H 7.49; found C
50.19, H 7.45.

Crystal structure determination of 1-benzyl-2-methylcyclopro-
panecarboxylate anion derived from the ester 7h. C,,H;;NO,-
C,HyN, M, = 371.55, colourless crystal 0.40 x 0.20 x 0.10 mm,
triclinic, a = 10.2817(1), b = 10.6027(1), ¢ = 11.7395Q2) A, a =
64.164(1), f = 86.195(1), y = 73.578(1)°, V = 1102.46(2) A,
space group Pl, Z = 2, pae = 1.20 g cm™, u = 0.537 mm™',
F(000) = 408, semi-empirical absorption correction based on
multiple scanned equivalent reflections (0.827 < T < 0.943), A(Cu-
Ka) =1.54178 A, T =293 K, w scans, 12 592 reflections collected
(£h, £k, +1), 20, = 142°, 4052 unique reflections (R;,, = 0.014),
392 refined parameters, refinement on F?, final R = 0.048 for
3765 observed reflections [F, > 40(F,)], Ry = 0.050, wR,,(F?) =
0.140, residual electron density Apy. = 0.19 Apyy, = —0.22 ¢ A2,
all hydrogen atoms refined with individual isotropic temperature
factors. X-Ray data were collected with a Bruker SMART APEX
CCD area detector diffractometer. Computer programs used:
data collection: SMART APEX,* data reduction: SAINT-Plus,*
absorption correction: SADABS,? structure solution, refinement
and molecular graphics: SHELXTL.?” CCDC reference number
653900. For crystallographic data in CIF or other electronic
format see DOI: 10.1039/b712145h
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Aminoglycosides are highly potent, broad-spectrum antibiotics that exert their bactericidal therapeutic
effect by selectively binding to the decoding aminoacyl site (A-site) of the bacterial 16 S rRNA, thereby
interfering with translational fidelity during protein synthesis. The appearance of bacterial strains
resistant to these drugs, as well as their relative toxicity, have inspired extensive searches towards the
goal of obtaining novel molecular designs with improved antibacterial activity and reduced toxicity. In
the last few years, a new, aminoglycoside dependent therapeutic approach for the treatment of certain
human genetic diseases has been identified. These treatments rely on the ability of certain
aminoglycosides to induce mammalian ribosomes to readthrough premature stop codon mutations.
This new and challenging task has introduced fresh research avenues in the field of aminoglycoside
research. Recent observations and current challenges in the design of aminoglycosides with improved
antibacterial activity and the treatment of human genetic diseases are discussed.

Introduction

Protein synthesis is one of the fundamental processes in all living
cells, and therefore, it is not surprising that the RNA and protein
machinery of the prokaryotic ribosomes are the target of about
half of the antibiotics characterized thus far.! Among the different
classes of clinically important antibiotics that interfere with pro-
tein synthesis via this target (e.g. aminoglycosides, macrolides and
oxazolidinones), aminoglycosides (Scheme 1) represent gold stan-
dard drugs for the treatment of serious Gram-negative pathogens.
Streptomycin, the first representative of this class of antibiotics,
was discovered by Waksman et al. in 1944 and was the first effective
antibiotic against Mycobacterium tuberculosis.* In the following
decades several milestone drugs, such as neomycin, kanamycin,
tobramycin and others, were isolated from soil bacteria by intense
search for natural products with antibacterial activity.** However,
the prolonged clinical and veterinary use of aminoglycosides
has resulted in the rapid spread of antibiotic resistance to this
family of antibacterial agents in pathogenic bacteria.® The relative
toxicity to mammals is another critical problem of these drugs
that largely limits their intensive clinical use.”® Systematic studies
on direct chemical modification of existing aminoglycoside drugs,
with the aim of circumventing the resistance mechanisms, without
either diminishing their activity or increasing their toxicity, has
opened up a new era in the history of aminoglycosides. Earlier
investigations in this direction have yielded several semi-synthetic
drugs such as amikacin, dibekacin, netilmicin and isepamicin
that were introduced into clinical use in the 1970s and 1980s.*'
The latest semi-synthetic aminoglycoside introduced into human
antibacterial therapy was arbekacin, a kanamycin B derivative
used in Japan since 1990.°
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Recent advances in biochemical and structural studies on
resistance mechanisms,' > along with high-resolution structures
of aminoglycosides in complex with their ribosomal targets,''
have brought considerable molecular insights into mechanisms of
biological action that stimulated the development of innovative
approaches towards improved aminoglycoside derivatives and
mimetics.''5*® However, although the prokaryotic selectivity of
action is critical to the therapeutic utility of aminoglycosides
as antibiotics, they are not entirely selective to bacterial ribo-
some; they also bind to the eukaryotic A site,” and promote
mistranslation.”*?' The use of this disadvantage of aminogly-
coside antibiotics for the possible treatment of human genetic
diseases caused by premature nonsense mutations is extremely
challenging.” In this perspective, we will briefly review some
aspects of aminoglycosides including their molecular mechanism
of action and main resistance mechanisms, development of
new designs with improved activity against resistant bacteria,
structure—toxicity relationship, and potential application to the
emerging therapeutic field of the treatment of genetic disorders.

2-Deoxystreptamine-containing aminoglycosides and
their molecular mechanism of action

The majority of natural aminoglycosides consist of a common
non-sugar ring, named 2-deoxystreptamine (2-DOS) that carries
sugar substituents at the 4-, 5- and 6-positions (Scheme 1).
According to the current nomenclature, the 2-DOS ring is
numbered as ring II, which in most structures also represents
the central ring. The sugar ring bound at position 4 of 2-DOS
is ring I, and the sugar ring bound either at position 5 or at
position 6 of 2-DOS is ring III. The 4,5- and 4,6-disubstituted
2-DOS derivatives are the two most important classes of clinically
useful aminoglycoside antibiotics. Neomycin B, a representative
of the 4,5-disubstituted 2-DOS sub-class, is used topically in
the form of creams and lotions for the treatment of bacterial
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infections occurring from skin burns, wounds and dermatitis.®
Paromomycin, another representative of 4,5-disubstituted 2-DOS
that differs from neomycin B in that it has a 6¢'-OH instead
of a 6-NH, in ring I, is used therapeutically against intestinal
parasites.”® On the other hand, the 4,6-disubstituted 2-DOS sub-
class contains several antibiotics, such as gentamicin, amikacin
and tobramycin that have important clinical applications in the
treatment of serious Gram-negative bacterial infections, especially
in cases of opportunistic bacteria accompanying cystic fibrosis
(CF), AIDS and cancer.® One such bacterium, Pseudomonas
aeruginosa, is a major cause of mortality among CF patients, and
respiratory system infections caused by this pathogen are often
treated by aerosol inhalation therapy of gentamicin.* The only
known representative of the natural 4-monosubstituted 2-DOS
aminoglycoside antibiotics is apramycin, which has an unusual
bicyclic moiety as a ring I connected to the 2-DOS via a glycosidic

linkage. Because of its relative toxicity, apramycin is only used in
veterinary medicine and never in humans.?

All of these three sub-classes of 2-DOS-containing amino-
glycosides (4,5- and 4,6-disubstituted and apramycin), target a
phylogenetically conserved decoding site (A-site) of bacterial 16S
rRNA in the 30S ribosomal subunit* (Fig. 1). Upon binding
to the 16S rRNA A site, 2-DOS aminoglycosides decrease the
fidelity of translation. As a consequence, erroneous proteins
that are truncated or incorrectly folded accumulate, which then
leads to bacterial cell death. During the last decade, several
achievements in bacterial ribosome structure determination,”*
along with crystal and NMR structures of bacterial A-site
oligonucleotide models,®=! have provided fascinating insights into
our understanding of the decoding mechanism in prokaryote
cells and of how 2-DOS aminoglycosides induce the deleterious
misreading of the genetic code. During decoding, a critical step in
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Fig. 1 Secondary structures of the prokaryotic 16S and eukaryotic 18S
ribosomal RNA A sites. The E. coli numbering is used for both systems
and only two relevant base changes are highlighted in pink and green. The
conserved adenines A1492 and A1493 are in blue and red, respectively.

aminoacyl-tRNA selection is based on the formation of a mini-
helix between the codon of the mRNA and the anti-codon of the
cognate aminoacyl-tRNA. In this process, the conformation of

the A-site is changed from an “off™ state, where the two conserved
adenines A1492 and A 1493 are folded back within the helix, to an
“on” state, where A1492 and A1493 are flipped out from the A-
site and interact with the cognate codon—anticodon mini-helix.’*3
This conformational change is a molecular switch that irreversibly
determines on the continuation of translation. The binding of
aminoglycosides such as paromomycin to the bacterial A-site
changes the conformation equilibrium of the conserved adenines
A1492 and A1493 by stabilizing the “on” state conformation
even in the absence of cognate tRNA-mRNA complex (Fig. 2).
Thus, the affinity of the A-site for a non-cognate mRNA—tRNA
complex is increased upon aminoglycoside binding, preventing
the ribosome from efficiently discriminating between non-cognate
and cognate complexes and leading to the assembly of proteins of
incorrect sequence.**

While this mechanism of action is now well accepted for the
majority of the 4,5- and 4,6-disubstituted 2-DOS aminoglycosides,
the primary effect of apramycin on bacterial protein synthe-
sis is inhibition of the elongation step by blocking ribosome
translocation.® Tt was suggested that because of its unusual struc-
ture and distinct mode of binding to the decoding site, apramycin
may form additional interactions with the ribosomal protein S12,
which is involved in the translocation process.** However, the
3D crystal structure of apramycin complexed to the bacterial A
site RNA construct demonstrated that apramycin penetrates the

This journal is © The Royal Society of Chemistry 2008

Org. Biomol. Chem., 2008, 6, 227-239 | 229





Free A-site

ﬂoffs! sionu

7

A1493 P, :

—
1493 e C
! A1492 L

_A1492

A1493

+A1 492

Paromomycin-bound
A-site

mRNA + tRNA

T paromomycin
“Off” Honn
8
———

~~paromomycin

rRNA

Fig.2 The molecular basis of the aminoglycoside-induced miscoding as resolved by X-ray crystal structures. At the bacterial decoding site (A-site), two
flexible adenines A1492 and A1493 are in conformational equilibrium with a predominance of an intrahelical “off state” conformation. The binding of
2-DOS aminoglycoside paromomycin (green) shifts the equilibrium by stabilizing the “on state” conformation even in the absence of mRNA or tRNA. In
the “on state” conformation the A1492 and A1493 are able to create hydrogen bonds with the bases of the mini-helix formed by the near-cognate tRNA
anticodon (cyan) and the mRNA codon (magenta) leading to miscoding. All structures are from PDB accession number 1IBL*? except for the ligand-free

“off state” that was taken from PDB accession number 1J5E.

internal loop of the bacterial A site and stabilizes the decoding
“on” state conformation with the two critical adenine residues
A1492 and A1493 bulged out.’ This observation, along with the
recent crystallographic investigation of a series of aminoglycosides
bound to the A site oligonucleotide model*® suggest that the actual
molecular mechanism of this “molecular switch” system is more
complex and that additional thermodynamic and kinetic factors
are likely to govern the impact of aminoglycosides on prokaryotic
translation. The most recent investigation to characterize the
energetics and dynamics associated with the aminoglycoside—
rRNA interaction demonstrated that the aminoglycoside-induced
reduction in the mobility of the A1492 residue is an important
determinant of antibacterial activity.’’

Major mechanisms of bacterial resistance to
aminoglycosides

There are several general mechanisms of bacterial resistance
to antibiotics, including enzymatic modification of the drugs,
chemical alteration or point mutations of the drugs’ targets, and
reduction of the antibiotic concentration inside the bacterial cells
via efflux pumps.® The primary resistance mechanism to aminogly-
cosides is the bacterial acquisition of enzymes, collectively called
aminoglycoside-modifying enzymes (AMEs), which modify the
antibiotics by N-acetyltransferase (AAC; acetyl CoA-dependent
acetylation of an amino group), O-nucleotidyltransferase (ANT;
ATP-dependent transfer of AMP on a hydroxyl group), or O-
phosphotransferase (APH: ATP-dependent phosphorylation of a

hydroxyl group) activities'>*® (Fig. 3). Each class of these enzymes
performs a specific reaction and the turnover products of these
reactions lack antibacterial activity. Furthermore, each class of
these enzymes is comprised of many distinct members that show
regio- and substrate specificity. For example, AAC(3)-Ib is an
aminoglycoside acetyltransferase that acetylates the antibiotics
at the 3-amino group, and the Ib designation indicates that
gentamicin and fortimicin A serve as substrates.*®

Kanamycin B

) Bifunctional
AAC(6') APH(2")/AAC(6')
ANT(4") »/
NH; AAC(3)
Hl-cl)O o} J AAC(1)
: NH
APH(3) ~"  H N 2 Nl—{z e
HO =
OH ANT(2"
AAC(2" NH; @)
O OH
OH

Fig.3 Target sites of aminoglycosides modifying enzymes as exemplified
on the structure of kanamycin B. Three classes of aminoglycoside-modi-
fying enzymes include AAC (aminoglycoside N-acetyltransferase), ANT
(aminoglycoside O-nucleotidyltransferase) and APH (aminoglycoside
O-phosphotransferase). The numbers in parentheses indicate the location
of the functional group (amine or hydroxyl) that undergoes enzymatic
modification. Bifunctional APH(2")/ AAC(6') denotes a single enzyme that
modifies aminoglycoside at two different positions (2’-OH and 6'-NH,) by
phosphorylation of the 2”-OH group (APH activity) and acetylation of
the 6'-NH, group (AAC activity).
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ANTs, enzymes causing AMP transfer are the smallest class
among the AMEs. They modify frequently used aminoglycosides
such as gentamicin and tobramycin and only ten of them have been
reported to date.’> APHs include a large number of aminoglyco-
side modifying enzymes and are the most relevant in clinical resis-
tance to aminoglycosides by Gram-negative organisms® (Fig. 3).
Among these, aminoglycoside 3'-phosphotransferases [APH(3')s],
of which seven isozymes are known, are widely represented.
These enzymes catalyze transfer of the y-phosphoryl group of
ATP to the 3'-hydroxyl of many aminoglycosides, rendering the
latter inactive since the resulting phosphorylated antibiotics no
longer bind to the bacterial ribosome with high affinity. Due
to the unusually broad spectrum of aminoglycosides that can be
deactivated by APH(3") enzymes, much effort has been put into
understanding the structural basis of their substrate recognition
and catalysis.*** These studies revealed several intriguing parallels
in the modes of drug recognition with both the resistance enzymes
and the ribosomal RNA target. While the AMEs are often
plasmid encoded or associated with transposable elements, in
several instances they may also be chromosomally encoded. For
example, the chromosomal gene aph(3')-1Ib, of P. aeruginosa has
been identified® and held largely responsible for the “uniform
resistance” of P. aeruginosa to kanamycin. Recently, this gene
was cloned and overexpressed in Escherichia coli and the re-
combinant APH(3')-IIb enzyme was shown to catalyze a highly
regiospecific phosphorylation at the 3'-hydroxyl group of various
aminoglycosides.*

The AACs are the second most abundant of AMEs; over 50
unique members of this class have been identified so far,'"'? which
testifies to their versatility as AMEs. Although the AMEs of all
three classes are typically monofunctional enzymes, the recent
emergence of genes encoding bifunctional AMEs is another level
of sophistication relevant to the clinical use of aminoglycosides.
Four genes encoding the following bifunctionioal enzymes have
been identified so far: AAC(6')/APH(2"), ANT(3")-1i/AAC(6')-
IId, AACQ3)-Ib/AAC(6)-Ib/, and AAC(6')-30/AAC(6)-1b'.%®
Among them, the bifunctional AAC(6')/APH(2") enzyme has
been the most extensively investigated, due to the large number
of clinically important aminoglycosides that are susceptible for
modification with this enzyme.**

In spite of the emergence of a large number of diverse AMEs,
aminoglycosides are still used as a first choice for the treatment
of multi-drug-resistant tuberculosis infection as well as against
many other serious Gram-negative pathogens. This is ascribed to
the high regio- and substrate specificity of AMEs. For example,
several AMEs acting on gentamicin and tobramycin either modify
amikacin poorly or do not use it as a substrate. Nevertheless, it
is highly noteworthy that despite recent progress in the isolation
and characterization of numerous AMEs, almost no progress*’ has
been made in the development of potent inhibitors of AMEs. Such
inhibitors could in principle provide an important tool for over-
coming aminoglycoside resistance. In fact, aminoglycosides that
lack the 3'-OH of ring I, like gentamicin, tobramycin, dibekacin
and arbekacin are low micromolar inhibitors of APH(3')s.* Fur-
thermore, rational design of such inhibitors capable in overcoming
the activities of a large number of AMEs is likely to be more
valuable than that of the bifunctional aminoglycosides that target
both bacterial rRNA and inhibit resistance-causing enzymes.
This is further supported by the fact that the structure-based

rational design of novel aminoglycosides is restricted due to their
own nature, and the nature of their target, the rRNA. There
is severe promiscuity in RNA-aminoglycoside binding, resulting
from several factors such as the dominancy of electrostatic
interactions in the binding process, the fact that aminoglycosides
are “remodeled” according to the RNA topography, and the
abundance of water-mediated contacts.®

Toxicity of aminoglycosides

One of the major limitations in using aminoglycosides as drugs
is their high toxicity to mammals through kidney (nephrotox-
icity) and ear-associated (ototoxicity) illnesses. The origin of
this toxicity probably results from a combination of different
factors/mechanisms such as interactions with phospholipids,
inhibition of phospholipases and formation of free radicals.*
Although considered selective to bacterial ribosomes, most amino-
glycosides also bind to the eukaryotic A-site but with lower
affinities than to the bacterial A-site.”* The inhibition of translation
in mammalian cells is also one of the possible causes for the high
toxicity of these agents. Another factor adding to their cytotoxicity
is their binding to the mitochondrial 12S rRNA A-site, whose
sequence is very close to the bacterial A-site.!

Many avenues of research have been pursued in an attempt to
alleviate the toxicity associated with aminoglycosides,” including
the use of antioxidants to reduce free radical levels’** and the
use of poly-L-aspartate®™** and daptomycin®** to reduce the
ability of aminoglycosides to interact with phospholipids. The
role of megalin, a multiligand endocytic receptor that is especially
numerous in the kidney proximal tubules and the inner ear, in
the uptake of aminoglycosides has recently been demonstrated.*
The administration of agonists that compete for aminoglycoside
binding to megalin also resulted in a reduction in aminoglycoside
uptake and toxicity.*® In addition, altering the administration
schedule and/or the manner in which aminoglycosides are ad-
ministered has been investigated as means to reduce toxicity.®!

Structure—toxicity relationship of aminoglycosides

Several studies reported that it may be possible to separate
elements of the aminoglycoside structure that induce toxicity from
those that are required for an antibiotic effect. First, from the
available acute toxicity data on clinically used aminoglycosides®
along with the toxicities of some designed structures,**® it turns
out that two factors that significantly influence the toxicity of
aminoglycoside are deamination and/or deoxygenation. Gener-
ally, a decrease in the number of amino groups results in reduced
toxicity while a decrease in the number of hydroxyl groups results
in increased toxicity. For example, paromomycin (Scheme 1),
which differs from neomycin in that it has one less amino group,
is much less toxic than neomycin (LDj, values in mg kg™' of
neomycin = 24, paromomycin = 160). Thus, this difference of
one charge makes a significant difference in the toxicity of the two
compounds. A similar one charge difference between kanamycin
B (LDs, = 132) and kanamycin A (LDjs, = 280) and kanamycin C
(LDs, = 225) make the latter two drugs less toxic than kanamycin
B. Further deletion of charged amino groups in ribostamycin
makes it less toxic (LDs, of ribostamycin = 260) than either
neomycin or paromomycin. Such reduction in the toxicity of
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aminoglycosides upon the decrease in the number of charged
amino groups could be explained by a decrease in nonspecific
interactions with other cell components, and by the reduced
production of free radicals.

In contrast to deamination, deoxygenation of aminoglycoside
results in increased toxicity of the resulted deoxy derivative. For
example, removal of 3-OH in kanamycin B (LDs, = 132) gives
the significantly more toxic tobramycin (LDs, = 79). Further
deletion of 4-OH in tobramycin results in dibekacin (3',4'-
dideoxykanamycin B, LDs, = 71) with only a marginal increase
in toxicity. This phenomenon was explained by a reduction in
the basicity of the amino group; removal of the hydroxyl group
(3'-OH) adjacent to the amino group (2'-NH,) has much more
influence than removal of the 4-OH, which is more distant from
the amine. Similar results have been obtained by displacement
of the 5-OH with 5-fluorine in kanamycin B and its several
clinical derivatives.®® The toxicities of the resulting fluoro analogs
were much lower than the parent compounds and this again was
attributed to basicity reduction of the 3-NH, group induced by the
strongly electron-withdrawing 5-F. Thus, significantly high toxicity
of the clinical drugs such as tobramycin (3'-deoxy), gentamicin
(3',4-dideoxy), dibekacin (3',4-dideoxy) and arbekacin (3',4'-
dideoxy) could be ascribed to the increased basicity of the 2'-NH,
group (ring I) in these drugs caused mainly because of the lack of
3'-hydroxyl or 3',4'-hydroxyl groups.

An additional factor that was shown to affect the tox-
icity of aminoglycosides is acylation of the N-1-amine of
the 2-deoxystreptamine ring with an AHB ((S)-4-amino-2-
hydroxybutanoyl) group, although the extent of this effect depends
on the aminoglycoside structure (for example, neamine LDs, = 125
vs. N-1-AHB-neamine LDy, = 260; and kanamycin A LD, = 280
vs. amikacin LDs, = 300) (Scheme 1). Interestingly, a very recent
study demonstrated that changing the configuration at single
chiral carbon atoms of the aminoglycoside structure can convert
the toxic compound to almost non-toxic, while its bactericidal
efficacy is not affected.®® In this study, four components of the
native gentamicin, C,;, C,, C,,, and C,, were separated and their
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nephro- and cytotoxicity in cell and animal models, along with
antibacterial activity, were examined. The component C,, which
is a 6'-diastereomer of C,, (Scheme 1), exhibited little cellular
toxicity and no nephrotoxicity while maintaining bactericidal
activity. Therefore, this purified gentamicin C, component was
also suggested as a substitute of the native gentamicin mixture in
treating genetic diseases because it could be much more efficient
for long-term daily use, although the readthrough efficiency of this
component in comparison to that of other components was not
determined.

Interestingly, it was recently shown that aminoglycosides sta-
bilize DNA and RNA triplexes. A clear correlation between
the toxicity (LDs, values) of these antibiotics and their ability
to stabilize DNA triple helixes was demonstrated and it was
suggested that aminoglycosides may be able to aid H-DNA
formation in vivo, which might be one of the reasons for their
toxicity.*

Aminoglycoside derivatives with improved activity
against resistant bacteria

To tackle the problem of bacterial resistance caused by enzymatic
modification, many semi-synthetic analogs of natural aminoglyco-
sides have been synthesized during recent years.!S One of the most
successful approaches is either N-acylation or O-alkylation of one
the amino or hydroxyl groups on the aminoglycoside scaffold,
or a combination of both. At the early stages, this approach
has led to the development of amikacin by N-l-acylation of
kanamycin A with an AHB group (Scheme 1). This antibiotic
has been in clinical use since 1977. Using this strategy, Chang and
coworkers recently synthesized a series of analogs of kanamycin
and neomycin sub-classes by introducing an AHB group at the
N-1 position.®®¢ The most potent compound from this series was
the kanamycin B derivative, compound 1, which was also named
JLNO027 (Fig. 4), that showed even better activity than the clinically
used amikacin against resistant bacteria harboring APH(3')-1.

2 o
HzN cjzj;%/N\n/'\fNHi
/_/

Fig. 4 Representative structures of the semi-synthetic aminoglycoside derivatives that were designed for improved activity against resistant bacterial

strains.
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Another example of a semi-synthetic derivative that was de-
signed by a more rational strategy, is the neamine derivative 2
(Fig. 4), reported by Mobashery and colleagues.” Unlike the
majority of the natural and semi-synthetic aminoglycosides that
contain at least three rings (Scheme 1), compound 2 consists of a
unique pseudo-disaccharide core that is substituted at position N-
1 by AHB and at position O-6 by aliphatic diamine. This derivative
was shown to be highly active against various resistant and
pathogenic bacteria, including P. aeruginosa and Staphylococcus
aureus. The crystal structure of compound 2 complexed to the
rRNA A site construct exhibited the same extrahelical conforma-
tion of the critical A1492 and A1493 residues as in complexes
with natural aminoglycosides.” This observation confirmed that
the molecular basis of action of compound 2 is the same as that
of natural aminoglycosides.

Compound 3 (Fig. 4), recently reported by Minowa et al.,” in
addition to consisting of the pseudo-disaccharide core structure
also has a different advantage; it lacks both 3'- and 4'-hydroxyl
groups and therefore is intrinsically insusceptible to the AMEs
such as APH(3') and ANT(4'). This derivative showed excel-
lent activity against S. aureus expressing AAC(6')/ APH(2") and
against P. aeruginosa strains expressing AAC(6') and AAC(3).
Molecular modeling studies suggested that the OS5-linked arm
interacts significantly with the A-site while the terminal amino
group of this arm forms two hydrogen bonds with O6 and N7 of
the G1491 residue.

In contrast to the studies described above, we have recently
hypothesized that since aminoglycosides exert their antibacterial
activity by selectively recognizing and binding to rRNA, it is
likely that by adding additional recognition/binding elements to
an intact aminoglycoside molecule, improved binding to rRNA
and better antibacterial performance against resistant strains are
expected to result. Using this strategy, we have generated a new
class of pseudo-pentasaccharide derivatives of neomycin B by
linking a variety of sugars at the C5"-OH group of neomycin B
via glycosidic linkage. The new derivatives, such as compound 4
(Fig. 4), exhibited similar or better antibacterial activities to that
of the parent neomycin B against selected bacterial strains, and
especially good activities were observed against P. aeruginosa.”™™
In a complementary study, these compounds were also shown to
be potential anti-anthrax drugs, having a dual effect by inhibiting
the anthrax lethal factor toxin and at the same time also displaying
anti Bacillus anthracis activity.”

Using a similar strategy, Hanessian and colleagues’”” have more
recently reported the synthesis of a series of paromomycin deriva-
tives in which the backbone of the parent drug is maintained intact
and various N-aminoalkyl or N-arylalkyl ether appendages are
attached at the 2” position. Some of the lead structures obtained in
this study were also investigated by X-ray crystallography, which
revealed a new mode of binding in the A-site rRNA. The new
derivatives such as compound 5 (Fig. 4) show potent inhibitory
activity against a sensitive strain of S. aureus and excellent survival
rate in a mouse septicemia protection assay.

Potential of aminoglycosides to treat genetic diseases

In the last few years, it was shown that besides their use as
antibiotics, aminoglycosides could have therapeutic value in the
treatment of human genetic disorders caused by premature stop

codons (nonsense mutations).”®® In these genetic disorders one
of the three stop codons (UAA, UAG or UGA) replaces an
amino acid-coding codon, leading to premature termination of
the translation and resulting in truncated proteins. Currently,
hundreds of such nonsense mutations are known, and several were
shown to account for certain cases of fatal diseases, including cystic
fibrosis (CF), Duchenne muscular dystrophy (DMD), ataxia-
telangiectasia, Hurler syndrome, hemophilia A, hemophilia B,
Tay-Sachs, and more.®* For many of those diseases there is
presently no effective treatment, and although gene therapy seems
like a potential possible solution for genetic disorders, there are
still many critical difficulties to be solved before this technique can
be used in humans.

The potential of aminoglycosides in the treatment of these dis-
eases results from their ability to suppress the nonsense mutations
by inducing the ribosomes to “readthrough” the premature stop
codons, via insertion of a random amino acid by a near-cognate
tRNA, generating full-length proteins from part of the mRNA
molecules (Fig. 5). The termination of protein synthesis is signaled
by the presence of a stop codon in the mRNA, and is mediated by
release factor proteins. The efficiency of translation termination
is usually very high, and in intact cells the misincorporation of
an amino acid at a stop codon (suppression) normally occurs
at a frequency of around 10, The enhancement of termination
suppression by aminoglycosides in eukaryotes is thought to
occur in a similar mechanism to the aminoglycosides’ activity
in interfering with translational fidelity during protein synthesis
(Fig. 2): the binding of certain aminoglycosides to the ribosomal
A-site probably induces conformational changes that stabilize
near-cognate mRNA-tRNA complexes, instead of inserting the
release factor. Aminoglycosides suppress the various stop codons
with dramatically different efficiencies (UGA > UAG > UAA),
and the suppression effectiveness is further dependent upon the
identity of the fourth nucleotide immediately downstream from
the stop codon (C > U > A > G) as well as the local sequence
context around the stop codon.”#?

The fact that aminoglycosides could suppress premature non-
sense mutations in mammalian cells was first demonstrated by
Burke and Mogg in 1985, who also pointed out the therapeutic
potential of these drugs in the treatment of genetic disorders.® The
first genetic disease examined was CF, the most prevalent autoso-
mal recessive disorder in the Caucasian population, affecting 1 in
2,500 newborns. CF is caused by mutations in the cystic fibrosis
transmembrane conductance regulator (CFTR) protein. The first
experiments of aminoglycoside-mediated suppression of CFTR
stop mutations demonstrated that premature stop mutations
found in the CFTR gene could be suppressed by G-418 and gen-
tamicin, as measured by the appearance of full-length, functional
CFTR in bronchial epithelial cell lines.®** Most importantly,
clinical studies showed that gentamicin can suppress stop mu-
tations in affected patients: in a double-blind, placebo-controlled,
crossover trial, it was reported that gentamicin treatment improved
transmembrane conductance across the nasal mucosa in a group
of 19 patients carrying CFTR stop mutations.®® Other genetic
disorders for which the therapeutic potential of aminoglycosides
were tested in in vitro systems, cultured cell lines, or animal
models include DMD,¥ Hurler syndrome,® nephrogenic diabetes
insipidus,* nephropathic cystinosis® retinitis pigmentosa,” and
ataxia-telangiectasia.”” In most of these studies the production of
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Fig. 5 Aminoglycoside-mediated readthrough of a premature stop codon in a eukaryotic system is represented schematically. (a) In wild type cells,
normal mRNA encodes the complete proteins. (b) In mutant cells, the mRNA contains a premature stop codon, and truncated proteins are translated.
(c) Aminoglycosides occasionally allow the incorporation of a random amino acid at the internal stop codon of the mutant mRNA. The truncated and
miscoded proteins are still made, but in some frequencies, full-length proteins result from the aminoglycoside-induced readthrough.

full-size functional proteins were demonstrated with efficiencies
varying from 1% to 25% depending on the aminoglycoside used,
the stop codon and the sequence context surrounding it. It is
important to note that in cases of recessive disorders, where
protein expression is essentially absent, like CF, DMD, Hurler
syndrome, ataxia-telangiectasia and others, the production of even
1 percent of normal protein function may restore a near-normal
or clinically less severe phenotype.”? Therefore, it is primarily in
recessive disorders that aminoglycosides have provided the greatest
promise in both cell culture experiments and clinical trials.?

Structure-readthrough relationship of aminoglycosides

To date, there is still no clear answer to the question why some
aminoglycosides induce termination suppression, while others
do not. To make things even more complicated, the identity
of the stop codon and the sequence context surrounding it
influence the readthrough activity differently among the various
aminoglycosides that do have this activity.” Comparison of the in
vitro suppression activity of several commercial aminoglycosides
in mammalian system have generally shown that aminoglycosides
with a 6-OH group on ring I (such as G-418 and paromomycin,
Scheme 1) are more effective than those with an amine at the same
position.”?* One of the key differences between the prokaryotic
and eukaryotic A-site is the nucleotide in the 1408 position:
an adenine in the prokaryotes and a guanine in the eukaryotes
(Fig. 1). An A1408G mutation in various engineered bacteria
leads to enhanced resistance towards aminoglycosides, but much
higher levels of resistance are observed towards aminoglycosides
with 6-NH, than towards those with 6-OH,** in agreement
with the suppression results obtained in the mammalian system.
The crystal structures of the bacterial A-site in complex with
different aminoglycosides show that indeed the 6 functional

groups form key H-bonds with the A1408 base, and models of
the A1408G mutations based on these structures suggest that
this mutation would prevent such interaction completely in 6'-
NH, molecules.’*** However, this is not universal for all the
aminoglycosides since gentamicin that contains a 6'-NH, group is
among the most powerful readthrough inducers, and neomycin B
can induce readthrough in certain constructs containing different
stop codon mutations.

Challenges in the design of novel nonsense readthrough
inducers

Over the past decade, the main challenge to organic synthesis with
respect to aminoglycosides has been directed towards improving
their antibacterial activity, and almost no efforts were made to
optimize their activity as stop codon readthrough inducers. To
date, nearly all suppression experiments for the potential use of
these drugs for the treatment of human genetic diseases have
been performed with commercially available aminoglycosides.”
Recently, a set of neamine derivatives, such as the compound 6,
also named TCO007 (Fig. 6), was shown to promote readthrough
of the survival motor neuron-1 (SMN) protein in fibroblasts
derived from spinal muscular atrophy (SPA) patients; however,
these compounds were originally designed as antibiotics and
no conclusions were derived for further improvement of the
readthrough activity of these derivatives.*

One of the factors that probably largely hampered the inspira-
tion towards the development of new readthrough inducers was
the lack of detailed information on the molecular mechanism
of aminoglycoside-induced misreading and nonsense mutation
suppression in mammalian cells. Fortunately, in a recent seminal
work of Westhof and coworkers, the X-ray structures of human
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cytoplasmic rRNA A-site models in both native and in complex
with the aminoglycoside apramycin, were determined.””*® Two
different conformations of the free cytoplasmic A-site were
obtained and were suggested to correspond to its “on” state, with
the two adenine residues A1492 and A1493 fully bulged-out, and
its “off” state, with A1491 fully bulged-out and A1493 halfway
bulged-out.”

These structures suggest that the molecular decoding mecha-
nism is likely to be conserved in prokaryotes and eukaryotes but
that the translation inhibition mechanism appears to be different;
the aminoglycoside apramycin specifically binds and stabilizes
the non-decoding “off” state of the cytoplasmic A site thereby
probably inhibiting translocation of the eukaryotic ribosome
instead of disturbing decoding fidelity.®** More recently, very
similar structures of an oligonucleotide containing the human
ribosomal decoding site sequence free of the bound ligand and
in complex with the apramycin'® was also reported by Hermann
and coworkers. However, to date there are still no structures of
the human A-site in complex with any of the aminoglycosides that
induce readthrough. In addition, a recent comparative study of the
rRNA binding properties demonstrated that both paromomycin
and G-418, the two powerful readthrough inducers, bind to the
human A site oligonucleotide model with markedly lower affinities
than those they exhibit for the E. coli rRNA A site.’! Also in
these studies, by combining the fluorescence quantum yield and
lifetime data, the extent of drug-induced base destacking of the
base at position 1492 (by E. coli numbering) was quantified,
which revealed that the binding of G-418, but not that of the
paromomycin, induces the destacking of base 1492 in the human
rRNA A site sequence. Thus, whether the aminoglycoside-induced
base destacking, or other factor(s) that govern the energetics
and dynamics associated with aminoglycoside-induced stop codon
readthrough at the human rRNA A-site, is not clear yet and
requires further investigation.

Nevertheless, the most critical factor that largely limits the
potential of aminoglycosides for suppression therapy is their
high human toxicity. Even though various approaches to reduce
aminoglycoside antibiotic toxicity have been investigated (see
above), few have been implemented into standard clinical use
other than changes in the administration schedule.'® Unique
protocols, however, must be designed for the administration
of aminoglycosides to suppress stop mutations. For example,

the use of subtoxic doses of gentamicin in the clinical trials
probably caused the reduced readthrough efficiency obtained in
the in vivo experiments compared to the in vitro systems.’”® The
aminoglycoside G-418 (Scheme 1) shows the best termination
suppression activity in in vitro translation—transcription systems,”
however, its use as a therapeutic agent is not possible since it is
lethal even at very low concentrations. For example, the LCy, of
G-418 against human fibroblast cells is 0.04 mg ml~', compared
to 2.5-5.0 mg ml~' for gentamicin, neomycin and kanamycin.'**

Currently, only a limited number of aminoglycosides, including
gentamicin, amikacin, and tobramycin, are in clinical use as
antibiotics for internal administration in humans. Among these,
tobramycin does not have suppression activity, and gentamicin is
the only aminoglycoside tested in animal models and clinical trials.
Although some studies have shown that due to their relatively
lower toxicity in cultured cells, amikacin'® and paromomycin®
can represent alternatives to gentamicin for suppression therapy,
no clinical trials with these aminoglycosides have been reported
yet.

The data described above, and the challenge of identifying
novel life-saving drugs, prompted us to attempt to design new
aminoglycosides with improved termination suppression activity
and lower toxicity. As an initial effort towards this goal, we
recently reported the synthesis of a series of new derivatives of
paromomycin that were examined for their ability to readthrough
stop codon mutations both in vitro and ex vivo in mammalian
cultured cells.’® Notably higher readthrough activity in cultured
cells, compared to paromomycin and gentamicin was observed
for the pseudo-trisaccharide derivative, compound 7, also named
NB30 (Fig. 6). However the other new structure, compound
8 (also named NB33, Fig. 7), had no significant readthrough
activity, while it strongly inhibited translation. Antibacterial tests
indicated that both NB30 and NB33 have increased selectivity in
their action towards eukaryotic cells than towards prokaryotic
cells. Cell toxicity tests using three kidney-derived cell lines
confirmed that NB30 is 615 fold less toxic than the clinically
used aminoglycosides gentamicin and paromomycin in all three
cell lines tested.'”” Encouraged by these observations, we further
examined the impact of NB30 on an actual genetic disorder caused
by nonsense mutation. The ex vivo tests of the PCDH15 gene non-
sense mutations, the underlying cause of type 1 Usher syndrome
(USH1), demonstrated the production of full-length protein and
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Fig.7 Molecular basis for the selectivity of NB33 (compound 8) and of apramycin to the eukaryotic A-site “off state” conformation as determined by a
recent comparative study.” (a) Both NB33 and apramycin bind to the H. sapiens 18S cytoplasmic A site RNA construct (only the NB33-rRNA complex
is shown on the right) and selectively stabilize its “off state” conformation, in which A1491 (green) and A1493 (red) are bulging out in their extrahelical
conformation and A1492 (blue) stays inside the A site helix. The E. coli numbering is used for the RNA atoms and the X-ray structure was taken from
PDB accession number 203V.* The arrows (left panel) symbolize the direction of the ligands (NB33 and apramycin) to the “off state” conformation
with “arrowheads” highlighting the 2-DOS moiety. (b) Chemical structures highlighting the 2-DOS moiety and the comparative flexibility of NB33 to

that of apramycin.

that the readthrough inducing activity of NB30 was shown to be
higher than paromomycin, but similar to gentamicin.'”” Due to
its reduced toxicity, however, the use of NB30 for suppression of
nonsense mutations may be more beneficial, since it is expected
to be accompanied by less negative side effects. These data, in
addition to providing the proof of concept, pave the way for the
development of novel aminoglycoside-based small molecules that
selectively target mammalian cells by means of optimizing the
efficiency of aminoglycoside-induced suppression of premature
stop mutations; this progress may offer promise for the treatment
of many genetic diseases.

The observed increased selectivity of action of NB30 and
NB33 towards eukaryotic versus prokaryotic ribosome drew our
attention and prompted us to ask several fundamental ques-
tions: what structural and mechanistic features are responsible

for the observed selectivity increase of these synthetic deriva-
tives? Can a general molecular principle for their structure—
activity relationship be devised? To address these questions, we
performed comparative biochemical and structural analysis of
NB30 and NB33, together with a series of different 4-, 4,5-
and 4,6-substituted 2-DOS aminoglycosides, in both eukaryotic
and prokaryotic systems.” These studies revealed that NB33
is the strongest inhibitor of eukaryotic protein translation and
the weakest inhibitor of prokaryotic protein translation of all
of the aminoglycosides tested. NB33 was also found to bind
the eukaryotic (human cytoplasmic) decoding-site RNA with a
greater affinity than to the prokaryotic decoding-site RNA.

The molecular basis for the observed eukaryotic-target selectiv-
ity increase of NB33 was revealed by solving the 3D structure of
NB33 complexed to the H. sapiens 18S cytoplasmic A site RNA
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construct (Fig. 7). This structural study demonstrated that unlike
the majority of 4,5- and 4,6-disubstituted 2-DOS aminoglycosides
that selectively bind to the prokaryotic A-site and stabilize its “on
state” conformation, NB33 seems to stabilize a pre-existing “off
state” conformation of the free eukaryotic decoding-site RNA.*
This drug-bound “off” conformational state does not interfere
with the decoding process and consequently explained the lack of
readthrough activity (<1%) of NB33. Interestingly, the observed
unique action of NB33 on the eukaryotic ribosome was found to
be virtually identical to that of the natural drug apramycin,®-'%®
and it was suggested that these similar properties are largely
determined by both being mono-substituted 2-DOS derivatives
(Fig. 7); the unique unbranched pattern of the 2-DOS ring serves
as an “arrowhead” allowing both NB33 and apramycin to easily
penetrate into the eukaryotic A-site and grab and stabilize its “off”
state conformation

Unlike NB33, apramycin, however, also binds to the prokaryotic
A-site in the decoding “on state”* and has antibacterial activity,
indicating that the unbranched pattern of the 2-DOS ring may be
important, but it alone is not enough for sufficient discrimination
between prokaryotic and eukaryotic A-sites. The observed increase
of NB33’s selectivity towards eukaryotic versus prokaryotic A-site
was therefore rationalized by an exquisitely balanced interplay
involving its Ib-spacer-Ia-I1a ring pattern. Such a selective three-
dimensional structural-electrostatic complementarity of NB33 to
the eukaryotic A-site “off” state conformation is a very unique
precedent and serves as an inspiration for the design of other, more
potent, aminoglycoside-based structures that will selectively target
the eukaryotic ribosome. It will be more beneficial if this challeng-
ing task is directed towards the discovery of potent readthrough
inducers with high eukaryotic specificity. The increased specificity
and selectivity for the cytoplasmic rRNA A site can decrease the
useful dosing ranges and subsequently decrease the anticipated
toxicity of such structures.

Trying to avoid the limitations of rational design, the bio-
pharmaceutical company PTC Therapeutics (NY, USA) is trying
to discover new suppression drugs by screening large chemical
libraries for nonsense readthrough activity. Using this approach
a new non-aminoglycoside compound, structure 9 (also called
PTC124, Fig. 6),'%' was discovered. The fact that it has no
antibacterial activity and no reported toxicity suggest that its
mechanism of action on the ribosome is different than that of
the aminoglycosides. The FDA has granted fast track and orphan
drug designations to PTC124 for the treatment of both CF and
DMD caused by nonsense mutations, and the preliminary results
of phase II clinical trials in CF and DMD patients seems very
promising.

Perspectives

This abbreviated overview illustrates that combined efforts over
the past few years between organic and biological chemistry have
significantly advanced our understanding of how aminoglycosides
might induce deleterious misreading of the genetic code in
prokaryotic cells and how chemical redesign of the existing
drugs can evade the resistance mechanisms that have evolved
in pathogenic bacteria. Little progress, however, has been made
towards the discovery of new aminoglycoside derivatives with
diminished toxicity, which indeed is one of the remaining and

perhaps the most challenging task. The latest pioneering structural
studies on the eukaryotic decoding site provide, for the first time,
a clear visual selectivity window between the prokaryotic and
eukaryotic decoding sites, which can be exploited for the rational
design of highly prokaryotic-specific aminoglycosides exhibiting
diminished human toxicity. Separation of the elements of the
aminoglycoside structure that cause toxicity from those that are
required for highly specific binding to the prokaryotic decoding
site can guide the rationale for the development of such designs.
Compelling evidence is now available that certain aminoglyco-
side structures can induce mammalian ribosomes to readthrough
premature stop codon mutations and generate full-length func-
tional proteins. Unfortunately, however, more than ten years
elapsed before the idea of treating genetic diseases with amino-
glycosides (1985) was tested in an animal model (1999), and
almost 20 years went by until gentamicin was tested for the
first time in CF patients (2003). Nevertheless, the high toxicity
of gentamicin along with the reduced readthrough activity of
its subtoxic doses indicates that a systematic search for new
designs is required to extrapolate the approach to the point
where it can actually help patients. Although the discovery of
an “ideal readthrough inducer” is still a challenging task, the
recent observations discussed here illustrate that this may be an
achievable goal. In this avenue of research, as is true for the
discovery of new aminoglycoside-based antibiotics, the human
toxicity of aminoglycosides should be placed as a central problem.
As a possible solution to this drawback, the therapeutic window
discussed above between the prokaryotic and eukaryotic decoding
sites can be further exploited for the development of new structures
that selectively target the eukaryotic cytoplasmic rRNA A site.
Such structures exhibiting extensive specificity and selectivity for
the cytoplasmic rRNA A site can decrease the functional dosing
ranges and subsequently decrease the anticipated toxicity, making
them potential drugs for the treatment of human genetic disorders.
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The aim of this work is to show that transferred-NOE
provides useful and detailed information on membrane-
bound receptor-ligand interactions in living cells. Here, we
study the interaction between intact human platelets and
some ligands containing the RGD sequence. Conformational
properties of the free and bound pentapeptides are reported.

Most of the biomedically relevant proteins are membrane bound;
as an example, the integrins are the main cell surface receptors
mediating cell adhesion to extracellular matrices.! The interaction
of peptides with biological membranes is central to a number
of biological processes, such as the insertion and folding of
peptides in membranes, the rupturing of membranes by toxins, the
membrane-mediated mechanism of peptide-receptor interactions.
To understand the basis of such interactions, characterization of
the altered conformational and dynamic properties of the ligand
in the membrane bound form are crucial. In contrast to soluble
proteins, there is comparatively less information available about
ligand-receptor interactions that occur at membrane surfaces. The
biophysical environment of a membrane is considerably different
from the isotropic extracellular medium. Therefore, the binding
affinity or binding specificity of soluble forms may differ from
the properties of the native receptor, which is embedded into
a membrane. It is therefore desirable to investigate membrane
proteins and their binding specificity directly in living cells. NMR-
based methods are quite suitable for detecting at a molecular level,
the binding interactions between small ligands and biomolecular
targeting and to identify new bioactive substances.> Among these,
STD,* NOE pumping,* and trNOE? focus on the NMR signals of
the ligand and utilize NOE effects between protein and ligand. Of
these, only 1D-STD has been used so far on living cells,® but trNOE
also has the potential to offer easy detection of binding events,
additionally producing information on the bound conformation
of the ligands. Herein, we show that the interactions between
small ligands and membrane-bound proteins can be observed by
trNOE spectroscopy directly on whole human platelets, without
the necessity for isolating the protein receptor. This approach
provides key information on the ligands’ binding mode in the
natural environment and allows us to deduce information on
the structural requirements of the ligand in the bound state. The
potential impact of such an approach on drug-discovery processes
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may be appreciated by taking into account the great importance
of small molecules specifically targeting membrane proteins, in the
context of anticancer, antibacterial and antiviral drug research.”

The most abundant platelet cell surface glycoprotein is the oy, 3;
integrin; this calcium dependent heterodimer is responsible for me-
diating platelet—platelet and platelet-biomaterial interactions.®’
The platelet-specific integrin ay,; (like oyf; and oy s integrins)
binds to the Arg-Gly-Asp (RGD) motif as the primary recognition
sequence in its ligands and the conformation of the RGD sequence
is critical for the specificity of this recognition.'® Recently, the X-
ray structure of oy,3; receptor with four different ligands was
reported.' These studies show that the RGD binding site of oy, [3;
is indeed larger than the o, ; receptor, therefore, to obtain a good
interaction with the receptor site, the RGD sequence must be in
the extended conformation.

In previous studies,'”? we investigated the conformational pref-
erences and the activity of a small library of cyclic RGD pentapep-
tide mimics cyclo(Arg-Gly-Asp-Lactam). The conformational
preferences of these compounds are modulated by the ring-size
and by configurational properties of the bicyclic lactam. From
this library, we selected the two mimics 1 (ST1646) and 2 (Fig. 1)
in order to study their binding with platelet integrin. These
compounds showed very different conformational preferences in
the free state, moreover compound 1 is a high affinity ligand for
the oy B; integrin (IC5, 3 nM) and binds to platelet oy, 3; integrin
with a ICs, 12 uM, which represents an ideal range to test the
trNOE experiment between ligand and integral membrane protein
of human platelets.”® Compound 2 showed a good affinity for ay 35
integrin (154 nM) and its behaviour towards oy, 3; integrin has not
been previously determined.

H > ’ YO N
H/N\Asp _Gly HN\Asp _Gly
1 ST1646 2
Fig. 1 Cyclic RGD pentapeptide mimics cyclo(Arg-Gly-Asp-Lactam) 1
and 2.

The interaction of 1 and 2 with intact human platelets was
studied by NMR. NOESY spectra of the pseudo-peptides were
recorded and then trNOE experiments in the presence of living hu-
man platelets were performed. Transferred intramolecular NOEs
are well established as unique sources of structural information on
bound ligand. The technique relies on the size-dependence of the
intramolecular NOE, which shows slow NOE build-up with weak
positive maxima for free ligands and rapid build-up with strong
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negative maxima for the bound state. If dissociation of the ligand
occurs quickly enough (K; > 1077 M), a sufficient percentage of
the observable free ligand will retain intense negative trNOE and
thus binding of a ligand to a receptor protein can be easily detected
by looking at the sign and size of the observed NOEs.

Fig. 2a and Fig. 2b show the tr-NOESY (mt = 0.2 s) spectra
of the ligand 1-platelets and ligand 2-platelets, respectively. The
observed trNOE correlations were large and demonstrated that
both pentapeptides 1 and 2 bind to the platelet surface, presumably
to integrin oy, f3;. For comparison, the NOESY spectra of 1 and 2
in the free state (reported in the ESIT) show cross-peaks that are
opposite in sign to those of the diagonal. As a control, mannose
was added to a platelet suspension containing compound 2, and
a NOESY spectrum was recorded under the same conditions.
The platelet membrane does not contain mannose receptors and,
as expected, the NOESY spectrum showed negative cross-peaks
(trNOEs) for compound 2 and positive cross-peaks for mannose.
This suggests that the interaction observed for 2 is not aspecific, but
rather depends on a specific receptor on the platelet membrane.™
(Spectra are reported in the ESI.t)

n  Ppm

@ (b)

Fig. 2 (a) TTNOESY spectrum (mt = 0.2 s) in D,O buffer solution of a
platelet suspension with 1. All cross-peaks are in phase with the diagonal
(b) TrNOESY spectrum (mt = 0.2 s) in D,O buffer solution of a platelet
suspension with 2.

Further information can be gained from these experiments
about the bound conformation of the ligands also “in comparison”
with their conformational behaviour in the free state.

NMR provides a method for the structural description of the
peptides and proteins in solution. The methodology generally
involves the measurement of a large number of variables such
as NOEs and coupling constants followed by a search of the
target 3D structure constrained by the same variables. However,
observables such as NOEs and chemical shifts reflect averages of
the properties of the individual conformations, and the structural
characterization of disordered systems cannot be done using
conventional static constraints typically used for globular proteins.
If the compound is not well-characterized by a single conformation
in solution, a virtual conformation may be generated, which
combines multi-conformer features in a single geometry. So, we
preferred to perform unconstrained computational studies in
order to check all the conformational families.

MC/SD simulations (AMBER*, GB/SA water) suggested two
geometries mainly contributing to the conformational equilibrium
of cyclopeptide 1.2 Both these geometries feature almost extended
conformations of the RGD sequence (Arg-CB-Asp-Cf = 9.3 A
and 8.6 A) characterized by a common inverse y-turn at Asp, and

by a distorted BI-turn at Pro-Arg or BII'-turn at Gly-Asp. Energy-
minimized conformations of 1 obtained from frames of the 10 ns
MC/SD simulation corresponding to these geometries are shown
in Fig. 3. Furthermore, compound 1 was fully characterized, by
NMR spectroscopy, in D,O buffer’® and in H,O-D,O solution.
The NOESY spectrum of 1 in H,O-D,O solution shows NOEs
between Gly-NH and Arg-NH (medium) and between Gly-NH
and Arg-Ha (medium).’ These NOE contacts and the chemical
shift values of the amide protons are indicative of a f-turn
conformation stabilised by a hydrogen bond between Gly-NH
and lactamic C=0. Moreover, the chemical shift and the slow
exchange rate of lactam-NH are indicative of a hydrogen bonded
proton that can form a y-turn centred on aspartic residue. Other
significant strong NOE contacts are between Pro-Hé-Lact-Hoand
between Asp-NH-Gly-Ho, and Asp-NH-Gly-Ha,'* (Fig. 4).

(a) (b)

Fig.3 Conformations of 1 sampled during the 10 ns MC/SD simulation
after energy minimization.”? (a) Inverse y(Asp)/distorted BI(Pro-Arg)
geometry featuring Arg-CB-Asp-Cp = 9.3 A. (b) Inverse vy (Asp)/distorted
BII'(Gly-Asp) geometry featuring Arg-CB-Asp-Cp = 8.6 A.

(a) (b)

Fig. 4 (a) The same conformation of Fig. 3a is rotated to give evidence
to the Pro-Hé-Lact-Ha interaction. This conformation engaged by the
bicyclic moiety forces the RGD backbone geometry and arranges the side
chains in an equatorial position. (b) Key NOE connectivities found for
compound 1.

Above all, the Pro-Hd-Lact-Ha interaction is indicative of a
pseudo-boat conformation of the lactam moiety. This conforma-
tion engaged by the bicyclic moiety forces the RGD backbone
conformation and arranges the side chains in an equatorial
position (Fig. 4). The conformation (a) of Fig. 3 is in full agreement
with NMR data.
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The NOESY spectra performed in deuterated buffer solution®
and in the presence of platelet suspension showed the same NOE
contacts (except NOE contacts relative to amide protons). (Spectra
are reported in the ESI.f) For instance, no major change in
the NOE contacts between the free and bound state, suggests
that the known free state conformation of 1'? is conserved upon
binding.

For the pentapeptide 2, MC/SD simulations (AMBER*, H,O
GB/SA) showed different folded conformations in equilibrium.'

Fig. 5a presents an energy-minimized conformation of 2 in
agreement with NMR data in the free state and corresponding
to the most populated geometry of the 10 ns MC/SD trajectory.
In this preferred conformation, the lactam ring appears to adopt
a half-chair conformation and the cyclopeptide features a y-turn
at Gly and a distorted BII'-turn with Gly at the i + 1 position.
Compound 2 was characterized, by NMR spectroscopy, in H,O—
D,0 and in D,O buffer solution.' The analysis of chemical shift
values of the amide protons suggests that Lact-NH (6 = 7.97 ppm)
isinvolved in an intramolecular hydrogen bond while Gly-NH (6 =
9.02 ppm) is solvent exposed.'® The behaviour of Arg-NH (0 =
6.97 ppm) is typical of a non hydrogen-bound and non solvated
proton. The NOESY spectra show the following significant long
range cross peaks (Fig. 5b): Lact-NH-Asp-NH (medium), Gly-
Ha,—Asp-NH (weak), Arg-NH-Pro-Hy,, (medium) and Arg-NH-
Lact-Hy,, (medium). So the amide protons Asp-NH and Lact-NH
must be inside the pentapeptide ring and experience a hydrogen
bond conctact. Lact-NH binds to the carbonyl group of Arg,
stabilizing a slightly distorted B-turn, Asp-NH binds to the same
carbonyl group stabilizing a y-turn at Gly. The NOE contacts of
Arg-NH indicate that this amide proton points to the bicyclic
scaffold.

/&V NH2
‘\N»HH.'
o 07N
)

NH‘\«,_{‘ 3
P~

0]

COOH
(a) (b)

Fig.5 (a) Preferred conformation of 2 sampled during the 10 ns MC/SD
simulation after energy minimization'? in agreement with spectroscopic
data in the free state; in this preferred conformation the lactam ring
appears to adopt a half-chair conformation. This y(Gly)/distorted
BII'(Gly-Asp) geometry features Pro-H5-Lact-Ha distance = 3.7 A and
Arg-CB-Asp-Cp = 8.2 A. (b) Significant long range NOE contacts of
compound 2 in the free state in H,O-D,O solution.

In contrast with the behaviour of compound 1, trNOE exper-
iments on 2 in platelet suspensions showed a different pattern
of cross-peaks compared to the NOESY spectrum in D,O buffer
or in H,0-D,0 solution and suggested that a conformational
change (or a conformational selection process) is taking place
upon binding.

In the tr-NOESY experiment of 2 in platelet suspension, we
observed a new cross-peak due to the correlation between Pro-Hé-
Lact-Ho (Fig. 6b, in the dotted box); this contact is achievable only
if the lactam is forced into a pseudo-boat conformation (Fig. 7).
Moreover, different intensities for the Pro-Ho~Pro-Hf, and Pro-
Ho—Pro-Hp, cross-peaks can be detected (Fig. 6a,b, in the circle).
These modifications in the bicyclic moiety may correspond to
a drastic change in the conformation of the pentapeptide. With
the aid of computational studies (from MC/SD simulation) we
can select two families of conformations fitting the NOE data
of 2 in platelet suspension. In these calculated structures, the
distance between Pro-Hdand Lact-Hais 2.57 A (Fig. 7a) or 2.56 A
(Fig. 7b). In any case, Lact-NH is engaged in a hydrogen bond with
the carbonyl group of Gly stabilising a y-turn at Asp, producing
cyclopeptide geometries that differ significantly from the preferred
conformation observed in the free state. The rotation of the peptide
bond Gly-Asp changes the disposition of the RGD backbone
modulating the distance between the side chains of Arg and Asp,

T Pro-Ho-Hp, and
Pro-How-HP,
" L
4 ] [
Pro-Ho-HB, and
Pro-Ho-Hp,

Jhertm - B

HER N LR RSl R TEET+
4.0 35 3.0 25 2.0 ppm
Fig. 6 (a) TTNOESY spectrum (mt = 0.6 s) in D,O buffer solution of

compound 2. (b) TrNOESY spectrum (mt = 0.2 s) in D,O buffer solution
of a platelet suspension with 2.

Arg-Cp

Pro-H&
(a) (b)

Fig. 7 Conformations of 2 sampled during the 10 ns MC/SD simu-
lation after energy minimization and in agreement with NOE data in
platelet suspension. (a) Inverse y(Asp)/BI(Pro-Arg) geometry featuring
Pro-H3-Lact-Ha distance = 2.57 A and Arg-Cp-Asp-Cp = 9.4 A.
(b) Inverse y (Asp)/distorted BII'(Gly-Asp) featuring Pro-Hd-Lact-Ha
distance = 2.56 A and Arg-CB-Asp-Cp = 8.6 A.
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a key factor in the specificity of ligand binding. Each cyclopeptide
geometry shows a specific CB(Asp)-CP(Arg) distance value that
is indicative of the RGD disposition: the conformation of 2 in the
free state (Fig. 5a) is characterized by a shorter CB(Asp)-CB(Arg)
distance value (Arg-Cp—Asp-Cp = 8.2 A) and a stronger kink of
the RGD sequence in comparison with the bound conformations
(Arg-CB-Asp-Cp = 9.4 A and 8.6 A, Fig. 7). It is worth noting
how the cyclopeptide conformations of 2 in platelet suspension
(Fig. 7) coincide with the preferred geometries exhibited by 1 both
in the free and the bound state (Fig. 3).

Conclusion

In conclusion, we have successfully carried out 'H transferred
NOE experiments on whole human platelets to study small ligand
interactions to cell surface proteins in their natural environment.
The results of these experiments provide significant insight for
the elucidation of the “bioactive” (bound) conformation of the
antagonists 1 and 2 to the oy,f; integrin receptor. The cyclic
pentapeptide 2 provides a particularly clear demonstration that
the presentation of the RGD motif in peptides and proteins is
critical to integrin recognition. The solution structures in the free
state show that the presentation of the RGD motif in the two
compounds is quite different, explaining their different integrin
binding activities. However, both bound structures exhibit a y-
turn centred on Asp residue which plays an important role in
modulating the distance between the side chains of Arg and Asp,
a key factor in the specificity of ligand binding.

The X-ray structure of the oy,3; receptor' with four different
ligands showed that a good binder is obtained when the distance
between the acid and basic moieties is longer than in the extended
conformation of the RGD sequence. Our NMR results are in
agreement with X-ray data.

It could still be argued that because of the large heterogeneity
in the possible binding sites, it is not proven by the experiments
described above that the observed binding event really involves an
integrin receptor. We think that this hypothesis is highly unlikely
in view of the fact that the oy, [; integrin is the most abundant
platelet surface protein and in the light of the proven activity of
1 in a selective ay,f;-mediated platelet aggregation assay with a
12 uM ICy."” In any case, the results presented here show that
binding events at the cell surface can be observed and analyzed by
NMR. The tr-NOESY experiments represent a competitive and
complementary method to obtain pharmacophore information
from the bound conformation of ligand in the natural environment
of membrane-bound protein receptors. These results will facilitate
the design of novel integrin antagonists and establish the condi-
tions for the NMR studies of the receptor-bound conformations
of other integrin antagonists.

Material and methods

Platelets were extracted from human blood received from the
Laboratorio Diagnosi Piastrinopatie, Centro Emofilia e Trombosi
(Dr Andrea Artoni) of the Ospedale Maggiore of Milan. A portion
of 15 mL of CPD plasma (plasma suspended in citrate-phosphate-
dextrose solution) was centrifuged and the remaining pellet
cautiously suspended in 2 mL of deuterated TRIS-buffered saline
containing EDTA (1 mM)." This procedure was repeated twice.

Four additional washing—centrifuging cycles were performed
using deuterated TRIS-buffered saline containing 1 mM CaCl,.
After the last centrifugation, the pellets were suspended in 1 mL
of the last buffer and the suspension was split into two NMR
tubes. To each tube, 1 mg of ligand was added.

NMR experiments were performed at a temperature of 294 K on
Bruker Avance 400 MHz and 600 MHz spectrometers. All proton
and carbon chemical shifts were assigned unambiguously for 1
and 2 in the free state. The NMR experiments were carried out
in a D,O-H,0 (2 : 8) mixture, in order to observe amide protons,
and in D,O-buffer solution. No change was observed in the '"H
and “C chemical shifts for the different solutions. Initial two-
dimensional experiments (TOCSY, COSY, NOESY and HSQC)
were carried out on samples of 1 and 2 at sample concentrations
of 3 mM. NOESY spectra were performed at 0.2, 0.4, 0.6 and
0.8 s. When necessary, the water resonance was saturated with
an excitation sculpting sequence from the Bruker library. The
conformation of the two pentapeptides was first analysed with
respect to hydrogen bonding of amide protons and NOE contacts.
In the bound state, the tr-NOESY experiments were conducted
at 0.2 s. The NMR solution stays relatively clear for all the
time of acquisition (about 1 hour). We also conducted trROESY
experiments to check the spin diffusion effect: no spin diffusion
effect was observed. No transferred NOEs were detected in the
control experiments for the free ligands at identical conditions
without the presence of platelets.

Molecular mechanics calculations using the MacroModel'
version 7.0 implementation of the Metropolis Monte
Carlo/Stochastic Dynamics (MC/SD) simulation algorithm,'
the Amber all-atom force field® (AMBER¥*) and the implicit
water GB/SA solvation model* were carried out to investigate
the conformational preferences of RGD cyclopeptides 1 and 2.
The simulations were performed at 300 K. A time step of 1 fs was
used for the SD part of the algorithm. The total simulation time
was 10 ns.

The authors thank Prof. Anna Bernardi and Prof. Carlo
Scolastico for helpful discussion, MIUR (COFIN and FIRB re-
search programs) for financial support and CILEA for computing
facilities.
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The highly enantioselective Michael addition of malononitrile to acyclic and cyclic a,B-unsaturated
ketones has been developed. The Michael reaction catalyzed by a primary amine derived from quinidine
proceeded smoothly and provided the desired adducts with excellent enantioselectivities (83-97% ee).

Introduction

The Michael addition of carbon-base nucleophiles to a,f3-
unsaturated systems represents one of the classical carbon—carbon
bond-forming reaction. The process often provides synthetically
useful adducts possessing various functional groups such as nitro,’
ester,? ketone® and other moieties* for further elaboration. Ac-
cordingly, the development of enantioselective catalysis protocols
for this reaction has been the subject of intensive research.
In addition to the substantial progress realized with metallic
complexes,® a number of asymmetric Michael additions catalyzed
by organocatalysts have received renewed attention.® Although a
variety of structurally diverse organocatalysts have been developed
to catalyze the asymmetric Michael reaction and impressive results
have been achieved, the reactions were mostly narrow in substrate
scope and restricted to a particular combination of nucleophile
and electrophile type. Malononitrile is an equivalent of a 1,3-
dicarbonyl compound and the nitrile group is a versatile functional
group that can be converted to carboxylic acids,” esters,® and
amines.” However, examples using malononitrile as a nucleophile®
have been relatively less explored and most of them didn’t achieve
high enantioselectivity in the presence of organocatalysts, except
that reported by Takemoto ef al.*

Recently we have reported the Michael addition of a,p-
unsaturated ketones catalyzed by a newly developed primary
amine derived from quinine; excellent enantioselectivities and high
efficiency were observed for almost all the adducts.’™ However, the
substrates were generally limited to cyclic and alkyl enones. Herein
we report a highly enantioselective and efficient Michael addition
of malononitrile to acyclic and cyclic a,f-unsaturated ketones
catalyzed by primary amine 1a.'*!" The derivatives of 9-¢pi-amino
cinchona alkaloids are selected as primary amine organocatalysts
on the basis of two reasons: (i) the in situ generation of a
ketimine cation from a primary amine salt and the ketone carbonyl

“National Engineering Research Center of Chiral Drugs and Key Laboratory
of Asymmetric Synthesis & Chirotechnology of Sichuan Province, Chengdu
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+ Electronic supplementary information (ESI) available: 'H/"*C NMR
spectra and HPLC/GC chromatograms of the products. See DOI:
10.1039/b713129a

should be much more feasible than from a secondary amine;!**/*¢
(ii) a possible bifunctional activation*=***1%/ would facilitate the
Michael-type coupling reaction (Fig. 1).

i,
= H Ar

NG NYH

/Ec=N'-—||4
( R1\/\<N+_|:<-
R2

Fig.1 A possible model for bifunctional activation.

Results and discussion

To our delight, 9-amino-9-deoxy-epi-quinidine la (Fig. 2) in
combination with TFA exhibited high catalytic activity for the
asymmetric addition of malononitrile 2 to benzylideneacetone 3a
in THF at 22 °C. The reaction gave the Michael adduct 4a in 87%
yield with a promising 93% ee after 12 h (Table 1, entry 1). Use of
9-amino-9-deoxy-epi-cinchonine 1b'“** resulted in a decrease in
both chemical yield and enantioselectivity (entry 2). 9-Amino-9-
deoxy-epi-quinine 1¢,'** the pseudoenantiomer of 1a, afforded
the adduct in 94% ee with opposite configuration and lower
yield (entry 3). This also implied that both enantiomers of 4a
can be obtained in high selectivities. Encouraged by the excellent
results obtained with 1a, we subsequently investigated the effects
of the solvents and acid additives. In comparison with THF,
better reactivity and enantioselectivity were obtained in DCM
(entry 4). Excepting 1,4-dioxane, the reactions resulted in lower
enantioselectivities in other solvents (entries 5-9).

OMe OMe
N N N
= =
H,N | X H,N | X NN,
N N N
1a b 7 Z e

Fig. 2 Structure of primary amine catalysts 1a, 1b and 1c¢ derived from
quinidine, cinchonine and quinine, respectively.

The acid additives had an obvious effect on the reactivity of
the Michael addition and less than 30% yield was obtained after
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Table 1 Screening studies of organocatalytic Michael addition of
malononitrile 2 to benzylideneacetone 3a“

CN

0 1a (20 mol%) NC Y
N additive (40 mol%)
X + NCO CN ——— M
Ph/\)J\ Ph”

solvent, 22 °C, 12h

3a 2 4a
Entry Solvent Additive Yield (%)” ee (%)°
1 THF TFA 87 93
24 THF TFA 46 86
3¢ THF TFA 59 -94
4 DCM TFA 93 95
5 Et,O TFA 68 82
6 Dioxane TFA 74 94
7 Toluene TFA 87 59
8 MeOH TFA 41 19
9 DMF TFA 77 28
10 DCM HOAc 5 —56
11 DCM TsOH 90 90
12 DCM CF,;SO;H 26 90
13 THF 5a 69 85
14 THF 5b 49 86
15 DCM TFA 91 96
16" CHCl, TFA 95 94
17 THF TFA 63 87
18¢ DCM TFA 67 93
19" DCM TFA 49 87
20° THF TFA 72 89

“ Unless otherwise noted, the reaction was performed with 0.1 mmol of 3a,
0.2 mmol of 2, in the presence of 20 mol% of 1a and 40 mol% of TFA in
1 mL of solvent at 22 °C for 12 h. * Isolated yield. ¢ Determined by chiral
HPLC analysis.  Using 20 mol% of 1b. ¢ Using 20 mol% of 1¢.” At 0 °C for
96 h. # Using 20 mol% of TFA. " Using 10 mol% of 1a. * Using 0.1 mmol
of 2.

12 h in the presence of HOAc and CF;SO;H (entries 10 and
12). The Michael addition proceeded smoothly in the presence
of TsOH and provided the desired adduct in a somewhat lower
enantioselectivity in comparison with TFA (entry 4 vs. entry 11).
Notably, the coupling reaction afforded the adducts with opposite
configuration in the presence of the weaker acid HOAc (en-
try 10). Considering that asymmetric counterion-directed catalysis
(ACDC)™ has recently been recognized as an efficient strategy
for enantioselective transformation, we combined (R) and (S)-
phosphoric acids derived from binol (Fig. 3, 5a and 5b) with 1a
and obtained the adducts with the same configuration and in
similar enantioselectivities (entries 13 and 14).

NC.__CN
ol ol |
N
- P

~P-OH ~P—-OH
Cor Sh e
CN
(R)-5a

(S)-5b dka

Fig. 3 Structure of additives 5a and 5b, and the adduct 4ka.

In the hope of enhancing the enantioselectivity, we carried
out the reaction at 0 °C. Unfortunately, no beneficial effect was
observed (entries 15-17). At the same time, the Michael addition
proceeded somewhat faster in chloroform than DCM, however, it
resulted in lower enantioselectivity (entry 15 vs. entry 16). To our
surprise, the enantioselectivity in THF sharply decreased at 0 °C
(entry 17). Moreover, the composition of the catalyst system and

the ratio of malononitrile 2 to benzylideneacetone 3a also affected
both reaction rate and enantioselectivity (entries 18-20).

Having established the optimum reaction conditions for the
enantioselective Michael addition of benzylideneacetone 3a, we
next screened a series of analogues which bear various substituents
on the terminal double bond and the carbonyl group. The Michael
reaction was generally conducted with 20 mol% of 1a and 40 mol%
TFA at 22 °C (Table 2). As illustrated in Table 2, enones 3a—
k cleanly underwent conjugate addition and excellent enantios-
electivities were achieved regardless of the electronic properties
(entries 1-11). The coupling reaction with aryl substituents 3a—
e proceeded with 93-96% ee to afford the adducts 4a—e in high
yields (entries 1-5). Similarly, the substrate 3h with a 2-furanyl
group as the B-substituent underwent smooth reaction as well and
furnished the desired adduct 4h in 99% yield with 95% ee (entry 8).
Moreover, 3i, bearing an aliphatic group on the B-position, was
tolerated to exhibit 93% ee with 35% yield after 72 h (entry 9). On
the other hand, bulkier alkyl enone 3j was also tolerated to give
the highest enantioselectivity (97% ee, entry 10). Furthermore,
reaction of the cyclic acceptor 3k occurred smoothly to furnish
the desired adduct 4k with excellent enantioselectivity (95% ee),
but a by-product, o,0-dicyanoalkene 4ka (Fig. 3), was obtained in
30% yield with 90% ee (entry 11), which may be derived from the
desired adduct 4k and malononitrile.”® Gratifyingly, reaction of
chalcone 31, which was inert with vinylogous donors,'™ proceeded
smoothly to give the desired adduct 41 with 88% ee despite the
longer time required (entry 12). As aromatic ketones (R, = R, =
Ar) might be unfavorable for the formation of iminium ions with
amine catalysts, the Michael addition of chalcone analogues with
amine as catalyst has rarely been reported.'® It turned out that
the substituents on the phenyl group of chalcone had a large
influence on the yields and 3m, 3n and 30 gave <40% yield
with >83% ee (entries 13-15). It is notable that higher yields
were achieved at elevated temperature, yet the enantioselectivities
only slightly decreased. These observations indicated that the
temperature markedly affected the reaction rate while it only
slightly affected the enantioselectivity (Table 1, entry 4 vs. 15,
and Table 2, entries 13-15).

Conclusions

In summary, we have developed the first general and highly enan-
tioselective organocatalytic Michael addition of malononitrile's
with various o,f-unsaturated ketones in the presence of 9-amino-
9-deoxy-epi-quinidine la. Noticeably, this novel primary amine
organocatalyst can effectively activate chalcone and its analogues,
which were inert in the case of secondary amine organocatalysts.
Moreover, to the best our knowledge, no Michael additions of
malononitrile catalyzed by amine organocatalysts®® have been
reported. Further investigation into the synthetic application is
underway.

Experimental
General Methods

"H NMR spectra were recorded at 300 MHz and *C NMR spectra
were recorded at 75 MHz. Chemical shifts (J) are reported in
ppm relative to CHCI; (6 = 7.27 ppm) for '"H NMR and relative
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Table 2 Asymmetric Michael addition of malononitrile 2 to o,f-unsaturated ketones 3¢

1a (20 mol%) NC.__CN

O 0, o
/\)J\ . NGTNeN | _TFA(0moi%) I)L
Ri R, DCM, 22°C R Ry
3 2 4
Entry R, R, (3) 4 Time/h Yield (%)” ee (%)°
1 Ph Me (3a) 4a 12 93 95
2 p-MeC¢H, Me (3b) 4b 22 87 93
3 p-MeOC¢H, Me (3¢) 4c 12 94 94
4 p-CIC¢H, Me (3d) 4d 18 85 96
5 p-BrC¢H, Me (3e) 4e 48 84 93
6 p-NO,C.H, Me (3f) 4f 48 70 87
7 2-Naphthyl Me (3g) 4g 22 87 88
8 2-Furanyl Me (3h) 4h 12 99 95
9 n-Pr Me (3i) 4i 72 35(95)¢ 93¢
397 (94)¢ 92¢f
10 Ph Et (3j) 4j 12 85 97
11 -C,H;- (3k) 4k 12 60 95¢
4ka 30 90
12 Ph Ph (3] 41 72 60 88¢
13 p-MeOC,H, Ph (3m) 4m 72 20 87
80/ 85
14 p-FCH, Ph (3n) 4n 72 40 83
78" 80"
15 Ph p-MeOC,H, (30) 40 72 36 87
79 8

“ Unless otherwise noted, the reaction was performed with 0.1 mmol of 3a, 0.2 mmol of 2, in the presence of 20 mol% of 1a and 40 mol% of TFA in | mL
of DCM at 22 °C. * Isolated yield. ¢ Determined by chiral HPLC analysis. ¢ Yield in parentheses is based on recovered 3i. ¢ Determined by GC analysis.
fPerformed at 40 °C. ¢ The absolute configuration of 41 was the (S)-form determined by comparison of the specific optical rotation with that reported in

the literature,® and the other adducts were assigned accordingly.

to the central CDCl; resonance (6 = 77.0 ppm) for *C NMR
spectroscopy. Coupling constants (J) are given in Hz. ESI-HRMS
spectra were measured with a Finnigan LCQPF jon trap mass
spectrometer. Optical rotation data were recorded on Perkin-
Elmer Polarimeter-341. Enantiomeric excess was determined by
HPLC analysis on chiral columns and GC analysis on a chiral
CP-Chirasil-DEX CB column in comparison with the authentic
racemates. TLC was performed on glass-backed silica plates.
Column chromatography was performed using silica gel (200
300 mesh) eluting with ethyl acetate and petroleum ether.
Commercial grade solvents were dried and purified by standard
literature procedures.'® Primary aminocatalysts la—lc¢ were pre-
pared according to literature procedures.'

General procedure for asymmetric Michael addition of
malononitrile to a,pf-unsaturated ketones

Benzylideneacetone 3a (14.6 mg, 0.1 mmol), malononitrile 2
(13.2 mg, 0.2 mmol), 9-amino-9-deoxy-epi-quinidine 1a (6.4 mg,
0.02 mmol) and TFA (3.0 uL, 0.04 mmol) were stirred in DCM
(1 mL) at 22 °C for 12 h. Then the reaction was quenched by
adding 1 mol L' HCI (1.0 mL). The mixture was extracted with
EtOAc (10 mL) and dried with anhydrous sodium sulfate. The
solvent was removed and flash chromatography on silica gel (20%
ethyl acetate—petroleum ether) gave 4a as a white solid (19.7 mg,
93% yield).

2-(3-Oxo-1-phenylbutyl)malononitrile (4a). White solid. Mp
72-74 °C. [a]5 = —38.1 (¢ = 0.40, CHCL;). 'H-NMR (CDCl,,
300 MHz) 6 7.45-7.34 (m, SH), 4.48 (d, J = 5.5 Hz, 1H), 3.77-

3.70 (m, 1H), 3.24-3.04 (m, 2H), 2.21 (s, 3H) ppm. "C-NMR
(CDCl;, 75 MHz) 6 205.3, 136.2, 129.3, 129.1, 127.8, 111.7, 111.5,
44.7, 40.8, 30.3, 28.5 ppm. ESI-HRMS calcd for C;H;,N,O — H
211.0866, found 211.0859. 96% ee determined by HPLC on AS-H
column, hexane-i-propanol (70 : 30), 1.0 mL min~', UV 254 nm,
Imgjor = 13.886 min, #,,,o, = 16.383 min.

2-(3-Oxo-1-p-tolylbutyl)malononitrile (4b). Light yellow oil.
Yield 87%. [a]? = —33.0 (¢ = 0.13, CHCL;). '"H-NMR (CDCl,,
300 MHz) 6 7.25-7.19 (m, 4H), 4.45 (d, J = 5.3 Hz, 1H), 3.73—
3.67 (m, 1H), 3.21-3.02 (m, 2H), 2.36 (s, 3H), 2.20 (s, 3H)
ppm. "C-NMR (CDCl;, 75 MHz) ¢ 205.4, 139.1, 133.2, 129.9,
127.6, 111.8, 111.6, 44.8, 40.5, 30.3, 28.7, 21.1 ppm. ESI-HRMS
caled for C,,H,N,O — H 225.1022, found 225.1032. 93% ee
determined by HPLC on OD-H column, hexane—i-propanol
(70 : 30), 1.0 mL min™', UV 254 nm, ., = 11.208 min, #,,5, =
13.161 min.

2-(1-(4-Methoxyphenyl)-3-oxobutyl)malononitrile (4c). Light
yellow solid. Yield 94%, mp 84-87 °C. [a]y = —35.5 (¢ = 0.47,
CHCl;). '"H-NMR (CDCl;, 300 MHz) 6 7.28 (d, J = 8.7 Hz,
2H), 6.92 (d, J = 8.7 Hz, 2H), 444 (d, J = 5.3 Hz, 1H),
3.81 (s, 3H), 3.72-3.68 (m, 1H), 3.21-3.00 (m, 2H), 2.21 (s,
3H) ppm. “C-NMR (CDCl;, 75 MHz) ¢ 205.4, 160.2, 129.0,
128.1, 114.6, 111.8, 111.6, 55.3, 44.9, 40.2, 30.3, 28.8 ppm. ESI-
HRMS caled for C,H,N,O, — H 241.0972, found 241.0978.
94% ee determined by HPLC on OJ-H column, hexane—i-propanol
(70 : 30), 1.0 mL min™', UV 254 nm, t,iner = 29.937 min, tye =
36.018 min.
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2-(1-(4-Chlorophenyl)-3-oxobutyl)malononitrile (4d). Color-
less oil. Yield 85%. [a]Z = —45.0 (¢ = 0.20, CHCl;). '"H-NMR
(CDCl;, 300 MHz) 6 7.42-7.38 (m, 2H), 7.33-7.28 (m, 2H), 4.47
(d, J = 5.3 Hz, 1H), 3.76-3.69 (m, 1H), 3.21-3.01 (m, 2H), 2.23
(s, 3H) ppm. *C-NMR (CDCl;, 75 MHz) ¢ 204.9, 135.3, 134.6,
129.5,129.3, 111.5, 111.3, 44.6, 40.3, 30.3, 28.4 ppm. ESI-HRMS
caled for C;;H,CIN,O — H 245.0476, found 245.0477. 96% ec
determined by HPLC on AS-H column, hexane-i-propanol
(70 : 30), 1.0 mL min™', UV 254 nm, .5, = 13.307 min, #yne =
16.906 min.

2-(1-(4-Bromophenyl)-3-oxobutyl)malononitrile (4e). Color-
less oil. Yield 84%. [a]Z = —31.2 (¢ = 0.50, CHCL;). '"H-NMR
(CDCl;, 300 MHz) ¢ 7.55 (d, J = 8.2 Hz, 2H), 7.24 (d, J =
8.5 Hz, 2H), 447 (d, J = 5.2 Hz, 1H), 3.74-3.68 (m, 1H),
3.21-3.00 (m, 2H), 2.22 (s, 3H) ppm. *C-NMR (CDCl;, 75 MHz)
02049, 135.1, 132.5, 129.5, 123.4, 111.5, 111.3, 44.5, 40.4, 30.3,
28.3 ppm. ESI-HRMS caled for C,;H;;BrN,O — H 288.9971,
found 288.9968. 93% ee determined by HPLC on OD-H column,
hexane—i-propanol (85 : 15), 1.0 mL min~!, UV 254 nm, 7,,0r =
22.636 min, .5, = 24.013 min.

2-(1-(4-Nitrophenyl)-3-oxobutyl)malononitrile (4f). Brown
solid. Yield 70%, mp 136.3-138.5 °C. [a]5 = —32.0 (¢ = 0.33,
CHCL;). '"H-NMR (CDCl;, 300 MHz) ¢ 8.31-8.27 (m, 2H),
7.60-7.56 (m, 2H), 4.55 (d, J = 5.4 Hz, 1H), 3.91-3.84 (m, 1H),
3.29-3.07 (m, 2H), 2.25 (s, 3H) ppm. *C-NMR (CDCl;, 75 MHz)
0204.4,148.4, 143.0, 129.1, 124.5, 111.2, 110.9, 44.4, 40.6, 30.2,
27.9 ppm. ESI-HRMS calcd for C;H; N;O; — H 256.0717,
found 256.0716. 87% ee determined by HPLC on AS-H column,
hexane—i-propanol (70 : 30), 1.0 mL min~", UV 254 nm, 7., =
24.079 min, .5, = 33.490 min.

2-(1-(Naphthalen-2-yl)-3-oxobutyl)malononitrile (4g). White
solid. Yield 87%, mp 132-133 °C. [a]% = —50.4 (¢ = 0.43, CHCL,).
'H-NMR (CDCl;, 300 MHz) 6 7.91-7.83 (m, 4H), 7.56-7.50
(m, 2H), 7.47-7.44 (m, 1H), 4.55 (d, J = 5.5 Hz, 1H), 3.96-
3.89 (m, 1H), 3.34-3.14 (m, 2H), 2.23 (s, 3H) ppm. “C-NMR
(CDCl;, 75 MHz) ¢ 205.2, 133.6, 133.3, 133.2, 129.3, 128.1,
127.7, 127.4, 126.8, 126.7, 124.9, 111.7, 111.6, 44.9, 41.0, 30.3,
28.5 ppm. ESI-HRMS calcd for C;H,N,O — H 261.1022, found
261.1009. 88% ee determined by HPLC on AS-H column, hexane—
i-propanol (70 : 30), 1.0 mL min~!, UV 254 nm, 7,0 = 13.128 min,
Lnajor = 15.598 min.

2-(1-(Furan-2-yl)-3-oxobutyl)malononitrile (4h). Brown oil.
Yield 99%. [a]? = —12.0 (¢ = 0.23, CHCl;). '"H-NMR (CDCl,,
300 MHz) ¢ 7.43 (br, 1H), 6.38 (br, 2H), 4.45 (d, J/ = 5.3 Hz, 1H),
3.96-3.89 (m, 1H), 3.13-3.10 (m, 2H), 2.24 (s, 3H) ppm. *C-NMR
(CDCl;, 75 MHz) 6 204.6, 149.2, 143.4, 111.4, 111.1, 110.8, 109.2,
43.1, 35.3,30.1, 26.9 ppm. ESI-HRMS calcd for C,;H,,N,O, — H
201.0659, found 201.0673. 95% ee determined by HPLC on AS-H
column, hexane—i-propanol (70 : 30), 1.0 mL min~!, UV 230 nm,
Lgjor = 16.057 min, 7,0, = 25.791 min.

2-(2-Oxoheptan-4-yl)malononitrile (4i). Colorless oil. Yield
39%. [a]Z = +41.7 (¢ = 0.40, CHCL,), lit.** ee = 94%, [a]5 = +45
(¢ = 0.98, CHCI;). '"H-NMR (CDCl;, 300 MHz) § 4.29 (d, J =
4.5 Hz, 1H), 2.79-2.73 (m, 1H), 2.66-2.64 (m, 1H), 2.57-2.51 (m,
1H), 2.20 (s, 3H), 1.64-1.37 (m, 4H), 0.96 (t, J = 7.2 Hz, 3H) ppm.
92% ee determined by GC and derivation to the corresponding 1,3-

dioxolane on CP-Chirasil-DEX CB column, 135 °C isothermal,
tmgjor = 21.863 min, #,,0, = 22.678 min.

2-(3-Oxo-1-phenylpentyl)malononitrile  (4j). Colorless oil.
Yield 85%. [a]5 = —34.0 (¢ = 0.45, CHCIL;). '"H-NMR (CDCl,,
300 MHz) 0 7.42-7.34 (m, SH), 4.50 (d, J = 5.4 Hz, 1H),
3.78-3.72 (m, 1H), 3.21-3.02 (m, 2H), 2.54-2.42 (m, 2H), 1.07
(t, J = 7.3 Hz, 3H) ppm. "C-NMR (CDCl;, 75 MHz) ¢ 208.2,
136.3, 129.3, 129.1, 127.8, 111.7, 111.6, 43.5, 40.9, 36.4, 28.6,
7.5 ppm. ESI-HRMS caled for C,H,N,O — H 225.1022,
found 225.1019. 97% ee determined by HPLC on OJ-H column,
hexane—i-propanol (70 : 30), 1.0 mL min~', UV 254 nm, f0r =
12.339 min, #,,5, = 15.397 min.

2-(3-Oxocyclohexyl)malononitrile (4k). " Light yellow oil.
Yield 60%. [a]; = +16.0 (¢ = 0.12, CHCl;). '"H-NMR (CDCl,,
300 MHz) ¢ 3.75 (d, J = 4.9 Hz, 1H), 2.67-2.64 (m, 1H), 2.48-
2.19 (m, 6H), 1.77-1.73 (m, 2H) ppm. *C-NMR (CDCl;, 75 MHz)
0206.1, 111.0, 110.8, 44.2, 40.2, 39.4, 28.7, 28.1, 23.6 ppm. ESI-
HRMS caled for C,H,,\N,O — H 161.0709, found 161.0726.95% ee
determined by GC on CP-Chirasil-DEX CB column, 150 °C
isothermal, 7, = 30.681 min, #,;,,, = 32.768 min.

2,2'-(Cyclohexan-1-yl-3-ylidene)dimalononitrile (4ka). '* Light
yellow solid. Yield 30%, mp 98-100 °C. [a]5 = —76.0 (¢ = 0.18,
CHCI;). '"H-NMR (CDCl,, 300 MHz) 6 3.92 (d, J = 3.6 Hz,
1H), 3.18 (d, J = 10.6 Hz, 1H), 3.07 (d, J = 13.8 Hz, 1H),
2.41-2.13 (m, 5H), 1.66-1.56 (m, 2H) ppm. “C-NMR (CDCl;,
75 MHz) 0 178.8, 111.0, 110.9, 110.8, 85.2, 39.5, 36.5, 33.2, 28.4,
27.7, 24.8 ppm. ESI-HRMS calcd for C,H,(N, — H 209.0822,
found 209.0823. 90% ee determined by HPLC on AD-H column,
hexane—i-propanol (80 : 20), 1.0 mL min~', UV 254 nm, f0r =
9.411 min, f,,, = 11.315 min.

2-(3-Oxo0-1,3-diphenylpropyl)malononitrile (4l). White solid.
Yield 60%. [a]y = —12.5 (¢ = 0.20, CHCL,), lit.* ee = 11%,
[a]Z = —1.6 (¢ = 1.0, CHCL;). '"H-NMR (CDCl,, 300 MHz) ¢
7.98-7.96 (m, 2H), 7.63-7.61 (m, 1H), 7.53-7.40 (m, 7H), 4.64
(d, J = 5.1 Hz, 1H), 3.99-3.93 (m, 1H), 3.77-3.62 (m, 2H)
ppm. 88% ee determined by HPLC on OD-H column, hexane—i-
propanol (70 : 30), 1.0 mL min~', UV 254 nm, 7, = 12.312 min,
Imajor = 19.071 min.

2-(1(4-Methoxyphenyl)-3-oxo-3-phenylpropyl)malononitrile (4m).
Colorless oil. Yield 20%. [a]Z = —11.0 (¢ = 0.21, CHCL,). 'H-
NMR (CDCl;, 300 MHz) 6 7.98-7.95 (m, 2H), 7.62-7.59 (m, 1H),
7.52-7.47 (m, 2H), 7.39-7.36 (m, 2H), 6.96-6.93 (m, 2H), 4.60
(d, J = 5.1 Hz, 1H), 3.95-3.89 (m, 1H), 3.81 (s, 3H), 3.73-3.58
(m, 2H) ppm. *C-NMR (CDCl;, 75 MHz) ¢ 196.7, 159.9, 135.7,
134.1, 129.1, 128.8, 128.4, 128.0, 114.5, 111.9, 111.8, 55.2, 40.4,
40.1, 29.0 ppm. ESI-HRMS caled for C,yH(N,O, + Na 327.1104,
found 327.1118. 87% ee determined by HPLC on AS-H column,
hexane—i-propanol (70 : 30), 1.0 mL min~', UV 254 nm, f,0r =
13.304 min, 5, = 23.322 min.

2-(1-(4-Fluorophenyl)-3-oxo-3-phenylpropyl)malononitrile (4n).
White solid. Yield 40%, mp 99-101 °C. [a]5 = —18.0 (¢ = 0.14,
CHCL). '"H-NMR (CDCl;, 300 MHz) 6 7.99-7.96 (m, 2H), 7.64—
7.61 (m, 1H), 7.53-7.43 (m, 4H), 7.16-7.10 (m, 2H), 4.63 (d,
J = 5.0 Hz, 1H), 3.99-3.93 (m, 1H), 3.75-3.57 (m, 2H) ppm.
"C-NMR (CDCl;, 75 MHz) 6 196.4, 162.9 (d, J{,. = 248.9 Hz),
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135.6, 134.2, 132.2, 129.8 (d, J}. = 8.3 Hz), 128.9, 128.1, 116.3
(d, J&. = 21.7 Hz), 111.7, 111.5, 40.5, 40.7, 28.8 ppm. ESI-
HRMS caled for C3sH;;FN,O + Na, 315.0904, found 315.0909.
83% ee determined by HPLC on AS-H column, hexane-i-
propanol (90 : 10), 1.0 mL min~!, UV 254 nm, .., = 9.562 min,
Lmgjor = 11.143 min.

2-(3-(4-Methoxyphenyl)-3-oxo-1-phenylpropyl)malononitrile (40).
Colorless oil. Yield 79%. [a]? = +11.0 (¢=0.10, CHCL;). 'H-NMR
(CDCl;, 300 MHz) 6 7.97-7.94 (m, 2H), 7.47-7.39 (m, 5H), 6.97—
6.94 (m, 2H), 4.70 (d, J = 5.1 Hz, 1H), 3.97-3.90 (m, 1H), 3.88 (s,
3H), 3.71-3.55 (m, 2H) ppm. *C-NMR (CDCl;, 75 MHz) ¢ 195.0,
164.3, 136.6, 130.5, 129.7, 129.1, 128.8, 127.9, 114.0, 111.9, 111.7,
55.6,41.2,39.6,28.7 ppm. ESI-HRMS calcd for CyH;N,O, + Na
327.1104, found 327.1099. 87% ee determined by HPLC on AS-H
column, hexane—i-propanol (70 : 30), 0.8 mL min~!, UV 254 nm,
Lgjor = 22.195 min, 2,0, = 25.903 min.
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A new series of geldanamycin derivatives were synthesized using a semi-synthetic approach involving
genetically engineered biosynthetic intermediates. These analogues were then evaluated for
anti-proliferation activity in human cancer cell lines, SK-Br3 and SK-Ov3. Most of the synthesized
compounds exhibited potent in vitro anti-proliferation activity toward both cell lines. Such compounds

potently inhibited the expression of the Hsp90 client protein ErbB2.

Introduction

Heat shock protein 90 (Hsp90), a molecular chaperone, represents
a promising target for future cancer chemotherapy, due to its
importance in maintaining transformation, and increasing the
survival and growth potentials of cancer cells."> Hsp90 inhibi-
tion results in the blocking of Hsp90-mediated conformational
maturation—refolding of Hsp90 client proteins, which ultimately
leads to proteasomal degradation of the clients.® The clients come
from a variety of signaling pathways and include mutated p53,
mitogen-activated protein kinase kinases (MEK 1 and 2), Raf, Akt,
Ber-Abl, hypoxia-inducible factor 1o (HIF-10) and ErbB2.# In
particular, ErbB2 (also known as Her2) is over-expressed in many
human tumors, including approximately >25% of human breast
cancers.”!

Geldanamycin (1, Fig. 1), a naturally occurring antitumor
antibiotic, inhibits Hsp90 by competing with ATP for a highly
conserved nucleotide binding site located near the N-terminus of
the protein, and the resulting ATP-dependent chaperone activities
are thus inhibited." Geldanamycin has exhibited potent anti-
proliferative activity in various cancer cell lines” and has been

Geldanamycin (1): R= —OMe
17-AAG (2):R = —H/\/

17-DMAG (3):R= __

Fig.1 Geldanamycin and related analogues.
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shown to inhibit tumor growth in mouse xenograft models.”®
However, no clinical evaluation of geldanamycin has been under-
taken because of its severe toxicity and poor water solubility.'*
Thus far, a number of geldanamycin derivatives have been
prepared, among which 17-allylamino-17-demethoxygeldana-
mycin (17-AAG) 2, and 17-[2-(dimethylamino)ethyl]Jamino-17-
demethoxygeldanamycin (17-DMAG) 3 are currently in various
stages of clinical trials for the treatment of cancer.'**

The preparation of geldanamycin and its derivatives with the
benzoquinone-ansamycin moiety have been achieved by either
synthetic®®?® or biosynthetic routes.?* In particular, a biosyn-
thetic route, including alteration of the gene for the biosynthesis
of the geldanamycin macrocyclic ring, provided some interesting
analogues that are difficult to prepare synthetically.? Moreover,
biosynthetic analogues, such as 4,5-dihydro-7-O-descarbamoyl-7-
hydroxygeldanamycin 4 and 4,5-dihydrogeldanamycin 5, obtained
from a genetically engineered mutant containing a selective inac-
tivation of a post-polyketide synthase modification step,*"*> may
be utilized as unique templates for access to novel geldanamycin
derivatives.

Herein, we report a semi-synthetic preparation of a new
series of geldanamycin derivatives from geldanamycin (1) and
the biosynthetically generated metabolites, 4 and 5, and their
anticancer activities.

Results and discussion
Chemistry

Recently, we have reported that 4 is the main product of a
culture using a carbamoyltransferase gene-inactivated strain of
Streptomyces hygroscopicus subsp. duamyceticus JCM4427 in the
biosynthesis of geldanamycin.® More recently, we have found
that 5 is the final biosynthetic intermediate of the geldanamycin
biosynthetic pathway, and can be readily purified in a high-sucrose
containing culture broth (Fig. 2).** With these biosynthetics 1,
4, and 5 in hand, a variety of geldanamycin derivatives were
synthesized as outlined in Schemes 1-3.

As shown in Scheme 1, reaction of compound 4 with trichloro-
acetyl isocyanate gave bis-carbamoyl derivative 6, which was
further treated with various amines to produce the 17-substituted
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C17 hydroxylation
C17 O-methylation
PKS C21 Oxidation
———
1 X Malonate
4 X Methylmalonate
2 X methoxymalonate

major product of Agel8

C4,5 oxidation

Geldanamycin 1

Fig. 2 Proposed geldanamycin biosynthetic pathway, following polyke-
tide synthase (PKS) processing and modification by PKS tailoring
enzymes. Compound 4 was converted to 4,5-dihydrogeldanamycin (5) by
a carbamoyltransferase (Gel8).

OCONHMe
s MeO
Me,

Scheme 1 Reagents and conditions: (a) trichloroacetyl isocyanate,
CH,Cl,, 0 °C-RT, ALO;; (b) amine, DCE, RT; (¢) diketene, DMAP,
Et;N, THF, RT; (d) 1,lI'-carbonyldiimidazole, CH,Cl,, RT, 12 h, then
methylamine, THF, RT, 1 h.

Scheme 2 Reagents and conditions: (a) amine, DCE, RT.

amino analogues 7a—d. A single step reaction of 4 with diketene
afforded the bis-diketone derivative 8 in good yield. In addition,

12a-d

Scheme 3 Reagents and conditions: (a) trichloroacetyl isocyanate,
CH,Cl,, 0 °C-RT, Al,O;; (b) amine, DCE, RT.

4 was reacted with 1,1’-carbonyldiimidazole for 12 hours and the
resulting intermediate was further treated with methylamine to
yield the bis-methylamino carbamoyl analogue 9. Treatment of
4,5-dihydrogeldanamycin 5 with a series of aliphatic amines under
standard conditions furnished 17-amino-17-demethoxy analogues
of 4,5-dihydrogeldanamycin 10a—-g (Scheme 2). Furthermore,
geldanamycin was reacted with trichloroacetyl isocyanate to
obtain the corresponding 7,11-bis-carbamoyl derivative 11, which
on further treatment with various amines provided the respective
amino analogues 12a—d. Alternatively, 12a was prepared in a
single step by the carbamoylation of 17-AAG with trichloroacetyl
isocyanate, as described in Scheme 3.

Biological evaluation

Inhibition of Hsp90 leads to the proteasomal degradation of
a subset of signaling proteins that require Hsp90 chaperone
activity for their conformational maturation.’** Among these
client proteins, ErbB2 is considered as a highly sensitive target
of Hsp90 inhibitors. ErbB2 is a transmembrane tyrosine kinase
whose surface over-expression is linked to tumorigenesis and poor
prognosis in breast cancer patients. Breast cancers with high levels
of ErbB2 expression are associated with aggressive disease and
resistance to chemotherapy-induced apoptosis. Recently, it was
reported that cells with ErbB2 over-expressed are 10- to 100-fold
more sensitive to 17-AAG, 2, than cancer cells with low expression
levels of ErbB2,” and the concentrations of Hsp90 inhibitors that
are needed to induce ErbB2 degradation match those required to
impair cell proliferation.'

Initially, the newly prepared analogues were evaluated for their
in vitro biological activity using tumor cell growth inhibition
assays in human breast SK-Br3 and ovarian SK-Ov3 cancer cell
lines, following the standard procedures.?**! The anti-proliferative
activities of these analogues, along with those of the biosyn-
thetic 4 and 5, are summarized in Tables 1 and 2. 1-3 were
used as reference standards. Among the series of 4,5-dihydro
analogues, compound 4 with a 7-hydroxyl group was found to
be inactive and the corresponding carbamate 5 exhibited activity,
which is in accordance with the findings from the co-crystal
structure of Hsp90-inhibitor.***” That is, the 7-carbamate group of
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Table 1 In vitro tumor cell growth inhibition data for 4,5-dihydrogeldanamycin 5 and its analogues 4 and 6-10

1C5y/uM
Compd R R, R, SK-Br3 SK-Ov3
4 H H OMe >10 >10
5 CONH, H OMe 1.4 >10
6 CONH, CONH, OMe 3.07 7.90
Ta CONH, CONH, >10 >10
MevN;
7b CONH, CONH, H >10 10.52
AN
Tc CONH, CONH, H 0.32 5.09
Me\rl\l/\/N.e_{
Me
7d CONH, CONH, H 0.01 1.14
Me NN
Me'
8 COCH,COMe COCH,COMe OMe >10 11.94
9 CONHMe CONHMe NHMe >10 >10
10a CONH, H H >10 >10
MevN?f
10b CONH, H H 1.02 10.22
AN
10c CONH, H " H 0.03 1.54
e\N/\/ }j
Me
10d CONH, H H 0.02 1.66
Me NN
Me)
10e CONH, H H 0.2 1.32
@‘/\/N\ef
10f CONH, H H 0.83 4.12
(\N/\/N?‘
o
10g CONH, H N=| H 0.69 5.09
X/N\/\/N‘;

geldanamycin or its derivatives is found to be essential for biologi-
cal activity, since this functionality makes important hydrogen-
bonding networks at the active site of the Hsp90 protein. 7,11-Bis-
carbamates 7a—d with 17-aminoalkyl substitutions showed various
activities.

The in vitro tumor cell growth inhibition data profile for 4,5-
dihydrogeldanamycin 5 and its analogues 4 and 6-10 showed that
compounds 7c¢ and 7d, with diaminoalkyl functionality introduced
at the 17-position, exhibited improved potency over compound 6.
Further structural modifications at the 7- and 11-positions with
bis-ester (8) and bis-N-methylcarbamate (9) did not show any
improvement in anti-proliferative activity, presumably because of

their bulkiness. Other 4,5-dihydrogeldanamycin derivatives 10a—g
with a 7-carbamate were also found to have notable IC;, values,
which displayed better activities than the corresponding 7,11-bis-
carbamates, as exemplified by 7c vs. 10c (Table 1).

As shown in Table 2, geldanamycin derivatives 12a—d, which
have an additional carbamate group at the 11-position in com-
parison with the reference compounds 1-3, also showed anti-
proliferative activity in a similar range, with 12b being the most
potent in this series. Further with the difference at the 4-5
position, 12a and 12b were more potent than the corresponding
4,5-saturated compounds 7b and 7¢, respectively. An exception to
this trend was 12¢ vs. 7d (Table 2).
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Table 2  In vitro tumor cell growth inhibition data for geldanamycin, 17-AAG, 17-DMAG and their analogues 12a—d

1C5/uM
Compd R R, R, SK-Br3 SK-Ov3
12a CONH, CONH, H 0.05 6.97
AN
12b CONH, CONH, M H 0.02 0.67
e\'?l/\/ }j
Me
12¢ CONH, CONH, n >10 2.95
Me” NN
Me)
12d CONH, CONH, 0.51 2.07
C/\‘/\/N;
17-AAG (2) CONH, H H 0.02 5.16
AN
17-DMAG (3) CONH, H H 0.01 0.04
Me\N/\/N.;{
Me
Geldanamycin (1) CONH, H OMe 0.89 7.66
(A) DMSO 17-DMAG 17-AAG

In addition to anti-proliferation activity studies, we further
examined whether ErbB2, a well-documented client of Hsp90, is
degraded by representative analogues. Accordingly, we determined
the TGI (total growth inhibition) concentrations for three selected
compounds; 7d, 12b and 12d, in the SK-Ov3 cell line, and then
performed ErbB2 degradation studies to test whether ErbB2 levels
are changed by these compounds at their TGI concentrations.
These three compounds were found to have higher TGI con-
centrations than 3 (7.5 uM). Among the three, the most active
compound was 12d (9.7 uM), whereas 7d and 12b were less active
with TGI concentrations of 14 uM and 17 pM, respectively. As
shown in Fig. 3, western blot analysis indicated that ErbB2 was
degraded by the inhibitors in a time-dependent manner. Of note,
it took 4 hours for 12b to markedly degrade ErbB2, while other
inhibitors, including 3, needed 8 hours. Therefore, we concluded
that 12b appeared to have a rapid onset anti-proliferative effect
via Hsp90 inhibition in SK-Ov3 cells. Compound 12d also needed
8 hours to completely deplete ErbB2 protein at the concentration
of 9.7 uM. Furthermore, these findings further confirmed the
potent anticancer properties via the inhibition of Hsp90 activity.

Experimental
Synthetic procedures

All of the commercial chemicals and solvents were of reagent grade
and were used without further purification. All reactions were
carried out under an atmosphere of dried argon, in flame-dried

0 2 4 8 2 4 8 2 4 8

(8) DMSO 17-DMAG 7d

0 2 4 8 2 4 8 2 4 8

© DMSO 17-DMAG 12b
0 2 4 8 2 4 8 2 4 8

P -

) DMSO

17-DMAG 12d

0 2 4 8 2 4 8 2 4 8

. . . .- - -t

Fig. 3 Western blot analyses of analogues 7d, 12b, 12d, 17-AAG (2) and
17-DMAG (3) in human ovarian cancer cell line SK-Ov3. Cells were treated
with each compound at its TGI concentration (2, 1.5 uM; 3, 7.5 uM; 7d,
14 uM; 12b, 17 uM; 12d, 9.7 uM, respectively) for 0, 2, 4, and 8 h. The
ErbB2 level was probed by western blot analysis of 30 pg of drug treated
SK-Ov3 cell lysate. ErbB2 was remarkably reduced after 4 h of treatment
with 12b (C), and disappeared after 8 h of treatment with 12b and 12d (C
and D, respectively).

glassware. Proton nuclear magnetic resonance (‘H NMR) spectra
were determined on a Varian (300 MHz) spectrometer. Chemical
shifts are provided in parts per million (ppm) downfield from
tetramethylsilane (internal standard) with coupling constants in
hertz (Hz). Multiplicity is indicated by the following abbreviations:
singlet (s), doublet (d), doublet of doublets (dd), triplet (t),
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pseudo triplet (ps-t), quartet (q), multiplet (m), broad (br). Mass
spectra were recorded on a Finnigan ESI mass spectrometer
and HRMS (EI-MS) was obtained on a JMS-700 (Jeol, Japan)
mass spectrometer. Products from all reactions were purified to
a minimum purity of 96% as determined by HPLC, either by
flash column chromatography using silica gel 60 (230-400 mesh
Kieselgel 60) or by preparative thin layer chromatography using
glass-backed silica gel plates (1 mm thickness) unless otherwise
indicated. Additionally, thin-layer chromatography on 0.25 mm
silica plates (E. Merck, silica gel 60 F,5,) was used to monitor
reactions. The chromatograms were visualized using ultraviolet
illumination, exposure to iodine vapors, dipping in PMA or
Hanessian’s solution. The purity of the products was checked by
reversed phase high-pressure liquid chromatography (RP-HPLC),
which was performed either on a Dionex Corp. HPLC system or
on a Waters Corp. HPLC system equipped with a UV detector set
at 254 nm. The mobile phases used were A: H,O containing 0.05%
TFA, and B: CH;CN. The HPLC employed a YMC Hydrosphere
C18 (HS-302) column (5 p particle size, 12 nM pore size), 4.6 mm
dia. x 150 mm with a flow rate of 1.0 mL min~'. Compound purity
was assessed in two different systems, using one of the following
methods, method A: gradient 20% B to 100% B in 30 min (Waters
Corp. HPLC system); method B: gradient 25% B to 100% B in
30 min (Dionex Corp. HPLC system).

11-Carbamate-4,5-dihydrogeldanamycin 6

To a solution of 4 (44.5 mg, 0.086 mmol) in CH,Cl, (2.0 mL)
was added trichloroacetyl isocyanate (0.010 mL, 0.086 mmol) at
0 °C and the reaction was stirred at room temperature for 1.5 h.
The reaction mixture was diluted with CH,Cl, and Al,O; was
added. The mixture was stirred for 2 h, filtered and concentrated
in vacuo. Purification by preparative TLC (n-hexane-EtOAc—
MeOH = 6:3: 1) gave 6 as a yellow solid (35.1 mg, 68% yield).
'H NMR (CDCl;, 300 MHz) § 8.64 (1H, s, NH), 7.05 (1H, s,
19-H), 6.52 (1H, t, J = 7.2 Hz, 3-H), 5.20 (1H, d, J = 10.5 Hz,
9-H), 490 (1H, d, J = 5.4 Hz, 7-H), 4.78 (2H, brs, NH,), 4.51
(1H, q, J = 2.4 Hz, 6-H), 4.46 (2H, brs, NH,), 4.03 (3H, s, 17-
OCH;), 3.45(3H, s, 6-OCH,), 3.35 (3H, s, 12-OCH,), 3.29 (2H, m,
11-H, 12-H), 2.85 (1H, m, 10-H), 2.26-2.41 (4H, m, 15-H, 4-H),
1.90 (3H, s, 22-CH;), 1.80 (2H, m, 5-H), 1.64 (3H, s, 23-CH,),
1.25-1.29 (3H, m, 13-H, 14-H), 1.10 (3H, d, J = 6.9 Hz, 25-CH,),
0.93 (3H, d, J = 6.9 Hz, 24-CH;); *C NMR (CDCl;, 75 MHz)
0 184.30, 170.03, 156.45, 155.55, 140.64, 132.29 128.21, 110.76,
82.24, 81.66, 78.69, 77.42, 77.00, 76.57, 76.14, 59.84, 57.57, 31.70,
31.11, 29.37, 24.54, 22.05, 13.01, 12.27, 12.19; MS(ESI) m/z 628
(M + Na)*, 604 (M — H)~; HRMS (EI) m/z caled for C;0Hy;sN; Oy
[M*]1605.2948, found: 605.2949; purity 96% (as determined by RP-
HPLC, method A, R, = 16.8 min; method B, R, = 15.3 min).

General procedure for the synthesis of 11-carbamate-17-
alkylamino-4,5-dihydrogeldanamycin derivatives 7a—d

To a solution of 6 (0.11 mmol, 1.0 equiv.) in DCE (5.0 mL)
was added the appropriate amine (0.35 mL, 2 M solution in
THEF, 3.5 equiv.) and the reaction was stirred overnight at room
temperature. The reaction mixture was diluted with ethyl acetate
and washed with aqueous sodium bicarbonate and brine. The
organic phase was dried over anhydrous MgSO,, filtered and

concentrated under reduced pressure. Purification by preparative
TLC (CH,Cl,-MeOH = 20 : 1) gave 7a—d as purple solids.

11-Carbamate-17-(ethylamino)-4,5-dihydro-17-
demethoxygeldanamycin 7a

24.3 mg, 36% yield. '"H NMR (CDCl;, 300 MHz) § 9.28 (1H, s,
NH), 7.09 (1H, s, 19-H), 6.46 (1H, t, J = 6.6 Hz, 3-H), 5.34
(1H, d, J = 9.6 Hz, 9-H), 496 (1H, d, J = 6.6 Hz, 7-H), 4.76
(2H, brs, NH,), 4.5-4.62 (3H, m, NH,, 6-H), 3.45-3.53 (3H, m,
CH,CH,NH, 11-H), 3.43 (3H, s, 6-OCH;), 3.39 (3H, s, 12-OCH,),
3.20 (1H, m, 12-H), 2.75-2.82 (1H, m, 10-H), 2.32-2.38 (4H, m,
4-H, 15-H), 1.90 (3H, s, 22-CH;), 1.74-1.35 (5H, m, 5-H, 13-
H, 14-H), 1.54 (3H, s, 23-CH;), 1.30 (3H, m, CH;CH,NH), 1.04
(3H,s,25-CH;), 1.02 (3H, s, 24-CH;); "C NMR (CDCl;, 75 MHz)
0 184.21, 180.73, 169.06, 156.03, 155.73, 144.24, 142.54, 133.82,
132.53, 131.15, 111.86, 107.66, 82.49, 80.63, 79.19, 78.11, 77.43,
77.00, 76.58, 59.86, 58.20, 39.80, 35.62, 31.94, 31.05, 30.62, 29.69,
25.07, 20.80, 15.57, 14.04, 12.26, 12.08; MS(ESI) m/z 641 (M +
Na)*, 617 (M — H)~; HRMS (EI) m/z calcd for C;; H,sN,O, [M*]
618.3265, found: 618.3265; purity >99% (as determined by RP-
HPLC, method A, R, = 15.8 min; method B, R, = 6.7 min).

11-Carbamate-17-(allylamino)-4,5-dihydro-17-
demethoxygeldanamycin 7b

28.9 mg, 27.0% yield. '"H NMR (CDCl;, 300 MHz) J 9.24 (1H, s,
NH), 7.12 (1H, s, 19-H), 6.46 (1H, t, J = 6.6 Hz, 3-H), 5.84-5.97
(1H, m, CH,=CHCH,), 5.36-5.50 (3H, m, CH,=CHCH,, 9-H),
5.10 (1H, d, J = 7.5 Hz, 7-H), 4.89 (2H, brs, NH,), 4.71-4.76
(3H, m, NH,, 6-H), 4.20 (2H, d, J = 4.8 Hz, CH,=CHCH ,NH),
3.61-3.68 (1H, m, 11-H), 3.57 (3H, s, 6-OCHj;), 3.54 (3H, s, 12-
OCH;), 3.32 (1H, m, 12-H), 2.93 (1H, m, 10-H), 2.40-2.52 (4H,
m, 15-H, 4-H), 2.04 (3H, s, 22-CH;), 1.68 (3H, s, 23-CH;), 1.88—
1.42 (5H, m, 5-H, 13-H, 14-H), 1.83 (3H, s, 25-CH;), 1.61 (3H, s,
24-CH,); *C NMR (CDCl,;, 75 MHz) 6 184.15, 181.01, 169.02,
156.07, 155.75, 144.13, 142.44, 140.01, 133.42, 132.49, 131.11,
117.67, 111.84, 108.15, 107.48, 82.51, 80.57, 79.06, 78.28, 77.73,
77.00, 76.58, 59.85, 58.27, 46.96, 35.89, 31.96, 31.87, 30.92, 30.60,
29.67, 25.04, 20.69, 13.99, 12.25, 12.03; MS(ESI) m/z 653 (M +
Na)*, 629 (M — H)~; HRMS (EI) m/z caled for C;,Hy, N, Oy [M*]:
630.3265, found: 630.3264; purity >99% (as determined by RP-
HPLC, method A, R, = 7.64 min; method B, R, = 15.4 min).

11-Carbamate-17-(2-(dimethylamino)ethylamino)-4,5-dihydro-17-
demethoxygeldanamycin 7¢

32.6 mg, 35% yield. '"H NMR (CDCl,, 300 MHz) 6 9.27 (1H, s,
NH),7.07 (1H, s, 19-H), 6.74 (1H, t, J = 4.8 Hz, NH), 6.45 (1H, t,
J =6.6Hz, 3-H),5.34 (1H, d, J = 9.6 Hz, 9-H), 4.95 (1H, d, J =
7.2 Hz, 7-H), 4.83 (2H, brs, NH.), 4.70 (2H, brs, NH.), 4.59 (1H,
m, 6-H), 3.46-3.56 (3H, m, 11-H, (CH,),NCH,CH,NH), 3.42
(3H, s, 6-OCH,), 3.39 (3H, s, 12-OCH,), 3.18 (1H, m, 12-H), 2.78
(1H, m, 10-H), 2.53-2.70 (4H, m, 4-H, (CH,),NCH,CH,NH),
2.31 (8H, m, (CH,)N, 15-H), 1.89 (3H, s, 22-CH,), 1.74-1.32
(5H, m, 5-H, 13-H, 14-H), 1.53 (3H, s, 23-CH,), 1.01-1.04 (6H,
m, 24-CH,, 25-CH,); "CNMR (CDCL, 75 MHz) 6 184.47, 180.34,
169.02, 156.09, 155.78, 144.92, 142.15, 139.83, 132.57, 131.12,
107.66, 82.47, 80.60, 79.19, 77.42, 77.00, 76.58, 59.86, 58.23, 44.91,
41.95,35.70, 31.93, 30.61, 29.67, 25.04, 20.81, 14.08, 12.24, 12.07;
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MS(ESI) m/z 684 (M + H)*, 660 (M — H)~; HRMS (EI) m/z calcd
for C;3H5 NsO, [M*]: 661.3687, found: 661.3689; purity 96% (as
determined by RP-HPLC, method A, R, = 16.8 min; method B,
R, = 15.4 min).

11-Carbamate-17-(2-(diethylamino)ethylamino)-4,5-dihydro-17-
demethoxygeldanamycin 7d

42.0 mg, 32% yield. '"H NMR (CDCl;, 300 MHz) § 9.27 (1H, s,
NH),7.05(1H,s, 19-H),6.93 (1H, t,J =4.8 Hz, NH), 6.45 (1H, t,
J=6.6Hz 3-H),534(1H,d, J =9.0Hz 9-H),4.94 (1H, d, J =
7.2Hz,7-H),4.81 (2H, brs, NH,),4.67 (2H, brs, NH,), 4.58 (1H, q,
J=2.4Hz, 6-H),3.49-3.56 3H, m, 11-H,NHCH,), 3.42 (3H, s, 6-
OCH;),3.39(3H,s, 12-OCH;), 3.17 (1H, m, 12-H), 2.62-2.84 (7TH,
m, NHCH,CH,N(CH,CH.),, 10-H), 2.33 (4H, m, 4-H, 15-H),
1.89 (3H, s, 22-CH;), 1.35-1.76 (SH, m, 5-H, 13-H, 14-H), 1.52
(3H, s, 23-CH;), 1.01-1.08 (12H, m, N(CH,CH;),, 24-CH;, 25-
CH;); "CNMR (CDCl;, 75 MHz) 6 179.90, 168.83 155.96, 155.65,
145.05, 141.96, 139.76, 132.46, 130.98, 107.63, 82.52, 80.54, 79.17,
78.34,77.31, 77.20, 77.00, 76.68, 59.89, 58.34, 42.00, 31.98, 30.69,
29.75, 25.13, 20.85, 14.19 12.34, 12.12; MS(ESI) m/z 712 (M +
Na)*, 688 (M — H)~; HRMS (EI) m/z caled for C;sHssNsOy [M*]
689.4000, found: 689.4017; purity 96% (as determined by RP-
HPLC, method A, R, = 8.4 min; method B, R, = 6.4 min).

3-Oxo-butyric acid 8,14,19-trimethoxy-4,10,12,16-tetramethyl-
3,20,22-trioxo-13-(3-oxo-butyryloxy)-2-aza-bicyclo[16.3.1]docosa-
1(21),4,10,18-tetraen-9-yl ester 8

To a solution of 4 (41.2 mg, 0.079 mmol), diketene (0.0067 mL,
0.087 mmol) and a catalytic amount of DMAP in THF (1 mL)
was added Et;N (0.0012 mL, 0.0087 mmol) slowly at room tem-
perature. After stirring overnight, the mixture was concentrated.
Purification by preparative TLC (n-hexane-EtOAc-MeOH =
6:3:1) gave 8 as a yellow solid (7.6 mg, 16% yield). '"H NMR
(CDCl;, 300 MHz) d 8.69 (1H, s, NH), 7.03 (1H, s, 19-H), 6.42
(1H,t,J =6.6 Hz, 3-H), 5.28 (1H, d, J = 9.9 Hz, 9-H), 5.10 (1H,
d,J =7.5Hz 7-H),4.75 (1H, q, J = 2.7 Hz, 6-H), 4.12 (3H, s,
17-OCH;), 3.47 (2H, s, COCH,CO), 3.41 (3H, s, 6-OCH;), 3.37
(3H, s, 12-OCH;), 3.35(2H, s, COCH,CO), 3.26 2H, m, 11-H, 12-
H),2.87(1H, m, 10-H),2.35-2.41 (4H, m, 15-H,4-H),2.27 (3H, s,
COCHj;), 2.20 (3H, s, COCH,;), 1.88 (3H, s, 22-CH;), 1.59 (3H, s,
23-CH;), 1.44 2H, m, 5-H), 1.23-1.33 (3H, m, 13-H, 14-H), 1.10
(3H, d, J = 6.9 Hz, 25-CH;), 0.97 (3H, d, J = 6.6 Hz, 24-CH.,);
MS(ESI) m/z 710 M + Na)*, 686 (M — H)~; HRMS (EI) m/z
caled for C;sHy»INO), [M*] 687.3255, found: 687.3257, purity 96%
(as determined by RP-HPLC, method A, R, = 22.0 min; method
B, R, = 20.6 min).

Methyl-carbamic acid 8,14-dimethoxy-4,10,12,16-tetramethyl-19-
methylamino-13-methylcarbamoyloxy-3,20,22-trioxo-2-aza-
bicyclo[16.3.1]docosa-1(21),4,10,18-tetraen-9-yl ester 9

To astirred solution of 4 (40.0 mg, 0.077 mmol) in CH,Cl, (1.0 mL)
was added 1,1’-carbonyldiimidazole (31.2 mg, 0.19 mmol). After
stirring overnight at room temperature, methylamine (0.014 mL,
2 M solution in THF) was added, and the mixture was stirred
for an additional 1 h. The reaction mixture was concentrated,
and purification by preparative TLC (n-hexane-EtOAc-MeOH =
6:3:1)gave 9 as a purple solid (7.4 mg, 15% yield). '"H NMR

(CDCl;, 300 MHz) 6 9.44 (1H, s, NH), 7.11 (1H, s, 19-H), 6.54
(1H, m, 3-H), 5.30 (1H, d, J = 9.3 Hz, 9-H), 495 (1H, d, J =
7.5Hz, 7-H), 4.62 (1H, m, 6-H), 3.52 (1H, m, 11-H), 3.36 (6H, s,
6-OCH;, NHCH;), 3.34 (1H, m, 12-H), 3.16 (3H, s, 12-OCHj;),
2.71-2.74 (7TH, m, CONHCH;, 10-H), 2.35-2.41 (4H, m, 15-H,
4-H), 2.00 (3H, s, 22-CH,), 1.86 (3H, s, 23-CH,), 1.45-1.78 (5H,
m, 5-H,13-H, 14-H), 1.21 (3H, t, J = 6.9 Hz, 25-CH;), 1.00 (3H,
t, J = 6.6 Hz, 24-CH;); MS(ESI) m/z 655 (M + H)*, 631 (M —
H)~; HRMS (EI) m/z caled for C;, HisN, Oy [M*] 632.3421, found:
632.3423; purity 97% (as determined by RP-HPLC, method A,
R, = 17.5 min; method B, R, = 16.1 min).

General procedure for the synthesis of
17-alkylamino-4,5-dihydrogeldanamycin derivatives 10a—g

To a solution of 4,5-dihydrogeldanamycin 5 (0.13 mmol, 1.0 equiv.)
in DCE (5.0 mL) was added the appropriate amine (0.26 mmol,
2.0 equiv.) and the reaction was stirred overnight at room
temperature. The reaction mixture was diluted with ethyl acetate
and washed with aqueous sodium bicarbonate and brine. The
organic phase was dried over anhydrous MgSO,, filtered and
concentrated in vacuo. Purification by preparative TLC (CH,Cl,—
MeOH = 20 : 1) gave 10a—g as purple solids.

17-(Ethylamino)-4,5-dihydro-17-demethoxygeldanamycin 10a

45.2 mg, 62% yield. '"H NMR (CDCl;, 300 MHz) J 9.30 (1H, s,
NH), 7.14 (1H, s, 19-H), 6.23-6.25 2H, m, 3-H, NH), 5.79 (1H,
d, J = 9.6 Hz, 9-H), 5.20 (1H, d, J = 5.2 Hz, 7-H), 4.68 (2H,
brs, NH,), 3.41 (3H, s, 6-OCH;), 3.37 (3H, s, 12-OCH,;), 3.33—
3.62 (5H, m, 6-H, 11-H, 12-H, CH,CH,NH), 2.72 (1H, m, 10-
H), 2.41 (4H, m, 4-H, 15-H), 1.91 (3H, s, 22-CH;), 1.64-1.76
(5H, m, 5-H, 13-H, 14-H), 1.68 (3H, s, 23-CH;), 1.34 (3H, t,
J = 6.8 Hz, CH;CH,NH), 1.02 (3H, d, J = 7.2 Hz, 25-CH,),
0.97 (3H, d, J = 6.8 Hz, 24-CH;); "C NMR (CDCl;, 75 MHz)
0 183.76, 180.77, 168.24, 156.11, 144.67, 141.60, 137.96, 135.09,
133.13, 130.45, 108.18, 82.05, 81.59, 80.95, 77.43, 77.00, 76.58,
73.26, 57.08, 40.52, 35.25, 32.77, 30.17, 29.69, 29.08 24.32, 22.46,
15.17, 12.81, 12.19; MS(ESI) m/z 598 (M + Na)*, 574 (M —
H)~; HRMS (EI) m/z caled for C;,H,sN;Og [M*] 575.3207, found:
575.3204; purity >99% (as determined by RP-HPLC, method A,
R, = 17.2 min; method B, R, = 15.8 min).

17-(Allylamino)-4,5-dihydro-17-demethoxygeldanamycin 10b

44.9 mg, 55% yield. '"H NMR (CDCl,, 300 MHz) 6 9.23 (1H, s,
NH), 7.12 (1H, s, 19-H), 6.39 (1H, t, J = 6.0 Hz, NH), 6.21
(1H, m, 3-H), 5.90 (1H, m, CH,=CH), 5.75 (1H, d, J = 9.0 Hz,
9-H), 5.27 (2H, m, CH,=CH ), 5.15 (1H, d, J = 5.7 Hz, 7-H),
4.91 (2H, brs, NH,), 4.11 2H, t, J = 6.3 Hz, CH,=CHCH,NH),
3.57 (IH, m, 6-H), 3.28-3.44 2H, m, 11-H, 12-H), 3.38 3H, s,
6-OCH,), 3.34 (3H, s, 12-OCH,), 2.62-2.67 (1H, m, 10-H), 2.26
2.40 (4H, m, 4-H, 15-H), 1.88 (3H, s, 22-CH,), 1.68 (SH, m, 5-H,
13-H, 14-H), 1.65 (3H, s, 23-CH,), 0.95-0.99 (6H, m, 24-CH,,
25-CH,); “C NMR (CDCl,, 75 MHz) § 183.72, 181.09, 168.23,
156.12, 144.57, 141.43, 138.06, 135.04, 133.11, 132.65, 130.45,
118.36, 108.64, 107.70, 82.01, 81.48, 80.96, 77.42, 77.00, 76.57,
73.39, 59.01, 57.08, 47.62, 35.29, 33.80, 32.75, 30.17, 29.68, 29.12,
24.34,22.41,12.82, 12.28, 12.20; MS(ESI) m/z 610 (M + Na)*, 586
(M — H)~; HRMS (EI) m/z caled for Cs, Hys N, O, [M*] 587.3207,
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found: 587.3207; purity >99% (as determined by RP-HPLC,
method A, R, = 17.4 min; method B, R, = 16.1 min).

17-(2-(Dimethylamino)ethylamino)-4,5-dihydro-17-
demethoxygeldanamycin 10c

18.9 mg, 20% yield. "H NMR (CDCl;, 300 MHz) 6 9.26 (1H, s,
NH),7.09(1H,s, 19-H),7.00 (1H, brs, NH), 6.23 (1H,t,J = 6.6 Hz
3-H),5.78 (1H,d,J=9.3Hz,9-H),5.17(1H,d, J = 5.4 Hz, 7-H),
4.80 (2H, brs, NH,), 3.82 (1H, m, 6-H), 3.30-3.72 (4H, m, 11-H,
12-H, (CH,),NCH,CH,NH), 3.39 (3H, s, 6-OCH,), 3.34 (3H, s,
12-OCH;), 2.66-2.75 (3H, m, 10-H, (CH;),NCH,CH,NH), 2.34-
2.41(10H, s, (CH;),N, 4-H, 15-H), 1.89 (3H, 5,22-CH;), 1.72-1.69
(5H,m,5-H,13-H, 14-H), 1.67 (3H, s, 23-CH;), 0.95-1.00 (6H, m,
24-CH;, 25-CH;); *C NMR (CDCl;, 75 MHz) ¢ 168.11, 155.98,
137.71, 134.95, 133.09, 130.45, 107.89, 107.35, 82.20, 81.57, 80.92,
77.32,77.21, 77.00, 76.69, 73.20, 59.04, 57.07, 44.87, 35.31, 32.82,
31.27, 30.27, 29.05, 24.37, 22.64, 12.87, 12.40, 12.31; MS(ESI)
m/z 619 M + H)*, 617 (M — H)"; HRMS (EI) m/z calcd for
CyHN,Og [M*] 618.3629, found: 618.3634; purity >99% (as
determined by RP-HPLC, method A, R, = 7.9 min; method B,
R, = 5.8 min).

17-(2-(Diethylamino)ethylamino)-4,5-dihydro-17-
demethoxygeldanamycin 10d

46.8 mg, 52% yield. '"H NMR (CDCl;, 300 MHz) ¢ 9.24 (1H, s,
NH), 7.18 (1H, t,J = 5.1 Hz, NH), 7.05 (1H, s, 19-H), 6.22 (1H,
t,J = 6.6 Hz, 3-H), 5.75 (1H, d, J/ = 9.0 Hz, 9-H), 5.15 (1H, d,
J=5.7Hz,7-H),4.92 (2H, brs, NH,), 3.71 2H, m, NHCH,CH,),
3.58-3.28 (3H, m, 6-H, 11-H, 12-H), 3.38 (3H, s, 6-OCHj;), 3.34
(3H, s, 12-OCH;), 2.62-2.84 (7TH, m, NHCH,CH,N(CH ,CH,),,
10-H), 2.37 (4H, m, 4-H, 15-H), 1.88 (3H, s, 22-CH;), 1.70
(5H, m, 5-H, 13-H, 14-H), 1.65 (3H, s, 23-CH;), 1.12 (6H, m,
N(CH,CH;),), 0.95-0.99 (6H, m, 24-CH;, 25-CH;); “C NMR
(CDCl;, 75 MHz) 0 180.08, 168.27, 156.20, 137.85, 135.10, 133.16,
130.49, 82.19, 81.54, 80.98, 77.32,77.00, 76.68, 73.28, 59.04, 57.07,
35.30, 32.73, 30.22, 29.64, 29.28, 28.96, 24.28, 22.64, 22.51, 12.75,
12.29, 12.20; MS(ESI) m/z 647 (M + H)*, 645 (M — H)"; HRMS
(EI) m/z caled for C3,Hs,N,O5 [M*] 646.3942, found: 646.3947;
purity >99% (as determined by RP-HPLC, method A, R, =
8.7 min; method B, R, = 6.6 min).

17-(2-(Pyrrolidin-1-yl)ethylamino)-4,5-dihydro-17-
demethoxygeldanamycin 10e

10.9 mg, 12% yield. 'H NMR (CDCl,, 300 MHz) J 9.21 (1H, s,
NH), 7.07 (1H, s, 19-H), 6.97 (1H, brs, NH), 6.23 (1H, t, J =
6.6Hz,3-H),5.77(1H,d,J=9.3Hz,9-H),5.17(1H,d,J =4.8 Hz,
7-H), 4.82 (2H, brs, NH,), 4.74 (1H, brs, OH), 3.56-3.85 (4H, m,
NHCH,CH,N, 6-H, 11-H), 3.45 (1H, m, 12-H), 3.39 (3H, s, 6-
OCH;), 3.35(3H, s, 12-OCH;), 2.91-3.04 (6H, m, NHCH,CH,N,
pyrrolidine-H), 2.63-2.68 (1H, m, 10-H), 2.37 (4H, m, 4-H, 15-H),
2.02-2.06 (4H, m, pyrrolidine-H), 1.89 (3H, s, 22-CH;), 1.67-1.72
(8H, m, 23-CH;, 5-H, 13-H, 14-H),0.98-1.00 (6H, m, 24-CH;, 25-
CH;); MS(ESI) m/z 667 (M + Na)*, 643 (M — H)~; HRMS (EI)
m/z caled for C;,Hs,N,O4 [M*] 644.3785, found: 644.3783; purity
>99% (as determined by RP-HPLC, method A, R, = 8.4 min;
method B, R, = 6.3 min).

17-(2-Morpholinoethylamino)-4,5-dihydro-17-
demethoxygeldanamycin 10f

50.7 mg, 55% yield. "H NMR (CDCl;, 300 MHz) 6 9.25 (1H, s,
NH), 7.08 (1H, s, 19-H), 7.06 (1H, brs, NH), 6.23 (1H, t, J =
6.6 Hz, 3-H), 5.77 (1H, d, J = 9.6 Hz, 9-H), 5.16 (1H, d, J =
5.4Hz,7-H),4.88 (2H, brs, NH,), 3.42-3.76 (9H, m, NHCH ,CH,,
morpholine-H, 6-H, 11-H, 12-H), 3.38 (3H, s, 6-OCH;), 3.34
(3H, s, 12-OCH;), 2.51-2.74 (TH, m, NHCH,CH,, morpholine-
H,10-H),2.36-2.39 (4H, m, 4-H, 15-H), 1.88 (3H, 5,22-CH;), 1.71
(5H,m, 5-H,13-H, 14-H), 1.66 (3H, s, 23-CH;), 0.94-0.99 (6H, m,
24-CH;, 25-CH;); *C NMR (CDCl;, 75 MHz) ¢ 180.44, 168.25,
141.31, 137.87, 134.96, 133.13, 130.53, 107.82, 82.16, 81.54, 80.90,
77.42,77.00, 76.57, 73.21, 59.00, 57.00, 52.91, 35.25, 33.95, 32.74,
30.16, 28.98, 24.32, 22.63, 12.77, 12.27, 12.19; MS(ESI) m/z 683
(M + Na)*, 659 (M — H)~; HRMS (EI) m/z calcd for C;,H;,N,O,
[M*] 660.3734, found: 660.3736; purity 99% (as determined by
RP-HPLC, method A, R, = 8.0 min; method B, R, = 5.9 min).

17-(2-(1 H-Imidazol-1-yl)propylamino)-4,5-dihydro-17-
demethoxygeldanamycin 10g

45.8 mg, 54% yield. '"H NMR (CDCl;, 300 MHz) § 9.19 (1H, s,
NH), 7.09 (1H, s, 19-H), 6.25 (1H, t, J = 6.3 Hz, N=CHN),
6.19 (1H, t, J = 6.9 Hz, 3-H), 5.72 (1H, d, J = 9.3 Hz, 9-H),
5.12 (1H, d, J = 4.8 Hz, 7-H), 4.94 (2H, brs, NH,), 4.11 (2H,
m, NCH=CHN), 3.41-3.62 (TH, m, NHCH ,CH,CH,, 6, 11, 12),
3.37 (3H, s, 6-OCH;), 3.33 (3H, s, 12-OCH;), 2.68 (1H, m, 10-
H), 2.34 2H, m, NHCH,CH,CH.,), 2.15 (4H, m, 4-H, 15-H),
1.87 (3H, s, 22-CH;), 1.53-1.68 (8H, s, 23-CH;, 5-H, 13-H, 14-
H), 0.96 (3H, d, J = 6.6 Hz, 24-CH;), 0.85 (3H, d, J = 5.7 Hz,
25-CH;); "C NMR (CDCl;, 75 MHz) 6 183.71, 181.13, 168.24,
156.19, 144.32, 141.39, 138.22, 134.90, 133.03, 130.53, 109.15,
107.66, 81.99, 81.32,80.93, 77.43,77.00, 76.58, 73.25, 58.99, 57.12,
42.28,35.08, 33.82, 32.70, 31.01, 30.07, 29.66, 29.05, 24.34, 22.37,
12.79, 12.27, 12.20; MS(ESI) m/z 678 (M + Na)*, 654 (M —
H)~; HRMS (EI) m/z caled for C;,Hy,yNsOg [M*] 655.3581, found:
655.3583; purity >99% (as determined by RP-HPLC, method A,
R, = 8.6 min; method B, R, = 6.5 min).

11-Carbamategeldanamycin 11

To a stirred solution of geldanamycin 1 (253.9 mg, 0.45 mmol) in
CH,Cl, (9.0 mL) was added trichloroacetyl isocyanate (0.067 mL,
0.57 mmol) at 0 °C and the reaction was stirred at room
temperature for 3 h. CH,Cl, and an excess amount of Al,O; were
added to the reaction mixture and the resulting suspension was
stirred overnight and filtered. The filtrate was concentrated to give
11 asa yellow solid (267.6 mg, 98.5% yield), which was used as such
in the next step without further purification. R; = 0.26 (CH,Cl,—
MeOH = 20: 1). '"HNMR (CDCl;, 300 MHz) ¢ 8.61 (1H, s, NH),
7.17 (1H, s, 19-H), 6.56 (1H, t, J = 11.7 Hz, 3-H), 5.81 (1H, t,
J =10.5Hz, 4-H), 5.19 (1H, d, J = 10.2 Hz, 5-H), 5.81 (1H, s,
9-H),4.62(1H,d,J =7.5Hz,7-H),4.40 (1H,d, J =9.9 Hz, 6-H),
4.07 (IH, m, 11-H), 4.03 (3H, s, 17-OCH,), 3.37 (3H, s, 6-OCH,),
3.35 (3H, s, 12-OCH;), 3.31 (1H, m, 12-H), 2.95 (1H, m, 10-H),
2.23-2.47 (2H, m, 15-H), 2.02 (3H, s, 22-CH;), 1.90 (1H, m, 14-
H), 1.77 (3H, s, 23-CH;), 1.51-1.65 (2H, m, 13-H), 1.14 (3H, d,
J =69 Hz, 25-CH;), 0.88 (3H, d, J = 7.2 Hz, 24-CH;); MS(ESI)
m/z 628 (M + Na)*, 602 (M — H)".
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11-Carbamate-17-(allylamino)-17-demethoxygeldanamycin 12a

To a stirred solution of 17-AAG 2 (50.5 mg, 0.086 mmol) in
CH,Cl, (2.0 mL) was added trichloroacetyl isocyanate (0.013 mL,
0.108 mmol) at 0 °C and the resulting solution was stirred at room
temperature for 1.5 h. To the reaction mixture were added CH,Cl,
and an excess amount of Al,O;. The mixture was stirred for 2h and
filtered. The filtrate was concentrated. Purification by preparative
TLC (CH,Cl-MeOH = 10: 1) gave 12a as a purple solid (43.5 mg,
80% yield). 'H NMR (CDCl;, 300 MHz) 6 9.23 (1H, s, NH), 7.15
(1H, s, 19-H), 6.54 (1H, ps-t, J = 11.7 Hz, 3-H), 5.90 (2H, m,
4-H, CH,=CHCH,), 5.24-5.33 (2H, m, 5-H, 9-H), 4.80 (3H, m,
7-H,CH,=CHCH,NH), 4.48 (1H, d, J =8.1 Hz, 6-H), 4.43 (2H,
brs, NH,), 4.09 (2H, d, J = 5.4 Hz, CH,=CHCH ,NH), 3.50 (1H,
m, 11-H), 3.36 (3H, s, 6-OCH;), 3.24-3.38 (4H, s, 12-OCH;, 12-
H),2.87-2.94 (1H, m, 10-H), 2.56-2.63 (1H, m, 15-H), 2.27-2.34
(1H, m, 15-H), 2.01 (3H, s, 22-CH;), 1.81-1.86 (1H, m, 14-H),
1.74 (3H, s, 23-CH,), 1.52-1.61 (2H, m, 13-H), 1.03 (3H, d, J =
6.6 Hz, 25-CH,), 0.97 (3H, d, J = 7.5 Hz, 24-CH;); "C NMR
(CDCl;, 75 MHz) 0 184.27, 180.35, 167.56, 155.88, 144.35, 133.14,
118.00, 111.85, 108.62, 107.44, 79.53, 77.42, 77.00, 76.58, 47.66,
32.31,28.14,13.75, 12.33; MS(ESI) m/z 651 (M + Na)*, 627 (M —
H)~; HRMS (EI) m/z caled for C;,Hy N, O, [M*] 628.3108, found:
628.3099; purity >99% (as determined by RP-HPLC, method A,
R, = 16.9 min; method B, R, = 15.6 min).

General procedure for the synthesis of 11-carbamate-17-
alkylamino derivatives of geldanamycin 12b—d

To a solution of 1l-carbamategeldanamycin 11 (0.11 mmol,
1.0 equiv.) in DCE (5.0 mL) was added the appropriate amine
(0.33 mmol, 3.0 equiv.) and the reaction was stirred overnight at
room temperature. The reaction mixture was diluted with ethyl
acetate and washed with aqueous sodium bicarbonate and brine.
The organic phase was dried over anhydrous MgSO,, filtered and
concentrated in vacuo. Purification by preparative TLC (CH,Cl,—
MeOH = 20 : 1) gave 12b—d as purple solids.

11-Carbamate-17-(2-(dimethylamino)ethylamino)-17-
demethoxygeldanamycin 12b

21.7 mg, 30% yield. '"H NMR (CD;0OD + CDCl;, 300 MHz)
0 7.24 (1H, brd, J = 11.4 Hz, 3-H), 6.98 (1H, s, 19-H), 6.56
(1H, ps-t, J = 11.4 Hz, 4-H), 5.84 (1H, ps-t, J = 10.5 Hz,
5-H), 5.30 2H, m, 9-H, 7-H), 4.59 (1H, d, J = 7.8 Hz, 6-
H), 3.68 (2H, m, (CH;),NCH,CH,NH), 3.60 2H, m, 11-H, 12-
H), 3.30 (6H, s, 6-OCH;, 12-OCH;), 2.83-2.94 (3H, m, 10-H,
(CH;),NCH,CH,NH), 2.50 (6H, s, (CH;),N), 2.23-2.00 (2H, m,
15-H), 1.98 (3H, s, 22-CH;), 1.75-1.88 (1H, m, 14-H), 1.69 (3H, s,
23-CH;), 1.31-1.63 (2H, m, 13-H), 1.02 (3H, d, J = 6.9 Hz,
25-CH;), 0.97 (3H, d, J = 6.6 Hz, 24-CH;); MS(ESI) m/z 682
(M + Na)*, 658 (M — H)"; HRMS (EI) m/z calcd for C5;;HyN;5Oy
[M*]659.353; found: 659.3531; purity 99% (as determined by RP-
HPLC, method A, R, = 7.9 min; method B, R, = 5.7 min).

11-Carbamate-17-(2-(diethylamino)ethylamino)-17-
demethoxygeldanamycin 12¢

10.4 mg, 12% yield. '"H NMR (CDCL, 300 MHz) d 9.22 (1H, s,
NH), 7.07 (1H, s, 19-H), 6.53 (1H, ps-t, J = 11.4 Hz, 3-H), 5.82

(1H,t,J =10.2 Hz, 4-H), 5.30 (2H, m, 5-H, 9-H), 4.80 (3H, brs,
7-H,NH,),4.46 (1H,d,J=7.8 Hz, 6-H), 3.59-3.76 3H, m, 11-H,
NHCH,), 3.48 (1H, m, 12-H), 3.35 (3H, s, 12-OCH,), 3.34 (3H, s,
6-OCH;), 2.76-2.89 (7H, m, 10-H, NHCH,CH,N(CH,CH,),),
2.31-2.34 (2H, m, 15-H), 2.00 (3H, s, 22-CH;), 1.87 (1H, m, 14-
H), 1.74 (3H, s, 23-CH;), 1.36-1.60 (2H, m, 13-H), 1.17-1.19 (6H,
m, N(CH,CH;),), 1.05 (3H, d, J = 6.0 Hz, 25-CH;), 0.95 (3H, d,
J = 6.0 Hz, 24-CH;); MS(ESI) m/z 710 (M + Na)*, 686 (M —
H)~; HRMS (EI) m/z caled for C3sHs;NsO, [M*] 687.3843, found:
687.3854; purity 97% (as determined by RP-HPLC, method A,
R, = 9.1 min; method B, R, = 7.1 min).

11-Carbamate-17-(2-(pyrrolidin-1-yl)ethylamino)-17-
demethoxygeldanamycin 12d

17.0 mg, 35% yield. '"H NMR (CDCl;, 300 MHz) ¢ 9.23 (1H, s,
NH), 7.08 (1H, s, 19-H), 6.69 (1H, brs, 3-H), 6.53 (1H, ps-t, J =
11.4 Hz, 4-H), 5.82 (1H, t, J = 10.2 Hz, 5-H), 5.30 2H, m, 9-H,
7-H),4.82 (2H, brs, NH,),4.47 (1H,d, J =8.4Hz, 6-H), 3.67 (2H,
m, NHCH,), 3.48 2H, m, 11-H, 12-H), 3.46 (6H, s, 6-OCH;, 12-
OCHj;), 2.60-2.90 (7TH, m, NHCH,CH ,-, pyrrolidine-H, 10-H),
2.02-2.40 (2H, m, 15-H), 2.00 (3H, s, 22-CH;), 1.79-1.89 (5H,
m, pyrrolidine-H, 14-H), 1.73 (3H, s, 23-CH;), 1.42-1.68 (2H, m,
13-H), 1.08 (3H, d, J = 6.9 Hz, 25-CH;), 0.94 (3H, d, J = 6.6 Hz,
24-CH;); *C NMR (CDCl;, 75 MHz) 6 185.64, 179.79, 169.98,
156.33, 145.85, 141.27, 134.44, 133.20, 126.58, 113.02, 111.85,
108.33,79.63,77.43,77.00, 76.58, 75.85, 57.39, 56.83, 55.15,41.94,
32.37,23.21, 13.48, 12.32; MS(ESI) m/z 686 (M + H)*, 684 (M —
H)~; HRMS (EI) m/z caled for C;sHs NsO, [M*] 685.3687, found:
685.3683; purity 97% (as determined by RP-HPLC, method A,
R, = 8.8 min; method B, R, = 6.7 min).

Biological procedures
MTT assays

To investigate the cell growth inhibition activity of the compounds,
we performed MTT assays. In brief, exponentially growing cells
were seeded into a 96-well plate and incubated. After 24 hours,
drugs were added at given concentrations, followed by incubation
for 48 hours. MTT was given to the wells at a concentration
of 0.65 mg ml~', and the cells were incubated for 4 hours. The
formazan was solubilized by a lysis buffer (10% SDS in 0.1 N
HCl), and the absorbance read at 570-650 nm with a microplate
reader (Quant, Bio-Tek, USA). The cell viabilities of each well
were compared with a blank.

TGI assays

Cells were seeded into two 96-well plates at 1 x 10* cells per
well and incubated for 24 hours. Before adding the drugs, we
performed an MTT assay with one plate (T0). Another plate
treated with compounds at various concentrations was incubated
for another 24 hours and underwent MTT assays (T1). With
these measurements TGI values of the drugs were calculated (the
concentration where TO = T1).

Western blot analysis

After incubation with the drugs, the cells were harvested, washed
twice in PBS, and lysed in lysis buffer [S0 mM Tris-Cl (pH 7.4), 1%
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triton X-100, 150 mM NacCl, 0.5% sodium deoxycholate, 0.1%
SDS, and a cocktail of protease inhibitors (Sigma, St Louis,
MO, USA)]. Lysates (30 pg) were loaded onto 8% SDS-PAGE
and transferred to a PVDF membrane. The blot was incubated
overnight with an antibody to ErbB2 from Cell Signaling Tech-
nology Inc., followed by goat anti-rabbit antibody coupled to
peroxidase antibody. The bound antibody was visualized by ECL
(Amersham Biosciences, Buckinghamshire, England).

Conclusions

A new series of potent geldanamycin derivatives were
prepared via structural modifications of geldanamycin, 4,5-
dihydrogeldanamycin, and 4,5-dihydro-7-O-descarbamoyl-7-
hydroxygeldanamycin. Most of the synthesized compounds
exhibited potent in vitro anti-proliferation activity in human
cancer cell lines, SK-Br3 and SK-Ov3. To confirm their anticancer
properties via Hsp90 inhibition, the selected compounds 7d, 12b,
and 12d were further evaluated in terms of their potential to
inhibit the expression of ErbB2, one of the client proteins of
Hsp90, in SK-Ov3 cell line. In the present study, compound 12b,
at the TGI concentration of 17 uM, was shown to remarkably
reduce ErbB2 levels within 4 h. Additional studies related to these
analogues are in progress and will be reported in due course.
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Two new sensors for the detection of reactive oxygen species have been synthesized and characterized;
they contain the 4-amino-7-nitrobenzofurazan (ABF) moiety covalently tethered to a phenol.
Comparison of sensors ABFhd and dABFhd (the latter containing two ortho-methyl groups) shows that
introduction of steric bulk leads to an improvement of fluorescent sensor performance, thus confirming
our previous predictions based on computational chemistry. ABFhd and dABFhd are new tools for
biological applications involving reactive oxygen species, in particular oxygen-centered radicals.

Introduction

During the past two decades, there has been a growing interest
into the investigation of reactive oxygen species (ROS), which
play a central, significant role in oxidative damage of biological
systems.! ROS are derived from the metabolism of molecular
oxygen and have been implicated in the aging process and
in numerous diseases such as atherosclerosis, neurodegenerative
diseases and cancer.>” ROS are known to react with a large variety
of molecules including proteins, lipids, carbohydrates and nucleic
acids. Targeted compounds, which are more reactive towards ROS,
include unsaturated lipids, specific amino acids (sulfydryl group)
and aromatic compounds.> On the other hand, it is believed that
different ROS can have characteristic roles and reactivities in vivo.?
It is therefore essential to develop accurate and sensitive
methods for their detection. Fluorescent sensors have received
much attention because of their sensitivity and their non-invasive
nature. Good fluorescent sensors should be easy to synthesize, have
a dark initial state (i.e., non-fluorescent) and be fully compatible
with the target media. For biological sensors, such compatibility
must include absorbance in a convenient spectral region and
minimal overlap of their fluorescence with cell autofluorescence.
In a recent study, we proposed a new sensor for the detection of
ROS: NBFhd, which contains a fluorescent moiety, N-methyl-4-
amino-7-nitrobenzofurazan (NBF), tethered to a phenolic struc-
ture that acts as a quencher and also as a hydrogen donor
(Chart 1).® While this new sensor proved to be efficient in the
detection of a variety of ROS, it is also limited in the amount
of fluorescent molecule that can be released (15% to 20% of
the starting material). This result was linked to the mechanism
of reaction of the sensor. It was proposed in the case of the
interaction of NBFhd with peroxyl radical that two radicals were
required. The first radical was initiating the formation of an
NBFhd phenoxyl radical intermediate, which in turn reacted with
a second peroxyl radical and water. Only the attack of this second
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Chart 1 Structure of the different sensors and the fluorescent molecules
they release upon exposure to ROS.

peroxyl radical at the para-position was involved in the release
of the fluorescent moiety NBE?® A computational chemistry
approach proved that favorable energetics for the formation of
the ortho-coupling product served as a side reaction that does not
involve NBF release. On the basis of computational studies it was
suggested that introducing steric bulk, such as methyl groups at the
ortho-positions, could lead to more para-coupling, and as a result
may help to increase the amount of fluorescent moiety released.
Due to severe oxidation problems, the synthesis of a dimethyl
ortho-substituted analogue of NBFhd proved to be extremely
difficult. Therefore, in order to assess the prediction based on
computational chemistry, a modified version of NBFhd, ABFhd
1 and its dimethyl analogue, dABFhd 4 were synthesized. As
observed in Chart 1, the tertiary amine of the fluorescent sensor
was substituted by a hydrogen in ABFhd 1, instead of a methyl

group.

Experimental

All chemicals were purchased from Aldrich and used as received.
The '"H NMR spectra were recorded on a Bruker-Avance-400
spectrometer at 400 MHz. Samples were prepared in methyl
sulfoxide-d, (99%) purchased from Aldrich. The chemical shifts
are quoted using the J scale and the coupling constants are
expressed in Hz. Mass spectra (see ESIT) were recorded on a
Kratos-Concept-II instrument.
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Synthesis of 4-(4-hydroxyphenylamino)-7-nitrobenzofurazan
(ABFhd), 1

The synthesis of ABFhd was based on a procedure outlined in a
previous study.® Briefly, 610 mg of 4-chloro-7-nitrobenzofurazan
(3.05 mmol) were dissolved in 5 ml methanol. Then, 500 mg
of 4-aminophenol (4.58 mmol) were added. The mixture was
refluxed at 75 °C under N, atmosphere. After 1 h, 769 mg of
sodium bicarbonate (9.15 mmol) dissolved in 5 ml of Millipore
water were added dropwise to the stirring solution. Upon cooling,
dark brown-reddish crystals of the desired compound precipitated
(760 mg, 2.79 mmol, 91.5% yield). '"H NMR (DMSO-d,, 298 K):
0=645(d,J =9.12 Hz, 1H), 6.85 (d, J = 8.8 Hz, 2H), 7.23 (d,
J=8.8Hz,2H), 8.44(d, J =9.12 Hz, 1H), 9.73 (s, IH), 10.7 (brs,
1H). The accurate mass was measured to be 272.0597 m/z for a
structure C,, H;N,O,.

Synthesis of 2,6-dimethyl-4-nitrosophenol, 2

The synthesis of 2 was based on a procedure outlined by Um et al.®
Briefly, 10 g of 2,6-dimethylphenol (81.9 mmol) were dissolved
in a solution of 85 ml of 99% ethanol containing 2.54 ml of
concentrated sulfuric acid, while kept below 0 °C. 6.42 g of
sodium nitrite (93 mmol) dissolved in 15 ml of Millipore water
were added dropwise to the stirring solution. A dark yellow
precipitate formed immediately. The precipitate, 2,6-dimethyl-4-
nitrosophenol 2, was collected by filtration (9.0 g, 59.6 mmol,
72.8% yield). '"H NMR(DMSO-d,, 298 K); 6 = 1.89 (d, J =
9.96 Hz, 6H), 7.09 (s, 1H), 7.51 (s, 1H). EI found: 151 m/z.

Synthesis of 2,6-dimethyl-4-aminophenol hydrochloride, 3

Following a literature procedure,’® 33 mg of 10% palladium
on activated carbon were suspended in 4 ml of water. To the
suspension was added 252 mg of NaBH, (6.6 mmol) dissolved in
5 ml of Millipore water. Then, a solution of 500 mg of 2 (3.3 mmol)
dissolved in 20 ml of 2 M NaOH was added dropwise under N,
to the stirring mixture. The mixture was refluxed under N, for
2 h. 3 ml of pure hydrochloric acid were added in order to destroy
the excess NaBH, and to form the hydrochloride salt since 2,6-
dimethyl-4-aminophenol is easily oxidized. The suspension was
filtered and the filtrate was evaporated under vacuum to obtain
a tan powder. The crude was used as obtained for the next step,
synthesis of compound 4. '"H NMR (DMSO-d,, 298 K): 0 = 2.16
(s, 6H), 6.87 (s, 2H), 8.56 (s, IH), 10.12 (s, 3H).

Synthesis of 4-(2,6-dimethyl-4-hydroxyphenylamino)-
T-nitrobenzofurazan (dAFBhd), 4

The synthesis of dABFhd 4 has not been reported before and was
based on a procedure outlined in a previous study.® Briefly, 372 mg
of 4-chloro-7-nitrobenzofurazan (1.87 mmol) were dissolved in
20 ml methanol. Then, 500 mg of 3 (3.62 mmol) were added.
The mixture was refluxed at 75 °C under N, atmosphere. After
2 h, 471 mg of sodium bicarbonate (5.6 mmol) dissolved in 5 ml
of Millipore water were added dropwise to the stirring solution.
Upon cooling, dark brown crystals of the desired compound
precipitated (284.5 mg, 0.94 mmol, 50.3% yield). '"H NMR
(DMSO-dg, 298 K): 0 = 6.45 (d, J = 9.12 Hz, 1H), 6.85 (d, J =
8.8 Hz, 2H), 7.23 (d, J = 8.8 Hz, 2H), 8.44 (d, / = 9.12 Hz, 1H),

9.73 (s, 1H), 10.7 (br s, 1H). The accurate mass was measured to
be 300.08479 m/z for a structure C,,H;,N,O,.

Synthesis of 4-amino-7-nitrobenzofurazan (ABF), 5

The fluorescent compound 5 was synthesized according to the
literature." The crude product was purified by column chromatog-
raphy with 3 : 2 ethyl acetate : hexane elution, to afford pure 5
(98 mg, 0.544 mmol, 46.9% yield). '"H NMR (DMSO-d,, 298 K):
0 =26.35(d,J=9.0Hz 1H), 847 (d, J = 9.0 Hz, 1H), 8.85 (s,
2H). EI found: 180 m/z.

Spectroscopic measurements

All the steady state emission spectra were recorded using a Pho-
ton Technology International spectrofluorimeter. The excitation
wavelength for both ROS sensors was set up at 460 nm.

Lifetime fluorescence measurements were performed on a
Easylife LS (Photon Technology International). The excitation
was performed with a 440 nm pulsed LED and the broadband
emission was measured at 540 nm.

All absorption spectra were recorded on a Varian CARY-50
UV-vis spectrophotometer. All samples were placed in a spectro
quality quartz cuvette, 1 cm path length.

Results and discussion

In phosphate buffer, 4-amino-7-nitrobenzofurazan (ABF 5,
Chart 1) and N-methyl-4-amino-7-nitrobenzofurazan (NBF,
chart 1)," present similar photophysical properties with a relative
quantum yield of 0.03 (compared to Rhodamine G6 at 22 °C). The
fluorescent molecule ABF 5 fulfils our requirement for developing
a fluorescent sensor. Indeed, with a fluorescence maximum around
540 nm, ABF will not interfere with cell autofluorescence.”® The
synthesis of ABFhd 1 and its dimethyl ortho-substituted form
(dABFhd 4) is illustrated in Scheme 1. '"H NMR spectra of
ABFhd and dABFhd are consistent with the proposed structure
and confirm the purity of the samples.

¢l OH
/N\
OH <;[\ 0 - :
N
NO /N\
2 0O 1
N (1)
o
NH, CHiOH, 75°C NO,
ABFhd, 1
OH OH OH
\©/ NaNO,, H,SO, NaBH,, 10%Pd/C @
CH3CH,0H, 0°C 2.1 NaOH, 110°C
N 2.2 HCI NH,*CI"

el

2,6-dimethyl-4-nitrosophenol, 2 2,6-dimethyl-4-aminophenol

hydrochloride, 3

N
NO, =N ®)
] <y
CH3OH, 75°C

NH,*CI" NO,
dABFhd, 4

Scheme 1 Synthesis of ABFhd (1; eqn 1) and dABFhd (4; eqn 2 and 3).
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The maximum absorption of ABFhd and dABFhd is occurring
at 490 nm while the maximum of ABF is around 460 nm (Fig. 1). In
addition, neither ABFhd nor dABFhd exhibit fluorescence within
our detection limits. Both probes offer excellent contrast for the
detection of ROS. As already shown for other fluorescent sensors,?
the absence of fluorescence for ABFhd and dABFhd can be
rationalized on the basis of efficient electron transfer between the
phenolic moiety and the excited chromophore. The rate constant
for the fluorescence quenching of ABF by either phenol or 2,6-
dimethylphenol was obtained from Stern—Volmer experiments (see
ESI¥). The fluorescence lifetime of ABF was measured to be 5.5 ns,
which gives a measured rate constant of 4 x 10° M~ s7! for
quenching of ABF fluorescence by phenol and 5.6 x 10° M~' s7!
for quenching of ABF fluorescence by 2,6-dimethylphenol. These
values are close to those found in a previous study.® One should
note that the methyl substitution of phenol at the ortho-position
does not lead to a difference in the fluorescence quenching rate
constant of excited ABF.
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Fig. 1 Absorption (left) and fluorescence (right) spectra of ABFhd (5 x
10-° M, thick line), dABFhd (5 x 10-® M, thin line) and ABF (5 x
10-¢ M, dashed line) in phosphate buffer pH 7.4. The excitation was set
at 460 nm. Note: fluorescence spectra for ABFhd and dABFhd cannot be
distinguished from the wavelength axis.

For concentrations ranging from 5 x 107 M to 2 x 10 M in
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than 1% of dimethylformamide; both fluorescence sensors obey
the Beer—Lambert law, indicating the absence of self-association of
both sensors in the ground state. The molar extinction coefficients
were estimated at 490 nm to be 16420 M~' cm™' for ABFhd and
17300 M~ cm™" for dABFhd.

The ability of the two new fluorescence sensors to react with
peroxyl radical was analyzed in PBS by means of absorption
and fluorescence spectroscopy. In both cases, peroxyl radical was
derived from the thermal decomposition of the water soluble
2,2'-azobis(2-amidinopropane) dihydrochloride (AAPH). AAPH
is well known to decompose at 40 °C yielding two carbon-centered
radicals, which in turn react with molecular oxygen present in
the solution to give two peroxyl radicals.!*® As observed in
Fig. 2, the absorption peak corresponding to the probes decreases
upon exposure to peroxyl radical while the fluorescence spectra
show the opposite behavior. In both cases, the increase of the
fluorescence intensity over the reaction time was attributed to
the release of the fluorescence compound ABF. The nature of
the fluorescence compound release was attributed by HPLC with
fluorescence detection (see ESIT). The decrease in absorption at
ca. 490 nm probably incorporates some attack of peroxyl radical
at the chromophore.

Upon comparison of the change in fluorescence over time
(Fig. 3b), both ABFhd and dABFhd experience the same small
change during the first 30 minutes. After this point, dABFhd be-
gins to evolve at an increasingly greater rate, and after 150 minutes
(Fig. 3b), the fluorescence observed is almost double in the case of
dABFhd compared to ABFhd. On the other hand, Fig. 3a shows
a contrasting behavior for the evolution of the absorption peak
of both sensors. Indeed, during the first 30 minutes the decrease
in absorbance in the case of dABFhd is much more prominent,
while after that period the decrease in absorbance occurs at similar
rate for both sensors (Fig. 3a). The results obtained in Fig. 3b
corroborate the prediction made by computational methods,? that
dABFhd should release a greater amount of ABF than ABFhd.
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Fig. 2 Absorption and fluorescence emission spectra of a phosphate buffer solution pH 7.4 containing 10>M AAPH and 5 x 10-* M ABFhd (a,c) or

5 x 10 M dABFhd (b,d), at 40 °C under air.
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Fig. 3 Comparison of the maximum of (a) absorbance at 490 nm and
(b) fluorescence emission at 540 nm of a phosphate buffer solution pH 7.4
containing 10°M AAPH and 5 x 10-°* M ABFhd (circle) or 5 x 10°* M
dABFhd (square), at 40 °C under air.

However, upon closer investigation it appears there are two phases
inherent in the interaction of peroxyl radical with both sensors
before and after ~30 min. In the first phase there is an indication
of a much faster consumption of the starting material in the case of
dABFhd than ABFhd. This result is not surprising if one considers
that the first step in the reaction mechanism involves the oxidation
of the phenolic moiety. It is known that the rate constant for the
reaction of 2,6-dimethylphenol with peroxyl radical is higher than
that for phenol.' In the second phase, the consumption of the two
sensors is similar with respect to the observed slow decrease in
absorbance. On the other hand, the fluorescence intensity increases
more rapidly in the case of the ortho-substituted sensor. Overall,
these observations suggest that there is an intermediate step, which
slows the release of ABF inherent in the mechanism of action for
both sensors.

The characterization of the products resulting from the in-
teraction of both sensors with peroxyl radical was investigated
by gas chromatography. The only products observed were 1,4-
benzoquinone in the case of the ABFhd sensor and 2,6-dimethyl-
1,4-benzoquinone in the case of dABFhd sensor (data not shown).

Even though the interaction of peroxyl radical with the two new
sensors ABFhd and dABFhd results in the release of a quinone
and the fluorescence moiety ABF, our results suggest a mechanism
of reaction different from that proposed for previously reported
sensors of the same family.®*'” Indeed, as emphasized above, an
intermediate step slowing the release of the fluorescent moiety
is observed. Since the tertiary amine of ABFhd and dABFhd
is substituted by a hydrogen instead of a methyl, a plausible
mechanism could implicate the formation of a quinoneimine as
an intermediate product in the reaction of both sensors with
peroxyl radical. As illustrated in Scheme 2, the first step of the
reaction is probably a hydrogen atom transfer likely mediated by
an electron transfer,*'” from the phenolic moiety to the peroxyl
radical, leading to the formation of the corresponding phenoxyl
radical. One might argue that the presence of the N-H bond in

Hoy Hoy Hay >
N, '0OR _N =N_ "oOR =N,
. Lo 0 <0

N N N N
NO, NO, NO, NO,
l H,0
NH, o)
/N\
p +
=N
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Scheme2 Mechanism proposed for the interaction of the new fluorescent
sensors ABFhd and dABFhd with peroxyl radical. The mechanism is
similar for both sensors and only the case of dABFhd is illustrated here.

ABFhd and dABFhd can act also as a potential site of reactivity
towards peroxyl radicals. However, it seems unlikely that peroxyl
radicals will react initially with N-H rather than O-H. Indeed, it
has been shown that for 4-hydroxydiphenylamine,' a compound
related to our sensors, that the bond dissociation energy of the
N-H group is higher (354.4 kJ mol™!) than that of the OH moiety
(339.9 kJ mol™"). Scheme 2 suggests that the phenoxyl radical
derived from the sensor can react with a second peroxyl radical
(a pathway not available to NBFhd) to form the quinoneimine
intermediate, which will then further slowly hydrolyze to give rise
to the fluorescent moiety ABF and a quinone.

Further experiments allow us to confirm these hypotheses.
Indeed, Fig. 4 shows that the bleaching of the sensor is almost
totally prevented by Trolox, a water soluble analogue of vitamin
E. This supports the occurrence of a process mediated by free
peroxyl radicals. In addition, the efficiency of ABFhd and dABFhd
consumption was evaluated by comparing the consumption rate
of the two sensors with the rate of the free radical production®
(see ESIT). From our experiments, it can be concluded that, on
average, 2 peroxyl radicals are scavenged by each sensor molecule
consumed. Further, the fact that an equimolar concentration of
Trolox almost totally suppresses the release of ABF suggests that
the rate constant for radical attack on Trolox is significantly faster
than that for sensors ABFhd and dABFhd.
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Fig. 4 Effect of the addition of 5 x 10~ M Trolox on a phosphate buffer
solution pH 7.4 containing 10> M AAPH and 5 x 10> M dABFhd under
air at 40 °C. The circles represent the maximum absorption of the sensor
in the absence of Trolox and the squares in the presence of Trolox.

The nature of a quinoneimine as an intermediate product was
indicated by the results shown in Fig. 5. Indeed, when Trolox
is added to the solution after 30 minutes of reaction between
peroxyl radical and the sensors, the release of ABF by the sensor is
quenched as illustrated in Fig. Sb, while the absorbance is restored
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Fig. 5 Effect of the addition of 10> M Trolox after 35 min of reaction
between 5 x 10~ M ABFhd and peroxyl radical produced by the thermal
decomposition of 10> M AAPH in the presence of oxygen (air) at 40 °C:
(a) absorption spectrum (/ = 0 min in a; # = 6 min in b; 7 = 20 min in c,
t=35min in d; = 35 min + Trolox in e; = 50 min in f; # = 70 min in g),
(b) fluorescence intensity at 540 nm.

(Fig. 5a). The quinoneimine intermediate formed during the first
30 minutes is reduced by the Trolox added to the solution giving
back the starting material, which can account for the restoration
of the absorbance while the fluorescence increase is blocked. To
analyze the ability of the quinoneimine to slowly hydrolyze in
buffer solution, we synthesized the molecule in organic solvent
by reaction with lead dioxide (see ESIf{). When dissolved in
phosphate buffer solution pH 7.4, the quinoneimine hydrolyzed
slowly to release the fluorescent compound ABF (data not shown).
These results confirmed the mechanism of reaction proposed in
Scheme 2.

Conclusion

In summary, we have developed two new sensors for the detection
of ROS: ABFhd and dABFhd. Comparison of the two structures

shows that by introducing steric bulk such as ortho-methyl groups,
the fluorescent sensor performance is improved since dABFhd
is able to release more of the reporting fluorescent compound,
ABF, than ABFhd, thus confirming our previous hypothesis based
on computational chemistry. Thus, ABFhd and dABFhd are
new tools to explore the involvement of reactive oxygen species,
in particular oxygen-centered radicals, including superoxide, for
biological applications.
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The synthesis of a series of fully O-derivatised para-acyl-calix[8]arenes is described, where the acyl
function is either octanoyl or hexadecanoyl. The groups attached at the phenolic face are,
carboxymethoxy (anionic), carboxypropoxy (anionic), 4-sulfonatobutoxy (anionic),
ethoxycarboxymethoxy (neutral), ethoxycarboxypropoxy (neutral), 2-methoxyethoxy (neutral) and
2-(2-methoxy)diethoxy (neutral). The use of specific synthetic routes has allowed complete substitution
in high yields for all the compounds obtained. The interfacial properties of the compounds have been
studied and stable monolayers have been obtained for certain compounds in the series having
para-octanoyl substituents; all compounds studied in the series having para-hexadecanoyl substituents
formed stable monolayers at the air—water interface. The interactions between
0-4-sulfonatobutoxy-para-ocatanoylcalix[8]arene and a series of serum albumins have been studied by
dynamic light scattering and specific adsorption of the calix-[8]-arene derivative onto the proteins
observed. The anionic derivatives O-4-sulfonatobutoxy-para-ocatanoylcalix[8]arene and
O-carboxymethoxy-para-ocatanoylcalix[8]arene have been shown to possess anticoagulant properties

but to have no haemolytic toxicity.

Introduction

The calix[n]arenes are amongst the most widely studied organic
macrocyclic host compounds.! They are synthesised size selectively
in high yields from cheap and readily available starting materials,
and even in the laboratory kilogram quantities can be prepared
in a day. Given this ease of preparation and the fact that the
chemistries at the para-position and the phenolic face are radically
different, and thus do not require use of protecting groups, it is
not surprising that a truly wide range of calix[n]arene derivatives
is available for study.

The complexation properties of the calix[n]arenes with regard
to a wide range of substrates, including cations,® anions,* small
organic molecules,® nucleotides,* DNA,” amino acids,® peptides®
and proteins,’™"" have been studied. Such complexation has
been studied in the solid-state,'? in solution,' as solid-substrate
interactions,' in the gas-phase,' at the air-liquid interface'® and
in colloidal suspension,? by a wide range of methodologies.

The para-acyl-calix[4]arenes were first described by No and Kim
in 1998 via a Fries rearrangement of the corresponding esters,”
and were prepared directly via the Friedel-Crafts acylation by
Shinkai et al. in 1991.

We have carried out extensive studies on these molecules.”
The para-acyl-calix[4]arenes have been shown to form stable
monolayers at the air-water interface,” where they can interact
with various cations and anions.?!
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Of particular interest is the capacity of these molecules to
form solid lipid nanoparticles, SLNs, using the solvent diffusion
method.?* The properties of these SLNs have been widely studied,
including their very high stability, the capacity to interact with
serum albumins with formation of a monolayer of protein around
the SLNs,? that they may be incorporated without aggregation into
gels.? Tt has been shown however that their stability with regard
to freeze drying requires use of cryo-protectants for re-suspension
of the SLNs.*

The solid-state properties of both the para-acyl-calix[4]arenes
and their derived SLNs are quite remarkable.> Single crystal
to single crystal guest exchange has been observed for non-
porous crystalline states, and indeed this exchange can occur even
with large guest molecules, for example stilbenes. Encapsulation
within the van der Waals nano-capsules formed by these molecules
leads to protection against UV photodegradation.”’” Solvent
molecules can be swept out of both the nanocapsules and the
SLNs by use of Xenon gas, with uptake of Xenon observed.”

Having been interested in the biological properties of the
calix[n]arenes over a number of years, we have observed that
in general the biological activity, as measured by complexation
of amino acids® or peptides,” or for direct activity such as
anticoagulant behaviour,* increases with increase in the size of the
macrocycle. Thus, investigation of the synthesis and properties of
the para-acyl-calix[6]arenes and para-acyl-calix[8]arenes has been
for some time a major project within our group.

Interestingly, complete acylation at the aromatic face of para-
acyl-calix[6]arene has proved almost impossible to achieve, in our
hands, with highly complex mixtures having esterification at the
phenolic face and incomplete para-substitution being obtained.
Although, Shinkai et al. first reported the synthesis of para-acyl-
calix[8]arenes in 1993, it was only recently that we achieved clean
total para-substitution for calix[8]arene, using acyl chains of eight
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or more carbon atoms,* and thus opening up a route to novel
amphiphilic systems derived from substitution at the phenolic face
of the para-acyl-calix[8]arenes.

In this paper we will describe the synthesis of two novel
series of para-acyl-calix[8]arene derivatives having neutral or
anionic functional groups attached at the lower rim. They are
described as designer molecules in that we demonstrate that a
wide range of derivatives can be produced by selective coupling
of desired functions on a basic skeleton. These molecules show,
in certain cases, formation of stable monolayers at the air-water
interface. Initial studies on their biological activity, for example
their capacity to complex proteins such as serum albumins, have
been demonstrated by use of dynamic light scattering. Further
observations have shown that certain anionic derivatives show
anticoagulant behaviour. Finally the initial studies of haemolytic
activity show that in general these molecules are non-toxic.

Results and discussion
Synthesis

The molecular structures of para-acyl-calix[8]arene derivatives
prepared during the course of this study are given along with
their numeration, in Scheme 1. Molecules 3a and 3b, 4a and 4b,
5a and 5b, 6a and 6b and 7a and 7b carry neutral functions at
the phenolic face; molecules 8a, 9a and 9b and 10a and 10b carry
anionic functions.

Attempts to obtain cationic ammonium derivatives via
alkoxynitrile derivatives, Scheme 1, yielded the desired intermedi-
ate butyronitrile derivative 3a and 3b, in good, 70%, yields with full
substitution at the phenolic face by reaction of bromobutyronitrile
with 2a or 2b in acetone with potassium carbonate as base.
However all attempts at reduction of these derivatives yielded
intransigent incomplete reaction mixtures, which have proved to be
totally inseparable. Interestingly use of either bromoacetonitrile or
bromopropionitrile as the alkylating agent leads to decomposition
and full substitution at the phenolic face is not observed.

The synthetic route to molecules 4a and 4b, and 5a and 5b is via
treatment of the parent para-acyl-calix[8]arene in acetone with 1.5
equivalents per hydroxyl function of 2-bromoethyl methyl ether
or 1-bromo-2-(2-methoxyethoxy)ethane using 1.5 equivalents per
hydroxyl function of potassium carbonate as base, with potassium
iodide as a catalytic halogen transfer agent under reflux during
48 hours. After this time the same quantities of alkylating agent,
base and potassium iodide were added to the reaction mixture
which was then treated under reflux during 72 hours. For all
four derivatives the reaction was complete after this time and
the pure product could be isolated in good yields, 4a 62%, 4b
72%, 5a 65% and 5b 70%. A very recent paper, by Hii et al.,*
treats the synthesis of macrocyclon analogues, i.e. fert-butyl- or
tert-octylcalix[8]arene derivatives with ethylene glycol chains of at
least three ethylene glycol units at the phenolic face. The authors
found that, in contrast to this work where clean substitution is
obtained with potassium carbonate as the base, for the longer
ethylene glycol groups the use of caesium carbonate as a base is
required for complete substitution.

The fact that we have obtained clean substitution with K,CO;
conflicts with the postulate that a template effect arises with
caesium as a base or may best be explained by the acyl function

at the para-position playing a strong role in determining the
substitution mechanism at the phenolic face.

The O-alkoxy ester derivatives 6a and 6b, and 7a and 7b, were
prepared by the treatment of 2a or 2b with 1.5 equivalents per
hydroxyl group of ethyl bromoacetate or ethyl bromobutyrate,
using 1.5 equivalents per hydroxyl function of potassium carbon-
ate as base and potassium iodide as a halogen transfer agent
in acetone under reflux during 48 hours; after this time total
substitution of the phenolic hydroxyl groups had occurred and the
products were obtained in good yields, 70-80%. However when the
same synthesis was attempted using ethyl-4-bromoproprionate,
incomplete substitution occurred even after addition of a second
round of alkylating agent and base, and use of higher ratios of
alkylating agent led to decomposition. In our hands it has so
far proved impossible to separate the mixtures obtained from the
reactions and thus the O-propoxy derivatives have as yet proved
elusive.

Treatment of 2a with excess of 1,4-butane sultone in tetrahy-
drofuran with excess sodium hydride as base under reflux, and
with five repeated additions of base and 1,4-butane sultone
over a 48 hour period, allowed isolation of the anionic O-4-
sulfonatobutoxy derivative 8a. The use of 1,3-propane sultone,
shown by Shinkai et al. to alkylate the calix[n]arenes,* in our
hands yielded only partial substitution of 2a and 2b and no
fully substituted derivatives could be obtained. As noted by Hii
et al.,** ES-MS or MALDI TOF is the methodology of choice
both for clear identification of the products and more particularly
for ascertaining the degree of substitution obtained. Given the
high molecular weights of the products we have used exclusively
MALDI TOF to determine product purity; all products show only
the parent peaks with no undersubstitution or degradation of the
products, as shown in Fig. 1.

In contrast to Hii ez al. we observed no adduct formation with
the MALDI matrix. '"H NMR showed the bridging methylene
protons between 4.14-4.04 ppm as a singlet, which implies that
the molecules are not in the cone conformation that was observed
for the non-substituted derivatives 2a and 2b, hence removal of
possible hydrogen bonding groups at the phenolic face leads to
conformational mobility. The “C NMR showed the bridging
methylene carbon atoms between 32.4-31.5 ppm.

Interfacial assembly

For both series of derivatives the formation of monomolecular
monolayers at the air—water interface has been studied by Lang-
muir compression isotherms and Brewster angle microscopy.

The isotherms are given in Fig. 2 and 4 respectively for the para-
octanoylcalix[8]arene and para-hexadecanoylcalix[8]arene deriva-
tives and the isotherm data is summarised respectively in Table 1
and 2. Brewster angle microscopy images are given in Fig. 3
and 5 respectively for certain para-octanoylcalix[8]arene and para-
hexadecanoylcalix[8]arene derivatives.

No isotherm data were obtained for 8a which shows aqueous
solubility in spite of the presence of eight octanoyl chains in the
para-position. The carboxylic acid derivatives 9a and 10b also
present very low aqueous solubilities and hence care must be taken
in considering the isotherm data.

For the para-octanoyl calix[8]arene derivatives there are con-
siderable problems of reproducibility with variations in the values
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i: Br(CH,),CN, K,COj, KI, Acetone.

ii: Br(CH,),0CH,, K,CO,, KI, Acetone.

iii: Br(CH,),0(CH,),O0CH;, K,CO;, KI, Acetone.
iv: BrCH,COOEt, K,CO;, Kl, Acetone.

v: Br(CH,);CQOOEt, K,CO;, KI, Acetone.

vi:1,4-Butane-Sultone, NaH, THF.
vii: KOH/EtOH.

aR=C,H,s.
b R=C15Hy.

0. R 0. _R o.__R
0 (e} (o]
<COOEt §
Ba-b COOEt
7a-b SOH
‘ 8a

Vil

<O

R
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o]
COOH §

COOH
9a-b
2 10a-b

Scheme 1 Synthetic routes to para-acyl-calix[8]arene derivatives.

observed of up to 30%; the values of area and collapse pressures
given and the isotherms shown correspond to the highest values
and were repeatable over about 50% of the compression isotherms.

In a detailed study of how conformational changes in the
simplest amphiphilic calix[8]arene, para-tert-butylcalix[8]arene,*
Martin-Romero et al. showed that compression derived changes
from intra- and intermolecular hydrogen bonding in para-tert-
butylcalix[8]arene to hydrogen bonding interactions with water
were reasons for isotherm modification. However it was also noted
that the nature of the spreading solvent,*** spreading speed and

compression speed played roles in the non-reproducible nature
of the behaviour of amphiphilic calix[8]arenes at the air—water
interface.** The situation with the para-octanoyl calix[8]arene
derivatives is further complicated by their self-organisational
behaviour.**

Ascan be seen from Fig. 2 all the molecules in the para-octanoyl-
calix[8]Jarene series, form films at the air-water interface. A number
of points are to be noted; the parent compound 2a shows the
highest apparent molecular area with an A, value of 236 A2, and
a collapse pressure of 36.4 mN m~'. For the other molecules of this
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isotherms for the para-octanoylcalix[8]arene

Table 1 Isotherm data for the para-octanoylcalix[8]arene derivatives

M /mNm™  Ag/A?  Aum/A2 4/A2  A4,/A7  Cs!
2a 364 236 281 330 290 254
3a 303 203 226 315 273 316
4a 332 185 219 250 220 224
52 429 210 245 260 249 359
6a 273 191 218 298 251 236
7a 398 206 237 295 258 368
92  30.1 201 231 260 231 314
10a  20.5 168 188 270 201 257

A is the area in A2 per molecule, /7 is the surface pressure in mN m~', and
Cs™' is the compressibility modulus at 20 °C. 1., is the pressure collapse,
Ao 18 the area collapse, A4y, is the extrapolated molecular area, 4, is the
apparent molecular area at 7 = 0, 4, is the apparent molecular area at
IT=1mNm".

series the collapse areas are generally in the range 180 A2-210 A2,
while 5a and 7a, having respectively O-butoxyethyl ester and O-
diethoxymethyl ether functions, show respectively high collapse
pressures of 42.9 and 39.8 mN m™'. The other derivatives have
collapse pressures clustered around 30 mN m~'. Compound 9a,
which has an O-propoxycarboxylic acid function, shows very low
collapse area and pressure, respectively 168 A2 and 20.5 mN m~".

Table 2 Isotherm data for the para-hexadecanoylcalix[8]arene derivatives

. /mNm™  Ag/A?  Aum/A> 4,/A2 4,/A> Cs
2b 380 134 152 196 184 211
3b 361 171 217 253 233 180
4 364 163 212 251 225 165
5b 479 174 239 384 296 176
6b 334 221 256 330 285 252
7b 353 154 200 310 277 131
9% 308 124 154 176 161 183
10b 359 184 228 312 238 157

Area in A? per molecule, I7 collapse and Cs™! in mN m~' at 20 °C. 1.,
is the pressure collapse, 4., is the area collapse, Ay, is the extrapolated
molecular area, A, is the apparent molecular area at 7 = 0, 4, is the
apparent molecular area at 7 = 1, Cs™' is the compressibility modulus.

All compounds have compressibility indices, Cs™*

typical of liquid phases, ranging from 224 to 368.

The fact that quite large functional groups have been added
to the phenolic face and yet smaller apparent molecular areas
are observed suggests that there may be formation of three-
dimensional films at the aqueous subphase.

Fig. 3 shows Brewster angle microscopy images of the interfacial
assemblies formed by 3a, 4a and Sa. The images were obtained
after spreading of solutions of the derivatives, and are thus at 0 mN
m~' pressure and apparent molecular areas greater than 500 A2.
For each system the left hand images show the pure water interface
before spreading, the images were all taken at the same place on
the surface and at time intervals of 1 minute. As can particularly be
seen in Fig. 3 (5a), the films are rigid and immobile at the surface,
with very high contrast levels between features, suggesting that an
almost solid three-dimensional film may well be present. The films
contain circular holes of approximately 600 u in diameter. Such
self-assembly is undoubtedly a major factor in the variability of the
Langmuir isotherms and also in the apparently smaller molecular
areas observed for the derivatives of para-octanoylcalix[8]arene.

For the compounds bearing hexanoyl chains at the para-
position, the parent compound para-hexadecanoylcalix[8]arene
with the observed apparent molecular area of 134 A2 is the smallest
collapse area in the series of derivatives (Fig. 4). Thus in the series
with longer acyl chains substitution at the phenolic face does

, in the range
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5a

Fig. 3 Brewster angle images of films of 3a, 4a and 5a spread at the air-water interface. The top left hand image is that of pure water and the images
were taken sequentially at 1 minute intervals after deposition. The images are taken at 0 mN m~' pressure and apparent molecular areas >500 A2, image

sizes are 6.4 mm x 4.8 mm and resolution is 20 p.
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Fig. 4 Compression isotherms for the para-hexadecanoylcalix[8]arene
derivatives.

lead to increased molecular areas. The ethoxycarbonylmethoxy
derivative, 6b, shows the largest molecular area of 221 A2, while for
the propoxy analogue 7b a much smaller molecular area of 154 A2
is observed. That the derivative with the shorter alkyl chain in the
substituent group has a greater apparent molecular area may be
due to the hydorophobic alkyl chains folding back into the cavity
in the case of 7b. Compound 7b shows an apparent phase change
from expanded liquid to condensed liquid phases occurring at a
molecular area of 260 A2 and a surface pressure of 6 mN m™'.

For the two derivatives bearing ethylene glycol derivatives at the
phenolic face, 4b has a smaller apparent molecular area, 163 A2,
than 5b, 174 A2. As might be expected the presence of a second
ethylene glycol unit in the case of 5b leads to a substantial increase
in the collapse pressure observed (47.9 mN m™").

The para-hexadecanoylcalix[8]arene derivatives have compress-
ibility indices, Cs™!, in the range typical of liquid phases, ranging
from 131 to 252, and which are generally lower than those observed
for the corresponding para-octanoylcalix[8]arene derivatives.

Brewster angle microscopy of the films in this series (Fig. 5)
shows, initially, liquid phase films, for which evaporation of the
spreading solvent and organisation of the film is accompanied by
the disappearance of fluid areas. Over a period of 5 minutes a
slow crystallisation in two dimensions is observed, to yield fibrous
structures of 35 u in thickness and 400 p in length, as can be seen
in the final images in the two sets of images.

In general, it would appear that for the para-hexadecanoyl-
calix[8]arene derivatives the behaviour at the air—water interface
is closer to that of typical amphiphilic calix[n]arenes than for
the para-octanoylcalix[8]arene derivatives, but even for these
derivatives there is considerable deviation from the formation of
true monomolecular films. The conformational flexibility of the
para-acyl-calix[8]arene skeleton coupled with the ability of the
substituent groups to, probably, fold into the macrocycle makes
it unlikely that any of the molecules studied will orient with the
acyl chains and aromatic groups perpendicular to the air-water
interface.

Biological properties

A series of preliminary studies have been undertaken with certain
of the molecules of series a, the para-octanoylcalix[8]arene deriva-
tives, and particularly with regard to 8a which presents reasonable
aqueous solubility and for which the presence of the sulfonate
functions suggests analogy with the para-sulfonatocalix[n]arenes
and by extension with the glycosylaminoglycans. A recent article
by Mecca et al. has inverted this strategy to create cationic
calix[8]arene derivatives for heparain recognition.*
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Fig.5 Brewster angle images of films of 5b and 7b spread at the air-water interface. The top left hand image is that of pure water and the images were
taken sequentially at 1 minute intervals after deposition. The images are taken at 0 mN m~' pressure and apparent molecular areas >500 A2, image sizes

are 6.4 mm x 4.8 mm and resolution is 20 p.

Serum albumin interaction

We had previously investigated the interaction between various
para-sulfonatocalix[r]arene derivatives and bovine serum albumin
using electrospray mass spectrometry and it proved possible even
to determine association constants using this methodology.*
However, under the same experimental conditions as used for
the study of the interaction of the para-sulfonatocalix[n]arenes
with bovine serum albumin, in the case of 8a no peaks corre-
sponding to the formation of a complex were observed in the
mass spectrum. In place of this a clear decrease in the intensity
of the peak at 66 kDa corresponding to BSA was observed, while
the intensity of a secondary protein peak at 67 kDa remained
unchanged, thus there is a clear interaction between 8a and BSA
but either the resultant m/z is out of the range of the electrospray
mass spectrometer, which has a maximum m/z of 2000 or there
is removal of BSA from the ionisation process. As no evident
precipitation was observed, dynamic light scattering was used to
study the change in the size of a series of serum albumin proteins
in the presence of 8a. The results are given in Table 3.
Interestingly 8a itself is apparently present as a colloidal
suspension with a monodisperse diameter of 235 nm. Lysozyme
was used as a probe for non-specific interactions, and here, while
the observed diameter increased considerably from 2.6 nm to
46 nm, no larger objects were observed. This change suggests the
oligomerisation of lysozyme occurs in the presence of 8a but that
no floculation occurs. For all of the serum albumins, in the presence

similar to the previously observed behaviour for the interaction
of bovine serum albumin and solid lipid nanoparticles formed
by amphiphilic calix[4]arenes.” Tt should be noted that the infor-
mation from dynamic light scattering does not allow either the
determination of the stoichiometry of the complexation process
nor determination of the association constants.

Haemolytic properties

The haemolytic properties of the para-octanoylcalix[8]arene
derivatives are summarised in Table 4 below. A positive haemolytic
effect is defined as that causing at least 5% lysis of the cell, hence
only molecule 7a can be designated as having haemolytic toxicity
in the concentration range studied.

Table 4 present results of the haemolytic test. Assays were
performed on one blood pool, at concentrations descending from
200 to 6.25 pug mL~'. Results are expressed as percentage of
haemolysis in comparison of the positive control, subtracting
negative control.

Within the limits of experimental error only compound 7a, i.e.
with O-butoxyethyl ester functions, at concentrations between
25 ng mL™" and 200 pg mL™' and the parent compound 2a

Table4 Haemolysis percentage of molecules in comparison to the
positive control

Concentration as pg mL~" of the total blood sample

of 8a there is disappearance of the 235 nm diameter objects due to Molecule 200 100 50 25 12.5 6.25
8a and there is an increase in diameter for the proteins of between
52and 7.5 b ‘th bi £ di b d 2a 9.2 4.9 3.4 4.9 4.4 —-0.3
2and 7. nm,. uF wit ! no o 'Jects 9 .great.er 1amete¥ o serv.e s 3a 23 6.2 75 3.7 3.0 69
and no change in signal intensity. This implies that the interaction 4a 3.1 2.0 3.0 4.8 —-09 —65
between 8a and serum albumins does not cause precipitation. 6a 1.3 4.4 32 9.0 —-41 =35
The size increase for the protein is in accord with a monolayer g: Z; gg Zélt ;g _;; _‘2“1)
of molecules of 8a interacting with the protein. This is in fact i i i i i i
Table 3 Diameters of objects as measured by dynamic light scattering
Observed Diameters/nm
Protein None Bovine serum albumin Horse SA Rabbit SA Goat SA Chicken A Lysozyme
Absence of 8a — 4.8 4.7 6.6 3.5 4.5 2.6
Presence of 8a 235 11.1 9.9 12.5 11 13 46
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at a concentration of 200 ug mL~"' show small but significant
haemolytic properties. It is interesting to note that in terms of
behaviour at the air—water interface 7a shows significant behaviour
with regard to the other compounds, with observation of a phase
change between expanded liquid and condensed liquid phases,
which may lead to differences in the membrane incorporation
of this molecule and hence its small but significant haemolytic
behaviour.

Evidently, the low aqueous solubility of all but 8a has pre-
vented analysis above uM concentrations. Thus the haemolytic
effects for 7a are significant, being 10° times higher than para-
sulfonatocalix[8]arene** and approximately 10° times higher than
those for B-cyclodextrin.®

Anticoagulant activity

The anticoagulant behaviour of a molecule is defined as its
capacity to slow or stop the induced coagulation of blood. By
convention molecules which cause blood coagulation times of
more than 400 s are defined as giving rise to complete blocking of
the coagulation process.

In Fig. 6 are given the anticoagulant properties of the molecules
of series a, ie. the para-octanoylcalix[8]arene derivatives, at
concentrations of 20 uM and 100 uM respectively. The derivatives
8a and 9a both show total anticoagulant activity at concentrations
of 100 uM as denoted by a relative percentage greater than
500%. 8a shows clear activity at a concentration of 20 pM,
with a relative coagulation time of 250%. These values are lower
than those observed for heparin, which is active in nanomolar
concentrations, however the activity is at least equal to that of
the most potent calixarene derivative para-sulfonatocalix[8]arene
monomethoxycarboxylate.*

700

600 - — 20 M =
500
400
300
200

m:- ITH I3=|-| I4=H Isa” I7=|_| : I

8a 9a

Molecules

Fig. 6 Anticoagulant behaviour of compounds of the series of com-
pounds derived from para-octanoylcalix[8]arene as measured by calcium
dependent APTT times and given as percentage compared to 100% for the
blank.

Experimental
General

Calix[8]arene,* 1, and the para-acyl calix[8]arenes, 2a and 2b,*
were synthesised as per the literature. Alkylation substrates, were
purchased from Sigma-Aldrich, NaH 60% from Acros Organics,
and used without further purification. All solvents were distilled,
under a nitrogen atmosphere, over the appropriate drying agent

immediately prior to use. All reactions were carried out under
nitrogen.

"HNMR and “C NMR spectra were recorded on a Varian VXP
300 instrument operating at 500 MHz and 125 MHz respectively.
The chemical shifts are reported from an internal tetramethylsilane
standard.

Infra-red (IR) spectra were recorded on a Universal ATR in the
range 4000-650 cm™' as neat solids and are reported in cm™.

The melting point determinations were performed on a Beotius
apparatus and are uncorrected.

Surface pressure isotherm measurements were carried out on a
NIMA 6010 trough on Milli-Q quality water, with resistivity >18
MOhm, with the deposited molar quantity in the range 4 x 103~
1.6 x 10 mol, so as to generate isotherms with areas of 500 A2
prior to compression. The system was equilibrated for 30 minutes
prior to compression, compression speed was 25 c¢cm? min~.
Deposition solvent was chloroform.

BAM images were collected using a Nano-Film Mini-
BAM. Dynamic light scattering measurements were carried out
on a Malvern Nanosizer.

Synthesis

5,11,17,23,29,35,41,47-Octaoctanoyl-49,50,51,52,53,54,55,56-
octakis-4-cyanopropoxycalix[8]arene 3a. para-Octanoylcalix[8]-
arene (1 g, 1 equiv.), 4-bromobutyronitrile (0.65 mL, 12 equiv.),
potassium carbonate (0.9 g, 12 equiv.), and KI (0.1 g, 1.1 equiv.)
were combined and refluxed in acetone during 72 h. The acetone
was removed under reduced pressure and the resultant compound
was solubilised in chloroform (30 mL), washed with water (2 x
30 mL) and dried under anhydrous MgSO,. The chloroform was
removed under reduced pressure to give a volume of 5 mL and the
product was precipitated in methanol.

Compound 3a: "H NMR (CDCl;) d 7.61 (s, I6H, HmAr), 4.06
(s, 16H, Ar-CH,-Ar), 3.77 (t, 16H, Ar-O-CH,, Jy 4 = 6.5 Hz),
2.75 (t, 16H, -CH,—CO, Jy 4 = 7.2 Hz), 2.30 (t, 16H, -CH,-CN,
Jun = 6.5 Hz), 1.85 (m, 16H, -CH,-CH,—CH,-), 1.60 (m, 16H,
CH,-CH,-CO), 1.26 (m, 64 H, (-CH,)4-), 0.85 ppm (t, 24H,
CH;-CH,, Jy 4 = 6.5Hz). "C NMR (CDCl;) 0 199.6 (8C, C=0),
158.8 (8C, C,,,), 133.9 (8C, C,,.), 133.5 (16C, C,.4,), 129.7 (16C,
C,)s 119.1 (8C, CN), 71.0 (8C, ArOCH,), 38.7 (8C, CH,CO),
31.5-22.8 (48C, 7 x CH,), 14.3 (8C, CH5;), 13.99 ppm (8C, —CH,—
CN). IR v,,,, (neat): 2927 (CHj;), 2248 (CN), 1678 cm ™' (Ar-C=0).
MS (MALDI-TOF): 2417.2 [3a + Na]*, 2433.2 [3a + K]*, mp =
140 °C, R; = 0.23 (CHCl,), yield = 72%.

5,11,17,23,29,35,41,47-Octaoctanoyl-49,50,51,52,53,54,55,56-
octakismethoxyethoxycalix|8]larene 4a. para-Octanoylcalix[8]-
arene (1 g, 1 equiv.), 2-bromoethyl methyl ether (0.6 mL,
12 equiv.), potassium carbonate (0.9 g, 12 equiv.), and KI (0.1 g,
1.1 equiv.) were combined and refluxed in acetone. After 48 h, the
same quantities of potassium carbonate and 2-bromoethyl methyl
ether were added to the solution and this was stirred and refluxed
for 72 h. The acetone was removed under reduced pressure and
the resultant compound was solubilised in chloroform (30 mL),
washed with water (4 x 30 mL) and dried over anhydrous MgSO,.
The chloroform was removed under reduced pressure to give a
volume of 5 mL and the product was precipitated in methanol.

Compound 4a: '"H NMR (CDCl;) 6 7.59 (s, 16H, HmAr), 4.06
(s, 16H, Ar—CH,—Ar), 3.68 (t, 16H, Ar—O-CH,, Jy 4 = 6.6 Hz),
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3.37 (t, 16H, -CH,—~O-CH;, Jyy = 6.6 Hz), 3.26 (s, 24H, O-
CH,), 2.79 (s, 16H, -CH,—CO, Jyy = 7.1 Hz), 1.60 (m, 16H,
CH,-CH,-CO0), 1.27 (m, 64H, (-CH,)4-), 0.89 ppm (t, 24H, CH ;-
CH,, J; .y = 6.5 Hz). *\CNMR (CDCl;) 6 199.4 (8C, C=0), 159.2
(8C, C,), 134.5 (8C, C,..0), 133.1 (16C, C,,,), 129.8 (16C, C,.0),
72.6 (8C, ArOCH,), 71.3 (8C, CH,0OCH,;), 58.7 (8C, OCH,), 38.4
(8C, CH,CO), 31.8-22.7 (48C, 6 x CH,), 14.2 ppm (8C, CH;). IR
Vmax (n€at): 2925 (CH;), 1678 (Ar-C=0), 1045-1026 cm™' (C-O).
MS (MALDI-TOF): 2345.5 [4a + Na]*, 2361.5 [4a + K]*, mp =
60 °C, R; = 0.24 (CHCl,), yield = 62%.

5,11,17,23,29,35,41,47-Octaoctanoyl-49,50,51,52,53,54,55,56-
octakismethoxydiethoxycalix[8]arene 5a. para-Octanoylcalix|[8]-
arene (1 g 1 equiv.), 1-bromo-2-(2-methoxyethoxy)ethane
(0.9 mL, 12 equiv.), potassium carbonate (0.9 g, 12 equiv.), and KI
(0.1 g, 1.1 equiv.) were combined and refluxed in acetone. After
48 h, the same quantities of potassium carbonate and 1-bromo-
2-(2-methoxyethoxy)ethane were added to the solution and this
was stirred and refluxed for 72 h. The acetone was removed under
reduced pressure and the resultant compound was solubilised in
chloroform (30 mL), washed with water (4 x 30 mL) and dried over
anhydrous MgSO,. The chloroform was removed under reduced
pressure to give a volume of 5 mL and the product was precipitated
in methanol.

Compound 5a: '"H NMR (CDCl;) § 7.64 (s, 16H, HmAr),
4.07 (s, 16H, Ar-CH,-Ar), 3.79 (m, 16H, Ar-O-CH,), 3.61 (m,
16H,-CH,-CH,-0-), 3.47 (m, 16H, CH,-O-CH,), 3.35 (m, 16H,
-CH,-O-CH,;), 3.28 (s, 24H, O-CH,), 2.75 (t, 16H, —-CH,—CO,
Jun = 7.2 Hz), 1.58 (m, 16H, -CH,—CH,-CO), 1.26 (m, 64H,
(-CH,)4-),0.86 ppm (t,24H, CH;-CH,, J,, ; = 6.5 Hz). "{CNMR
(CDClL) 0 199.3 (8C, C=0), 159.3 (8C, C,,,), 134.3 (8C, C,..),
133.0(16C, C,.4), 129.6 (16C, C,,...), 72.7 (8C, ArOCH,), 71.8 (8C,
ArOCH,CH,), 70.5 (8C, OCH,CH,0), 70.0 (8C, OCH,CH,0),
58.8 (8C, OCH;), 38.4 (8C, CH,CO), 32.0-22.4 (48C, 6 x CH,),
14.2 ppm (8C, CHj;). IR v, (neat): 2924 (CHj;), 1679 (Ar-C=0),
1043 cm™' (C-0O). MS (MALDI-TOF): 2698.7 [5a + Na]*, 2714.7
[Sa + K], mp =75°C, R; = 0.65 (CHCL;—MeOH 95 : 05), yield =
65%.

5,11,17,23,29,35,41,47-Octaoctanoyl-49,50,51,52,53,54,55,56-
octakisethoxycarbonylmethoxycalix|[8]arene 6a. para-Octanoyl-
calix[8]arene (1 g, 1 equiv.), ethyl bromoacetate (0.7 mL, 12 equiv.),
potassium carbonate (0.9 g, 12 equiv.), and KI (0.1 g, 1.1 equiv.)
were combined and refluxed in acetone during 72 h. The acetone
was removed under reduced pressure and the resultant compound
was solubilised in chloroform (30 mL) washed with water (2 x
30 mL) and dried under anhydrous MgSO,. The chloroform was
removed under reduced pressure to give a volume of 5 mL and the
product was precipitated in methanol.

Compound 6a: '"H NMR (CDCl;) ¢ 7.61 (s, 16H, HmAr), 4.27
(s, 16H, Ar—O-CH,-), 4.13 (s, 16H, Ar-CH,—Ar), 3.93 (q, 16H,
O-CH,—CH,), 2.79 (t, 16H, -CH,CO, Jy y = 7.2 Hz), 1.59 (m,
16H, -CH,-CH,-CO), 1.26 (m, 64H, (-CH,)4-), 1.03 (t, 24H, O-
CH,-CH;, Juu = 6.9 Hz), 0.86 ppm (t, 24H, CH;—CH,, Jyy =
6.5 Hz). "C NMR (CDCl;) 0 199.3 (8C, C=0), 168.4 (8C, COO),
159.1 (8C, C,,,), 133.6 (8C, C,,.), 133.2 (16C, C,,4,), 129.8 (16C,
C,ea)> 69.9 (8C, Ar-O-CH,), 61.2 (8C, O-CH,-CH,), 38.6 (8C,
CH,CO), 31.9-22.6 (48C, 6 x CH,), 14.3 (8C, CHj;), 14.1 ppm (8C,
CH;). IR v, (neat): 2926 (CH,), 1750 (C=0 ester), 1678 cm™"

(Ar-C=0). MS (MALDI-TOF): 2570.5 [6a + Na]*, 2586.5 [6a +
KJ*, mp = 110 °C, R, = 0.28 (CHCL), yield = 74%.

5,11,17,23,29,35,41,47-Octaoctanoyl-49,50,51,52,53,54,55,56-
octakisethoxycarbonylpropoxycalix|8]arene 7a. para-Octanoyl-
calix[8Jarene (1 g, 1 equiv.), ethyl bromobutyrate (0.9 mL,
12 equiv.), potassium carbonate (0.9 g, 12 equiv.), and KI (0.1 g,
1.1 equiv.) were combined and refluxed in acetone during 72 h. The
acetone was removed under reduced pressure and the resultant
compound was solubilised in chloroform (30 mL), washed with
water (2 x 30 mL) and dried over anhydrous MgSO,. The
chloroform was removed under reduced pressure to give a volume
of S mL and the product was precipitated in methanol.

Compound 7a: "H NMR (CDCl;) d 7.56 (s, I6H, HmAr), 4.05
(s, 16H, Ar-CH,-Ar), 3.93 (q, 16H, O-CH,—CH;), 3.73 (t, 16H,
Ar-O-CH,,J,y 4y =6.7Hz),2.74(t, 16H,-CH,CO, J,, s = 7.1 Hz),
2.33(t, 16H,—-CH,—COOEt, Jy y = 6.4 Hz), 1.93 (m, 16H, -CH,—
CH,-CH,-), 1.58 (m, 16H, -CH,—CH,—CO), 1.26 (m, 64H,
(-CH,)4-), 1.03 (t, 24H, O-CH,-CH;, J;,.y = 7.0 Hz), 0.85 ppm
(t,24H, CH,—CH,, J,; y = 6.5 Hz). *C NMR (CDCl;) 5 199.2 (8C,
C=0), 172.9 (8C, COO0), 159.3 (8C, C,,,), 134.0 (8C, C,,..), 133.2
(16C, C,u.), 129.5 (16C, C,...), 72.5 (8C, Ar—-O-CH,), 60.4 (8C,
O-CH,-CH,), 38.5 (8C, CH,CO), 32.1-22.9 (48C, 7 x CH,), 14.3
(8C, CH;), 14.2 ppm (8C, CH;). IR v,,, (neat): 2927 (CH;), 1731
(C=0 ester), 1680 cm™' (Ar-C=0). MS (MALDI-TOF): 2794.5
[7a + Na]*, 2811.1 [7a + K]*, mp = 120 °C, R; = 0.29 (CHCl,),
yield = 78%.

5,11,17,23,29,35,41,47-Octaoctanoyl-49,50,51,52,53,54,55,56-
octakissulfonatobutoxycalix|8]arene 8a. Under nitrogen atmos-
phere para-octanoylcalix[8]arene (1 g, 1 equiv.) was dissolved in
50 mL of freshly distilled THF and an excess of NaH (250 mg) was
added. The mixture was stirred and refluxed and after 20 min 1,4-
butane sultone (10 equiv.) was added. The introduction of NaH
and 1,4-butane sultone was repeated 5 times during 2 days allowing
total substitution of the hydroxyl groups and precipitation from
the solution. The precipitate was filtered and washed with THF
and MeOH.

Compound 8a: '"H NMR (CDCl;) 6 7.65 (s, 16H, HmAr), 4.07
(s, 16H, Ar—CH,—Ar), 3.72 (t, 16H, Ar—O-CH,), 2.97 (s, 16H, S—
CH,), 2.75 (m, 16H, -CH,—CO), 1.64-1.58 (m, 40H, CH,—~CH,—
CO, CH,~CH,-CH,-S), 1.20 (m, 64H, (-CH,)4-), 0.82 ppm (t,
24H, CH—CH,, Jy 4 = 6.5 Hz). "C NMR (CDCl;) 6 199.2 (8C,
C=0), 158.8 (8C, C,,,), 134.1 (8C, C,,..), 133.2 (16C, C,,4,), 129.7
(16C, C,..), 72.4 (8C, ArOCH,), 51.1 (8C, S-CH,), 38.7 (8C,
CH,CO), 31.9-21.3 (48C, 8 x CH,), 13.9 ppm (8C, CH;). IR
Vmax (neat): 3464 (OH), 2926 (CH;), 1678 cm™' (Ar-C=0). MS
(MALDI-TOF): 2546.8 [8a — H]~, mp >250 °, yield = 56%.

5,11,17,23,29,35,41,47-Octaoctanoyl-49,50,51,52,53,54,55,56-
octakis-2-carboxymethoxycalix[8]arene 9a. 6a (1 g, | equiv.) was
added to 50 mL of a solution of KOH (10%) in ethanol-water
(70 : 30) during 24 h. The ethanol was removed under reduced
pressure. The compound was precipitated with a solution of HCI
2M (60 mL) and filtered. The resultant compound was solubilised
in chloroform (30 mL), washed with water (4 x 30 mL) and
dried over anhydrous MgSO,. The chloroform was removed under
reduced pressure to give a volume of 5 mL and the product was
precipitated in methanol.
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Compound 9a: "H NMR (CDCl;) 0 7.60 (s, 16H, HmAr), 4.21
(s, 16H, Ar—-O-CH,-), 4.09 (s, 16H, Ar-CH,-Ar), 2.80 (t, 16H,
-CH,CO, Jyy=7.1Hz),1.61 (m, 16H,-CH,-CH,-CO), 1.26 (m,
64H, (-CH,)4-), 0.85 ppm (t, 24H, CH,—CH,, J,; s = 6.5 Hz). °C
NMR (CDCl;) 6 199.3 (8C, C=0), 171.2 (8C, COO0), 158.5 (8C,
C,), 133.9 8C, C,,.0), 133.5 (16C, C,,,), 129.1 (16C, C,....), 69.8
(8C, Ar-O-CH,), 38.9 (8C, CH,CO), 31.9-22.9 (48C, 6 x CH,),
14.3 (8C, CH,). IR v, (neat): 3201 (OH acid), 2925 (CHs;), 1729
(C=0 acid), 1679 cm™' (Ar-C=0). MS (MALDI-TOF): 2345.2
[9a + Na]*, 2361.2 [9a + K]*, mp = 145 °C, R; = 0.81 (CHCl;—
MeOH 80 : 20), yield = 79%.

5,11,17,23,29,35,41,47-Octaoctanoyl-49,50,51,52,53,54,55,56-
octakis-4-carboxypropoxycalix[8]arene 10a. 7a (1 g, 1 equiv.) was
added to 50 mL of a solution of KOH (10%) in ethanol-water (70 :
30) during 24 h. The ethanol was removed under reduced pressure.
The compound was precipitated with a solution of HCl 2 M
(60 mL) and filtered. The resultant compound was solubilised in
chloroform (30 mL), washed with water (4 x 30 mL) and dried over
anhydrous MgSO,. The chloroform was removed under reduced
pressure to give a volume of S mL and the product was precipitated
in methanol.

Compound 10a: '"HNMR (CDCl;) 6 7.53 (s, l6H, HmAr), 4.06
(s, 16H, Ar—-CH,—-Ar), 3.62 (t, 16H, Ar-O-CH,—, Jy 4 = 6.6 Hz),
2.76 (t, 16H,—-CH,—CO, Jy 4 = 7.1 Hz), 2.37 (t, 16H,-CH,-CH,—
COO, Jy 4 = 6.4 Hz), 1.87 (m, 16H, -CH,-CH,—CH,-), 1.59 (m,
16H, -CH,-CH,-CO), 1.24 (m, 64H, (-CH,)4-), 0.85 ppm (t,
24H, CH;—CH,, J,; 4 = 6.5 Hz). "C NMR (CDCl;) 6 199.8 (8C,
C=0), 178.8 (8C, COO0), 159.3 (8C, C,,,), 133.8 (8C, C,,.), 133.2
(16C, C,.4.), 129.5 (16C, C,...), 72.5 (8C, Ar-O-CH,), 38.7 (8C,
CH,CO0), 31.7-22.3 (56C, 7 x CH,), 14.3 (8C, CH;). IR v,,, (neat):
3205 (OH acid), 2924 (CH;), 1707 (C=O0 acid), 1679 cm™" (Ar-
C=0). MS (MALDI-TOF): 2569.5 [10a + Na]*, 2585.5 [10a +
KJ]*, mp = 190 °C, R; = 0.78 (CHCl;—-MeOH 80 : 20), yield =
69%.

5,11,17,23,29,35,41,47-Octahexadecanoyl-49,50,51,52,53,54,55,
56-octakis-4-cyanopropoxycalix|8]arene 3b. para-Palmitoyl-
calix[8]Jarene (1 g, 1 equiv.), 4-bromobutyronotrile (0.45 mL,
12 equiv.), potassium carbonate (0.6 g, 12 equiv.), and KI
(0.06 g, 1.1 equiv.) were combined and refluxed in acetone during
72 h. The acetone was removed under reduced pressure and
the resultant compound was solubilised in chloroform (30 mL),
washed with water (2 x 30 mL) and dried over anhydrous MgSO,.
The chloroform was removed under reduced pressure to give a
volume of 5 mL and the product was precipitated in methanol.

Compound 3b: "H NMR (CDCl;) d 7.59 (s, 16H, HmAr), 4.05
(s, 16H, Ar-CH,-Ar), 3.75 (t, 16H, Ar-O-CH,, J,, 4y = 6.6 Hz),
2.75 (t, 16H, -CH,—CO, Jy 4y = 7.1 Hz), 2.29 (t, 16H, -CH,—CN,
Jun = 6.6 Hz), 1.85 (m, 16H, -CH,-CH,-CH,-), 1.60 (m, 16H,
CH,—CH,—CO), 1.26 (m, 192H, (-CH,)12-), 0.88 ppm (t, 24H,
CH,;-CH,, Jy 4 = 6.5 Hz). "C NMR (CDCl;) d 199.6 (8C, C=0),
158.8 (8C, C,), 133.9 (8C, C,), 133.6 (16C, C,.4,), 129.7 (16C,
C,e), 119.4 (8C, CN), 71.0 (8C, Ar—-O-CH,), 38.4 (8C, CH,CO),
32.3-22.9(120C, 15 x CH,), 14.5(8C, CH,), 13.9 (8C,—CH,—CN).
IR v, (neat): 2917 (CHj;), 2247 (CN), 1682 cm ™' (Ar-C=0). MS
(MALDI-TOF): 3315.0[3b + Na]*, 3331.0[3b+ K]*,mp =145°C,
R: = 0.25 (CHC,), yield = 71%.

5,11,17,23,29,35,41,47-Octahexadecanoyl49,50,51,52,53,54,55,
56-octakismethoxyethoxycalix[8]arene 4b. para-Palmitoylcalix-
[8Jarene (1 g, 1 equiv.), 2-bromoethyl methyl ether (0.4 mL,
12 equiv.), potassium carbonate (0.6 g, 12 equiv.), and KI (0.06 g,
1.1 equiv.) were combined and refluxed in acetone. After 48 h, the
same quantities of potassium carbonate and 2-bromoethyl methyl
ether were added to the solution and this was stirred and refluxed
for 72 h. The acetone was removed under reduced pressure and
the resultant compound was solubilised in chloroform (30 mL),
washed with water (4 x 30 mL) and dried under anhydrous
MgSO,. The chloroform was removed under reduced pressure
to give a volume of 5 mL and the product was precipitated in
methanol.

Compound 4b: "H NMR (CDCl;) 6 7.67 (s, l6H, HmAr), 4.09
(s, I6H, Ar-CH,-Ar), 3.68 (t, 16H, Ar-O-CH,, Jy 4 = 6.6 Hz),
3.39(t, 16H, CH,~O-CHj, Jy u = 6.6 Hz), 3.22 (s, 24H, -CH,-O-
CH;),2.76 (t, 16H,—-CH,—CO, J;; y = 6.6 Hz), 1.59 (m, 16H, CH,—
CH,-CO), 1.26 (m, 192H, (-CH,)12-), 0.87 ppm (t, 24H, CH;—
CH,, Jy u = 6.5Hz). "CNMR (CDCl;) 6 199.4 (8C, C=0), 159.3
(8C, Cyy), 134.6 (8C, Cpua), 133.2 (16C, C,,4,), 129.8 (16C, C,,..),
72.7 (8C, Ar-O-CH,), 71.4 (8C, CH,OCH;), 58.8 (8C, OCH,),
38.4 (8C, CH,CO), 32.1-22.9 (112C, 14 x CH,), 14.5 ppm (8C,
CH,). IR v,,,, (neat): 2918 (CHj;), 1680 (Ar-C=0), 1046-1027 cm™"
(C-0). MS (MALDI-TOF): 3243.2 [4b + Na]*, 3259.3 [4b + K],
mp = 65 °C, R; = 0.33 (CHCl,), yield = 72%.

5,11,17,23,29,35,41,47-Octahexadecanoyl49,50,51,52,53,54,55,
56-octakismethoxydiethoxycalix|8]arene 5b. para-Palmitoyl-
calix[8]arene (1 g, 1 equiv.), 1-bromo-2-(2-methoxyethoxy)ethane
(0.58 mL, 12 equiv.), potassium carbonate (0.6 g, 12 equiv.), and
KI (0.06 g, 1.1 equiv.) were combined and refluxed in acetone.
After 48 h, the same quantities of potassium carbonate and
1-bromo-2-(2-methoxyethoxy)ethane were added to the solution
and this was stirred and refluxed for 72 h. The acetone was
removed under reduced pressure and the resultant compound
was solubilised in chloroform (30 mL), washed with water (4 x
30 mL) and dried over anhydrous MgSO,. The chloroform was
removed under reduced pressure to give a volume of 5 mL and
the product was precipitated in methanol.

Compound 5b: '"H NMR (CDCl;) d 7.61 (s, I6H, HmAr), 4.08
(s, 16H, Ar—CH,-Ar), 3.77 (m, 16H, Ar—-O-CH,), 3.60 (m, 16H,
-CH,-CH,-0O-), 3.47 (m, 16H, CH,~O-CH,), 3.38 (m, -CH,—
O-CHy;), 3.27 (s, 24H, O-CH,;), 2.73 (t, 16H, -CH,—CO, J 4 =
7.2Hz), 1.57 (m, 16H, CH,—CH,—CO), 1.25 (m, 192H, (-CH,)12-),
0.85 ppm (t, 24H, CH;-CH,, Jy 4 = 6.5 Hz). "C NMR (CDCl;)
0 199.2 (8C, C=0), 159.6 (8C, C,,,), 134.3 (8C, C,,.), 133.0
(16C, C,u), 129.7 (16C, C,...), 72.1 (8C, Ar-O-CH,), 70.7 (8C,
ArOCH,CH,), 70.3 (8C, OCH,CH,0), 69.5 (8C, OCH,CH,0),
59.3(8C, OCH,), 38.4 (8C, CH,CO), 32.3-24.8 (112C, 14 x CH,),
14.3 ppm (8C, CHs). IR v,,, (neat): 2921 (CHs;), 1679 (Ar-C=0),
1045 cm™" (C-0). MS (MALDI-TOF): 3597.7 [5b + Na]*, mp =
81 °C, R; = 0.61 (CHCL;-MeOH 95 : 05), yield = 70%.

5,11,17,23,29,35,41,47-Octahexadecanoyl-49,50,51,52,53,54,55,
56-octakisethoxycarbonylmethoxycalix[8]arene 6b. para-Palmi-
toylcalix[8]arene (1 g, 1 equiv.), ethyl bromoacetate (0.5 mL,
12 equiv.), potassium carbonate (0.6 g, 12 equiv.), and KI
(0.06 g, 1.1 equiv.) were combined and refluxed in acetone during
72 h. The acetone was removed under reduced pressure and
the resultant compound was solubilised in chloroform (30 mL)

This journal is © The Royal Society of Chemistry 2008
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washed with water (2 x 30 mL) and dried over anhydrous MgSO,.
The chloroform was removed under reduced pressure to give a
volume of 5 mL and the product was precipitated in methanol.

Compound 6b: '"H NMR (CDCl;) 6 7.62 (s, 16H, HmAr), 4.27
(s, 16H, Ar—-O-CH,), 4.14 (s, 16H, Ar—CH,—Ar), 3.95 (q, 16H, O—
CH,-CH,;),2.79 (t, 16H,-CH,~CO, J;; y = 7.2 Hz), 1.59 (m, 16H,
CH,-CH,-CO), 1.27 (m, 192H, (-CH,)12-), 1.03 (t, O-CH,-CH;,
Jun = 6.8 Hz), 0.88 ppm (t, 24H, CH,-CH,, J;, 4y = 6.6 Hz). *C
NMR (CDCl;) ¢ 199.3 (8C, C=0), 168.4 (8C, COO), 159.1 (8C,
Ciw)s 134.2 (8C, C,,.), 133.6 (16C, C,,4,), 129.8 (16C, C,...), 69.9
(8C, Ar-O-CH,), 61.2 (8C, O-CH,~CH,), 38.4 (8C, CH,CO),
31.8-22.8 (112C, 14 x CH,), 14.5 (8C, CH;), 14.1 ppm (8C, CH;).
IR v, (neat): 2916 (CHs;), 1749 (C=0 ester), 1687 cm™' (Ar—CO).
MS (MALDI-TOF): 3467.8 [6b + Na]*, 3525.8 [6b + K]*, mp =
115°C, R; = 0.45 (CHCL,), yield = 75%.

5,11,17,23,29,35,41,47-Octahexadecanoyl49,50,51,52,53,54,55,
56-octakisethoxycarbonylpropoxycalix|8]arene 7b. para-Palmi-
toylcalix[8]arene (1 g, 1 equiv.), ethyl bromobutyrate (0.62 mL,
12 equiv.), potassium carbonate (0.6 g, 12 equiv.), and KI
(0.06 g, 1.1 equiv.) were combined and refluxed in acetone during
72 h. The acetone was removed under reduced pressure and
the resultant compound was solubilised in chloroform (30 mL),
washed with water (2 x 30 mL) and dried over anhydrous MgSO,.
The chloroform was removed under reduced pressure to give a
volume of 5 mL and the product was precipitated in methanol.

Compound 7b: '"H NMR (CDCl;) 6 7.57 (s, 16H, HmAr), 4.04
(s, 16H, Ar—~CH,-Ar), 3.93 (q, 16H, -O-CH,—CH,), 3.73 (t, 16H,
Ar-O-CH,—, Jyu = 6.6 Hz), 2.73 (t, 16H, CH,—CO, Jyu =
7.2 Hz), 2.35 (t, 16H, -CH,—COOE, J; 4 = 6.5 Hz), 1.93 (m,
16H, -CH,-CH,-CH,-), 1.57 (m, 16H, -CH,-CH,-CO), 1.28
(m, 192H, (-CH,)12-), 1.03 (t, 24H, O-CH,-CH;, Jy y = 7.0 Hz),
0.89 ppm (t, 24H, CH;-CH,, J;; 4y = 6.6 Hz). "C NMR (CDCl;)
0 199.5 (8C, C=0), 171.3 (8C, COO), 159.5 (8C, C,,,), 134.2 (8C,
Coua), 133.1(16C, C,,1), 129.7 (16C, C,,...), 71.9 (8C, Ar-O-CH,),
60.2 (8C, O-CH,—CH,;), 38.1 (8C, CH,CO), 32.2-22.8 (120C, 15 x
CH,), 14.5 (8C, CHs;), 14.1 ppm (8C, CH;). IR v, (neat): 2925
(CH,;), 1732 (C=0 ester), 1685 cm™' (Ar-C=0). MS (MALDI-
TOF): 3692.4 [7b + Na]*, 3708.4 [7b + K] *, mp = 125 °C, R; =
0.38 (CHCl,), yield = 73%.

5,11,17,23,29,35,41,47-Octahexadecanoyl49,50,51,52,53,54,55,
56-octakis-2-carboxymethoxycalix[8]arene 9b. 6b (1 g, 1 equiv.)
was added in 50 mL of a solution of KOH (10%) in ethanol-water
(70 : 30) during 24 h. The ethanol was removed under reduced
pressure. Compound was precipitated with a solution of HCI 2 M
(60 mL) and filtered. The resultant compound was solubilised in
chloroform (30 mL), washed with water (4 x 30 mL) and dried
over anhydrous MgSO,. The chloroform was removed under
reduced pressure to give a volume of 5 mL and the product was
precipitated in methanol.

Compound 9b: '"H NMR (CDCl;) 6 7.61 (s, 16H, HmAr), 4.26
(s, 16H, Ar—-O-CH,-), 4.11 (s, 16H, Ar-CH,-Ar), 2.80 (t, 16H,
-CH,-CO, Jy 4y = 7.2 Hz), 1.61 (m, 16H, -CH,—CH,-CO), 1.26
(m, 192H, (-CH,)12-), 0.85 ppm (t, 24H, CH,—CH,, Jyu =
6.6 Hz). C NMR (CDCl;) ¢ 199.3 (8C, C=0), 170.4 (8C,
CO00), 158.3 (8C, C,,), 134.5 (8C, C,,,), 133.9 (16C, C,,.4,,), 129.9
(16C, C,.), 69.8 (8C, Ar—-O-CH,), 38.7 (8C, CH,CO), 32.1-22.1

(112C, 14 x CH,), 14.1 ppm (8C, CH,). IR v,,, (neat): 3197
(OH acid), 2919 (CHs;), 1738 (C=O0 acid), 1683 cm™' (Ar-C=0).
MS (MALDI-TOF): 3219.9 [9b — H]", mp = 150 °C, R, = 0.78
(CHCl;-MeOH 80 : 20), yield = 61%.

5,11,17,23,29,35,41,47-Octahexadecanoyl49,50,51,52,53,54,55,
56-octakis-4-carboxypropoxycalix[8]arene 10b. 7b (1 g, 1 equiv.)
was added to 50 mL of a solution of KOH (10%) in ethanol-water
(70 : 30) during 24 h. The ethanol was removed under reduced
pressure. Compound was precipitated with a solution of HC1 2 M
(60 mL) and filtered. The resultant compound was solubilised in
chloroform (30 mL), washed with water (4 x 30 mL) and dried
over anhydrous MgSO,. The chloroform was removed under
reduced pressure to give a volume of 5 mL and the product was
precipitated in methanol.

Compound 10b: '"HNMR (CDCl;) 6 7.55 (s, I6H, HmAr), 4.08
(s, 16H, Ar—CH,—Ar), 3.65 (t, 16H, Ar—O-CH,—, Jy 4 = 6.6 Hz),
2.73(t, 16H,-CH,—CO, Jy 4 = 7.2 Hz), 2.38 (t, 16H,-CH,—~CH,—
CH,-O, Jyu = 6.7 Hz), 1.85 (m, 16H, -CH,-CH,-CH,-), 1.57
(m, 16H, -CH,-CH,—CO), 1.24 (m, 192H, (-CH,)12-), 0.83 ppm
(t, 24H, CH;—CH,, Jy 4 = 6.5 Hz). "C NMR (CDCl;) ¢ 199.4
(8C, C=0), 179.6 (8C, COO0O), 158.5 (8C, C,,,), 134.1 (8C, C,,.),
133.8 (16C, C,.4), 129.3 (16C, C,...), 71.3 (8C, Ar-O-CH,), 38.4
(8C, CH,CO), 31.5-22.5 (120C, 15 x CH,), 14.4 ppm (8C, CHj;).
IR v, (neat): 3194 (OH acid), 2916 (CH;), 1704 (C=0O acid),
1683 cm™' (Ar-C=0). MS (MALDI-TOF): 3466.7 [10b + Na]*,
3482.7[10b + K]*, mp = 195 °C, R; = 0.8 (CHCl;—MeOH 80 : 20),
yield = 61%.

Dymanic light scattering

Particle sizes were measured in water and PBS using a Malvern
Nanosizer with 45 uL cells. Ten runs were collected for each mea-
surement, three measurements were averaged, all measurements
showed deviation of less than 5%. Both standard and multimodal
analysis were carried out on the results.

Haemolytic properties

The in vitro haemolytic test is derived from the method described
by Fairbanks et al.,* particularly the method of Harboe. The
principle of the test consists in the spectrophotometric measure-
ment of the haemoglobin released by lysis of red blood cells.
This test allows the measurement of the ability of the tested
molecules to break the membranes of red blood cells and then
to estimate compound toxicity against red blood cells. Red blood
cells are extracted by centrifugation of total blood samples and
incubated at 37 °C for half an hour with different concentrations
of the molecules. Where there is sufficient aqueous solubility the
molecules are dissolved in PBS, and where aqueous solubility is
not sufficient the molecules are dissolved in DM SO which is added
to form no more than 5% of the total volume. Controls are red
blood cells alone in the relevant solvent system for the negative
control, and red blood cells lysed by cold MilliQ water for positive
control. The haemoglobin released from lysed cells is measured
spectrometrically at 540 nm. To calculate the ratio of haemolysis,
the positive control is considered as 100% haemolysis and the
negative control as 0% haemolysis.
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Coagulation time measurements

Activated partial thromboplastin time (APTT). The time of
plasma coagulation is measured using an optical and mechanical
Coagulometer 2 Channel COA-Titer 2 apparatus, from CGA
Strummenti Scientifici S.P.A. (Firenze, Italy).

The para-acyl-calix[8]arene derivatives were dissolved in DMSO
at a concentration of 10 mg mL~" and then rediluted in aqueous
isotonic NaCl (154 mM) to give the desired concentrations, 1 g L™
and 5 g L™'. To 100 uL of fresh human pool blood plasma and
100 pL of kaolin solution were added 20 uL aliquots of the para-
acyl-calix[8]arene solutions and the mixture was incubated at 37 °C
during 3 minutes. At this time factor XII is autoactivated and
converts prekallikrein to kallikrein, which then activates factor
XII to factor XIIa. The blood coagulation cascade resulting in
thrombin generation and conversion of fibrinogen to fibrin was
started by the addition of 100 pL of a 0.025 M solution of CaCl,.
The time of coagulation is measured at least twice to confirm
reproducibility.

Conclusions

Two novel series of derivatives of the para-acyl-calix[8]arenes
have been synthesised generally in excellent yields. Study of the
interfacial properties of the two series shows that the molecules
having octyl chains as the para-function have a strong tendency
to self-organise into 3D structures at the air-water interface
while those having longer C16 chains tend to behave as a more
classical amphiphilic molecule, forming apparent mono-layers.
The biological properties of these compounds are interesting with
a general lack of haemolytic toxicity, and anticoagulant activity for
two of the anionic derivatives. The O-4-butylsulfonate derivative of
para-octylcalix[8]arene, which shows aqueous solubility, has been
demonstrated to be capable of complexing the serum albumin
proteins of various animal sources.
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The catalytic base at the active site of triosephosphate isomerase (TIM) was labelled with —H by
abstraction of a proton from substrate D-glyceraldehyde 3-phosphate to form an enzyme-bound
enediol(ate) in D,O solvent. The partitioning of this labelled enzyme between intramolecular transfer of
—H to form dihydroxyacetone phosphate (DHAP), and irreversible exchange with —D from solvent was
examined by determining the yields of H- and D-labelled products by '"H NMR spectroscopy. The yield

of hydrogen-labelled product DHAP remains constant as the concentration of the basic form of
imidazole buffer is increased from 0.014 to 0.56 M. This shows that the active site of free TIM, which
has an open conformation needed to allow substrate binding, adopts a closed conformation at the
enediolate—complex intermediate where the catalytic side chain is sequestered from interaction with

imidazole dissolved in D,O.

Introduction

We are interested in characterizing and understanding the mecha-
nism for the reversible 1,2-hydrogen shift catalyzed by triosephos-
phate isomerase (TIM), which results in the interconversion
of (R)-glyceraldehyde 3-phosphate (GAP) and dihydroxyacetone
phosphate (DHAP, Scheme 1)."* The chemical mechanism for
proton transfer at the active site of TIM* is similar to that observed
for the corresponding nonenzymatic isomerization reaction in
water.’ The carboxylate anion side chain of Glu-165F functions as
a Bronsted base to abstract a proton from the a-carbonyl carbon
of bound substrate,**! and the developing negative charge at the
carbonyl carbon is stabilized by hydrogen bonding to the neutral
imidazole side chain of His-95.%>'* The isomerization reaction is
completed by reprotonation of the enediol(ate) intermediate at the
adjacent carbon.

H
H._O H._OH Haz O
E-CO; * . E-COMH- || E-COp * \_
Ho={=OH o
OPO4% OPO42 OPO42
GAP DHAP
Scheme 1

Deprotonation of triosephosphates catalyzed by TIM is dis-
tinguished from their uncatalyzed deprotonation in water by the
highly evolved network of interactions between the enzyme and the
phosphate group of the substrate, which accounts for ca. 80% of
the stabilization of the transition state for the enzymatic reaction.!
The most striking effect of binding of phosphodianion ligands to
TIM is the large ca. 7 A motion of an 11-residue “mobile loop”

“Department of Chemistry, University Science Laboratories, South Road,
Durham, United Kingdom DHI 3LE. E-mail: annmarie.odonoghue@
durham.ac.uk

*Department of Chemistry, University at Buffalo, SUN'Y, Buffalo, NY 14260,
USA

T Our convention is to number the enzymatic residues of TIM according
to the sequence for the enzyme from yeast.”

(loop 6, Pro-166 to Ala-176) which acts as a “lid” to cover the
bound ligand in the active site.!*" We have proposed that this
loop motion has the effect of sequestering the substrate from the
polar solvent water, at an active site whose operational dielectric
constant is presumably smaller than for water.>** Sequestering
the substrate for TIM-catalyzed deprotonation from bulk solvent
shields the basic carboxylate anion side chain of Glu-165 from
reactions with bulk solvent, and favours intramolecular transfer
of hydrogen from reactant to product in D,O (Scheme 2).>* The
much higher fraction of C-2 hydrogen transferred from reactant
to product during the TIM-catalyzed isomerization of GAP (48%)
in D,0 compared with isomerization catalyzed by quinuclidinone
(ca. 4%)° provides evidence that the carboxylic acid side chain of
Glu-165 is shielded from interaction with solvent.* The nearly
equal rate constants observed for partitioning of the reaction
intermediate between deuterium exchange (k., Scheme 2) and
transfer to product [(k¢,)y] may reflect an active site that is partly
exposed to aqueous solution. However, it is also possible that
there is a very high degree of isolation of the bound substrate
from solvent, and that the deuterium exchange reaction itself
involves deuterium bound to basic amino acid side chains or water
molecules at the enzyme active site.

E-CO, + H 0 H O Gy
0 E-CO,H: e
oD

H

uH oo
;%O

OPOz> OPOz2- OPO42
GAP DHAP
l e = ko + k[ B]
H._.O H
(kcdp H__OD) (kepp °
D={=0D = E-COQD-Q]: i
oD
2 2
OPO; Spog- 0PO;
LGAP d-DHAP
Scheme 2

In this paper we consider the mechanism for the deuterium
exchange reaction at the TIM-enediol(ate) complex in D,O that
converts the H-labelled E-CO,H group to E-CO,D (Scheme 2).
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The first step in this reaction is effectively irreversible deproto-
nation of the carboxylic acid side chain of Glu-165 to form the
complex of the carboxylate anion and enol(ate) followed by the fast
labelling of this side chain with deuterium. Deprotonation of the
carboxylic acid side chain of Glu-165 by the weakly basic solvent
D,0 is expected to be relatively slow.?! This exchange reaction will
be strongly catalyzed by buffers with pK, ~7 that are capable of
freely diffusing to the enzyme active site (ky[B] >>k,, Scheme 2)
because these buffers are much more basic than D,0.?! If k., is for
direct proton transfer between the -COOH side chain of Glu-165
and solvent, then the basic form of the buffer may catalyze this
proton transfer reaction and cause an increase in k., compared
with the buffer insensitive step (k¢,)u. This would be detected as
a decrease in the fraction of —H transferred from reactant GAP
to product DHAP. On the other hand, if exchange involves a pool
of —D at an active site that is inaccessible to buffer general bases
during turnover, then the rate constant ratio (k¢,)u/ke will be
independent of buffer concentration.

Experimental

TIM from rabbit muscle (lyophilized powder) was purchased from
Sigma and had a specific activity towards isomerization of GAP of
5500-6000 units mg~" at pH 7.5 and 25 °C. Glycerol 3-phosphate
dehydrogenase from rabbit muscle (170 units mg~') was purchased
from Boehringer. Commercially available chemicals were reagent
grade or better and were used without further purification.
Deuterium oxide (99.9% D) and deuterium chloride (35% w/w,
99.9% D) were purchased from Cambridge Isotope Laborato-
ries. Sodium deuteroxide (40% wt, 99.9% D), triethanolamine
hydrochloride and tetramethylammonium hydrogen sulfate were
purchased from Aldrich. NADH (disodium salt), dihydroxyace-
tone phosphate (lithium salt), D,L-glyceraldehyde 3-phosphate
diethyl acetal (barium salt), the dicyclohexylammonium salt of
(R)-glyceraldehyde 3-phosphate diethyl acetal, and Dowex 50 W
(H* form, 100-200 mesh, 4% cross-linked) were purchased from
Sigma. Imidazole was purchased from Fluka. (R)-Glyceraldehyde
3-phosphate diethyl acetal was converted to GAP by following a
published procedure.® Buffered solutions of imidazole in D,O were
prepared by dissolving neutral imidazole and NaCl in D,O fol-
lowed by addition of a measured amount of a stock solution of DCl
to give the required acid—base ratio. Solution pH or pD was deter-
mined at 25 °C using an Orion Model 720A pH meter equipped
with a Radiometer pHC4006-9 combination electrode that was
standardized at pH 7.00 and 10.00 at 25 °C. Values of pD were
obtained by adding 0.40 to the observed reading of the pH meter.

TIM was assayed by coupling the isomerization of GAP to the
oxidation of NADH using glycerol 3-phosphate dehydrogenase,’
monitored at 340 nm, by following a published procedure.”* The
concentration of GAP in these assays and in the turnover of GAP
by TIM in D,0 monitored by 'H NMR spectroscopy was obtained
from the change in absorbance at 340 nm upon its complete TIM-
catalyzed conversion to DHAP that was coupled to the oxidation
of NADH using glycerol 3-phosphate dehydrogenase.’

"H NMR analyses

'H NMR spectra at 500 MHz were recorded in D,O at 25 °C
using a Varian Unity Inova 500 spectrometer that was shimmed

to give a line width of <0.7 Hz for each peak of the doublet
due to the C-1 proton of GAP hydrate. Spectra (16-64 transients)
were obtained using a sweep width of 6000 Hz, a pulse angle of
90° and an acquisition time of 7 s, with zero-filling of the data
to 128 K. In order to ensure accurate integrals for the protons
of interest, a relaxation delay between pulses of 127 s (>87)
was used. Baselines were subjected to a first-order drift correction
before determination of integrated peak areas. Chemical shifts are
reported relative to HOD at 4.67 ppm. The triplet at 0.957 ppm
due the methyl group of ethanol that was present as a product of
hydrolysis of GAP diethyl acetal was used as internal standard to
determine the relative concentrations of substrate GAP and the
products of the TIM-catalyzed isomerization reactions in D,O.

Adducts of GAP

The 'H NMR spectrum of 10 mM GAP in D,O at pD 7.9 and
21 mM imidazole showed a small broad doublet at 9.59 ppm and
a much larger doublet at 4.90 ppm for the carbonyl and hydrate
forms of GAP? The value of f',,; = 0.95 that was determined from
the spectrum obtained at 21 mM imidazole and 7 = 0.15 (NaCl)
is identical to the value determined at 25 °C for GAP in D,O at
pD 7.9 maintained with triethanolamine buffer at the same ionic
strength, 7 = 0.15 (NaCl).® These are in good agreement with
Siya = 0.96 determined at pH 8.6 and 21 °C.»*

No signal for the carbonyl form of GAP (11.4 mM) was
observed for this compound in 0.80 M imidazole buffer at pD
7.9, but a new singlet was observed at 3.872 ppm. This very broad
singlet (ca. 20 Hz) had an area similar to that for the doublet at
4.806 ppm due to the C-1 hydrogen of GAP hydrate. The broad
line width for the signal at 3.872 ppm, along with the increase in
its intensity and the corresponding decrease in the intensity of the
signal for C-1 of GAP hydrate observed as the concentration of
imidazole is increased, provide strong evidence that the signal
is for a hydrogen of the adduct of imidazole and GAP (Im—
GAP, Scheme 3). By analogy with the '"H NMR spectrum of the
corresponding imidazole adduct of glycolaldehyde, the signal at
3.872 ppm is due to the C-2 hydrogen of the In—-GAP.* The signal
due to the C-1 hydrogen of the adduct of imidazole and GAP
is not observed due to severe broadening. Other broadened new
signals for the C-3 hydrogens of Im—GAP, along with a decrease
in the intensity of signals for related hydrogens of GAP hydrate
were observed. A complete assignment of these latter signals was
not possible, because the signals for GAP hydrate and Im-GAP
were not fully resolved from one another and from the quartet at
3.43 ppm due to the methylene group of ethanol that was present
as a product of hydrolysis of GAP diethyl acetal. The apparent
equilibrium constant K, for the formal substitution of imidazole
for water at GAP hydrate to form Im-GAP in D,O was determined
by analysis of "H NMR spectral data of GAP [10 mM] at 25 °C in
D,O that contained 0.30, 0.50 and 0.80 M total imidazole at pD
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o ()

OD——H N K, Hanfan OD
H—=op + § Y H=—t=0D
% g—NH

0POzZ OPOZ*

GAP-hydrate Im Im-GAP

Scheme 3
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7.9 (pKsp = 7.6, 70% free base) at I = 0.3 maintained with NaCl.
Using eqn 1 and the observed areas for the peaks due to a single
hydrogen of GAP hydrate (4,,q) and Im-~GAP (4, gap) at three
different total imidazole concentrations ([Im];), an average value
of Ky, = 1.11 £ 0.10 was obtained. In eqn 1, 4, is the area of
the doublet at 4.806 ppm due to the C-1 hydrogen of GAP hydrate
and Ay, gap 1S the area of the broad singlet at 3.872 ppm due to the
C-2 hydrogen of Im~GAP.

A
Klm — Im-GAP (1)
(Ana)[Im];
TIM-catalyzed isomerization of GAP in D,O monitored by 'H

NMR

The turnover of GAP (11.4 mM, >20 x K,) by rabbit muscle
TIM in a solution buffered by 0.80 M imidazole (pD 7.9) at 25 °C
was monitored as described in previous work.® 750 uL of the
reaction mixture containing buffer and substrate GAP was placed
in an NMR tube and the '"H NMR spectrum was recorded at
25 °C. This was immediately followed by the addition of TIM
(ca. 0.03 units) in 10 pL of buffer in D,0, and the progress of
the reaction was then monitored by 'H NMR spectroscopy at
25 °C. Each NMR spectrum was recorded over a period of 30—
60 min and the reaction time ¢ was calculated from the time at the
mid-point of these analyses.

The peak areas A, for the reactants, determined by integration
of "TH NMR spectra obtained at various reaction times, were
normalized according to eqn 2 to give 4p, where A,y and (4y,), are
the observed peak areas of the signal due to the internal standard
at time 7 and at 7 = 0, respectively. The disappearance of GAP was
followed by monitoring the decrease in the normalized area Agap
of the doublet (J = 6 Hz) at 4.806 ppm due to the C-1 proton
of GAP hydrate, calculated using eqn 2. The fraction of GAP
remaining at time ¢ was calculated using eqn 4, where 0.53 is the
fraction of GAP present as the C-1 hydrate (see above) and A4y, is
the normalized peak area for a single proton of total GAP at t =
0, calculated using eqn 3.

Aga)o
A= (Agar)o/0.53 )
forr = AT/O“ 4
Fron = 20033 )
.

The formation of d-GAP was followed by monitoring the
appearance of the singlet at 4.805 ppm due to the C-1 proton of
d-GAP hydrate. This singlet is shifted slightly upfield (0.001 ppm)
from the midpoint of the doublet at 4.806 ppm due to the C-1
proton of GAP hydrate, as a result of the presence of deuterium
at C-2. The fraction of GAP converted to d-GAP was calculated
using eqn 5, where 4,4p is the normalized area of the singlet due
to the C-1 proton of d-GAP hydrate calculated using eqn 2, and
0.53 is the fraction of d-GAP present as the C-1 hydrate.

The formation of DHAP was followed by monitoring the
appearance of the singlets at 4.284 ppm and 3.358 ppm due to the
two protons of the CH,OD groups of the keto and hydrate forms

of DHAP, respectively. The formation of d-DHAP was followed
by monitoring the appearance of the triplet (Jyp, = 2-3 Hz) at
4.257 ppm and the broad singlet at 3.339 ppm due to the single
proton of the CHDOD groups of the keto and hydrate forms of d-
DHAP, respectively. The yields of DHAP and d-DHAP from the
TIM-catalyzed reaction of GAP were calculated using equations
analogous to eqn 4 and 5, as described in earlier work.?

Results

The products of the TIM-catalyzed reactions of GAP in D,O at
pD 7.9 (I =0.15, NaCl) in solutions buffered by 0.021 and 0.083 M
imidazole were determined by 'H NMR analysis in earlier work.?
The same protocol was followed to determine the yields of the
products of the TIM-catalyzed reactions of GAP in D,O at pD
7.9 and in the presence of 0.80 M imidazole buffer (pKsp, = 7.6,
70% free base) at 7 = 0.3 (NaCl). '"H NMR analysis of GAP
under the conditions used for this TIM-catalyzed reaction showed
that nearly 50% of the GAP hydrate was converted to Im-GAP
(Scheme 3) illustrating that 1.0 M imidazole and D,O solvent
exhibit a similar affinity for addition to GAP. The interconversion
of GAP and GAP hydrate is slow on the NMR time scale, but
much faster than our 'H-NMR analyses of product yields.?
The observation of broad signals for the different hydrogens of
Im-GAP, and of the collapse of the minor peak at 9.59 ppm
for the C-1 hydrogen of the carbonyl form of GAP, provide
evidence that interconversion of these compounds is faster than
the interconversion of GAP and GAP hydrate.

The yields of the products of the reaction of GAP in D,O at
pD 7.9 that contains 0.80 M imidazole and 0.042 units mL~" of
TIM were determined by 'H NMR analysis. A full description of
these analyses is given in an earlier study of the TIM-catalyzed
reactions at pD 7.9 in solutions buffered by 0.021 and 0.083 M
imidazole.* Fig. 1 (¥, 0.80 M imidazole buffer) shows the change
with time in the fractional yield of DHAP [(fpuap)e] from the

08 -

06 -

(fDHAP)E

0.4

02t

00 1 1 1
0 100 200 300

Time/mins

Fig. 1 The change with time in the fractional yields of DHAP from the
TIM-catalyzed reaction of GAP in D,O at 25 °C and in the presence of
increasing concentrations of imidazole buffer (pD 7.9), calculated from
the yields of all of the products of the enzyme-catalyzed reaction using
eqn 6. Key: (V), reaction in the presence of 0.80 M imidazole buffer; (V),
reaction in the presence of 0.083 M imidazole buffer; (@), reaction in the
presence of 0.021 M imidazole buffer.
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TIM-catalyzed reactions of GAP calculated from eqn 6, where,
[ acapsfouar and f . puap are the total yields of products (Scheme 4).
The values of (fpuap)e are greater than fpysp determined from
equations similar to 4 and 5, because of the 25% yield of
methylglyoxal from the nonenzymatic elimination reaction of
GAP (Scheme 4).°

fouap
= " . 6
Uforar)e Jacap + fonap + fapuar ©

The small decrease in (f puap): With time is due to the slow TIM-
catalyzed exchange of the C-1 hydrogens of DHAP for deuterium
from solvent D,0. The initial product yield (fpuap)e = 0.45 £+
0.01 was determined by making a short extrapolation of these
data from Fig. 1 to t = 0. A similar procedure was followed in
determining values of (f,puap)e = 0.37 £ 0.01 and (f,cap)e =
0.18 + 0.01 for the initial yields of deuterium-labelled products
of the rabbit muscle TIM-catalyzed reactions of GAP at pD 7.9
(0.80 M imidazole buffer). Fig. 1 also shows data for the enzyme-
catalyzed isomerization reaction in the presence of 0.021 (@)
and 0.083 M (V) imidazole buffer reported in earlier work from
which limiting values (fpuap)e = 0.48 and (fpuap)e = 0.49 were
determined by extrapolation of the experimental data from Fig. 1
to zero time.?

Discussion

We reported earlier that identical yields of DHAP, d-DHAP
and d-GAP were obtained from the TIM-catalyzed reactions
of GAP in D,O at pH 7.5 (0.048 M triethanolamine buffer)
and at pD 7.9 (0.021 and 0.083 M imidazole buffer). We have
now examined the TIM-catalyzed reactions of GAP at pD 7.9
buffered with 0.80 M imidazole in order to determine whether
there is any detectable deprotonation of 'H-labelled enzyme by
this buffer base that causes a decrease in the yield of DHAP
from intramolecular transfer of 'H from reactant to product in
D,O (Scheme 2). The fractional yield of DHAP from the TIM-
catalyzed reaction of GAP in the presence of 0.80 M imidazole
buffer [(fpuap)e = 0.45] is marginally lower than the range of
yields [(fpuap)e = 0.47-0.49] reported in three earlier experiments
at lower concentrations of imidazole (0.083 M and 0.021 M) or
triethanolamine (0.048 M) buffers at pD 7.9. We conclude that the
imidazole buffer effect on product yields is either very small or

negligible. In the experiments at lower imidazole concentrations,
a rate constant ratio of (k¢ )u/ky = 0.923 for partitioning of the
intermediate between transfer of ~H to product DHAP and to
solvent water can be calculated based on the observation of an
average value of 48% intramolecular 'H transfer from reactant
GAP to product DHAP in D,0.* At the higher concentration
of imidazole (0.8 M), the observation of 45% intramolecular
transfer product permits an estimate of the rate constant ratio
[(key)u/ (ko + kg[B])] = 0.818 for partitioning of the intermediate
between transfer of —~H to product DHAP, and to both solvent
water and the basic form of imidazole buffer. Thus the apparent ca.
3% decrease in the yield of DHAP for the reaction in the presence
of 0.80 M imidazole buffer is consistent with a rate constant
ratio of (k¢)u/ks[B] = 7.2 for partitioning of the intermediate
between transfer of —H to product DHAP and to the basic form
of imidazole buffer (0.56 M). The ca. 3% decrease in the yield of
DHAP might also represent experimental error or a small medium
effect on product yields.

Buffer effects on deprotonation of acidic groups at protein
catalysts have been observed. Carbonic anhydrase and superoxide
dismutase catalyze the already fast hydration of CO, and the
dismutation of superoxide to HOOH and H, 0, respectively. These
enzymes are so effective at reducing the already low barriers
to the chemical steps of the catalyzed reaction, that proton
transfer between solvent and the protein becomes rate determining
for reactions in unbuffered solutions.* In the case of carbonic
anhydrase, the addition of buffer bases causes k., to increase from
ca. 10* s7! for rate determining proton transfer from E-Zn*-OH,
to water to generate nucleophilic Zn**~OH~, to ca. 10° s~' for rate
determining addition of zinc-bound hydroxide E-Zn**~OH"™ to
CO, to form Zn*~OCO,* . The midpoint for this change in rate
determining step is observed at ca. [B] = 107° M.?**® The value of
k. becomes buffer independent at [B] > 10 M.

The Bronsted plot of second-order rate constants for depro-
tonation of E-Zn**~OH, (human carbonic anhydrase IT) shows
a downward break at pH 7.6, where the pK, for the enzyme-
bound Zn**~OH, is equal to the pK, of the base catalyst,”® and
a limiting second-order rate constant of kz = 10° M~ s7! for
thermodynamically favorable proton transfer from the enzyme to
external buffer bases. There is good evidence that proton transfer
from E-Zn**~OH, to the external base occurs through intervening
water molecules that connect the enzyme active site to external
solvent.?

Strong buffer catalysis for exchange of deuterium at an exposed
active site residue is predicted by the Eigen mechanism for proton
transfer between electronegative atoms (Scheme 5), in which there
is only a small intrinsic barrier for the chemical proton transfer step
(k, ~ k_, ~ 10" s7").2! The rate constant for buffer deprotonation
of such an acid, E-CO,H (Scheme 5), is equal to k, for diffusion-
controlled formation of the reactive complex between acid and
base (kg = kg =15 x 10° M~"'s7!, Scheme 5), when proton transfer is
thermodynamically favorable. Thermodynamically uphill proton
transfer occurs by equilibrium transfer to give the unstable product
complex, followed by rate determining separation of this complex

kg ky kg R-CO,~
E-COH S~ E-COH'B === E-CO; **HB —
+B kg

—» —» —» E-CO,D

*HB
P

Scheme 5
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(k_q). In this case, the observed rate constant kj for proton transfer
to a buffer base is given by eqn 7. Water is a weak base (pK, =
—1.74 for the conjugate acid hydronium ion) but is present in a
large concentration of 55.5 M. The value of k, = 5 x 10* s
calculated using eqn 7 for deprotonation of an acid of pK, 7 by
water is much smaller that the pseudo-first order rate constants for
the near diffusion-limited deprotonation of this acid by >10* M
imidazole base (pKpp = 7.6), and buffer catalysis of these proton
transfer reactions is therefore observed at neutral pH.?!

(ky = k_q[(ka/ k_a) (e / k)] = (ko) (ky /K y)
= (kd)[(Ku)R(‘OOH/(Ka)BH+]) (7)

Our results show the exchange between the protonated car-
boxylic side chain of Glu-165 and deuterium from D,O is, at best,
barely promoted by the addition of base concentrations of up
to 0.56 M, so that k, > k.,[B] ([B] = [imidazole] = 0.56 M) for
the exchange reaction shown in Scheme 2. We conclude that the
carboxylic acid side chain of Glu-165 is strongly shielded from
solvent, in comparison to E-Zn**~OH, at carbonic anhydrase,
whose deprotonation is strongly promoted by buffer catalysts.
Free TIM that is not bound to substrate has an open active site
that is presumably accessible to deprotonation by imidazole.?*
If so, then movement of flexible loop 6 of TIM,®3134 and other
conformational changes that occur upon substrate binding and
conversion to the enediol(ate) reaction intermediate must shield
the active site from interaction with small solutes in bulk solvent.
This is consistent with a large body of recently summarized
experimental evidence that the active site of TIM after binding of
substrate is strongly shielded from interaction with bulk solvent.*?

A lower limit for the kinetic effect of the shielding of the active
site can be estimated as follows. From the pH-dependence of the
rate of inactivation of yeast TIM by covalent inhibitor chloroacetol
sulfate, the pK, of the carboxylic acid side chain of Glu-165 in free
TIM is predicted to be 3.9.%° The pH dependence of binding of the
enediolate phosphate analogue, phosphoglycolic acid, to rabbit
muscle TIM is consistent with the titration of a group with an
apparent pK, of 7.5, which has been assigned to the carboxylate
chain of Glu-165 in the TIM-enediolate phosphate complex.*
The upper limit for k, for deprotonation of a solvent accessible
carboxylic acid side chain of Glu-165 (E-COOH, Scheme 6) by
water lies in the range ~ 10°-100 s™' for deprotonation of a side
chain of pK, 4-7.5. The minimal deprotonation of the carboxylic
acid side chain of Glu-165 by imidazole shows that k3[0.56 M] is
at least 10-fold smaller than k, and establishes an upper limit of
~10* M~! s7! for k. By comparison, a value of ky ~ 10° M~ s7!'is
expected for deprotonation of fully solvent accessible E-COOH by
imidazole (pKzp ~ 7.6 in D,0). We conclude that deprotonation
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Scheme 6

of this side chain by imidazole is at least 10° fold slower than
deprotonation of a solvent accessible carboxylic acid of the same
pK..

Aldose-ketose isomerization with intramolecular transfer of
hydrogen in D,O follows a type of conducted-tour reaction
mechanism first described by Cram ez al** for allylic rear-
rangement reactions in organic solvents, since in both cases
intramolecular proton transfer occurs at a complex that rearranges
and collapses to form products faster than it reacts with bulk
solvent. We suggest that these exchange reactions are coupled
to intramolecular transfer of deuterium from O-2 to O-1 of the
enediol(ate) intermediate. This is shown in Scheme 7, a working
model for the reaction of hydrogen labelled reactant in D,O that
is consistent with known relevant data. Three main pathways for
isomerization are shown in Scheme 7:

Pathway A

Isomerization where hydron transfer between the two enediolate
oxygens occurs by consecutive proton transfer reactions of Glu-
165. This leads to the formation of deuterium-labelled product
and not to incorporation of deuterium into unreacted substrate.
The observation that a H9SN mutant of TIM catalyzes transfer
of tritium label from solvent to product but not to unreacted
substrate, when the substrate is either GAP or DHAP," provides
evidence that A (the criss-cross mechanism) is the dominant
reaction pathway when there is no stabilization of the enediolate
intermediate by hydrogen bonding to His-95. The reactions
catalyzed by wildtype TIM in solvent D,O result in the faster
transfer of deuterium from solvent D,O into product than to
unreacted substrate when the substrate is either DHAP or GAP.*?
This provides evidence that pathway A is also significant even
when the basicity of the enolate oxyanion is reduced by hydrogen
bonding to His-95.

Pathway B

Isomerization with transfer of deuterium from O-2 to O-1 of the
enediol(ate) intermediate that is promoted by His-95. This may be
the major pathway for isomerization with intramolecular transfer
of hydrogen label from reactant to product.

Pathway C

Proton exchange between Glu-165 and His-95 through the ene-
diol(ate) intermediate. The Glu-165 labelled with deuterium that
forms by this pathway may react with the intermediate to give
either deuterium-labelled reactant or product. Our data neither
confirm nor exclude the proposal (not shown in Scheme 7)
that there is also hydron exchange between substrate and D,0
sequestered at the enzyme active site (not shown in Scheme 7).%%

Pathway C shows transfer of a solvent-derived hydron from
His-95 to product. Irwin Rose et al. have reported that labelling
of TIM with tritium from water in a rapid pulse, followed by fast
dilution into unlabelled water that contains DHAP leads to the
transfer of one mole of tritium from solvent to the product of
isomerization in the chase solution.*” This may reflect labelling of
His-95 in the tritium pulse, followed by transfer of label to the
product by pathway C in the chase experiment.

This journal is © The Royal Society of Chemistry 2008
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Introduction

Dynamic combinatorial chemistry (DCC) is a powerful concept
that takes a number of molecular elements and allows them
to reversibly combine via covalent or non-covalent linkages to
generate a dynamic combinatorial library (DCL) of interchanging
products under thermodynamic equilibrium. These DCLs repre-
sent chemical networks, the composition of which can be modified
in response to changes in the surrounding medium or through
specific molecular recognition events. According to Le Chatelier’s
rules, upon addition of a target, the system re-equilibrates as
the mole fractions of individual library members are perturbed
as a function of their affinity for that target (Scheme 1). This
reorganisation can then be used to identify within a library of
molecules the members with a high affinity for the target.!

target
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Bur.rdmg blocks
Equilibrium mixture
Modified
Equilibrium mixture

Scheme 1 Re-equilibration of a DCL upon addition of a target, leading to
the amplification of the tightest binders at the expense of the non-binders.

In the mid-1990’s, DCC has emerged as a new approach to
the self-organisation of molecular libraries, thermodynamically
driven by the target.? Tt is a more sophisticated approach than
“traditional” combinatorial chemistry due to the fact that the li-
brary synthesis and the affinity screening step have been combined
in a unique process. Therefore, there is no need for the individual
synthesis, purification and characterisation of every single library
product.

In recent years, dynamic combinatorial chemistry has received
considerable attention because of its successful use in identifying
new receptors, ligands and catalysts. The method has been
validated for a number of relatively simple systems based on small
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molecule targets but a broader goal in this field is to employ
this concept for ligand evolution as part of a drug discovery
programme. Towards this aim, there have been some early proof-
of-concept examples of using target assisted dynamic chemistry to
evolve ligands against complex targets that include proteins® and
nucleic acid secondary structures (DNA* and RNA?).

Assuming it is possible to use analytical techniques that are
sensitive enough to detect amplification effects upon addition of a
target, DCC could potentially be employed to generate large DCLs
to be screened for the identification of molecules that bind to the
target. However, almost all examples published in the literature
so far have been limited to relatively small libraries of building
blocks as part of proof-of-concept studies. Does this reflect the
limits of the technique or does it correspond to a deliberate choice
of the authors to solely demonstrate possible new applications
based on this elegant concept? Some comprehensive reviews! have
been published recently that summarize all the theoretical and
historical aspects of DCC as well as some traditional applications
of DCLs for the discovery of new catalysts, receptors or protein
ligands. In the present article, we will present and discuss the
intrinsic limitations to a broad applicability of DCC and the recent
advances to overcome these constraints. The focus is on the very
recent applications of DCC for the design of biosensors or “smart”
materials for example.

DCC: overcoming the intrinsic limitations

Regardless of the type of chemistry or the nature of the target,
the large majority of the reported examples of DCC selection
experiments have been limited either to proof-of-concept or to
highly simplified systems with a small number of building blocks.
This deliberate simplification was initially justified by the need
for the authors to demonstrate the validity of the method by (i)
proving thermodynamic control over the equilibrating mixture, (ii)
analysing, characterising and quantifying each library component
and (iii) measuring the affinity of amplified and deamplified species
to validate the selection process. Now that the general concept of
DCC has been clearly established, its broad applicability to the
screening of significantly larger libraries against a relevant target
has yet to be demonstrated.

Large DCLs and weak binders

As already highlighted by the groups of Severin,® Sanders’ and
Huc,? a major drawback when expanding the size of a library is
the entropic limitation that arises when a large number of products
with weak affinity compete with the strongest hit(s) for binding
to the target. Indeed, the amplitude of the equilibrium shift is not
only linked to the absolute binding energy of the hit(s) to the target
but also to the binding energy of the hit(s) relative to that of all the
other products. An “ideal” DCL would therefore possess not only
a limited number of hits exhibiting a very strong affinity for the
target but also a very high selectivity when compared to the other
DCL members. Although it is possible to carefully design a library
so that only very few building blocks can combine to form strong
binders, what about using DCC for screening a random library
of structurally and functionally diverse building blocks against a
given target?

Theoretical models have demonstrated that in some extreme
cases, the addition of a target molecule to a DCL leads to a
decreased concentration of the best binders at the steady-state.®
Although such competition between a unique moderately tight
binder and a large number of weak binders is very unlikely when
using small sized DCLs (10s of entities), there is a risk that it
becomes a major issue when increasing significantly the size of
the library and especially when using bifunctionalised building
blocks that can combine to form an infinite number of linear and
cyclic DCL species. Among all the parameters which influence
the outcome of a selection experiment, the target concentration
has been shown to be one of particular importance. There is now
theoretical and experimental evidence that the amplification factor
does not necessarily correlate with the binding affinity at high
target concentration. It has been suggested that it is generally
preferable to work with relatively small amounts of target, or under
conditions where the building blocks (and not the assemblies) are
the dominant species in solution.®

Does this mean that DCC is by definition due to be limited
to elegant proof-of-concept experiments on miniaturised working
systems with little or no chance to see it one day replacing
the more traditional combinatorial chemistry in drug discovery
or materials science? Fortunately, recent progresses in the field
of DCC have proven that these limitations can be overcome.
To maximize the chances of success, each selection experiment
requires an appropriate and optimized design (e.g. building block
and target concentrations).

Small amplification of pre-stabilised DCL species

In a perfect DCL, each of the species would be represented at equi-
librium in almost identical proportions. However, one of the major
complications of the DCC concept is the possibility for library
components to strongly self-associate or to favourably associate
with another building block in the absence of any template. Under
such conditions, the detection of template-induced amplification
of species already present in large proportion even in the absence of
template remains small and therefore difficult to detect or quantify.

We have recently developed a novel approach using DCC
and reversible thiol-disulfide chemistry for selecting DNA bind-
ing ligands.* In such studies involving complex and expensive
biomacromolecules as targets, selection experiments were designed
that required only small quantities (micromolar concentrations,
tens of nanomoles of target only) of both target and building
blocks. To ensure a quick and thermodynamically controlled thiol-
disulfide exchange between the thiol building blocks during the
DCC experiment, we decided to use a glutathione containing
buffer which was previously reported by Ghadiri and others.® A
4 : 1 ratio of reduced and oxidized disulfide-bridged glutathione
(GSH and GSSG respectively) at low millimolar concentrations
was shown to represent favourable conditions for reversible thiol—
disulfide exchange of thiol building blocks (each present at a mi-
cromolar concentration) under thermodynamic equilibrium. Since
we were targeting DNA, negatively charged natural tripeptide
glutathione was unlikely to interact in any way with our target
and was therefore acting exclusively as a mediator/accelerator of
the thiol-disulfide exchange reaction.

More recently, we demonstrated that glutathione could be used
not only as an exchange mediator but could also be exploited
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as a useful library competitor. This strategy was successfully
exemplified for selecting pyrrole-based oligomers binding to
different nucleic acid secondary structures (Fig. 1).** When
using low millimolar concentrations of glutathione buffer, pyrrole
building blocks with the largest aromatic surface were shown to
preferentially dimerize even in the absence of target (probably
via m-stacking interactions). Assuming those dimers were strong
DNA binders, only very limited amplification of these species
upon addition of the DNA template would have been possible.
It was therefore necessary to make sure that the possible hit
candidates were not preferentially formed and stabilized before
interaction with the target. In this study, we demonstrated that
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Fig. 1 (Top) Structures of the three thiol building blocks (1, 2 and
3) and of exchange mediator reduced glutathione (G); (bottom) HPLC
traces of the reaction mixtures at thermodynamic equilibrium in the
presence of increasing glutathione concentrations (bottom to top). At
high concentration, glutathione also acts as a competitor and drives the
equilibrium towards the formation of glutathione adducts.

increasing the amount of glutathione within the exchange buffer
(10-20 times) was an efficient way to drive the equilibrium mainly
towards the formation of glutathione based heterodisulfides in the
absence of target.* Therefore, the presence of thermodynamically
stable disulfide adducts of library components is limited in the
absence of template. This approach was shown to sensitize the
system toward the detection of amplified species that are otherwise
significantly pre-formed in the absence of template. This may also
be particularly useful for complex and large libraries in which there
is an increased likelihood of mutual recognition between library
members.

DCC and evolutionary systems

An interesting approach consists in refining the selection using
an iterative process of selection and amplification. Until recently,
only one such evolutionary system had been reported, by Eliseev
and Nelen, which makes use of a photochemical isomerization
reaction.' Using a small DCL of three different compounds that
can be completely interconverted, they demonstrated that it is pos-
sible to amplify the DCL member with the highest affinity for the
target. However, this approach involved freezing the equilibrium
within a pool of compounds that can interconvert prior to “fishing
out” the best binders with an immobilised target. The best ligands
are then removed from the equilibrium mixture and the rest of
the unbound compounds allowed to re-equilibrate. More recently,
Bugaut et al. reported a more advanced evolutionary selection
that represents an extension to single DCL selection experiments
by combining the techniques of DCC and SELEX (for systematic
evolution of ligands by exponential enrichment)." This process
was applied to the selection of conjugated RNA aptamers that
bind to the transactivation-responsive (TAR) element of HIV-1
(Scheme 2).

Briefly, in Bugaut et al.’s approach an equilibrium mixture of
products is formed from a large library of aptamers containing 2'-
amino-pyrimidines and a limited set of aldehydes. Upon addition
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Scheme 2 In vitro selection of conjugated RNA aptamers using an original evolutionary process that combines DCC and SELEX.
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of the target molecule (TAR) the amine-imine equilibrium is
shifted due to the stabilising interactions of some of the conjugated
imine aptamers with TAR. This process is known as dynamic
combinatorial selection. The products that have bound to the
target are then isolated, and the aldehydes released, giving an
improved set of aptamers. The originality of this approach resides
in the fact that this limited number of selected amine aptamers can
be used for a refined selection process after being copied during an
amplification process (reverse-transcription—-PCR—transcription).
The whole selection—amplification process can be repeated by
increasing progressively the selection pressure until only the best
aptamers are left. Using a library of random amino RNAs and a
set of three aldehydes, new TAR conjugated ligands were selected
from a virtual DCL of 7" possible candidates. This example
proves that in certain cases (like conjugated aptamers) dynamic
selection can be applied to large DCLs, although using an extra
amplification step.

From all the examples reported in the literature, it appears that
one main limitation to a broader use of DCC for ligand screening
and drug discovery is essentially analytical. Detection of small
amplification factors and deconvolution of all the DCL members
to enable unambiguous and easy identification of the selected
hits (especially when targeting biomacromolecules that need to be
removed before library analysis) remain very challenging. Most
commonly used techniques for analysing DCL composition and
quantifying hit amplification involve HPLC, NMR and mass
spectrometry. While HPLC enables accurate monitoring of library
re-equilibration as well as separation/isolation of each library
component, it is not always suitable when working with large
libraries because of the likely overlapping of DCL fragments with
similar structures/properties. In order to overcome these intrinsic
limitations, new approaches have been recently developed that
involve the use of alternative analytical detection methods and
spectroscopic methods in particular.

Fluorescence, UV—vis and polarimetry for sensing
DClLs: alternative analytical methods for new
applications

As an alternative to the frequently used HPLC or HPLC-MS
that require the ability to separate individual library members,
each having a unique molecular weight inside the DCL, fast and
cheap spectroscopic (UV or fluorescence) methods have also the
advantage of a very high sensitivity. In a typical DCC experiment,
the system re-equilibrates upon addition of the target, thus leading
to a change of the physical properties of the medium. These
physical properties can therefore be monitored in real time and
used as an indicator of the DCL composition. This approach
implies that either the target or a/l the DCL building blocks have
characteristic physical properties that one can monitor accurately
in solution.

Laser polarimetry for the discovery of enantioselective receptors

Gagné and co-workers have recently reported an elegant approach
for the selection of enantioselective receptors for (—)-adenosine
from a racemic DCL of cyclic hydrazone oligomers (from a
racemic proline-containing building block rac-1) using laser
polarimetry (LP) associated to HPLC."? Rac-1 was shown to form

amixture of cyclic oligomers under reversible conditions which can
be easily resolved by HPLC-MS. Upon addition of (—)-adenosine,
the dimer was moderately amplified at the expense of the higher
oligomers suggesting a modest binding affinity of the dimer for the
target. Interestingly, this dimer amplification was accompanied
by the appearance of a signal in the LP trace at a retention
time corresponding to the dimer. Since achiral compounds and
racemates are polarimetrically silent, only receptors enriched in
one enantiomer can give a detectable signal whilst the background
signal is otherwise null. In the particular case of their proof-
of-concept study using rac-1, the appearance of an LP signal
associated with the cyclic dimer clearly indicated that this dimer
had had one of its homochiral diastereoisomers (S,S) or (R,R)
selectively enhanced over the other (given that heterochiral dimer
(R,S) is achiral). In order to confirm which homochiral dimer has
been preferentially amplified, selection experiments were repeated
starting from either (S)-rac-1 or (R)-rac-1. A significantly larger
dimer amplification was observed when starting with the (S)-DCL,
thus proving that the enantioselective receptor of (—)-adenosine
from the racemic DCL of rac-1 is the (S,S) homochiral di-
astereoisomer of the cyclic dimer. This example demonstrates the
possible selection/characterisation of enantioselective receptors
for biomolecules using a sensitive and highly specific laser polari-
metric detection method. It should be applicable to significantly
larger libraries and enable the discovery of new enantioselective
receptors for a number of biological metabolites.

DCC and UV-vis chemosensors

Severin and Buryak have created a DCL that can act as a
colorimetric sensor, with any target induced re-equilibration of the
library resulting in a measurable perturbation of the global UV-vis
spectrum of the equilibrating mixture. The first example reported
was using three commercially available dyes in combination with
two copper and nickel salts so that metal-dye complexes can form
under reversible conditions allowing ligand exchange reactions
(Fig. 2).B

After showing that dyes, metals and the corresponding com-
plexes are in a dynamic equilibrium which corresponds to a
unique UV-vis spectrum, various dipeptides (sensor analytes)
were introduced and the resulting changes in UV-vis spectra of the
mixture recorded. Dipeptides are known to form stable complexes
with Cu** and Ni** and were expected to displace some of the dyes
from the metal ions, thus leading to an increase in the amount
of free dye in solution. Interestingly, specific changes in the UV
spectrum were obtained for each of the six dipeptides tested, thus
demonstrating the potential of DCLs as colorimetric sensors. This
sensor was also notably successfully used to discriminate between
the two stereoisomers L-Phe-Ala and D-Phe-Ala which would have
inevitably been much more challenging if using HPLC coupled to
MS. In this first utilization of a DCL as a colorimetric sensor,
each analyte is attributed a “finger-print” distributed over the
entire UV-vis spectrum. However, and like for a traditional DCC
experiment, the sensor needs to be optimized depending on the
sensing problem to be addressed. In a follow-up study, the same
group reported on an optimized sensor in which they showed that
the concentrations and ratios of the sensor constituent building
blocks can also be critical for obtaining a sensitive detection.'*
Despite this inherent limitation, this DCL sensor compares very
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Fig.2 Structures of the three dyes used for generating a DCL of metal-dye complexes, and mechanism of metal displacement leading to a color change.

well with other small peptide chemosensors and opens the way to
a new possible application for DCC in analytical chemistry.

Fluorescence and constitutional dynamic chemistry (CDC)

DCC is an implementation of the broader concept of constitu-
tional dynamic chemistry (CDC) that has been developed in the
past few years, mainly in the field of drug discovery.”* CDC is also
of special interest for materials science as it offers the possibility of
designing dynamic smart materials. One particular aspect has been
developed by Giuseppone and Lehn and deals with iminofluorene-
based dynamers (Fig. 3)."® Using fluorescent fluorene building
blocks functionalised with either amino or carboxaldehyde groups
they first demonstrated the formation of oligo- and polyimine
species and second showed that the system can undergo constitu-
tional reorganization in response to external stimuli.
Interestingly, this reorganization results in the generation of
optical signals varying in both wavelength and intensity depending
on the nature of the stimulus. The authors investigated the double-
effect of Zn" ions on the composition of constitutional dynamic
libraries (CDLs). Zinc ions were already shown to promote imine
exchange within a set of polyimine dynamers and therefore can
act as an effector inducing the selective formation of certain
polymeric structures. In addition, zinc can also interact with
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the fluorene-based polymers formed and by doing so lead to
significant changes in their spectroscopic properties. This “self-
signalling” process, whereby the effector induces the formation
of that CDL constituent that enables its own detection, offers
the advantage of an easy detectability of the CDL composition
using standard spectroscopic methods. The introduction of the
first two equivalents of zinc ions was shown to induce a re-
equilibration of the system only, whilst for higher amounts of zinc
ions marked fluorescence spectra changes were observed. Taken
all together, those examples demonstrate a synergistic adaptative
behaviour of a dynamic system in which an external effector (or
template) induces the amplification of selected species resulting in
the generation of an optical (fluorescence) signal. This signal can
therefore be used as an easily detectable indicator of the presence
of this effector in solution. Such systems are of particular interest
in materials science for the design of novel “smart” materials. The
use of optical detection associated with the self-sensing could allow
the resolution of new dynamic systems of increasing complexity.

Fluorescent targets and resin-bound DCC (RB-DCC)

When using DCC approaches for targeting biomacromolecules
for example, a challenge arises as to how to analyse the DCL in
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Fig. 3 Structures of the fluorene building blocks and metal-templated formation of iminofluorene dynamers.
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the presence of this target or alternatively how to remove it from
the DCL without disturbing the thermodynamic equilibrium that
has been reached. Phase separation has proven a useful tool in
many DCC experiments using complex templates. For instance,
resin-immobilized targets have often been used but there are also
examples that involve extraction of the DCC products into a
different solution or gel phase from that of the target. These
additional steps to the DCC selection process offer the advantage
of a simplified and more accurate analysis of the target-free DCLs.

DCC studies in the literature have been reported where the target
is immobilised during the equilibration and selection processes, as
exemplified by Miller and Karan for targeting RNA,"” Eliseev and
Nelen for targeting guanidinium derivatives,’ Lehn and Ram-
strom for selecting concanavalin A ligands' or by Sanders and
co-workers for identifying ammonium receptors.” Alternatively
we and others have developed a different strategy where the entire
DCL equilibration and selection process is carried out with the
template in solution, target immobilisation on magnetic beads
being carried out in a second step only once dynamic exchange
has been frozen and for analytical purposes solely.*

Recently, the group of Miller and McNaughton developed a new
technique termed resin-bound DCC (RB-DCC) which involves (1)
phase-tagging of the library components by immobilisation on a
solid support and (2) detection of selected hits using fluorescently
labelled targets. In an elegant proof-of-concept experiment, the au-
thors have combined a library of spacially segregated resin-bound
thiol building blocks (masked as disulfides) with an identical
library of monomers in solution and allowed them to equilibrate
(reversible formation of disulfides between thiol building blocks
in solution and those immobilised on resin) in the presence of
the fluorescent target. A simple two step analysis process involves
washing the beads and detecting protein containing “bead-hits”
by fluorescence microscopy (Scheme 3).%°

Considering any dimeric library of » monomers, if only beads
containing monomer 1 are found to bind the target, then one
can conclude that dimer 1-1 is the sole strong binder; if beads
containing monomers 1 and 3 are found to bind the target, then
dimers 1-1, 1-3 and 3-3 are three potential binders.

This new strategy offers significant advantages over more
conventional DCL analysis techniques like HPLC or NMR. The
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use of fluorescence spectroscopy for example allows a quick and
easy detection of the hits. Moreover this approach does not require
the isolation and/or characterisation of every library component,
which becomes a real advantage when working with libraries of
increasing complexity. One last advantage relies on the ease of de-
tection of the selected hits without having to compare the obtained
DCL with a target-free experiment run in parallel, as is the case
with most DCC experiments monitored by HPLC. However, RB-
DCC is still at a very early stage and it also presents some intrinsic
limitations. While its restriction to fluorescent targets can be
easily overcome by the possibility of tagging most non-fluorescent
biomacromolecules with readily available fluorescent flags, this
approach is limited to monofunctionalised building blocks (e.g.
bearing one thiol only) and cannot be easily extended to a selection
of macrocycles, oligomers or polymers. Indeed, the principle of
RB-DCC as described by Miller and McNaughton® requires the
detection and identification of the building blocks involved in the
constitution of the selected ligand by fluorescence spectroscopy.
Although this approach could enable the identification of the
different building blocks involved in the selected oligomers or
polymers, it would not allow the determination of the number
of every building block involved nor their position within the
oligomer.

This year, the same group demonstrated the successful ap-
plication of RB-DCC to significantly more complex systems.!
They reported the identification, via RB-DCC, of selective small
molecule ligands of the HIV-1 frameshift regulatory mRNA stem-
loop from the largest DCL prepared so far (>11000 virtual
members). The library design was based on the octadepsipep-
tide family of bis-intercalating nucleic acid binding agents, and
150 cysteine containing tripeptides capped with either a 2-
ethylquinoline or a piperazine group were synthesized on Tentagel
resin. Beads of three different sizes were used depending on the
position of the cysteine amino acid in the tripeptide (1%, 2" or
3) and 50 tripeptide-heterocycle conjugates per resin size were
synthesized, each of which was characterised by a unique mass.
Using a protocol similar to that established previously in their
proof-of-concept article, Miller and co-workers have identified
a selective and high-affinity ligand for the biologically relevant
HIV-1 frameshift-inducing mRNA stem-loop. The affinity of the
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Scheme 3  Principles of resin-bound dynamic combinatorial chemistry as developed by Miller and McNaughton.?
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selected hit for the RNA target was confirmed by SPR, thus
proving the validity of RB-DCC technology even when using large
libraries. Despite the intrinsic limitations described above, this
represents a real break-through in the DCC world and paves the
way for new applications in the area of drug discovery in particular.

Towards new applications for DCC

As a consequence of all the recent efforts investigating the
development of novel DCC methodologies (e.g. new types of
chemistries, new analytical techniques...), a number of new
applications have appeared in the literature that could give some
indications on what the future of DCC may look like. Three
selected examples are detailed below.

Fluorescent dynamic biosensors

There is currently a growing interest in the development of
new chemosensors based on supramolecular systems that have
the ability to recognise and bind to a specific metabolite with
high affinity. As a result of this interaction, the system re-
equilibrates thus leading to a change of the physical properties of
the medium. Of particular interest are fluorescent chemosensors
for which specific molecular recognition events are associated
with changes in the excitation/emission fluorescent properties of
the sensor dye.”* We are currently developing a completely novel
fluorescent chemosensor in which two non-fluorescent entities
can combine by the formation of a covalent imine bond under
reversible conditions, thus leading to a highly fluorescent molecule
(Scheme 4).

¥ -3

Scheme 4 Fluorescent biosensor: two dark entities can combine under
reversible conditions upon addition of a target to generate an easily
detectable fluorescent molecule.

The system is designed so that formation of the fluorescent
dye is highly disfavoured under standard conditions (due to the
low reactivity of both components) but can be templated upon
addition of a metabolite that can bring both components in
close proximity. Within our system, the sensor part is covalently
attached but distinct from the fluorescent detector which offers
the advantage of a high versatility/modularity. The design of
such fluorescent sensors as well as more complex ones based on
the same principle but capable of sensing different metabolites
simultaneously, each sensed metabolite being assigned a unique
fluorescence signal, is in progress in our laboratory and will be
reported elsewhere.

Encapsulation and redox-triggered drug delivery

Thiol-disulfide chemistry has been used extensively in DCC for
the selection of dimeric or polymeric species depending on the
number of thiol groups each building block bears. Mixtures of
mono- and bis-thiols generate libraries of linear or macrocyclic

disulfide-linked structures. The group of Otto and co-workers,
pioneers in the field of DCC based on thiol chemistry, has recently
reported the generation of DCLs containing water-soluble cages
held together via disulfide bonds.® Using thermodynamically
controlled synthesis, they described the first example of a DCL
containing covalent cages and obtained from a mixture of trithiol
and dithiol building blocks. Although it is still at its early
stage the use of DCC for producing covalent cages of diverse
structures under thermodynamic control offers new perspectives
and applications in the field of drug delivery/targeting both in vitro
and in vivo. Reversible disulfide chemistry seems ideal for linking
such subunits since disulfides tend to be stable in the bloodstream
whereas they are readily degraded in intracellular fluids, which
may allow for the controlled release of the encapsulated guest
upon reduction of the disulfide linkages.

Encoding chemical libraries using DNA

Because of their ability to be replicated and their chemical stability,
nucleic acids are ideally suited for being used as a tag to encode
small molecules. It is particularly interesting to use such an
approach to facilitate the identification of active compounds
within libraries formed from large numbers of building blocks.
A recent approach that uses DNA tags to encode small molecules
has been developed by Neri and co-workers and is named Encoded
Self-Assembling Chemical Library (ESAC).** The ESAC method
uses libraries of small molecule pharmacophores linked to DNA
oligonucleotides that both identify each pharmacophore and bring
together pairs of pharmacophores non-covalently upon base-
pairing (Scheme 5).
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Scheme 5 Principles of Encoded Self-Assembling Chemical Li-
brary (ESAC) using libraries of pharmacophores attached to DNA
oligonucleotides.

This approach is particularly attractive for improving a known
ligand by identifying new fragments that bind the target in the
same binding pocket (or active site). In a proof-of-concept experi-
ment using carbonic anhydrase as a target, a known protein ligand
attached at the 3’ end of a DNA oligonucleotide was incubated
with a library of small molecule building blocks attached at the 5’
end of a complementary oligonucleotide also comprising the small
molecule tag-sequence. Pairs of pharmacophores are then formed
upon hybridisation of the two complementary DNA sequences
and can be incubated with the target protein. Subsequently, those
pairs that survive the selection process can be easily identified by
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sequencing of the DNA tag. ESAC is a very elegant approach for
elaborating new protein ligands using a fragment-based approach.
Although Neri and co-workers discovered bidentate ligands that
exhibited a 40-fold increase in affinity over that of the known
ligand alone, this approach requires an optimization of the linker
connecting the two selected pharmacophores which can possibly
be very laborious, thus losing the benefits of the ESAC approach.*

Conclusions

Discovered a little bit more than ten years ago, the concept of
DCC has quickly emerged as an elegant supramolecular approach
relying on the dynamic generation of molecular and supramolec-
ular diversity through the reversible combination of covalently
and non-covalently linked building blocks. In recent years, DCC
has actively developed and is now recognised as a powerful tool
for exploring systems based on molecular recognition, either in
materials science, catalysis or drug discovery.

In most of the successful DCC applications, the response of a
DCL to an added template (i.e. stabilisation of selected species
upon interaction with the template resulting in an increase in
their concentration) has enabled the identification of specific
library members that can act as ligand, host or receptor for the
molecule/protein chosen as a template. Giuseppone and Lehn
have also investigated the influence of different environmental
stimuli—as an alternative to molecular recognition—on the com-
position of a DCL. They demonstrated the adaptative behaviour
of amine-aldehyde based DCL towards various external physical
or chemical stimuli (e.g. electric field, temperature, pH. ..) which
is of particular interest for the development of novel responsive
dynamic materials.®® Although it offers a very broad range of
potential and proven applications, DCC does not compete yet
with combinatorial chemistry. This may certainly be due to
some intrinsic limitations of DCC that one needs to tackle
when working on DCLs of high complexity. When increasing
the number of building blocks/pharmacophores, experimental
conditions (e.g. template concentration) need to be carefully
adjusted, and alternative techniques to HPLC for the analysis
of DCLs and easy detection of the selected hits need to be found.
Reported here are a number of recent examples that demonstrate
that efforts have been made to not only overcome those limitations
but also expand considerably the DCC field of application to new
areas of chemistry. Recent examples of DCC on solid support and
DCC coupled to SELEX are two promising proofs that DCC can
indeed be applied to large and diverse libraries. The development
of UV-vis and fluorescent biosensors based on this concept is also
very appealing due to their high modularity and their ease of use.
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New thiazole-based chiral N,P-ligands that are open-chain analogues of known cyclic thiazole ligands
have been synthesized and evaluated in the iridium-catalyzed asymmetric hydrogenation of
trisubstituted olefins. Chirality was introduced into the ligands through a highly diastereoselective
alkylation using Oppolzer’s camphorsultam as chiral auxiliary. In general, the new catalysts are as
reactive and selective as their cyclic counterparts for the asymmetric hydrogenation of various

trisubstituted olefins.

Introduction

Asymmetric catalysis is a powerful tool for generating enantiomer-
ically pure materials.! Asymmetric hydrogenation, the atom-
economical addition of H, to a carbon-carbon or carbon-
heteroatom double bond to obtain a single enantiomeric product,
is the most versatile reaction in this family.?

Because of its simplicity, cost-effectiveness and environmental
affability, transition-metal-catalyzed asymmetric hydrogenation
has become a widely used method in organic synthesis. There
are many examples of optically active compounds that contain a
hydrogen atom at the stereocentre, and asymmetric hydrogenation
is of particular importance to access these compounds in highly
enantiomerically pure form.

There has been especially intense interest in the asymmetric
hydrogenation of prochiral olefins. Since the first reports of Rh-
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diop® and Ru-binap* catalysts for this reaction, many phosphine
ligands have been developed and evaluated for the hydrogenation
of functionalized olefins.®

In preliminary studies with Ir complexes,® Crabtree’s achiral
version [(COD)Ir(py)(PCy;)]* [PF,]~ served as a conceptual tem-
plate for modifications. Replacing the monodentate pyridine and
phosphine ligands provided the foundation for chiral bidentate
N,P-ligands. The new Ir complexes emerged as powerful tools
in asymmetric hydrogenations of mainly unfunctionalized olefins
with good enantiofacial recognition, and are essentially com-
plementary to Rh- and Ru-diphosphine catalysts.” Since then,
development of new N,P-ligands® for Ir-catalysts has been an
important and challenging area of research.

Lately, we have demonstrated that the substrate scope for these
catalysts is not limited to unfunctionalized olefins; they can also
selectively hydrogenate various functionalized olefinic substrates.”
However, Ir-catalyzed asymmetric hydrogenation is still highly
substrate-dependent, and the development of new efficient chi-
ral ligands that can tolerate broader range of substrates is a
requisite.

Recently, we reported a new class of iridium—phosphine-thiazole
complexes 1-3' (Fig. 1) that are highly enantioselective for a wide
range of olefin substrates.
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Fig. 1 Iridium complexes having thiazole-phosphine ligands with varying backbone structures.
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We also investigated the effect of structural variations of the
ligand on the stereochemical outcome of hydrogenation reactions.
In our previous studies we evaluated the effect of the cyclic
backbone by altering the size of the cycloalkane ring of the ligand,
which significantly affected the stereochemical outcome of the
hydrogenation of olefins.” Based on these findings, we decided to
further alter the ligand structure by replacing the cycloalkane with
an open-chain backbone having various substituents. We expected
the open-chain ligands to be more flexible than the cyclic ones,
and we hoped this would allow them to selectively reduce olefins
that were challenging for catalysts with cycloalkane-based thiazole
ligands.

Here we report the synthesis of open-chain-backbone thiazole-
phosphine ligands and their application in the asymmetric hydro-
genation of olefins.

Results and discussion

The synthesis of new complexes (14a—c) starts with an inexpensive
B-ketoester. Methyl acetoacetate 4a was brominated in chloro-
form, and a stream of air was bubbled through the solution for
2 hours. This removed the HBr and introduced moisture to create
the best conditions for the migration of bromine from the a-carbon
to the y-carbon." Condensation of the resulting bromoketone with
thiobenzamide gave ethyl 2-(2-phenylthiazol-4-yl)acetate 8a.

Initially, we planned to introduce a bulky group, such as fert-
butyl, into the backbone of the N,P-ligand by alkylation of -
ketoester 4. All the efforts for this transformation proved to be
futile, so an isopropyl group was introduced instead, using a much
simpler route (Scheme 1).

The alkylation of B-ketoester 4 using isopropyl iodide in the
presence of freshly distilled DBU proceeded smoothly to yield

o o i) DBU/Benzene 0
ii) Isopropyl iodide
I Domontiodee PN
4 5
i) Bro/CHCI3
i) Thiobenzamide
EtOH, Pyr.

Ph Ph
>jN >1N 0
LIAIH,, THF
S\A OH — S~ o
7 6

Scheme 1 Introduction of the isopropyl group.

the monoalkylated ethyl acetoacetate 5. Terminal bromination,
followed by condensation with the thiobenzamide, afforded
compound 6, which was then reduced by LiAlH, to obtain a
racemic primary alcohol 7 (Scheme 1). Unfortunately, we could
not separate the enantiomers of the racemic ester 6 or of the
corresponding alcohol 7 by any means.

As the separation of enantiomers of 6 or 7 was difficult to
achieve, we envisaged an alternative strategy which involved a
highly diastereoselective alkylation (initially isopropylation was
studied) mediated by chiral auxiliaries. Preliminary screening of
chiral auxiliaries revealed that the Oppolzer camphorsultam,'®
which is commonly used and demonstrates a great deal of
versatility in asymmetric synthesis," proved to be efficient.

In the alternative route (Scheme 2), ethyl acetoacetate 4 was
brominated regioselectively at the y-carbon in chloroform followed
by the condensation of the resulting brominated ester with
thiobenzamide, to give ethyl 2-(2-phenylthiazol-4-yl)acetate 8.
The coupling reaction of (2R)-(—)-bornane-2,10-sultam and ethyl

Ph R
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o % o] 23% S 0 N~ S S
8 02 9 02
4 Ph Ph
. v 10a: R = Benzy!
o o Ph > 85% 10b: R = Methy! » d.e. >95%
i i >7N 0 10c: R = Allyl
o/ —_— -
S o O/
4a 8a
R R
: s P(BHa)Ph, Ef‘z
vi K\f\ vii (\4\ vii ix, X, Xi
D — S ——— > S ——— R N _—
OH N§( OTs NQ( | \>—ph R |
Ph Ph S
11a: R = Benzyl 12a: R = Benzyl 13a: R = Benzyl 14a: R = Benzyl
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11c: R = Allyl 12c: R = Allyl 13c: R =Allyl 14c: R = Allyl

Scheme 2 Synthesis of the new iridium complexes. Reagents and conditions: i) Br,, CHCl;, 0 °C, 16 h; ii) thiobenzamide, ethanol, pyridine, reflux, 4 h;
iil) MeSO;H, methanol, reflux, 2 h; iv) Oppolzer sultam, Me;Al, dichloromethane, reflux, 24 h; v) LIHMDS, THF, —78 °C, RBr, DMPU, 4 h; vi) LiAIH,,
THEF, —10 °C to r.t., 4 h; vii) TsCl, pyridine, dichloromethane, 0 °C to r.t, 16 h; viii) HP(BH;)Ph,, n-BuLi, —78 °C to 0 °C, 40 min, then 12, DMF, —78 °C
tor.t, 16 h; ix) Et,NH (excess), r.t, 16 h; x) [Ir(COD)CI],, dichloromethane, reflux, 40 min; xi) H,O, NaBArg, r.t, 2 h.
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2-(2-phenylthiazol-4-yl)acetate was carried out by adding Me; Al*®
to (2R)-(—)-bornane-2,10-sultam, then reacting the resulting alu-
minium amide with the ethyl ester 8. Ethyl ester 8 was found
to be a very resilient substrate under the coupling conditions,
yielding only 23% of product even after 7 days of reflux. In
contrast, methyl ester 8a was smoothly converted to the desired
acyl camphorsultam 9 after 24 hours of reflux, yielding more than
85% of the product. Ethyl ester 8 was converted to the methyl
ester analogue 8a by refluxing in an excess of methanol with a
catalytic amount of methanesulfonic acid. Alternatively, 8a could
be obtained from methyl acetoacetate 4 in the same manner.

The coupling product, acyl camphorsultam 9, was treated
with lithium hexamethyldisilazide (LHMDS), the lithium enolate
generated being quenched with an excess of isopropyl iodide in the
presence of 10% DMPU in THF. The overall yield of the reaction
was <10%, but the diastereomeric excess was >99%. However, the
same method was then applied to introduce benzyl, methyl and
allyl groups, which gave the best outcome in terms of reaction
yield and also diastereoselectivity (>95%). Though only reactive
alkyl halides could be used as electrophiles in this methodology,
intermediate 9 was alkylated with several different electrophiles to
obtain chiral ligand precursors with high diastereomeric purities.

The alkylated acyl sultams 10a—c were reduced to corresponding
enantiomerically pure alcohols with LiAlH,. The enantiopuri-
ties of these alcohols 11a—c were determined by chiral HPLC
using Chiralcel OB-H in 10% isopropanol-hexane before being
converted to the corresponding tosylates 12a—c in good yields.
Treatment of the tosylates with lithiated diphenylphosphine—
borane adduct at —78 °C (then warming to room temperature)
in THF-DMF yielded the borane-protected chiral phosphines in
high yields.

Removal of the borane protecting group was achieved by
treating it with an excess of freshly distilled diethylamine. The
borane-free phosphines (13a—c) were eventually transformed into
corresponding iridium complexes (14a—c) in moderate yields using
the previously employed protocol.'

The absolute configuration of the alkylated compound 10a was
found by X-ray crystallography to be R (Fig. 2).

Fig. 2 The X-ray crystallographic structure of 10a provides evidence for
the R absolute configuration of the ligand.

Complexes 14a and 14b were stable at ambient temperature for
months, whereas complex 14¢ decomposed after several days even
at lower temperatures (—20 °C). The reason for the instability of
complex 14c¢ is not known, but it might be due to the displacement
of COD by an allyl group from another complex, which would

result in polymerization of the complex. Upon decomposition,
this complex changes colour from bright orange to dark brown.
Due to its instability, complex 14¢ was evaluated for hydrogenation
activity immediately after it was synthesized.

Hydrogenation of various tri-substituted olefins (Entries 1-10,
Table 1) using the newly synthesized complexes (14a—c) revealed
that complexes 14a and 14b have equal reactivity and selectivity
when compared to their cyclic analogue 2 (up to and above 99%
ee). Complex 14c is clearly less selective in general, although its
activity is comparable with that of the other catalysts shown in
Table 1. The lower selectivity of 14¢c may be due to its instability.

An increase in ee was observed for substrates 22 (51%) and 24
(56%) (Entries 8 and 10, Table 1) with complex 14a; the same
substrates gave a product with 40% ee and racemic product,
respectively, when complex 2 was used.

Complexes 14a and 14b also gave good enantioselectivities for
imine substrate 25 (51% and 49%) (Entry 11, Table 1), whereas the
closed-chain analogue 2 showed only 16% ee.

Conclusions

We have developed open-chain-backbone analogues of previously
reported thiazole-phosphine ligands in order to study the effect
of ligand backbone structure on the stereochemical outcome
of iridium-catalyzed olefin hydrogenation. We have developed
a route to synthesize these new ligands via diastereoselective
alkylation. The new catalysts reduced several prochiral olefins in
excellent yield and stereoselectivity, and reduced a prochiral imine
in moderate ee. Comparing these catalysts to the closed-chain
analogue 2, we find that these new catalysts behaved similarly to
the original catalysts in asymmetric hydrogenations for most of
the substrates.

Experimental
General methods

All solvents were dried according to the reported procedures.'®
The chromatographic separations were performed on Kieselgel
60 H silica gel (particle size: 0.063-0.100 mm). Thin layer
chromatography (TLC) was performed on aluminium-backed
plates coated with Kieselgel 60 0.20 mm (UV254), and visualized
under ultra-violet light (at 254 nm), or by staining with ethanolic
phosphomolybdic acid followed by heating. "H-NMR spectra
were recorded at 500, 400 or 300 MHz in CDCl,, and referenced
to the residual CHCI; peak (7.26 ppm). *C-NMR spectra were
recorded with at 100 or 75 MHz in CDCIl, and referenced to
the central peak of CDCIl; (77.0 ppm). *'P-NMR spectra were
recorded at 121.47 MHz in CDCl;, using 85% phosphoric acid
as an external standard. Chemical shifts are reported in ppm
(0 scale). IR spectra were recorded on Perkin-Elmer 100 FT/IR
spectrometer. Enantiomeric excesses were determined using chiral
HPLC or GC. HPLC was performed at 254 nm UV detector, using
achiral column (Chiralcel OB-H), and GC analysis was performed
using a chiral column (Chiral DexG-TA). Optical rotations
were recorded on a thermostatted polarimeter using a 1.0 dm
cell. Absolute configurations were determined by comparing the
retention times of the products to the literature data.
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Table 1

Iridium-catalyzed asymmetric hydrogenation of substrates 15-25“

14a 14b 14c 210
Entry Substrate Conv.? (%) ee (%)  Conv. (%) ee (%) Conv.? (%) ee (%)  Conv. (%) ee (%)
1 Me >99 96 (R)  >99 99 (R) >99 87(R) >99 =99 (S)
Ph)\/ Ph
15
2 Me >99 94(R) 99 99 (R) >99 85(R)  >99 99 (S)
p-MeO-C4Hy X-Me
16
3 Me >99 80(S)  >99 57(5)  >99 88(S) ~99 93 (R)
MGO“O‘
17
4 i I Me >99 98 (R)  >99 94(R) >99 87(R)  >99 >98 (S)
18
5 Me >99 78 (R) >99 78 (R) — >99 98 (R)
19
6 Me >99 90 (R)  >99 97 (R) _a _a
Ph)vOH
20
7 Ph/\/\OH >99 79 (R) >99 91 (R) 90 70(R) >99 99 (S)
Me
21
. /\\rcoza >99 S51(R)  >99 2R >99 40(R)  >99 40 (S)
Me
22
9 Me >99 97 (R) >99 98 (R) >99 90(R) >99 98 (S)
Ph)\/CO;)Et
23
10 Me 75 56 (S) 75 23 (S) —4 >99 Racemic
Ph
CO,Et
24
11 N,Ph 70¢ S1(S) 27¢ 49 (S) — 65° 16 (R)
|
Ph)\
25

@ Reagents and conditions: 50 bar H,, rt, dichloromethane, 0.5 mol% catalyst. * Determined by '"H NMR spectroscopy. ¢ Determined by chiral HPLC or
chiral GC and compared to the literature data. Absolute configuration is given in parentheses. ¢ Not attempted. ¢ 1 mol% catalyst loading.

Methyl 4-bromo-3-oxobutanoate

A solution of bromine (14.8 g, 92.66 mmol) in 20 mL of chloroform
was added to a stirred solution of methyl acetoacetate (10.76 g,
92.66 mmol) in 30 mL of chloroform at 0 °C under an inert
atmosphere over a period of 1.5 hours. The reaction mixture
was stirred for 16 hours at room temperature; air was blown in

via a bubbler for the last 2 hours. This removed the HBr and
introduced moisture to create the best conditions for the migration
of bromine from the o-carbon to the y-carbon. The reaction
mixture was washed once with cold water, and then extracted
with dichloromethane. The organic layer was dried over MgSO,,
filtered, and the solvent was removed in vacuo to obtain the crude
bromoketoester as light yellow oil in a quantitative yield. The

This journal is © The Royal Society of Chemistry 2008
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crude product was utilized for the next step without further puri-
fication.

Synthesis of methyl 2-(2-phenylthiazol-4-yl)acetate (8a)

To a stirred solution of methyl 4-bromo-3-oxobutanoate (10.0 g,
51.3 mmol) in dry methanol was added thiobenzamide (7.03 g,
51.3 mmol), and then pyridine (4.14 mL, 51.3 mmol). The reaction
mixture was stirred for one hour at room temperature and then
refluxed for 4 hours. After the completion of reaction (TLC
analysis), the reaction mixture was washed with water (2 x 20 mL)
and the aqueous phase was extracted with dichloromethane (3 x
30 mL) followed by washing with brine. The combined organic
phases were dried over MgSO, and the solvent was removed
in vacuo to obtain the crude product. Flash chromatography
eluting with dichloromethane—pentane (30 : 70) yielded 8a as light
yellow oil in 64% yield. Analytical data of compound 8a was found
to be consistent with earlier reported data.

Introduction of (2R)-(—)-bornane-2,10-sultam to the ester 8a (9)

To a stirred solution of (2R)-(—)-bornane-2,10-sultam (2.76 g,
12.9 mmol) in 20 mL of dry dichloromethane was added Me;Al
(2 M in heptane, 8.35 mL, 16.7 mmol, 1.3 eq.) dropwise at room
temperature under N,. The reaction mixture was stirred at room
temperature for 30 min. Methyl 2-(2-phenylthiazol-4-yl)acetate
(8a) (3.0 g, 12.9 mmol) in 5 mL dichloromethane was added to the
reaction mixture and refluxed for 24 hours. HCI (1 M, 20 mL) was
added slowly (addition of HCI causes methane gas to evolve) and
the reaction mixture was then extracted with ethyl acetate (3 x
20 mL). The combined organic phases were washed with brine
and dried over MgSO,. Purification by flash chromatography (1%
methanol in toluene) yielded compound 9 as a white solid. The
purified product was recrystallized from diethyl ether to obtain
white crystals. Yield = 4.24 g (86%); [a]%° = —143.0 (¢ 1, CHCl,);
R; = 0.26 (1% methanol in toluene); "H-NMR (400 MHz, CDCl,):
0 7.97-7.92 (m, 2H, ArH), 7.46-7.40 (m, 3H, ArH), 7.22 (s, 1H,
het.), 4.39 (d, J = 17.7 Hz, 1H), 4.28 (d, J = 17.7 Hz, 1H), 3.95
(dd, J = 7.71, 4.72 Hz, 1H), 3.56 (d, J = 13.91 Hz, 1H), 3.50 (d,
J = 13.91 Hz, 1H), 2.24-2.05 (m, 2H), 2.0-1.85 (m, 3H), 1.48-
1.32 (m, 2H), 1.20 (s, 3H), 0.98 (s, 3H); "C-NMR (100 MHz,
CDCl;): 6 168.8, 168.0, 149.2, 134.0, 130.0, 129.0, 127.0, 117.0,
65.8, 53.2, 49.0, 48.2, 45.0, 38.8, 38.3, 33.2, 26.8, 21.2, 20.2; IR
(CHCl,): 3013, 2961, 2884, 1698, 1327, 1213 cm™"; MS (GC) m/z:
416.48 (M*, 1%), 352 (3), 203 (10), 164 (13), 151 (38), 138 (81),
125 (100).

General procedure for diastereoselective alkylation of acyl sultam 9

Lithium hexamethyldisilazide (LiHMDS, 1 M in THEF, 5.04 mmol,
1.2 eq.) was added dropwise over a period of 10 min to a stirred
solution of (2R)-(—)-acyl sultam 9 (4.2 mmol) in 15 mL of dry
THF at —78 °C under inert atmosphere. The reaction mixture was
stirred at this temperature for an additional 45 min. The lithium
enolate of 9 was then quenched with an excess of freshly distilled
alkyl halide (37 mmol) in S mL of THF, after which 2 mL of freshly
distilled DMPU was added. The reaction mixture was brought up
to room temperature and stirred for 4 hours until all the starting
materials disappeared (TLC). The reaction mixture was quenched

with 10% NaHCO; solution, extracted with dichloromethane (4 x
20 mL) and washed with brine. The combined organic extracts
were dried over MgSO, and evaporated to dryness.

(2R)-(—)-Benzylated acyl sultam (10a). The crude product was
subjected to column chromatography using 10% ethyl acetate
in pentane as eluent. The purified product was then recrystal-
lized from diethyl ether to afford 10a as white needle-shaped
crystals. The crystals had >99% diastereomeric purity by 'H-
NMR. Yield = 85%; [a]3® = —95.0 (¢ 1, CHCL;); R; = 0.48 (20%
ethyl acetate in pentane); '"H-NMR (400 MHz, CDCl;): § 8.03—
7.97 (m, 2H, ArH), 7.48-7.38 (m, 3H, ArH), 7.35-7.30 (m, 2H,
ArH), 7.27-7.22 (m, 3H, ArH), 7.19 (s, 1H, het.), 499 (t, J =
7.58 Hz, 1H), 3.82 (dd, J = 7.71, 4.73 Hz, 1H), 3.49 (d, J =
7.58 Hz, 2H), 3.42 (d, J/ = 14.4 Hz, 1H), 3.36 (d, J = 14.4 Hz, 1H),
2.05-1.95 (m, 2H), 1.91-1.72 (m, 3H), 1.36-1.20 (m, 2H), 0.89 (s,
3H), 0.65 (s, 3H); "C-NMR (100 MHz, CDCl,): ¢ 171.5, 167.7,
153.4, 139.0, 138.8, 130.0, 129.82, 129.0, 128.5, 126.92, 126.85,
65.6,53.4,49.95,48.4,48.0,45.0,41.0, 38.8, 33.2, 26.7, 20.8, 20.2;
IR (CHCl;): 3019, 2961, 2885, 1690, 1333, 1215 cm™'; MS (GC)
m/z: 506 (M*, 1%), 476 (1), 448 (1), 334 (5), 264 (8), 202 (12), 138
(11), 125 (21), 91 (3).

(2R)-(—)-Methylated acyl sultam (10b). The crude product
was dissolved in toluene and washed with water to remove
DMPU. Flash chromatography using toluene-methanol (99 : 1
gradient to 75 : 25) afforded 10b as a colourless oil. '"H-NMR
showed 95% diastereomeric excess. Yield = 91%; [a]5* = —58.3
(¢ 1, CHCL); R; = 0.3 (dichloromethane); '"H-NMR (400 MHz,
CDCly): 7.98-7.92 (m, 2H, ArH), 7.43-7.34 (m, 3H, ArH), 7.21
(d, J = 0.8 Hz, 1H, ArH), 4.72 (dq, J = 7.1, 0.8 Hz, 1H), 3.94
(dd, J = 7.8, 4.9 Hz, 1H), 3,53 (d, J = 13.8 Hz, 1H), 3,45 (d,
J =13.8 Hz, 1H), 2.16 (m, 1H), 2.07 (dd, J = 13.9, 7.8 Hz, 1H),
1.95-1.82 (m, 3H), 1,71 (d, J = 7.0 Hz, 3H, Me), 1.45-1.26 (m,
2H), 1.21 (s, 3H, Me), 6 0.98 (s, 3H, Me); *C-NMR (100 MHz,
CDCl,): 6 19.2, 20.1, 21.1, 26.7, 33.1, 38.7, 42.9, 45.0, 48.0, 48.7,
53.4,65.6,115.3,126.9,128.9,129.9,134.2,155.2,167.5,173.1; IR
(CDCl,): 2960, 1693, 1329, 1209, 908, 725 cm™"; MS (GC) m/z:
431 (M*, 12%), 251 (100), 188 (47), 150 (10), 86 (34), 84 (46).

(2R)-(—)-Allylated acyl sultam (10c). Flash chromatography
eluting with toluene-methanol (99 : 1 gradient to 75 : 25) afforded
10c as a pale yellow solid. '"H-NMR showed 93% diastereomeric
excess. Yield = 87%; [a]y}® = —33.4 (¢ 0.8, CHCL); R, = 0.3
(dichloromethane); '"H-NMR (500 MHz, CDCl,;): 6 7.97-7.94 (m,
2H, ArH), 7.43-7.35 (m, 3H, ArH), 7.24 (s, 1H, het.), 5.89 (m,
1H), 5.16 (dq, J = 17.0, 3.24, 1.62 Hz, 1H), 5.03 (dm, 1H) 4.76
(dd, J = 8.5, 5.7 Hz, 1H), 3.93 (dd, J = 7.7, 5.2 Hz, 1H), 3.57 (d,
J =139 Hz, 1H) 3.48 (d, J = 13.9 Hz, 1H), 3.0-2.86 (m, 2H),
2.16-2.04 (m, 3H), 1.95-1.85 (m, 4H), 1.42-1.25 (m, 3H), 1.21 (s,
3H), 0.98 (s, 3H); "C-NMR (100 MHz, CDCl;):  171.5, 167.3,
153.1, 134.6, 133.7, 129.7, 128.7, 126.6, 117.9,115.8, 65.5, 53.2,
48.3,47.7,47.3, 44.7, 40.95, 38.8, 38.4, 32.9, 26.4, 20.9, 19.9; IR
(CHCI,): 3076, 2960, 2883, 1693, 1641, 1363, 1208 cm™'; MS (GC)
m/z: 457.25 (M*, 1, 18%), 456.26 (M*, 40), 455.28 (100), 241.11
(17), 239.27 (12), 214.23 (18), 213.21 (12), 121.16 (14), 91.1 (4),
77.14 (11).
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General procedure for reduction of alkylated acyl sultam to the
corresponding primary alcohols

LiAlH, (2.0 mmol) was added to a stirred solution of (2R)-
(—)-alkylated acyl sultam (10a—c) (1.5 g, 1.0 mmol) in 10 mL
of dry THF at —10 °C. The reaction mixture was brought up
to room temperature and stirred for 4 hours. The reaction was
then quenched by adding a mixture of H,O (0.22 mL), NaOH
(2 M, 0.44 mL) and H,O (0.22 mL). The cake formed was filtered
through a pad of Celite and washed several times with ethyl acetate.
The filtrate was dried over Na,SO, and the solvent was evaporated
to obtain crude alcohol (11a—c).

(R)-(—)-3-Phenyl-2-(2-phenylthiazol-4-yl)propan-1-ol (11a).
The crude product was purified by silica gel column
chromatography using 1% methanol in toluene as eluent to
afford the pure alcohol as a colourless oil. Yield = 75%; [a]%?® =
—17.8 (¢ 1, CHCl;); R = 0.61 (5% methanol in toluene); "H-NMR
(400 MHz, CDCl,): 0 8.03-7.95 (m, 2H, ArH), 7.53-7.44 (m, 3H,
ArH), 7.35-7.29 (m, 2H, ArH), 7.27-7.19 (m, 3H, ArH), 6.81 (s,
1H, het.), 4.05-3.88 (m, 2H), 3.84 (br, 1H), 3.35-3.26 (m, 1H),
3.16 (d, J = 7.0 Hz, 2H); "C-NMR (100 MHz, CDCl;):  168.4,
159.2, 140.2, 133.6, 130.4, 129.4, 129.3, 128.6, 126.8, 126.4, 114.5,
65.2, 45.8, 38.0; IR (CHCIl,): 3386, 3024, 2924, 2864, 1514, 1495,
1454 cm™'; MS (GC) m/z: 296 M + 1, 23%), 295 (M*, 19), 266
(18), 265 (75), 264 (100), 176 (24), 128 (32), 92 (6), 66 (4).

(R)-2-(2-Phenylthiazol-4-yl) propan-1-ol (11b). The crude
product was purified by column chromatography using
dichloromethane-methanol (100 : 0 gradient to 95 : 5) to afford
the alcohol as a colourless oil. Yield = 69%; [a]3® = —19.1 (c 1.6,
CHCl); R; = 0.57 (5% methanol in dichloromethane); '"H-NMR
(400 MHz, CDCl;): 7.95-7.88 (m, ArH), 7.46-7.36 (m, 3H, ArH),
6.96 (d, / = 1.0 Hz, 1H, ArH), 3.90-3.75 (m, 2H), 3.60 (br, 1H),
3.19(m, 1H),0 1.36 (d, J/ = 7.1 Hz, 3H, Me); *C-NMR (100 MHz,
CDCl;):0 16.2,38.1,67.7,112.7, 126.5, 128.9, 130.0, 133.5, 161.1,
168.1; IR (CDCl;): 3353 (br.), 2965, 2928, 2872, 1513, 1455, 1435,
1240, 1027, 987,918, 761 cm™'; MS (GC) m/z: 220 (M + 1, 100%)),
189 (13), 188 (12), 104 (2), 85 (4).

(R)-2-(2-Phenylthiazol-4-yl) pent-4-en-1-ol (11c). The crude
product was purified by column chromatography using
dichloromethane-methanol (100 : 0 gradient to 95 : 3) to afford
the alcohol as a colourless oil. Yield = 72%; [a]3® = —18.3 (c
1, CHCL); R; = 0.4 (20% ethyl acetate in pentane); 'H-NMR
(500 MHz, CDCl;): 6 7.94-7.90 (m, 2H, ArH), 7.45-7.38 (m, 3H,
ArH), 6.98 (s, 1H, het.), 5.82 (m, 1H), 5.09 (dq, J = 17.1, 3.4,
1.6 Hz, 1H), 5.04 (dm, 1H), 3.92 (ddd, J = 14.6, 10.7, 3.9 Hz, 2H),
3.63 (br, 1H), 3.09 (m, 2H), 2.54 (m, 2H); *C-NMR (125 MHz,
CDCl;): 6 168.1, 159.0, 144.8, 136.1, 133.3, 130.0, 128.9, 126.4,
116.7,113.7, 65.3, 43.2, 35.5; IR (CHC,): 3389, 3021, 2920, 2859,
1514, 1495, 1454 cm™'; MS (GC) m/z: 246.03 (M + 1, 14%), 245.06
(M, 23), 244.16 (100), 228.3 (22), 215.2 (14), 176 (21), 121.2 (15),
104.4 (10), 77.0 (8).

General procedure for tosylation of alcohols

To a solution of alcohol (0.35 g, 1.18 mmol) in 10 mL of dry
dichloromethane was added p-toluenesulfonyl chloride (0.45 g,
2.36 mmol) and pyridine (0.24 mL, 2.36 mmol) at 0 °C. The reac-
tion mixture was allowed to stir at room temperature overnight.

After completion of the reaction (TLC), the reaction mixture was
diluted with dichloromethane, and then washed with cold 10%
NaHCO; (aq.) and brine. The organic phase was dried over MgSO,
and the solvent was removed in vacuo to yield the tosylates 12a—c.

(R)-3-Phenyl-2-(2-phenylthiazol-4-yl)propyl 4-methylbenzene-
sulfonate (12a). The crude reaction mixture was purified by
chromatography (5% ethyl acetate in pentane) to afford 12a.
Yield = 90%; [a]® = —2.45 (¢ 1, CHCL;); R; = 0.56 (20% ethyl
acetate in pentane); '"H-NMR (400 MHz, CDCl;): 6 7.87-80 (m,
2H, ArH), 7.60 (d, 2H, J = 8.3 Hz, ArH), 7.47-7.41 m, 3H, ArH),
7.26-7.17(m, 3H, ArH), 7.15 (d, 2H, J = 8.3 Hz, ArH), 7.05 (d,
2H, J = 7.93 Hz, ArH), 6.82 (s, 1H, het.), 4.25 (m, 2H, SO;-CH,),
3.50-3.40 (m, 1H, CH), 3.07 (d, 2H, J = 7.43 Hz, Ph-CH,),
2.22 (s, 1H, CH;); "C-NMR (100 MHz, CDCl;): 6 167.9 (het.),
156.0 (het.), 144.9, 138.8, 133.9, 132.7, 130.2, 129.9, 129.3, 129.1,
128.7, 128.0, 126.7, 126.6 (arom.), 115.7 (het.), 71.8, 43.8, 37.1,
21.7; IR (CHCl;): 3028, 1598, 1516, 1496, 1456, 1359, 1216, 1189,
1175 em™"; MS (GC) m/z: 450 (M + 1, 2), 449 (M*, 5), 419 (2),
388 (14), 295 (5), 264 (39), 202 (62), 92 (100), 91 (93).

(R)-2-(2-Phenylthiazol-4-yl)propyl  4-methylbenzenesulfonate
(12b). The crude tosylate was precipitated twice from hot
methanol-water (8 : 1) to afford 12b as white powder. Yield =
71%; [a]3> = —0.72 (¢ 1.38, CHCL,); R; = 0.42 (dichloromethane);
HPLC on OD-H (heptane-isopropanol 97 : 3, 0.4 mL min™")
42.5 min (major) and 49.0 min (minor), >99% ee; 'H-NMR
(400 MHz, CDCl;): 7.85-7.80 (m, 2H, ArH), 7.67-7.62 (m, 2H,
ArH), 7.43-7.37 (m, 3H, ArH), 7.20-7.14 (m, 2H, ArH), 6.94 (d,
J = 0.7 Hz, 1H, ArH), 4.36 (dd, J = 9.4, 6.4 Hz), 4.26 (dd, J =
9.4, 6.0 Hz), 3.34 (m, 1H), 2.26 (s, 3H, Me), 0 1.37 (d, J = 7.1 Hz,
3H, Me); *C-NMR (100 MHz, CDCl;): ¢ 16.3, 21.4, 36.1, 73.6,
114.0, 126.4, 127.7, 128.8, 129.6, 129.9, 133.0, 133.7, 144.4, 157.8,
167.7; IR (solid): 2972, 1598, 1518, 1461, 1352, 1172, 949, 844,
765, 667 cm™'; MS (GC) m/z: 374 (M + 1, 22%)), 201 (100), 188
(15), 121 (15), 98 (11), 97 (17).

(R)-2-(2-Phenylthiazol-4-yl)pent-4-enyl 4-methylbenzenesulfo-
nate (12¢). The crude mixture was purified by silica gel column
chromatography using dichloromethane-methanol (100 : 0 gradi-
ent t0 99.5: 0.5) to afford 12¢ as a white crystalline solid. Yield =
80%; [a]5® = —4.8 (¢ 1, CHCL); Ry = 0.52 (0.5% methanol in
dichloromethane); 'H-NMR (500 MHz, CDCl;): 6 7.83-7.78 (m,
2H, ArH), 7.62-7.58 (m, 2H, ArH), 7.43-7.39 (m, 3H, ArH), 7.14
(dm, 2H, ArH), 6.94 (s, 1H, het.), 5.73-5.64 (m, 1H), 5.05-4.98
(m, 2H) 4.33 (ddd, J = 14.5, 9.5, 5.4 Hz, 2H), 3.26 (dddd, J =
12.8. 7.0, 5.4 Hz, 1H), 2.57-2.46 (m, 2H), 2.2 (s, 3H); *C-NMR
(125 MHz, CDCL): § 167.9, 156.2, 144.8, 135.1, 133.8, 132.8,
130.1, 129.9, 129.1, 128.0, 126.7, 117.8, 115.3, 72.1, 41.5, 35.1,
21.6.; IR (CHCI;): 3115.25, 2976.63, 1641.80, 1597.24, 1457.00,
1354.79,1190.07, 1175.36, 1097.69, 973.08, 927.06, 830.00, 814.56,
701.21, 691.24, 650.00 cm™'; MS (GC) m/z: 400.17 M + 1, 19%),
399.16 (M*, 36), 398.20 (100), 244.19 (36), 226.24 (35),222.21 (12),
121.13 (15), 91.13 (20).

General procedure for the preparation of borane-protected
phosphines (13a—)

n-BuLi (1.6 M, 1.2 eq.) was added dropwise to a solution of
diphenylphosphine-borane adduct (1.16 mmol) in 5 mL of dry
THF at —78 °C under inert atmosphere. The reaction mixture
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was warmed to 0 °C and stirred for 40 min. The lithiated
diphenylphosphine—borane adduct was transferred dropwise via
a cannula to a pre-stirred solution of tosylate (0.77 mmol) in
1 mL of dry DMF at —78 °C. The reaction mixture was then
warmed to room temperature and stirred for 16 hours. After
completion (NMR), the reaction mixture was poured into 10%
ice-cold NaHCO; solution and extracted with dichloromethane
(15 mL x 3). The combined organic extracts were washed with
brine and dried over MgSO,. The solvent was removed in vacuo
and the crude product was purified by column chromatography to
obtain 13a—c.

(R)-4-(1-(Diphenylphosphino)-3-phenylpropan-2-yl)-2-phenylthi-
azole-borane adduct (13a). Chromatography on silica gel using
toluene as an eluent afforded 13a as colourless oil. Yield = 92%;
[} = —194.0 (¢ 1, CHCL); R, = 0.66 (toluene); '"H-NMR
(400 MHz, CDCl,): 6 7.90-7.83 (m, 2H, ArH), 7.67-7.58 (m,
2H, ArH), 7.55-7.34 (m, 8H, ArH), 7.26-7.08 (m, 6H, ArH),
7.05 (d, J = 7.71 Hz, 2H, ArH), 6.54 (s, 1H, het.), 3.78-3.65
(m, 1H), 3.28-3.04 (m, 3H), 2.60-2.48 (m, 1H), 1.62-0.60 (br,
3H, BH;); "C-NMR (100 MHz, CDCL,): 6 167.8, 157.6, 139.7,
134.2, 132.6 (d, Jcp = 9.64 Hz), 131.9 (d, Jcp = 9.6 Hz), 131.1
(d, Jep = 2.7 Hz), 130.8 (d, Jcp = 2.7 Hz), 130.0, 129.4, 129.3,
129.0, 128.9, 128.5, 128.4, 128.3, 126.8, 126.4, 116.3, 43.8 (d,
Jep = 11.4 Hz), 39.8 (d, Jcp = 1.6 Hz), 30.4 (d, Jcp» = 37.2 Hz);
FP-NMR (121 MHz, CDCl;): ¢ 15.8 (br); IR (CHCL): 3726,
3060, 3007, 2382, 1518, 1494, 1461, 1436, 1216 cm™'; MS (GC)
m/z: 477 (M*, 1%), 386 (15), 264 (16), 219 (45), 214 (100), 202
(49), 183 (16), 91 (7).

(R)-4-(1-(Diphenylphosphino)propan-2-yl)-2-phenylthiazole—
borane adduct (13b). Chromatography on silica gel with pentane—
dichloromethane (90 : 10 gradient to 40 : 60) afforded 13b as a
colourless oil. Yield = 91%; [a]3* = +94.9 (¢ 1, CHCL,); R, = 0.52
(dichloromethane); '"H-NMR (400 MHz, CDCl;): 6 0.54-1.60 (m,
3H, BH;), 1.44 (dd, J = 6.7, 1.1 Hz, 3H), 2.40 (ddd, J = 14.0, 8.4,
5.5 Hz, 1H), 3.15 (td, J = 14.1, 7.9 Hz, 1H), 3.59 (m, 1H), 6.78
(m, 1H, ArH), 7.16-7.27 (m, 3H, ArH), 7.35-7.45 (m, 6H, ArH),
7.54-7.62 (m, 2H, ArH), 7.63-7.70 (m, 2H, ArH), 7.81-7.86 (m,
2H, ArH); "C-NMR (75 MHz, CDCl;): J 23.0 (d, 9.9 Hz), 32.1
(d, J =4.2 Hz), 32.3 (d, J/ = 41.6 Hz), 113.9, 126.4, 127.9, 128.2
(d, J =9.9 Hz), 128.6-128.8 (m), 129.7, 130.6-130.9 (m), 131.5-
131.8 (m), 132.3-132.6 (m), 133.8, 160.3 (d, J = 5.5 Hz), 167.7,
IP-NMR (121 MHz, CDCl,): 15.1 (br. d, 15.4 Hz); IR (CHCl;):
3057, 2966, 2375, 1960, 1888, 1812, 1436, 1106, 1061, 909, 764,
730 cm™'; MS (GC) m/z: 401 (M*, 44%), 400 (100), 387 (21), 386
(26), 359 (9), 310 (25), 297 (11), 265 (16), 264 (11), 200 (11), 183
(14), 121 (6).

(R)-4-(1-(Diphenylphosphino)pent-4-en-2-yl)-2-phenylthiazole—
borane adduct (13c¢). Chromatography using toluene as an eluent
afforded 13c as a colourless oil. Yield = 89%; [a]3* = —94.5 (¢ 1.1,
CHCl,); R; = 0.5 (0.5% methanol in dichloromethane); '"H-NMR
(500 MHz, CDCl;): 6 7.83-7.78 (m, 2H, ArH), 7.65-7.59 (m, 2H,
ArH), 7.51-7.35 (m, 8H, ArH), 7.20-7.06 (m, 3H, ArH), 6.74
(s, 1H, ArH), 5.75-5.64 (m, 1H), 5.04 (dd, J = 3.4, 1.46 Hz, 1H),
5.02-4.98 (m, 1H) 3.57-3.48 (m, 1H), 3.12 (ddd, / = 15.1, 10.2 Hz,
1H), 2.68-2.52 (m, 2H), 2.46 (dddd, J = 14.5, 8.16, 3.5 Hz, 1H),
1.6-0.7 (br, 3H); "C-NMR (125 MHz, CDCl): 6 167.6, 157.8

(d, J = 3.4 Hz), 135.7, 133.8, 132.4, 132.3, 131.6, 131.5, 131.4,
131.0, 130.7 (d, J = 2.5 Hz), 130.5 (d, J = 2.5 Hz), 129.6, 129.0,
128.7, 128.6, 128.1, 128.0, 127.9, 127.6, 126.4, 117.2, 115.6, 41.4
(d, J = 11.6 Hz), 37.1, (d, J = 1.4 Hz), 30.0, 29.7; *P-NMR
(121 MHz, CDCL): & 14.7 (m); IR (CHCL): 3058.80, 2911.34,
2379.17, 1970.73, 1889.38, 1824.91, 1640.13, 1436.98, 1106.71,
1061.17, 985.29, 917.05, 838.63, 765.27, 736.22 cm™'; MS (GC)
m/z: 428.38 (M + 1, 3%), 427.29 (M*, 5), 426.32 (17), 387.31 (28),
386.25 (100), 385.28 (28), 296.24 (15), 225.30 (16), 198.22 (13),
185.24 (14), 183.26 (26), 121.16 (8), 77.13 (4).

General procedure for preparation of Ir complexes 14a—c

Borane adduct 13a—c¢ (0.6 mmol) was stirred with an excess
of freshly distilled diethylamine under N, overnight. Excess
diethylamine was then removed in vacuo and the product was
filtered through a short pad of silica using toluene as the eluent.
The borane-free N, P-ligand was employed in the next step without
further characterization.

To the solution of borane-free N,P-ligand (0.6 mmol) in 15 mL
of dry dichloromethane was added [Ir(COD)CI], (0.3 mmol), and
the mixture was refluxed under an inert atmosphere for 40 min.
The reaction mixture was cooled to room temperature and the
replacement of chloride ion with BAr:~ anion was carried out by
adding first 20 mL of distilled water, then NaBAr (1.5 eq.), to the
reaction mixture. The resultant mixture was stirred vigorously at
room temperature for 2 hours and extracted with dichloromethane
(20 mL x 3). Combined organic extracts were dried over MgSO,
and the solvent was removed in vacuo to obtain crude complex
14a—c.

Complex 14a. The iridium complex was purified by column
chromatography using pentane—dichloromethane 50 : 50 as the
eluent to afford 14a as an orange solid. Yield = 54%; [a]3*® =
—124.0 (¢ 1, CHCLy); R; = 0.66 (dichloromethane); "H-NMR
(400 MHz, CDCl;): ¢ 8.04-7.98 (m, 2H), 7.78-7.76 (m, 2H),
7.73-7.68 (m, 8H, BArg), 7.67-7.65 (m, 2H), 7.63-7.59 (m, 2H),
7.53-7.49 (m, 4H, BArg), 7.48-7.43 (m, 6H), 7.31-7.27 (m, 2H),
7.19-7.15 (m, 2H), 7.02 (s, 1H), 6.64 (dd, J = 7.79, 3.65 Hz, 2H),
4.53-4.49 (m, 1H, COD), 4.34-4.30 (m, 1H, COD), 3.62 (dt, J =
13.06, 4.13 Hz, 1H), 3.33-3.20 (m, 1H, COD), 3.10-2.98 (m, 2H),
2.72-2.62 (m, 1H, COD), 2.56-2.40 (m, 2H, COD-H), 2.36-2.22
(m, 2H), 2.20-2.10 (m, 1H, COD-H), 1.80-1.75 (m, 1H, COD-
H), 1.42-1.20 (m, 4H, COD-H); *C-NMR (100 MHz, CDCl;): 6
173.0, 162.7, 162.2, 161.7, 161.2 (4C, BArg), 160.1, 137.6, 135.0
(m, 8C, BAry), 133.7, 133.6, 133.3, 132.6 (d, Jcp = 2.9 Hz), 131.8,
131.3 (d, Jcp = 2.9 Hz), 131.0, 130.5 (d, Jcp» = 9.6 Hz), 129.8 (d,
Jepr=9.6Hz),129.7,129.5,129.3,129.2, 129.0, 128.0, 126.1, 118.0
(m, 4C, BAry), 115.5, 67.7, 64.6, 39.6 (d, Jcp = 14.6 Hz), 37.3 (d,
Jep = 4.3 Hz), 34.0 (4C, COD), 30.1 (d, Jcp = 35.4 Hz), 28.4
(4C, COD-C); *'P-NMR (121 MHz, CDCI;): 6 10.0 (s); "F-NMR
(282 MHz, CDCl;): 6 —62.4 (s); IR (CHCl;): 3065, 3031, 2997,
1610, 1353, 1273 cm™".

Complex 14b. The iridium complex was purified by column
chromatography using pentane—dichloromethane (75 : 25 gradient
to 20 : 80), affording 14b as an orange solid. Yield = 60%; [a]5* =
—35.2 (¢ 1.21, CHCl,;); R; = 0.29 (dichloromethane—pentane 50 :
50); "H-NMR (400 MHz, CDCl;): ¢ 1.51-1.27 (m, 3H), 1.73 (br.
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dd, J =6.8, 1.6 Hz, 3H), 1.93 (m, 1H), 2.10 (dd, J = 14.9, 7.6 Hz,
1H), 2.35-2.22 (m, 2H), 2.55-2.39 (m, 2H), 2.98 (ddd, J = 14.8,
10.6, 3.2 Hz, 1H), 3.08 (m, 1H), 3.32 (m, 1H), 4.48-4.34 (m, 2H),
4.60 (m, 1H), 7.32-7.19 (m, 3H, ArH), 7.61-7.38 (m, 14H, ArH),
7.83-7.64 (m, 9H, ArH), 8.07-7.99 (m, 2H); *C-NMR (100 MHz,
CDCl;): 6 19.8 (d, J = 15.6 Hz), 25.6, 28.3, 33.3, 33.6 (d, J =
34.3 Hz), 37.0 (m), 65.8 (d, J = 179.8 Hz), 88.3 (d, J = 15.0 Hz),
96.0 (d, J = 8.7 Hz), 115.3, 117.5 (m), 120.6, 123.3, 126.0, 128.3—
129.7 (m), 130.8, 130.9, 131.4 (m), 132.1, 132.8, 132.9, 134.9 (m),
160.8 (m), 161.1, 161.5, 162.0, 162.5, 172.4; *'P-NMR (121 MHz,
CDCl;): 0 10.9; IR (solid): 1610, 1353, 1274, 1163, 1126, 887, 716,
682, 669 cm™'.

Complex 14c. The iridium complex was purified by column
chromatography using pentane-dichloromethane (50 : 50) as
eluent to afford 14c as an orange solid. Yield = 70%; [a]5® =
—23.7 (¢ 0.7, CHCL,); R; = 0.38 (dichloromethane—pentane 50 :
50); "TH-NMR (400 MHz, CDCl,): ¢ 8.03-7.99 (m, 2H), 7.80-7.71
(m, 8H), 7.60-7.45 (m, 14H, BArg), 7.30-7.21 (m, 3H), 7.25-7.22
(m, 2H), 6.20-5.90 (m, 1H), 5.20-5.09 (m, 1H), 5.06-5.02 (m, 1H),
4.51-4.20 (m, 2H), 4.53-4.49 (m, 1H, COD), 4.34-4.30 (m, 1H,
COD), 3.62 (dt, J =13.06,4.13 Hz, 1H), 3.33-3.20 (m, 1H, COD),
3.10-2.98 (m, 2H), 2.72-2.62 (m, 1H, COD), 2.56-2.40 (m, 2H,
COD-H), 2.36-2.22 (m, 2H), 2.20-2.10 (m, 1H, COD-H), 1.80-
1.75 (m, 1H, COD-H), 1.42-1.20 (m, 4H, COD-H); "C-NMR
(100 MHz, CDCl;): 6 173.0, 162.7,162.2, 161.7, 161.2 (4C, BAry),
160.1, 137.6, 135.0 (m, 8C, BAry), 133.7, 133.6, 133.3, 132.6 (d,
Jep = 2.9 Hz), 131.8, 131.3 (d, Jep» = 2.9 Hz), 131.0, 130.5 (d,
Jep =9.6 Hz), 129.8 (d, Jcp = 9.6 Hz), 129.7, 129.5, 129.3, 129.2,
129.0, 128.0, 126.1, 118.0 (m, 4C, BAry), 115.5, 67.7, 64.6, 39.6 (d,
Jep = 14.6 Hz), 37.3 (d, Jcp = 4.3 Hz), 34.0 (4C, COD), 30.1 (d,
Jep = 35.4 Hz), 28.4 (4C, COD-C); *'P-NMR (121 MHz, CDCl,):
0 10.0 (s); “F-NMR (282 MHz, CDCl;): 6 —62.4 (s); IR (CHCL,):
3065, 3031, 2997, 1610, 1353, 1273 cm™!

General procedure for hydrogenation reactions

The substrate (0.5 mmol) and catalyst (0.5-1 mol%) were weighed
into a glass vial and 2.0 mL of anhydrous dichloromethane
was added. The vial was placed in high-pressure hydrogenation
equipment, which was purged three times with nitrogen before
being pressurized to 50 bar with hydrogen gas. The pressure
was held overnight, then vented. The solvent was removed
in vacuo. The crude product was redissolved in ether, filtered
through a short plug of silica and the solvent was evaporated.
Enantiomeric excesses were determined by HPLC and GC analysis
and comparison of the retention times with previously reported
data.'
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The relay of stereochemistry of a breaking C—O bond into a forming C—C bond is well-known in the
context of [3, 3] sigmatropic shifts; however, this useful strategy is less well-known in other types of
molecular rearrangements. Though the first successful example of a [1, 3] O-to-C rearrangement was

-to-C rearrangement: opportunities for stereoselective synthesis

reported more than 100 years ago, this class of reactions has received less attention than its [3, 3]
counterpart. This perspective analyzes the various methods used for the activation and [1, 3]
rearrangement of vinyl ethers with an emphasis on mechanism and applications to stereoselective

synthesis. We also highlight our own contributions to this area.

1 Introduction

Central to the synthesis of complex molecular targets are method-
ologies to construct carbon—carbon bonds. One such strategy is
the Claisen rearrangement, which constructs a new C-C bond by
way of a [3, 3] sigmatropic shift. The utility of this reaction lies
in its power to translate stereochemistry from the breaking C-O
bond to the forming C—-C bond (Scheme 1).! This strategy takes
advantage of our ability to control C-O bond stereochemistry to
relay it to generate C—C bond-based stereocenters. On the other
hand, [1, 3] O-to-C rearrangements are less well-known, and while
thermal [1, 3] sigmatropic shifts that relay stereochemical infor-
mation have been reported, there are a dearth of examples and
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the transformation lacks generality. It is not surprising then to find
that in a field where novelty and creativity reign supreme, chemists
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have discovered a plethora of other methods to promote [1, 3] O-
to-C rearrangements. In 2000, we initiated a program aimed at
providing a general solution to this problem. Herein we provide
a critical analysis of the potential mechanisms involved, and a
summary of the major advances in this field, with an outlook to
the future.

There are four general methods for the activation and [1, 3]
rearrangement of vinyl ethers (Scheme 2). The oldest method,
thermal activation, can furnish [1, 3] products through two dif-
ferent mechanisms: 1) a diradical, or 2) a concerted shift. [1, 3]
Rearrangement by transition metal catalysis proceeds by elec-
trophilic or nucleophilic activation of the substrate. Nucleophilic
catalysis may also be mediated by an organocatalyst. Lastly and
most intensely studied are Lewis acid-mediated processes. The
unifying theme among these diverse methods of activation is that
an intermediate pair is formed, whether it be radical or ionic in
nature, and control of these species leads to the formation of the
desired products.?

A R R
A 1 . J
O\

[1, 3] product
diradical or concerted
transition state

D
thermal SN

X X
Ml =
transition metal r w - . (/o
catalysis N OMMH >
- - [1, 3] product
(N~ M _0
~ @Ov/
- [1, 3] product
o) [ o ] o
nucleophilic )J\ ®
catalysis R,07 ~O Nu R,07 “Nu R,0
}\OR1 R OJ\ & R0 X0
L™ il [1, 3] product
.o r @ 7 e
X X X
LA X
Lewis Acid [ D L/O
0
N OLA PN =
- - [1, 3] product
Scheme 2

2 Orbital symmetry of [1, 3] rearrangements

[1, 3] Sigmatropic shifts can be rationalized by frontier molecular
orbital theory.* For a reaction to occur there must be symmetry
within the system to allow for HOMO-LUMO orbital overlap
between the reacting ends of the molecule. For a thermal [1, 3]
sigmatropic rearrangement to be symmetry-allowed, it must
occur by an antarafacial rather than a suprafacial approach
(A vs. B, Fig. 1).* If the migrating group possesses a p-orbital,
the suprafacial [1, 3] shift is symmetry-allowed and proceeds with
inversion of stereochemistry at the migrating carbon (C to D,
Fig 1).5 The majority of migrating groups in O-to-C [1, 3] shifts
are sp’-hybridized, which places additional geometric constraints
on the system.

LUmo ¢
: HOMO
suprafacial antarafacial
symmetry forbidden symmetry allowed/

geometrically difficult

: HOMO

suprafacial
symmetry allowed

Fig. 1

3 Early examples

The seminal report of a thermal [1, 3] rearrangement was presented
by Claisen in 1896, prior to his discovery that O-allyl acetoacetate
undergoes a [3, 3] sigmatropic rearrangement.” He stated that, “on
short superheating such as boiling for a few hours under two at-
mospheres’ pressure” a-methoxystyrene provides propiophenone,
the product of formal [1, 3] shift. A qualitative enhancement in
reaction efficiency for [1, 3] alkyl shifts was reported to follow the
general trend n-propyl > ethyl > methyl (eqn 1). Wislecenus and
Schrotter (1921) illustrated that this methodology could be used to
generate quaternary stereocenters (eqn 2).® The thermal [1, 3] shift
also proceeds efficiently with cyclic systems to provide substituted

cyclopentanediones (eqn 3).°
OMe 0
300 °C )
65% Me
1 2

COyEt COsEt

~ _OMe 200°C _0
Me ©)
3 4
EtO, 0. Et
o) Me o) Me (3)
5 6

4 Thermal reactions
4.1 Thermal reactions: mechanism and stereochemistry

Early studies of the [1, 3] O-to-C rearrangement were primarily
focused on identification and expansion of the substrate scope,
and the mechanism was not addressed until 1933, when Spielman'
suggested that the thermally initiated [1, 3] rearrangements pro-
ceed by way of a radical process.!! However, consideration of
stereochemistry in the context of thermal [1, 3] O-to-C rearrange-
ments is a more sensitive probe of mechanism. In the event
that rearrangement proceeds with inversion of configuration at
the migrating center, a concerted [1, 3]-sigmatropic shift is the
operative mechanism."? On the other hand, if the rearrangement
proceeds with retention of configuration at the migrating center, a

This journal is © The Royal Society of Chemistry 2008
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fast intra-solvent-cage radical-radical trapping mechanism can be
invoked.® If racemization predominates, dissociation or rotation
of a radical pair'* can be invoked (Scheme 3).

H

L& T

[1, 3] suprafacial R

sigmatropic shift
inversion of stereochemistry

H H H
[1, 3] shift RS R RS
via solvent cage trapped radical \I_D . . D|_ D
retention of stereochemistry PN . Ox
Ov
H [oH ] H
[1, 3] shift R_? R R
via solvent separated radical b, . bl P
racemization o~ 0%
%/.
Scheme 3

In 1954, a report by Hart and Eleuterio described the rearrange-
ment of optically active phenethyl phenyl ether, which proceeds
with approximately 20% retention of optical purity (eqn 4)."* The
argument was advanced that there is an intramolecular component
to the reaction. This type of stereochemical test was shown to be
substrate dependent by Wiberg and Rowland, in a process in which
optically active a-2-butoxystyrene was racemized upon heating,
thus suggesting radical pair dissociation (eqn 5).'

0~ >Ph OH
neat *
200 °C Ph 4)
7 8
[a]p?® = 5.08 [o]p?® =-0.82, 85%
OJ\/ t M
nea
Ph/& 200 °C Ph )
9 10

[a]p?® = -13.56 [a]p?® =-0.16, 76%
>95% racemization

A [1, 3]-sigmatropic N to C rearrangement has been accom-
plished by Lown, Akhtar, and McDaniel (eqn 7). Deuterium-
labeled 1,4-dibenzyl-1,4-dihydropyrazine 11 was thermally rear-
ranged in the presence of radical inhibitor butane thiol'” to provide
12 with >95% retention of optical purity and inversion at the
migrating benzyl carbon. The reaction follows first-order kinetics,
which implies that it proceeds through a concerted process and
not a radical mechanism."

(6)

60%, >95% retention

[o]p?° = 0.738
of optical purity

In an interesting report by Shiina and Nagasue a “[1, 3] sigma-
tropic rearrangement” proceeding with retention of configuration
at the migrating phenethyl group was described (eqn 7). In light
of the above mechanistic discussion, it seems more likely that this
particular example proceeds via the radical pair mechanism.

1) i) 100 °C
: OTMS i) 1M HCI : 9
() : (S : Bn
Ph/\o)Y Ph/>%LN/
13 2) BnNH,, DPC 14 H (7
DMAP
98% ee 62% ee, 25%

DPC = dipyridyl carbonate

4.2 Thermal rearrangements: examples

The concept of [1,3] rearrangement via migration of an alkyl
group, specifically -CH,Ar, found broad success under the thermal
reaction manifold. Presumably, this functionality could stabilize
either radical intermediates or charge build-up in the transition
state for the concerted mechanism. Arnold and Kulenovic showed
that silyl enol ethers derived from benzyl acetate would rearrange
upon heating to provide [1, 3] adducts in good chemical yield
(eqn 8). In all cases, no [3, 3] product was observed.”

o
OTMS 0 OTMS
THF
%O/\Ph 70°C Ph/\{)kOTMS (8)
15 16 17
[1, 3] I3, 3]
74% not observed

Heteroaromatics also participate as the vinyl ether component
en route to unnatural amino acids (Scheme 4)* and functionalized
butenolides (eqn 9).2 It is important to note that the major
competing process in this system is not the [3, 3] rearrangement
which would provide 21, but rather the corresponding [1, 5] shift
to generate 20.

During their studies of aminomercuration of alkynes, Barluenga
and coworkers found that with furanyl substitution, p-oxy enam-
ine products would undergo a subsequent [1, 3] rearrangement in
60% yield (eqn 10).2 Deuterium labeling experiments revealed a
secondary kinetic isotope effect of 1.83, which suggests complete
C-Obond cleavage in the transition state and that the reaction may
proceed by a radical pair mechanism. The thermally initiated [1, 3]
O-to-C rearrangement can also be used to synthesize spirocyclic
systems as described by Swenton (eqn 11).2*

[1, 3] Benzyl group migrations have been used as the termination
step in a domino reaction (Scheme 5).* Benzocyclobutane 28
rearranges via a 4n electrocyclic ring opening followed by a
6 electrocyclic ring closing and [1, 3] benzyl shift, to provide
isochromene 29. However, when heteroaromatics such as furyl
or thiophenyl are employed the [3,3] termination process is
competitive (eqn 12).

A thermal [1, 3] rearrangement of allyl vinyl ethers has been
noted in two instances. In both cases the [3, 3] process is inhibited
by a significant kinetic barrier due to strain in the transition
state, and thus the[1, 3] rearrangement predominates. Danishefsky

242 | Org. Biomol. Chem., 2008, 6, 240-254

This journal is © The Royal Society of Chemistry 2008





F3C
42\ xylenes
) o, T

CFs
0 |N
o

R= CH3, COzH
Ph
20 21
[, 3], 81% [1, 5], trace [3, 3]
unnatural
CFs  amino acid
NHCI
0]
OH
Scheme 4
FsG CFs cl al Ph
Ph— xylenes Ph OO -Ph \©/
o—" | o | ©) MeO MeO 0
o Np, 1207 0 Npy 28 180°C b 29
22 23 4‘y
70% 54%
K\o 4 -TC [1 3]
neat N
o N\) ol \)
C/) 80 °C o (10) O Ph 67 weo 0._Ph
X3
24 25 || o
\_o %
60% Scheme 5
reported an unusual ring contraction of lactone enolates of type
toluene 30 (eqn 13).%
0 1 10 oC . Ph (1 1)
A & :
Ph o) O toluene
26 27 / OTMS
83% 105 °C (13)
X 30
61%
Knight showed that silyl enol ether 32 resists rearrangement
until it is heated in refluxing xylenes (Scheme 6).?” The structure of
O/ 180 °C cyclopentane 33 was confirmed by X-ray analysis and is proposed
to arise from initial [1, 3] shift followed by a Cope rearrangement.
Rainier and coworkers reported an interesting [1, 3] rearrange-
N, — X ment of an allyl vinyl thioether (Scheme 7). The reaction
Z \ initiates via rhodium-mediated coupling of a thioether and a
Y% vinyl diazoacetate to provide an ylide, which typically rearranges
MeO 0 . MeO 0 in a [3,3] manner. However, if the allyl moiety is sufficiently
) o sterically encumbered, ionization predominates and [1, 3] products
are formed. Although the ionization is proposed to be spontaneous
=0, 2:1,73% in this mechanism, the possibility of rhodium assistance has not
=S, 5:1, 49% (12)  been ruled out.
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5 [1,3] Rearrangements proceeding through an ion
pair

5.1 Transition metal(i)-mediated reactions

In 1979, Ferrier reported that HgCl, mediates a [1, 3] rearrange-
ment of hexose 36 to cyclohexanone 37, in a reaction that now
bears his name.?3® The transformation is thought to proceed
via oxymercuration of the olefin, followed by fragmentation
and subsequent aldehyde alkylation with the mercury enolate
(Scheme 8). Palladium(11) also catalyzes a similar carbocyclization,
presumably through electrophilic-Pd(11) activation of the vinyl
ether (eqn 14).313

5.2 Transition metal(0)-mediated reactions

Alkylidenetetrahydrofurans of type 40 are known to undergo
a thermal [3,3] rearrangement to produce cycloheptanones
(eqn15).% In 1980, Trost and coworkers described a Pd(0) catalyst
system that rearranges 42 in a [1, 3] sense to produce cyclopen-
tanone 43 (eqn 16).** Tt was later found that a complementary Pd—
ligand combination would provide the cycloheptanone product
(eqn 17).%

Formation of cyclopentanone 48 presumably proceeds by
coordination of Pd(0) to the 1,1-disubstituted olefin of 46 followed
by an S\2' attack to create the zwitterionic intermediate 47,

BzO.,, HgCl,
aq. acetone
Bz0” Y “OMe reflux
36 OTs
oTs
Scheme 8

which subsequently collapses in regioselective fashion.** The
reaction proceeds with overall retention of configuration by double
inversion (Scheme 9).%

Bn-., 10 mol% PdCl, "0
Bno” > “0Bn 2:1 Bno” > OH  (14)
O _NBn dioxane/aq. H,SO4, o _NBn
S 60°C Y 30

80%
o)
CO,R =
— 2
o) CO,R (15)
40 4
CO,R

0
o Pd(PPh3), MeO,C
(16)
DMSO, 90 °C
42 43
77%

CONEt,

Pd(dppe),

o
o ——— - EtNoC °><
17)
)< DMSO, 100 °C d (
(6]

45
64%

5.3 Other nucleophilic catalyst-mediated reactions

[1,3] Rearrangements of enol esters may also be catalyzed by
nucleophilic small molecules or organocatalysts, as first demon-
strated by Hofle and Steglich in 1970.*® The reaction proceeds
by nucleophilic addition of the catalyst to the carbonyl, which
then fragments to create an ion pair intermediate, followed by
C-alkylation and formation of the product. Elegant work by Fu
(eqn 18) and Vedejs (eqn 19) showed that chiral enantioenriched
DMAP-type catalysts may render the reaction asymmetric.* The
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6 mol% Pd(dppe),
Et;NOC:

93%
ring closure

retention by
double inversion

dioxane, 90 °C

Scheme 9

reaction will also proceed in the presence of an N-heterocyclic
carbene (eqn 18).%

(0]
no)k ¢}

Q 0
ZZ2Ne) BHOMO
N:< K N:<
p-OMeCeHs <> 50 0-OMeCqHs
- Fe 94%, 91%ee (18)
Fu: 2mol% k%
t-amyl-OH, 0 °C
O=N 82% (racemic)
Smith: 4mol% —N_N-pn
THF, 23 °C
Me. . .Me
10mol% 1L
Ph g o
fﬁ/\ogﬁf . COPh
N—oco,Ph N ° (19
N t-amyl-OH, 40 °C

N
)\OPh
o

93%, 86%ee

51 OPh
0O

5.4 Lewis acid-mediated reactions

5.4.1 Lewis acid-mediated [1, 3] rearrangement of acyclic sys-
tems. Potentially the most general way to access ion pair
intermediates that facilitate [1, 3] rearrangement is treatment of
a suitably functionalized substrate with a Lewis acid. The overall
process is of considerable utility owing to the often convergent
and rapid assembly of starting materials and the ability to control

the stereochemical course of the reaction through judicious choice
of rearrangement parameters. Originally developed as a route to
cross-aldol products, B-hydroxy ketones,* Lewis acid-mediated
[1, 3] rearrangement of vinyl acetals showed early promise. Vinyl
acetal 53, bearing a trisubstituted alkene as a 60 : 40 mixture of
geometrical isomers, rearranges in the presence of superstoichio-
metric amounts of Lewis acid to produce protected B-hydroxy
ketone 54 as a 60 : 40 mixture of diastereomers (eqn 20).*

T e

Z:E =60:40

2 eq BF3 OEtz OEt O

CH,Cl,, -78 °C (20)
54

60:40 dr, 53%

It was later shown that the [1, 3] O-to-C alkyl group migration
could be rendered diastereoselective if a single alkene isomer was
employed in the starting material (Scheme 10).** The authors
rationalized the stereochemical outcome of the rearrangement
as an “electrostatically stabilized chair transition state” in a
Zimmerman-Traxler model (Scheme 11). A presumed electrostatic
attraction between the boronate and the oxocarbenium ion holds
the ion pair in the ordered transition state; however it may be more
prudent to rationalize stereochemistry using a simple Newman
projection viewed down the axis of the forming bond.

O, H
MeO 0}
0.5 eq. BF;-OFEt;
T J q. B3 OEL MeO,,
55 CH,Cl,, -78 °C 56
V4 threo(anti), 73:27 dr, 78%
O, H
MeO_ O 0.5 eq. BF;-OFt,
\( I MeO.
57 CH,Cl,, -78 °C 58
E erythro(syn), 92:8 dr, 75%

Scheme 10

More recently, dienes have been shown to undergo a regio-
and diastereoselective rearrangement (eqn 21).* These results
are consistent with the rearrangement of vinyl acetals shown in
Scheme 10 and most likely proceed via a similar transition state.
In the presence of a chiral auxiliary, the [1,3] rearrangement
can be rendered highly diastereoselective to produce all-carbon
quaternary stereocenters (eqn 22).%

H OBF
or MeO.,,
— Me
anti
(0] H
or
O BF; M eowi
syn
Scheme 11
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n-Bu n-Bu n-Bu

Lewi .
j ewis acid _ \f
+
o CH,Cly, -78 °C
g Z Zz CcHO <" >cHO
OEt 59 OEt g0 OEt ¢ (21)
BF3-OEt, 1:9dr, 75%
MAD 4:1dr, 89%
MAD = bis(2,6-di-tert-butylphenoxy)(methyl)aluminum
n-Bu

I-Pr,

\\ ?‘\o MeAICl, 5 /.er

no—.,
- ~ N (o]
(0 I)( PhMe, -78 °C ”'B“A\/<ff hi @2

62 63
OBn

54%, >99:1 dr

Okahara and coworkers provided early mechanistic insight for
the [1, 3] rearrangement of vinyl acetals in a crossover study that
was seminal to our own work in this area. At —78 °C the ratio
of expected products to crossover products was 0.96 : 1.00 : 0.41 :
0.49, while at 0 °C the amount of crossover products decreased
(Scheme 12).% The dependence of the degree of crossover on
temperature suggests that the reaction proceeds through a contact
vs. solvent-separated ion pair.*” We have taken advantage of this
insight to establish ion pairing as a control element for the [1, 3]
rearrangement of pyranyl vinyl acetals, which will be discussed in
depth in the following section.

N,O-Vinyl acetals undergo facile Lewis acid-induced O-to-C
migration, in which the corresponding ion pair consists of an N-
acyliminium ion and a metalloenolate. The Lewis basicity of the
amine functionality necessitates its attenuation via a carbonyl or
some m-withdrawing substituent for adequate reactivity. Frauen-
rath and coworkers were the first to report this reactivity and
showed that sterics will override the stereochemical influence of
enolate geometry (eqn 23).%

The allyl group also provides sufficient electron donation to
fragment allyl vinyl ethers in the presence of a Lewis acid. The
corresponding ion pair allows access to the [1, 3] product in the face
of a possible [3, 3] rearrangement. The [1, 3] product is accessed
under kinetic conditions, where product selectivity is governed by

(6} OEt

cl N A|C|3
64
CH,Cl,
temp., 0.5h

(o) +
)ko /\{TO\/OMe
65

approach of the metalloenolate to the more exposed terminus of
the corresponding allyl cation (Scheme 13).

Q 3,3 o7 [1, 3] o
X"p V\D ~p

Scheme 13
(o]
(0]
)J\f TMSOTF )J\N/ 9,
N [SXAN
| /w CH,Cly, 0°C o (23)
70 71

Z/E = 89:11 67%, 98:2 dr

An early example by Yamamoto and coworkers showed that,
under ionizing conditions, the [1, 3] product is accessible in acyclic
systems (eqn 24).* Rearrangement of pentadienyl vinyl ether 72
provides a mixture of products in which the [1, 3] product 73 is a
significant portion of the isolated material.

Me +Bu t-Bu
Me
= Br o\/IM.o Br
t-Bu t-Bu
=
J CH,Cl,, -78°C
Ph 0 20 min.
72
Me Me (2 4)
= =
+ +
=~ 0 |
|
Ph Ph 0/ Ph
73
1,31 [3,3] [5,3]
0,
28 15 57 99%

Gansauer showed that labeled symmetrical allyl vinyl ethers
rearrange in the presence of catalytic Lewis acid to a 1 : | mixture
of regioisomeric aldehydes through an unselective trapping of the
symmetrical cation intermediate (Scheme 14).% A mixture of vinyl

OEt 0
Clw )ko OMe
6 D

(0]

66 67

. J
Y

expected products
OMe )CL
c/}(\/ OEt
o} o/\g/\/

68 69

N\ J
Y

crossover products

molar ratio 66 : 67 : 68 : 69

-78°C=0.96:1.0:0.41:0.49
0°C=1.0:0.93:0.054:0.19

Scheme 12
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o}
|
“So 1 mol% B(CgFs)3 Q\ /@\
.
P P
P b ™ CH.Cl, 23°C Ph X Jen e Ph
74
1:1 mixture of regioisomers
D.__D ° o
o 5 mol% Cu(OTH), D__D
\/I\ cHex T NC—HEX
c-Hex CH,Cly, 23 °C |
76 D" D 77a 77b
1:1 mixture of regioisomers
Scheme 14

ethers 78 and 79 produce a significant quantity of ion-exchanged
products (Scheme 15).

o o]
Ph
1-adamanty!
| . | 1 mol% B(CqFs)s ty PMB
80a 80b
[0) PMBO Ph 20% 37%
H,Cl,, 23 ©f
1-$damanty| CHyClz, 23°C expected products
78 79 2 9
Ph
1-adamantyl PMB
81a 81b
31% 12%
crossover products
Scheme 15

In our own studies, we have established that a regioselective
rearrangement of allyl vinyl ethers is possible through electronic
differentiation of the two ends of the corresponding allyl cation
(Scheme 16). Ultimately, the system could be controlled by instal-
lation of an additional methyl or alkyl group on the allyl portion of
the allyl vinyl ether. This creates a situation where reaction at the
more substituted carbon, in a formal [3, 3] rearrangement, would
produce a quaternary carbon center. The steric congestion in the
TS leads to selective kinetic trapping to produce the [1, 3] adduct
(eqn 25).%

/\O MeAI(OCGHzBrg)Z

= O/ \O
o +
TRIX o
Ph toluene -78 °C Ph” X Me Ph Z “Me

Me

?

From:
Ph/\)\ Me

78:22

From:

(@]
§ ) s

Ph)\/\Me 9oid

8

(]

Scheme 16

Me 07X Me o

)\)\ Cu(OTf),
Ph X Me

CHCl, -50°C  pr X-"“me  (25)
84 85
>95:5, 81%

O-Allyl phenols undergo a [1, 3] rearrangement catalyzed by
montmorillonite K-10 clay as originally reported by Dauben.*
This reaction was later optimized by Dintzner and coworkers
to produce the product of [1, 3] rearrangement (eqn 26). It was
noted that the activity of the catalyst diminished significantly in

successive runs,
7
on (26)

87
66%

Montmorillonite

@\ /\)\ K-10 clay
o =

86 CCly, 23 °C

5.4.2 Lewis acid-mediated [1, 3] rearrangement of pendant aryl
and vinyl ethers. Development of the [1, 3] rearrangement of
pendant aryl and vinyl ethers illustrates both the utility and
convergence of this reaction manifold. At the heart of the
stereochemical issues associated with this rearrangement are ion
pairing and molecular conformation. A variety of models can
be used to rationalize the observed product ratios; however, the
steric influence of substituents primarily dictates product stere-
ochemistry. An early example of a [1, 3] O-to-C rearrangement
was disclosed by Suzuki and coworkers. A mixture of anomeric
fluorides and a phenol first forms an O-glycosidic linkage, which
upon warming rearranges to its C-congener. Tin and boron Lewis
acids are effective for the formation of the a-product, while
the Cp,HfCl,—AgClO, mixed Lewis acid provides the B-product
(eqn 27).%*

“g D) e
O 27)

MeO MeO O
o o
\\Q/o -78t00°C
Rt % OH
MeO ‘OMe MeO OMe

89
B =19, 92%

Cp,HfCl,-AgCIO,

CH,Cl,, -78 °C

Resorcinol derivatives also perform well under these reaction
conditions, favoring the B-product with good regioselectivity
(eqn 28). This method has been expanded to incorporate O-
acetyl glycosides as efficient glycoside donors*® and as an approach

MeO 90 OMe

4A MS, CH,Cl,
78100 °C

OAc OH
MeO MeO
(e} (0]
+
OH OAc
MeO 91a OMe MeO 91b OMe

BFyOEt, (a/B=1:17) 81%, 11%
Cp,HfCl,-AgCIO, (/B = 1:15) 83%, 8%

Lewis Acid

(28)
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toward the vineomycin skeleton.”” Suzuki proposes that these
reactions proceed through ion pairs.

Preformed tetrahydrofuranyl O-aryl glycosides rearrange ef-
ficiently in the presence of catalytic Lewis acid, as shown by
Kometani and coworkers (eqn 29).*® In more complex sugar-
derived systems the B-anomer is the favored product (eqn 30).%

Q\O
LI

92

10 mol% BF5-OEt,

CH,Cl,,0°C (29)
OH
e
T v,
93a 93b
100:0, 83%
HO
10 mol%  OMe
BF,-OFt,
25°C

OMe g4 OMe

95
74%

Frauenrath and Runsink described the stereoselective rear-
rangement of dioxolanylpropenyl ethers 96 and 98 to the cor-
responding aldehydes (eqns 31 and 32).%° Once again, double
bond geometry affects the stereochemistry of the product: a Z
olefin configuration provides the syn product (dioxolane oxygen
syn to methyl) and an E olefin configuration gives the anti product,
although neither proceeds with high selectivity (Scheme 17).

o BF4-OEt, _0
X)) e ST e

96 97

syn, dr (79:21), 79%

5 mol% TMSOTf

n-Hex

Jéfojé\oJL Me
H A

102

CH,Cly, -78 °C
103

97:3dr, 72%

m
n-Hex” =0 Me
HoH

e - (8

)To anti
o
F,BO
Scheme 17
o BF4-OEt, /\8\&0
o/\_:< I o )

(32)

)To

The steric environment about the allyl cation can also control
facial selectivity in the recombination event. Grieco and coworkers
developed a LiClO,—Et,O protocol for the [1, 3] rearrangement
of aliphatic allyl vinyl ethers. In a particularly nice example, a
verbenol-derived allyl vinyl ether 100 rearranges with complete
inversion (eqn 33). A crossover experiment revealed that these
conditions were enabling the reaction to proceed through a
dissociated ion pair, which mandates that product selectivity
arises from recombination from the less hindered face of the ring
system.®!

(¢}
CH,Cl,, -78 °C )ng

anti, dr (73:27), 87%

98

% 3M LIiCIO, 7
0F E40,25°C H

100 101

single diastereomer

94% (33)

A sequence of papers by Ley and coworkers described the
rearrangement of pyranyl vinyl acetals and related anomerically
linked nucleophiles.®>** Typically, products of 2,6-trans stereo-
chemistry about the pyran ring are isolated. The trans products are
essentially identical to those that can be accessed by intermolecular
oxocarbenium ion alkylations. However, by simply increasing
the amount of Lewis acid and the reaction temperature, the
trans product could be equilibrated to the cis stereochemistry,
presumably through ring-opening of the pyran (Scheme 18).%

Using Okahara’s insight into the nature of the ion pair interme-
diates formed by Lewis acid-mediated cleavage of vinyl acetals,

/E\|\)OL
4 &
n-Hex H OLA Me

1 eq. TMSOTf

CH,Cly, 23 °C

ij\)OJ\
n-Hex” =07z Me
H

H
104
94:6 dr, 78%

Scheme 18
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our laboratory has developed a stereoretentive rearrangement
of pyranyl vinyl acetals. A mixture of Lewis acids (Me,Al and
BF;-OFEt, in a 4 : 1 ratio) produces a tight ion pair from the
cleavage of vinyl acetal 105, which leads to the formation of the
2,6-cis pyran 106 (eqn 36).% The reaction of 105 in presence of
BF;-OEt, provides trans-106 in 95 : 5 dr and 93% yield.

H H H H
n-Hex : O : O _Ph PhMe pnHex : o_: Ph
\ﬂ/ -78°C
0
105 106 (34)
1.2 eq. BF3OEt2 93:7 dr. 86%
4 eq. MezAl ’

1.2 eq. BF3-OEt, 5:95dr, 93%

It was hypothesized that a tight contact ion pair was respon-
sible for the cis product stereochemistry. Indeed, a crossover
experiment revealed minimal amounts of products arising from
ion scrambling, while providing cis stereochemistry (Scheme 19).
The crossover experiment, when performed in the presence of
BF;-OEt,, provides primarily the zrans products with modest but
significant amounts of crossover. This suggests that two different
ionic species are involved: 1) a tight ion pair that provides the cis
product (Me;Al/BF;-OEt,) and 2) a solvent-equilibrated ion pair
(BF;-OEt,) that emulates an intermolecular nucleophilic addition
to an oxocarbenium ion, but presumably does not fully dissociate
in the low polarity medium.

Another interesting observation that evolved from this report
is an example of an isoinversion® effect: lower temperatures
provide lower selectivity, while higher temperatures provide greater
selectivity (eqns 35 and 36), a situation easily explained when one
considers the entropic factors involved in solvating two distinct
ions.* This method also provides stereoselective access to 2,7-
disubstituted oxepanes and 2,5-disubstituted tetrahydrofurans.

Woerpel and Shenoy showed that 5-(benzyloxy)pyranyl vinyl
acetal 117 rearranges under the Rovis conditions for generating
contact ion pairs and BF;-OEt, to provide the trans product
stereochemistry in nearly identical yield and selectivity (eqn 37).¢
They suggest that the reaction proceeds under both conditions via
a solvent-equilibrated ion pair. In this case ion pairing does not
explain their results, which remain consistent with their inside-
attack model.®

Me

H H
n-Hex_: _O_:

- 0O
o

el

n-Hex
Lewis acid

PhMe, -78 °C

non-crossover products

T

OTTN

113

s

Ph

1.2 eq. BF3-OFt,

4 eq. MezAl PhMe (35)

114 cis/trans
-25 °C, 10:90, 85%

-78 °C, 60:40
H
(O TTOI
Me 115
o (36)
H
(o} Tol
+
(e}
Me
116 cis/trans
-78 °C, 33:67
-25 °C, 89:11, 78%
B
ST
117
Lewis Acid | toluene, -78 °C
(37)
o 0
m . LJ \n/
o] 0o
BnO!' BnO
118a 118b

BF;-OEt,, 22:78 dr, 91%
BF;-OEty/Me;Al, 21:79 dr, 99%

We have also shown that this rearrangement could be applied
to more complex systems. Rearrangement of vinyl acetal 119
can provide access to 1,3-polyol arrays through a stereoretentive

t-Bu

112

crossover products

Lewis Acid cis-109 trans-109 cis-111 trans-111
BF3OEt, 0.5 23.0 0.3
Me;Al/BF3OEt, 48.8 14 42.8

cis-110 trans-110 cis-112 trans-112
0.6 20.8 0.1 15.3
0 0.3 0 <0.2

Scheme 19
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process that provides syn-120 or a solvent-equilibrated ion pair
that provides anti-120 (eqn 38).® The rearrangement of pendant
cyclic vinyl ethers also works well under the solvent-equilibrated
ion pair conditions to provide 122 with the simultaneous formation
of two new contiguous stereocenters (eqn 39).”

o
J/\ 119

Lewis Acid | toluene, -78 °C

1 X

1,3-syn-120 1,3-anti-120

BF;-OFEt,, 2:98 dr, 89%
BFOEty/Me;Al, 96:4 dr, 81%

(38)

H H
n-Hex : O _: O\©
U 0 39
121 PhMe, -78 °C 122 39

2,6-cis, >99:1
2,2"-anti, 79:21
90%

BF,OEt, 1o

5.4.3 Lewis acid-mediated [1, 3] rearrangement to make hete-
rocycles and carbocycles. Lewis acid-mediated rearrangement of
cyclic vinyl ethers to form either heterocycles or carbocycles is
fundamentally different from the rearrangement of pendant vinyl
ethers because they lack a cyclic oxocarbenium ion that can be used
as a control element. As a result the selectivity in these reactions is

Lewis
Me acid |—|
| /T H
OEt 22h HO  Me OEt HO  Me OEt
% 125

0
123 \100 conv. 124
i-BuAl \ / EtsAl
R
e s
NOEt :

(IJ O/ Me OEt
e
eLA

Scheme 20

strongly influenced by both the size of the Lewis acid employed and
the nature of the substituents on the substrate in question. In an
early report, Menicagli and coworkers showed that dihydro-2H-
pyrans would undergo ring contraction to form the corresponding
cyclobutanes (Scheme 20).”

They later confirmed the stereochemistry about the cyclobutane
ring to be cis (hydroxy methylene cis to ethoxy group). Interest-
ingly, employment of an Al-etherate complex provides the product
of alkyl group transfer (secondary OH) in preference to reduction
(Scheme 21).7

Seven-membered rings may be converted into their five-
membered ring counterparts via Lewis acid activation. Frauenrath
and coworkers described a ring-contraction of 2,4-disubstituted
dioxepins; however, a surprising effect was noted. The cis-2,4-
disubstituted dioxepin provides a mixture of the four possible
diastereomeric tetrahydrofurans, while the frans-disubstituted
dioxepin provides only two tetrahydrofuran products with good
selectivity for 137 (Scheme 22).

Takano and coworkers illustrated a diastereoselective ring
contraction to produce a 2,3,4-trisubstituted tetrahydrofuran en
route to (+)-asarinin (Scheme 23). They showed that two different
Lewis acids would provide complementary diastereomeric tetrahy-
drofurans with good selectivity.”

We chose to expand on these isolated examples of 1,3-dioxepin
ring contractions and hypothesized that the stability of the
oxocarbenium ion intermediate was key in controlling the relative
stereochemistry of the tetrahydrofuran. The Frauenrath and
Takano conditions were ineffective for the rearrangement of 141
(Table 1). However, when MeCN was used as the solvent, the ring
contraction proved selective for one of the four diastereomeric
tetrahydrofurans. This allowed for vast expansion of the substrate
scope.”

The relative configuration in the 2,3,4-trisubstituted tetrahydro-
furan products can be rationalized with our proposed stereochem-
ical model (Fig. 2). Both R, and R, prefer to be in the equatorial
positions (A vs. B). We also believe that there is an interplay of
energy minimization brought about by the potential relief of A, ;
strain between R, and the metalloenolate (A vs. C).

Favored

Fig. 2

Et Et Et
U conditions o, ; Ho+ j/j\ . j/j\
0~ TOEt HO  Et OEt HO  Et OEt 07 ko Et HO” EtO Et
126 127 128 129 130
0.5 eq. EtzAl, 98 °C, 4.5h, (100% conv.) 34 51 : 15 : 0
0.5 eq. Et;AI-OEt,, 98 °C, 20.5h, (100% conv.) 9 91 : 0 : 0

Scheme 21

250 | Org. Biomol. Chem., 2008, 6, 240-254

This journal is © The Royal Society of Chemistry 2008





AN BF5-OEt, b o
0.0 °©
CH,Cl,, -78 °C H b
/\ AN
131 133 134 135
54:19:24:3 dr, 81%
,,,,,, ﬂ BF5-OEt,
(0] (0]
I CH,Cly, 78 °C )?\( i
136 \ / 137
o 89:11 dr, 93%
OLA
— —
(6] @O —~
Scheme 22
n-CsHqy
n-C5H11\/\<_\ o
0 LeW|s Acid
CHzClz, -78°C
139 then NaBH4
o)
o~/ asarinin
TiCly(0-iPr), 30:1dr, 53%
TBSOTf 1:13 dr, 85%
(dr = 2,3-trans/3,4-cis : 2,3-cis/3,4-trans)
Scheme 23
Table 1 Optimization of [1, 3] ring contraction of 1,3-dioxepins
Ph
% Ph Ph
m Lewis Acid P /2
0 o Solvent o + 5
141\(/ Ph 142 Ph a3 Ph
Entry Lewis acid Eq. Solvent T/°C dr (142:143:minor products) Yield (%)
1 BF;-OEt, 0.1 CH,Cl, —78 62:24:3:11 93
2 Cl1,Ti(Oi-Pr), 1.1 CH,Cl, —78 19:66:11:4 92
3 TMSOTf 0.1 CH,Cl, —78 55:33:6:8 80
4 TMSOTf 0.1 MeCN —40 91:5:4: <1 85

Coleman and coworkers described a similar ring contraction of
dibenzodioxepins, as an approach to the spirobicyclic ring system
of the schiarisanrin class of natural products (eqn 40).7

Another effective and convergent oxacycle synthesis emerged
from the labs of Petasis.”” Condensation between a hydroxy acid
and a ketone provides spirocycles of type 146. Carbonyl olefination
with the Petasis reagent provides the desired vinyl acetal, and
when treated with i-Bu;Al, rearrangement followed by ketone
reduction furnishes 148 with excellent cis diastereoselectivity
(eqn 41). Tertiary alcohols may be accessed using this method

through the use of Me;Al or Et;Al as the Lewis acid/alkylating
reagent.

Pyrans may also be constructed using this method, for which
the reduction to the secondary alcohol proceeds with good
diastereoselectivity (Scheme 24).” In spite of the potential for
an oxonia-Cope rearrangement, the reaction still proceeds with
excellent diastereoselectivity between the phenyl and isopropyl
substituents in product 150.

Electron-donating groups other than the ether functionality will
sufficiently activate a vinyl ether towards [1, 3] rearrangement.
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Scheme 24

Sinay and coworkers reported a Lewis acid-mediated Ferrier
reaction for a variety of functionalized C-glycosides (eqn 42).7%
The ketone intermediates, formed after the rearrangement, are
further reduced by i-Bu;Al as per the work of Petasis.

R 0 i-BUAl

R R

RATx
R PhMe, 50 °C OH R (42)
R =0Bn
X =151, SPh, 81%
152, SePh, 84%

Dicobalt hexacarbonyl complexes of alkynes are known to sta-
bilize propargylic cations® and thus have been used in the context
of [1, 3] rearrangement of pyrans.®>® In contrast to the example
by Smith (vide supra), Harrity and coworkers have illustrated that
FE and Z olefin isomers lead to different diastereomers (eqn 43).
Enantioenriched pyran Z-153 rearranges efficiently in the presence
of TiCl, with minimal racemization.

We have shown that allylic stabilization of the carbocation will
allow for [1,3] rearrangement of cyclic allyl vinyl ethers (2,5-
dihydrooxepins) in a modular route to densely functionalized
cyclopentenes (Scheme 25).3 A pre-existing stereocenter that is

1.5eq. TiCly
(0C)sCo; X _Ph (0C)sCoy.
e 0 S 0

// CH2C|2 ///
n-Bu 7810 25 °C n-Bu Ph (43)
E-153 cis-154, 81%
Z-153 trans-154, 78%

Z-153, 73% ee trans-154, 67% ee, 52%
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Ph
R EtAIC, \E§
CH.Cl, O ™
o 23°C, 5min I R
155 H 156
95% ee 70%,>95 :5ds

95% ee

H CHs

H H
& &
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-

o A |
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Scheme 25
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TIPS 162

—_— MeO.

phorboxazole A

Scheme 28

not epimerizable under the reaction conditions leads to enhanced
levels of diastereoselection through minimization of A,, and A, ;
strain (A vs. B).

In the arena of natural product synthesis, the most spectacular
examples of this type of transformation were accomplished by
Smith and coworkers en route to (+)-phorboxazole A.*%¢ A first-
generation approach to the key dioxane revealed that the oxazole
and ether oxygen could form a chelate with the Lewis acid,
suppressing reactivity (Scheme 26). This problem was overcome
through the synthesis of a regioisomeric dioxane, which rearranges
in the presence of Me,AlCl.

Stereoconvergent rearrangement of a 1 : 1 mixture of E and
Z trisubstituted alkene isomers 159 provides 162 as a single
diastereomer in good yield (Scheme 27). This surprising result
was rationalized as follows: the Z isomer reacts via a preferred
chair transition state 160 while the £ isomer rearranges through a
boat conformation 161.

Both 158 and 162 were carried on to complete the total synthesis
of (+)-phorboxazole A (Scheme 28). This carbocyclization has
also been effectively used by Smith and coworkers en route to
(—)-kendomycin and the EF fragment of (+)-spongistatin 1.57#

6 Conclusion

This review has attempted to comprehensively survey advances
in the development of [1,3] rearrangements. Although signif-
icant progress has been made in this area, there is room for
improvement of existing methods and their application to more
complex scenarios. In particular, the incorporation of nitrogen
into rearrangement precursors would undoubtedly expand the
utility of this class of reactions. Certainly, future research with
an eye towards substituent effects and ion pairing will have a large
impact on the general understanding and development of new
[1, 3] rearrangements.
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We demonstrate a photoelectrochemical approach to the detection of the methylation status of cytosine
bases in DNA. We prepared anthraquinone (AQ) photosensitizer-tethered oligodeoxynucleotide
(ODN) duplexes bearing 5-methylcytosine ("C) or the corresponding cytosine (C) at a restriction site of
the ODN strand immobilized on gold electrodes, and measured their photocurrent responses arising
from hole transport after enzymatic digestion. Treatment with Hapll or Hhal of the duplexes bearing
normal C led to strand cleavage, and the photosensitizer unit was eliminated from the ODN strand
immobilized on the gold electrode, exclusively reducing the photocurrent density. With a similar
treatment, the duplexes bearing ™C showed higher photocurrent responses arising from hole transport
through the duplex. This significant difference in the photocurrent response between "C and normal C
residues in DNA on the gold electrodes is potentially applicable to the detection of ™C modification in

DNA.

Introduction

Electrochemical devices based on the recognition and conducting
properties of DNA have been developed for detecting nucleoside
sequences, proteins, and small molecules." Among the various
electrochemistry-based DNA devices developed so far, the photo-
electrochemical approach®* has attracted a great deal of attention,
because of the high sensitivity and selectivity of the detected signal
as well as lower cost for easy production of the related devices.

Recently, Saito and Okamoto reported the characterization
of photostimulated long range hole transport through DNA
by measuring the photocurrent responses of a photosensitizer-
bearing duplex immobilized on gold electrodes, and applied
their photoelectrochemical system to single nucleotide polymor-
phisms (SNPs) typing.® In addition, different photoelectrochem-
ical approaches using a CdS semiconductor nanoparticle* or
naphthaldiimide photosensitizer* on DNA revealed the detailed
mechanism of electron or hole transport through DNA film. We
have also evaluated the hole transport capability of DNA duplexes
and triplexes by a similar photoelectrochemical assay.® Based on
these studies, a hole transport-induced photocurrent response
arising from a DNA duplex on an electrode has become an easily
measured quantity.

Methylation of cytosine is believed to cause the epigenetic
repression of genetic information.® In this light, the establishment
of a method of assessing the methylation status of specific
cytosine residues in DNA is increasingly important for elucidating
the biological effects of cytosine methylation. To discriminate
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Engineering, Kyoto University, Katsura Campus, Kyoto 615-8510, Japan.
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sequence of the human p53 gene. See DOI: 10.1039/b715260d

between cytosine and 5-methylcytosine ("C), various methods
have been proposed by our group and others that use differences
in chemical,”® biochemical,’ and photochemical reactivity.!!
Although electrochemical techniques are known to have several
advantages over the protocols reported so far, there have been
only a few attempts to apply such electrochemical methods to the
detection of "C in DNA, e.g., the measurement of the peak current
arising from an exogenous redox-active indicator that binds the
polymerase chain reaction (PCR) product of a methylated DNA
duplex,'* a ferrocenylnaphthalene diimide-based electrochemical
hybridization assay with methylation-specific PCR,” and the
direct labeling of ™C in a bulged duplex with electroactive units
using osmate complexation.”

In this work, we present a novel photoelectrochemical ap-
proach to the discrimination between C and ™C in combination
with enzymatic digestion. A photosensitizer-linked DNA duplex
bearing ™C or C at a given restriction site of the strand was
immobilized on the gold electrodes, digested with enzyme, and
then subjected to measurement of its photocurrent response
resulting from hole transport. We observed a high photocurrent
density for the methylated duplex, whereas the control duplex
bearing a normal C at the corresponding site showed a significantly
reduced photocurrent density that was similar to the background
level. Thus, the methylation status of DNA could be detected
positively by monitoring the photocurrent response.

Results and discussion

The protocol employed for the discrimination of C and ™C is
outlined in Fig. 1. An oligodeoxynucleotide (ODN) possessing
an anthraquinone (AQ) photosensitizer unit, which has the
function of hole injection and transfer, was immobilized on gold
electrodes. Subsequently, the target strand to be determined for the
methylation status at the restriction site of the strand was added to
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Fig. 1 The protocol for photoelectrochemical discrimination of C and
mC in DNA immobilized on a gold electrode.

hybridize with the AQ-linked ODN on the electrode. The resulting
duplex on the electrode was then treated with the appropriate
restriction enzyme, which could digest the ODN strand at the
restriction site with C but not ™C. According to the protocol
described above, a duplex containing C at the restriction site
will show a relatively reduced photocurrent response, because
the ODN strand undergoes enzymatic digestion at the C site
and thereby the AQ-linked ODN fragment is eliminated from the
gold electrode. In contrast, efficient photosensitized hole injection
and hole transport will be preserved to cause relatively larger
photocurrent response of the duplex containing ™C, because the
presence of ™C inhibits strand cleavage by the restriction enzyme
and the photosensitizing AQ linked to the ODN on the electrode
is operative.

We prepared a single strand ODN with an AQ photosensitizer
at the 5-end and a thiol anchor at the 3'-end, following a
previously reported method.*® After the spontaneous formation
of a monolayer of AQ-linked thiolated ODN single strands on
the surfaces of gold electrodes, the electrodes were immersed
in a solution of 6-mercapto-1-hexanol to avoid any nonspecific
adsorption of thiolated ODNs.”* Duplex formation was achieved
by hybridization of the AQ-linked ODNs immobilized on the gold
electrodes (AQ-Probes) with the complementary ODNs (18 +
3 pmol cm™2) to be determined for the methylation status at
a given target site. The photocurrents due to AQ-photoinjected
hole transport through the duplex were measured after enzymatic
reaction of the C- and "C-containing duplexes on the surface of
the electrode, respectively. The sequences and structures of the
ODNSs used in this study are summarized in Fig. 2.

We initially investigated a 17-mer duplex containing C (AQ-
Probe 1/ODN 1 (C)) or "C (AQ-Probe 1/ODN 1 ("C)) at the
Hapll recognition site (5-CXGG-3', where X = C or "C) in a
partial sequence of the human p53 gene corresponding to codons
246-250 of exon 8. According to the protocol described above, a
DNA-labeled gold electrode was prepared, followed by enzymatic
treatment at 23 °C for 1 h with 1 unit of HapIl in 10 mM
Tris-HCI buffer (pH 7.5) containing 10 mM MgCl, and 1 mM
dithiothreitol. After the enzymatic reaction, the photocurrent
measurements were carried out in 2 mM sodium cacodylate
buffer (pH 7.0) containing 20 mM NacCl at 20 °C, using 365 +
5 nm UV light at a power density of 13.0 £ 0.3 mV cm™? and
an applied potential of 500 mV vs. SCE. Fig. 3a and 3b show
representative cathodic photocurrent responses, which appeared
immediately upon irradiation of the common AQ-photosensitizer

AQ-Probe 1: 5-AUACG AAC CGG AGG CCC AT-(CH.)-SAu 3'

AQ-Probe 2: 5'-CUAAC TGT GCG CCG GTC TCT-(CH,)-SAu 3'
ODN 1(X): 5'-ATG GGC CTC XGG TTC AT-3'
ODN 2(X): 5'-AGA GAC XGG CGC ACA GAG-3'
ODN 3("C): 5'-AGA GAC CGG ™CGC ACA GAG-3'
ODN 4(X): 5'-(15mer)-AGA GAC XGG CGC ACA GAG-(54mer)-3'
F-ODN(X): 5'-F-AGA GAC XGG CGC ACA GAG-D-3'
X=Cor™C
(e}
PO PP
S N
HN™Y H/\/
AQ . (o] o
P
O
o
O\ ~

Fig. 2 Sequences and structures of ODNs used in this study. The “F”
and “D” of F-ODNs denote fluorescein and dabcyl groups, respectively.

linked to both duplexes. It is striking that the photocurrent
response of the C-containing duplex (AQ-Probe 1/ODN 1(C))
was much smaller than that of the ™C-containing duplex (AQ-
Probe 1/0ODN 1(™C)). The photocurrent densities (current per
electrode area) observed for the digested C-containing duplex
and the undigested ™C-containing duplex were 178 £+ 13 and
271 4 15 nA cm™2, respectively. The photocurrent density (175 +
18 nA c¢cm™2) observed upon similar UV irradiation of an AQ-
linked thiolated ODN single strand indicates that the enzymatic
treatment of the unmethylated duplex could suppress an almost
quantitative amount of the photocurrent response.’* Thus, the
methylation status of cytosine was detectable by monitoring the
photocurrent response in conjunction with restriction enzyme
treatment.

Compared to control photocurrent measurements for duplexes
containing ™C and C, respectively without enzymatic treatment,
the photocurrent density of the AQ-Probe 1/ODN 1("C) duplex
after the enzymatic reaction with Hapll seemed to be slightly
small (Fig. 3c). Recently, Barton and co-workers have shown that
the binding of the restriction endonuclease Pvull to its methylated
target causes a small decrease in current flow in an electrochemical
assay using daunomycine-tethered DNA." In accord with this
result, our observation of a slight decrease in the photocurrent
of the AQ-Probe 1/ODN 1("C) duplex may be attributed to the
occurrence of Hapll binding to the methylated target.

The photocurrent response of DNA with a different DNA
sequence and the Hapll recognition site was also measured.
We prepared AQ-tethered duplexes (AQ-Probe 2/0ODN 2(™C)
and AQ-Probe 2/0ODN 2(C)) on gold electrodes, which corre-
sponded to codons 280-285 of exon 8 in the human p53 gene.
After treatment with Hapll, photocurrent measurements were
conducted in a similar manner as described above. As shown
in Fig. 4, treatment of the AQ-Probe 2/ODN 2(C) duplex
with Hapll led to a significant suppression of the photocurrent
response (203 £+ 17 nA cm™2), while the response for the AQ-
Probe 2/0DN 2("C) duplex was preserved (281 + 17 nA cm™),
as was observed for the AQ-Probe 1/ODN 1(™C) duplex.’® To
apply a different restriction enzyme to the present system, we
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Fig. 3 (a) Photocurrent response of AQ-Probe 1/ODN 1(C) duplex
immobilized on a gold electrode after treatment of the duplex with
1 unit of Hapll at 23 °C for 1 h on the electrode. The photocurrent
measurements were carried out at an applied potential of 500 mV vs. SCE
upon photoirradiation with 365 £+ 5 nm light (13.0 mW cm~?) at 20 °C
in 2 mM sodium cacodylate buffer (pH 7.0) containing 20 mM NaCl.
(b) Photocurrent response of AQ-Probe 1/ODN 1(™C) duplex under the
same conditions. (¢) Photocurrent densities of AQ-Probe 1/ODN 1(X)
duplexes before and after enzymatic treatment with Hapll. Each error
bar represents the SE calculated from ten experimental results that were
corrected using different freshly prepared gold electrodes.

also prepared a duplex of AQ-Probe 2/0ODN 3(™C) on the
electrode, in which the "C was arranged at the recognition site
of Hhal (5-GCGC-3). After treatment with Hhal, we observed
clear differences in the photocurrent response between AQ-Probe
2/modified ODN 3("C) and AQ-Probe 2/normal ODN 2(C).
In a control experiment, enzymatic treatment of the AQ-Probe
2/0DN 3("C) duplex with the noncompliant enzyme Hapll led
to the suppression of the photocurrent due to strand cleavage
at the Hapll recognition site, indicating that employment of the
best-suited enzyme for the methylated target site allows us to site-
specifically discriminate modified ™"C from normal C in a given
DNA.

To confirm the occurrence of enzymatic strand cleavage at
the normal C target site causing exclusive suppression of the
photocurrent response for duplexes without methylation, we per-
formed control experiments with F-ODNs (C and ™C) possessing

Target Enzyme
ODN 2(C) Hapll —@—i
ODN 2(™C) Hapll —@—
ODN 2(C) Hhal —@—i
ODN 3(™C) Hhal —@—i
ODN 3(™C) Hapll —@—i

150 200 250 300 350

Current Density (nA cm2)

Fig. 4 Photocurrent densities of duplexes consisting of AQ-Probe 2 and
its target ODN (ODN 2(X) or ODN 3("C)), as evaluated at an applied
potential of 500 mV vs. SCE upon photoirradiation with 365 + 5 nm light
(13.0 mW cm™2) at 20 °C in 2 mM sodium cacodylate buffer (pH 7.0)
containing 20 mM NacCl, after treatment of the duplexes immobilized on
the electrode with 1 unit of Hapll or Hhal at 23 °C for 1 h. Each error
bar represents the SE calculated from ten experimental results that were
corrected using different freshly prepared gold electrodes.

a fluorophore (fluorescein) and a quencher (dabcyl group) at the
strand end, in which the fluorescence emissions were monitored
after enzymatic digestion of the F-ODNs (C and ™"C)/AQ-Probe
2 duplexes. As shown in Fig. 5a, significant enhancement of the
fluorescence intensity was observed for the F-ODN (C)/ AQ-Probe
2 duplex after the Hapll treatment, whereas the fluorescence of
the F-ODN ("C)/AQ-Probe 2 duplex after a similar treatment
was weak. These results strongly suggest that enzymatic strand
cleavage occurred exclusively at the unmethylated recognition
site, leading to the separation of the fluorophore from its neigh-
bouring quencher, with intense fluorescence emission. We also
characterized this enzymatic reaction in further detail, using gel
electrophoretic analysis of the restriction products. As shown in
Fig. 5b, the major cleavage band assigned to the expected restric-
tion products was observed after digestion of the F-ODN(C)/AQ-
Probe 2 duplex with the Hapll, while a negligible amount of strand
cleavage occurred when the F-ODN(™C)/AQ-Probe 2 duplex was
treated similarly. These features in the electrophoretic analysis are
entirely in accord with the above fluorometric study, thus leading to
the conclusion that enzymatic strand cleavage at the unmethylated
target site is responsible for the suppression of the photocurrent
response."’

For establishing the utility of the present system, a further
attempt was made to evaluate the photoelectrochemical discrim-
ination between normal C and modified ™C in a long sequence
(87 mer) of the human p53 gene corresponding to codons 275-
303 of exon 8, in which the methylation status at codon 282
was examined.”® According to the protocol described above, a
partial DNA duplex consisting of ODN 4(X)/AQ-Probe 2 was
prepared on gold electrodes, and the photocurrent was measured
after Hapll treatment. As shown in Fig. S2,1 a high photocurrent
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Fig. 5 (a) Changes in the fluorescent intensity of F-ODN(C or ™C)/
AQ-Probe 2 duplexes after treatment with Hap II. The fluorescence
emission was measured at 518 nm upon excitation at 495 nm. Alntensity
is a differential value derived from subtraction of background without
Hapll treatment from the fluorescence intensity of the Hapll treated
sample. (b) A denaturing polyacrylamide gel picture after electrophoresis
for F-ODNs. F-ODN(C or ™C)/AQ-Probe 2 duplexes were incubated for
1 h in the absence (lanes 1 and 2) and presence (lanes 3 and 4) of Hapll,
respectively: lanes 1 and 3, F-ODN(C)/AQ-Probe 2 duplex; lanes 2 and 4,
F-ODN(™C)/AQ-Probe 2 duplex.

response was preserved for the duplex methylated at codon
282 (299 + 29 nA cm™?), whereas the photocurrent density of
the corresponding duplex with a normal C at codon 282 was
significantly reduced to the background level (195 £ 23 nA cm™).
Thus, ™C can be discriminated clearly from normal cytosine in
DNA by monitoring the photocurrent due to photochemically-
injected hole transport through DNA on gold electrodes, in
combination with enzymatic digestion.

In this study, we could successfully develop a photoelectrochem-
ical system to discriminate between ™C and normal C in a target
DNA strand. However, the present protocol has some points to be
considered upon its application. Firstly, the present assay requires
single-stranded target DNA, which will be able to hybridize with
the synthetic ODN immobilized on gold electrodes, although the
real gene is present in duplex form. One of the key strategies
for the methylation analysis of a gene is employment of peptide
nucleic acids (PNA).'" In this context, PNAs have very high

affinity to complementary nucleic acids because of the lack of
repulsive phosphate—phosphate interactions. Hybridization of a
PNA strand to double-stranded DNA results in the formation of
a strand displacement complex. Such a displaced strand allows
binding with another complementary strand to form a DNA-
PNA complex referred to as a PD-loop. Thus, the single-stranded
region in genomic DNA created by PNA can apply to the present
protocol. Secondly, the system can apply to identification of the
methylation status in DNA, but not to discrimination between
sequences that differ by single base changes: e.g the target
DNA bearing a T, A or G base instead of C would lead to
low photocurrent responses after enzymatic digestion similar to
the corresponding responses of a digested C-containing target.
Although the restriction enzyme, which is compliant with the C-
containing duplex, cannot cleave the DNA bearing T, A or G, the
disruption of the m-stacking array by mismatched base pairs may
strongly influence the photocurrent intensity.*** Thus, the present
system can only apply to the positive detection of "C modification
in DNA.

Conclusions

In summary, we have demonstrated a photoelectrochemical ap-
proach to the discrimination between C and ™C in DNA, using
the photosensitizer-injected hole transfer properties of DNA
immobilized on gold electrodes in combination with enzymatic
digestion. Upon digestion of the duplex immobilized on the
electrodes, a significant suppression of the photocurrent response
was observed for duplexes with a normal C at the restriction site.
This reduced photocurrent was attributable to strand cleavage
at the C target site, by which the AQ photosensitizer on the
duplex was eliminated from the electrode. In contrast, the duplex
containing ™C at the target site did not undergo such an enzymatic
digestion and therefore the photocurrent response was preserved.

Although the present system has a strong potential for the
photoelectrochemical identification of methylation status, estab-
lishment of a highly sensitive detection system is further required
for practical utilization to identify the methylation status in DNA
at attomol level. Our current study is focused on establishment of
a protocol with high sensitivity and generality by optimizing the
length of the photosensitizer-linked probe sequence and the size
of the electrode to fabricate DNA chips.

Experimental
General methods

The reagents for the DNA synthesizer were purchased from Glen
Research. Hapll and Hhal restriction enzymes were purchased
from TAKARA BIO. All aqueous solutions were prepared using
purified water (YAMATO, WR600A). Mass spectrometry of
oligonucleotides (ODNs) was performed with matrix-assisted
laser desorption ionization time-of-flight (MALDI-TOF) mass
spectrometry (Perseptive Voyager Elite, acceleration voltage 21 kV,
negative mode) with 2',3',4'-trihydroxyacetophenone as a matrix,
using Ty (M — H]~ 2370.61), T;; (M — H]~ 5108.37) and
T,, (M — H] 8150.33) as the internal standards. Reversed
phase HPLC was performed with a Shimadzu 6A, HITACHI
D-7000 HPLC system or HITACHI L-2400. Sample solutions
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were injected on a reversed phase column (Inertsil ODS-3, GL
Sciences Inc., ¢ 4.6 mm x 250 mm or ¢ 10 mm x 250 mm). The
column eluents were monitored by UV absorbance at 260 nm.
Anthraquinone (AQ)-linked thiolated ODNs were synthesized
as described previously.>* Modified ODNs possessing fluorescein
and dabcyl groups (F-ODNs) were synthesized using standard
phosphoroamidite chemistry.

DNA characterization

Each ODN synthesized in this study was characterized by
MALDI-TOF Mass: AQ-Probe 1; calcd. for 5731.91, found
5732.84, AQ-Probe 2; caled. for 5961.01, found 5961.83, F-
ODN(C); calcd. for 6566.5, found 6566.7, F-ODN(™C); calcd.
for 6580.5, found 6580.0.

Immobilization of AQ-linked thiolated ODN on a gold electrode

A gold electrode with an area of 2 mm’ (BAS) was used in
this study. Prior to ODN immobilization, the gold electrode was
polished with BAS polishing diamond suspension and alumina
suspension, and then washed with deionized water. The polished
electrode was soaked in boiling 2 M potassium hydroxide for 3 h
and washed with deionized water. Following this treatment, the
electrode was further soaked in concentrated nitric acid for 1 h
and washed with deionized water. For chemisorption of ODN, a
1 uL solution of 10 uM AQ-linked thiolated ODN was placed
on a gold electrode turned upside-down and the opening of the
electrode vessel was then stuffed with a rubber stopper to avoid
evaporation of the solvent. After leaving the assembly for 2 h at
room temperature, a 1 pL solution of 10 mM 6-mercaptohexanol
in 10 mM Tris-EDTA buffer (pH 8.0) was placed on a gold
electrode turned upside-down for masking of the gold surface and
the opening of electrode vessel was then stuffed with a rubber
stopper to avoid evaporation of the solvent. After leaving the
assembly for 1 h at room temperature, the electrode was carefully
washed with a small amount of deionized water. For the duplex
formation with target ODNs immobilized on a gold electrode, a
1 uL aqueous solution of 10 uM of the target-ODN was placed
on a gold electrode turned upside-down and the opening electrode
vessel was then stuffed with a rubber stopper to avoid evaporation
of the solvent. The assembly was left for 2 h at 4 °C prior to
photocurrent measurement.

General procedure for the reaction of an AQ-linked ODN duplex
immobilized on gold electrodes with a restriction enzyme

For the enzymatic reaction at target base sequences of the AQ-
linked ODN duplex immobilized on a gold electrode, a 1 pL
solution of Hapll restriction enzyme (1 unit) in 10 mM Tris-HCl
(pH 7.5) containing 10 mM MgCl, and 10 mM dithiothreitol or a
1 pL solution of Hhal restriction enzyme (1 unit) in 10 mM Tris-
HCI (pH 7.5) containing 10 mM MgCl,, 10 mM dithiothreitol,
and 50 mM NaCl was placed on a gold electrode turned upside-
down and the opening of the electrode vessel was then stuffed
with a rubber stopper to avoid evaporation of the solvent, and the
electrode was kept standing for 1 h at 23 °C. After washing with
deionized water, photocurrent measurements were performed.

Photocurrent measurements

Photocurrent measurements were performed in a one-
compartment Pyrex cell at an applied potential of 500 mV vs. SCE
under illumination by a 200 W UV lamp (Sumida YLT-MX200)
with monochromatic exciting light through a 365 + 5 nm band
pass filter (¢ 25 mm, Asahi Bunko). The cell for photocurrent
measurement consisted of a three-electrode arrangement (ALS,
model 660B) of a modified Au working electrode (electrode area,
2 mm?), a platinum counter electrode and an SCE reference
electrode at 20 °C. The light intensity was monitored by an optical
powermeter (Ushio UIT-150). The photocurrent was measured in
2 mM sodium cacodylate buffer (pH 7.0) containing 20 mM NaCl

2

with 4 = 365 4 5 nm light with a power density of 13.0 mW cm—.

Determination of surface density of ODNs on a gold electrode

The amount of ODN immobilized on the electrode was de-
termined using a chronocoulometric assay in the presence of
ruthenium(11r) hexaammine.*

Fluorescence measurement of the enzymatic digestion reaction of
F-ODN duplexes with Hapll

Solutions (100 uL) of 1 uM AQ-linked thiolated ODN and 1 uM
F-ODNsin 10 mM Tris-HCI pH 7.5 containing 10 mM MgCl, and
1 mM dithiothreitol (DTT) with HaplII (20 units) were incubated
at 23 °C for 30 min. The reaction mixtures were quenched by
heating for 3 min at 90 °C and were quickly chilled on ice, and then
diluted with 250 pL of deionized water. After dilution, fluorescence
intensity (518 nm) was measured upon excitation at 495 nm.

PAGE analysis of the enzymatic digestion reaction of F-ODN
duplexes with Hapll

Solutions (100 pL) of 2 pM AQ-linked thiolated ODN and 2 uM
F-ODNsin 10 mM Tris-HCl pH 7.5 containing 10 mM MgCl, and
1 mM dithiothreitol (DTT) with HaplII (20 units) were incubated
at 23 °C for 1 h. After the incubation, all reaction mixtures were
precipitated with addition of 20 pL of 3 M sodium acetate and
800 uL of ethanol. The precipitated DNA was washed with 100 pL.
of 80% cold ethanol and then dried in vacuo. The dried DNA
pellets were resuspended in 5 pL of a loading buffer (a solution of
8 M urea and 40% sucrose). The samples were loaded onto 20%
of polyacrylamide/7 M urea sequencing gels and electrophoresed
at 60 W for 60 min. Fluorescent bands were visualized over a
UV transilluminator (365 nm) and images were recorded using a
CANON Power Shot G6 digital camera.
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Two possible mechanisms of the irreversible inhibition of HIV-1 protease by epoxide inhibitors are
investigated on an enzymatic model using ab initio (MP2) and density functional theory (DFT)
methods (B3LYP, MPW1K and M05-2X). The calculations predict the inhibition as a general
acid-catalyzed nucleophilic substitution reaction proceeding by a concerted Sy2 mechanism with a
reaction barrier of ca. 15-21 kcal mol~"'. The irreversible nature of the inhibition is characterized by a
large negative reaction energy of ca. —17—(—24) kcal mol~'. A mechanism with a direct proton transfer
from an aspartic acid residue of the active site onto the epoxide ring has been shown to be preferred
compared to one with the proton transfer from the acid catalyst facilitated by a bridging catalytic water
molecule. Based on the geometry of the transition state, structural data important for the design of
irreversible epoxide inhibitors of HIV-1 protease were defined. Here we also briefly discuss differences
between the epoxide ring-opening reaction in HIV-1 protease and epoxide hydrolase, and the accuracy

of the DFT method used.

Introduction

Human immunodeficiency virus 1 (HIV-1) retropepsin, more
commonly known as HIV-1 protease (HIV-1 PR) is an aspartic
peptidase essential in the proper assembly and maturation of
infectious virions.! The biological activity of HIV-1 PR is to
separate ten asymmetric and nonhomologous sequences in the
Gag and Pol polyproteins.** The HIV-1 PR dimer consists of
two identical, noncovalently associated subunits of 99 amino acid
residues, in which each monomer contributes one conserved Asp-
Thr-Gly triad to the pseudo-symmetric active site.* The catalytic
mechanism of HIV-1 PR is consistent with a general acid-base
mechanism, in which the two active site aspartate residues (Asp25
and Asp25’) play an essential general acid-base role in activating
the water molecule that acts as a nucleophile and attacks the
carbonyl carbon of the scissile peptide bond.® The pH-rate profile
of this enzyme implies that only one of the two active site
aspartic acids is unprotonated in the active pH range.”® Based
on X-ray crystallography,!’ theoretical,’>'* kinetic and affinity
labeling studies,®'* the catalytic mechanism has been established
as a stepwise addition—elimination substitution, which takes place
through an oxyanion tetrahedral intermediate during the rate-
determining elimination step.

Designing drugs for HIV infection is today one of the largest
collective efforts of the scientific community.' Since HIV-1 PR
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is essential to viral maturation, it has become a logical target
for AIDS therapy.>''® Although several inhibitors of HIV-1 PR
are already in use or in clinical trials as anti-HIV drugs,' their
effectiveness is hampered by the emergence of drug-resistant
variants, many of which are widely cross-resistant.'*2!
Calorimetric measurements?2* of the binding thermodynamics
of several first- and second-generation inhibitors have shown
that their binding affinities are dominated by an extremely
large positive entropy of solvation (high hydrophobicity) and a
minimal loss of conformational entropy (rigidity of inhibitors)
that overcome their unfavorable or only slightly favorable binding
enthalpies. Therefore, one strategy for the development of a new
generation of HIV-1 PR inhibitors is to optimize their binding
affinities towards more favorable binding enthalpies (more flexible
inhibitors) during the initial stages of the design process.*?
Another strategy for minimizing drug resistance is to develop
irreversible rather than reversible inhibitors of HIV-1 PR.**’
Irreversible inhibitors are less sensitive to mutations because even
a low degree of active-site occupancy can lead in time to complete
inactivation of the protein. The catalytic aspartate residues are the
ideal target for such irreversible inhibitors, because their mutation
results in the complete loss of catalytic activity.®® Irreversible
inhibition of HIV-1 PR was first achieved with 1,2-epoxy-3-(p-
nitrophenoxy)propane (EPNP),” a small epoxide molecule that is
a general irreversible inhibitor of aspartyl proteases (Fig. 1).3%
Mass spectrometric analysis of the inactivated enzyme shows that
one molecule of EPNP is covalently bound to a catalytic aspartate
residue per HIV-1 PR dimer.”” EPNP is a nonspecific and relatively
weak irreversible inhibitor of HIV-1 PR, HIV-2 PR and simian
immunodeficiency virus protease (SIV PR) (K. = 6.7-9.9 mM,
Vinae = 48-60 x 1073 min~").3**! In an effort to develop epoxide-
containing irreversible inhibitors with high potency, non-peptide?’
and peptidomimetic inhibitors of HIV-1 PR containing a cis-
epoxide were designed, synthesized and kinetically characterized
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Fig. 1 Schematic structures of EPNP, non-peptide and peptidomimetic
inhibitors of HIV-1 PR.

(Fig. 1).%3° However, in order to further improve their irreversible
potency, structural characterization of the transition states of their
inhibition reactions in a three dimensional structure of HIV-1 PR
will be required and quantum mechanical (QM) calculations can
be very helpful in shedding some light on these issues.

The mechanism of the irreversible inhibition of HIV-1 PR by
non-peptide epoxide inhibitors has been studied by Mavri** on
small organic models using semi-empirical and QM methods. The
calculations suggest that the reaction is specific for the catalytic
aspartic acid residues, and for effective inhibition the participation
of both residues, one as a nucleophile and the other as a general
acid catalyst, is essential (Fig. 2). The general acid-catalyzed
mechanism was also proposed by theoretical studies on analogous
enzymatic reactions in epoxide hydrolases**™*" and the irreversible
inhibition of glycosidases.”® Detailed mechanistic and energetic
properties of the ring-opening reaction of simple epoxides by
oxygen, nitrogen and sulfur nucleophiles were investigated by
QM*=7 and semi-empirical methods.””*® However, for the correct
modeling of such a reaction at the HIV-1 PR active site, much
larger models than the commonly used acetic acid—acetate moieties
are required.”* To describe electrostatic interactions and hydro-
gen bonds correctly, the modeling by QM calculations should take
into account the active-site residues Asp25 to Ala28.%

In this study, we modeled two possible mechanisms for the
irreversible inhibition of HIV-1 PR by epoxides, including in
calculations a large quantum cluster of the active site (Fig. 3). In
mechanism A, a general acid-catalyzed nucleophilic substitution
with a direct proton transfer from the catalytic aspartic acid
residue onto the epoxide ring is modeled (Fig. 2). The reaction
catalyzed by a proton transfer involving a bridging catalytic water

molecule is also investigated (mechanism B). Finally, based on the
geometry of the transition state, structural data important for the
design of irreversible epoxide inhibitors of HIV-1 PR were defined.
Here we also briefly discuss differences between the epoxide ring-
opening reaction in HIV-1 PR and epoxide hydrolase, and the
accuracy of the B3LYP method used.

Computational details
Methods

Calculations were performed using the Hartree—-Fock method
(HF)** with the Pople’s split valence double-{ basis set®**
augmented by polarization functions on all atoms except for
hydrogens [6-31G(d)], the second-order Mpgller—Plesset theory
(MP2),55%® the local MP2 (LMP2),5>% with two hybrid general-
ized gradient approximation (GGA) density functionals: Becke’s
three-parameter exchange functional with the Lee-Yang—Parr
correlation functional (B3LYP)"*" and the Perdew-Wang ex-
change functional combined with the Perdew—Wang-1991 cor-
relation functional modified for kinetics (MPWI1K),*" and
with the hybrid meta-GGA MO05-2X functional™®® with the 6-
31+G(d,p) basis set augmented by polarization functions on
all atoms and diffuse functions on all atoms except for hydro-
gens. The hybrid MP2/6-31+G(d,p):HF/6-31G(d) and B3LYP/6-
31+G(d,p):HF/6-31G(d) scan calculations were performed using
the Gaussian 03 program.®® The optimization, frequency and
single point calculations at the DFT and LMP2 levels were
performed with the Jaguar 7 program® (for more details see the
Active-site model and Geometry optimization subsections). The
restricted formalism was used for all calculations (preliminary
calculations of TSA optimized at the unrestricted B3LYP level gave
identical geometry compared to the restricted B3LYP calculations.
The difference in UB3LYP and RB3LYP energies was ca. 0.09 kcal
mol™).

Active-site model

Based on a crystal structure of HIV-1 PR co-crystallized with a
non-peptide inhibitor (PDB ID:1AID),* an active site model was
built from residues located within a radius of ca. 7 A from the
reaction center of an epoxide inhibitor (Fig. 3). As was mentioned
above,* the active-site residues from Asp25 to Ala28 should be
taken into account for correct modeling of the electrostatic inter-
actions and hydrogen bonds in the active site, and the reactivity
and acidic properties of the catalytic nucleophile and acid. The
model consisting of a hexapeptide dimer with terminal acetyl (Ace)
and N-methylamino groups (Nme) (Ace-Asp25-Thr26-Gly27-
Ala28-Nme and Ace-Asp25-Thr26'-Gly27'-Ala28'-Nme), an in-
hibitor (oxirane) and a catalytic water molecule, was divided into
two QM layers (QM1:QM?2) using the ONIOM method.®# The
oxirane, water molecule and side chains of the Asp25 and Asp25’
catalytic residues were treated at the QM1 level and the rest of the
enzymatic model at the QM2 level. Consequently for reaction path
calculations, two ONIOM schemes, QMI1[MP2/6-31+G(d,p)]:
QM2[HF/6-31G(d)] and QM1[B3LYP/6-31+G(d,p)]:QM2[HF/
6-31G(d)], were calculated for the above-mentioned mechanisms A
and B using the Gaussian 03 program.® In all, the quantum cluster
comprised of 118 atoms [QM1(20 atoms) + QM2(98 atoms)]
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Fig. 2 Schematic mechanisms of the catalytic proteolysis of a native substrate and the irreversible inhibition by an epoxide inhibitor.

for the mechanism A and 121 atoms [QMI1(23 atoms) +
QM2(98 atoms)] for the mechanism B.

Geometry optimization

During geometry optimization, some degrees of freedom were
constrained to maintain a reasonable approximation to the active
site geometry of the HIV-1 protease. The four terminal carbons of
the Ace and Nme residues were fixed according to the crystal
structure.®® In mapping the potential energy surface (PES) of
the reaction, a scan procedure on the two ONIOM schemes was
performed along an O3-C5 reaction coordinate (the O3 oxygen
of the carboxylate side chain of Asp25 and the C5 carbon of
the oxirane, see atom numbering in Fig. 3) stepped by 0.1 A
with remaining coordinates optimized, subject to the above-
mentioned constraints. Then, the geometries of all minima on
the PES were fully optimized with no constraints on the O3—
C5 distance by means of the Berny algorithm using redundant
internal coordinates.’” Preliminary structures of the transition
states were refined by an additional scan procedure stepped by
0.01 A.

For the mechanism A (which has been shown to be the preferable
one) full optimizations of an initial complex, transition state and
covalent enzyme-inhibitor intermediate were performed at the
B3LYP/6-31+G(d,p) level using the geometries from the ONIOM

scan calculations. All stationary points were characterized as either
minima or transition states by vibrational frequency calculations.
The transition state TSA was verified as having one large
imaginary frequency (ca. 1605.6 cm™"). Fixing some atoms in their
crystallographically observed positions gives rise to a few small
negative imaginary frequencies for the optimized structures. These
are, however, very small, in the order of —10 to —60 cm™', and do
not affect the obtained results. Thermodynamic quantities were
calculated at 298 K and 101.325 kPa using standard rigid-rotor
and harmonic oscillator partition function expressions. Zero-point
corrections and thermal corrections to enthalpy and Gibbs free
energies were calculated from unscaled frequencies obtained at
the same level as the geometry optimizations. Solvent effects
(aqueous solution, ¢ = 80.4, probe radius 1.4) were estimated by
single-point calculations using Jaguar’s Poisson—Boltzmann self-
consistent reaction field model (PB-SCRF)¥* at the B3LYP/6-
31+G(d,p) level. The effective local dielectric constant in the
enzyme may vary strongly depending on the local environment.
A dielectric constant of 80 would be equivalent to a completely
solvent exposed site. Thus, by calculating free energy differences
both in the gas phase (¢ = 1.0) and in aqueous solution the two
extrema in solvent effects are represented.

In addition, the accuracy of the B3LYP energies was tested by
single point calculations at the MPW1K/6-31+G(d,p)//B3LYP/
6-31+G(d,p), M05-2X/6-31+G(d,p)//B3LYP/6-31+G(d,p) and
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Fig. 3 An active-site model with oxirane and the catalytic site visualized
by ball & stick (hydrogen atoms are omitted for the sake of clarity) in a
3D structure of HIV-1 PR (above), and the numbering of selected atoms
of the calculation cluster (below).

LMP2/6-31+G(d,p)//B3LYP/6-31+G(d,p) levels using the
Jaguar 7 program,** where thermal and solvent corrections were
added from the above-mentioned B3LYP and PB-SCRF-B3LYP
calculations.

Table 1

Results and discussion

From scan calculations at the ONIOM[MP2/6-31+G(d,p):HF/6-
31G(d)] and ONIOMI[B3LYP/6-31+G(d,p):HF/6-31G(d)] levels
preliminary structures of transition states TSA and TSB, and their
activation energies were calculated (Fig. 4). As summarized in
Table 1 the activation energy of mechanism A is ca. 4-7 kcal
mol™!' lower compared to that of mechanism B. Consequently,
mechanism B was not considered further, and full geometry
refinements of stationary points at the B3LYP/6-31+G(d,p) level
were only performed on the structures of mechanism A.

20.0 -
133
10.0 4
9.4
5 0.0
£
5
£
S -10.0 4
-20.0 1
232
25.4
-30.0
r.c.

—<O— Mechanism A —x— Mechanism B

Fig. 4 Energy profiles (in kcal mol~") of mechanisms A and B calculated
at the ONIOM[B3LYP/6-31+G(d,p):HF/6-31G(d)] level from the scan
procedure stepped by 0.01 A.

The transition state TSA of an attack by the nucleophile (the
03 oxygen of the ionized Asp25 residue) on the C5 carbon of
the oxirane was localized at a distance d(03-C5) = 2.17 A. As
shown in Fig. 5, in the transition state the oxirane ring is partially
opened [d(C5-07) = 1.77 A] with the O7 leaving oxygen partially
protonated by the other catalytic aspartate residue (protonated
Asp25) [d(O7-H8) = 1.18 A and d(H8-09) = 1.24 A]. The
TSA was verified by a vibrational frequency calculation with one
large imaginary frequency (v; = 1605.6 cm™') belonging to the
breaking—forming of bonds (O3-C5, C5-07, O7-HS8, H8-09).
The minimization calculations starting from TSA resulted in a
starting complex 1A and a covalent intermediate 2A (Cartesian
coordinates of all the stationary points are available in the ESIT).

Relative energies (AE,) including ZPE corrections (AE) and Gibbs free energies (AG) of minima and transition states of mechanisms A and B

in the gas phase and in aqueous solution (AG,,) in kcal mol ™' (for total energies, see ESIT)

AE AE? AE¢ AG* AG,¢ AG,* AG,¢ AG,/
1A 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
TSA 11.4 9.4 9.0 12.5 15.0 17.9 14.2 21.4
2A —25.6 —25.4 ~26.6 -21.7 ~18.2 -213 ~239 17.0
1B 0.0 0.0
TSB 17.9 133
2B ~23.0 ~232

« QMI[MP2/6-31+G(d,p):QM2[HF/6-31G(d)].

» QMI[B3LYP/6-31+G(d,p): QM2[HF/6-31G(d)].

¢ B3LYP/6-31+G(d,p)//B3LYP/6-31+G(d.p).

4 MPW1K/6-31+G(d,p)//B3LYP/6-31+G(d,p). ¢ M05-2X/6-31+G(d,p)//B3LYP/6-31+G(d,p).” LMP2/6-31+G(d,p)//B3LYP/6-31+G(d,p).
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Fig. 5 B3LYP optimized transition state TSA with selected distances
(in A). Some hydrogen atoms are omitted for the sake of clarity.

The reaction path 1A — TSA — 2A is predicted as a general
acid-catalyzed nucleophilic substitution proceeding by the Sy2
mechanism, in which addition of the nucleophile, elimination of
the leaving group (fission of the oxirane ring) and proton transfer
from the acid catalyst take place in a concerted manner. The
activation barrier of the inhibition reaction (AG*) ranges from
12.5 (gas phase, B3LYP) to 15.0 kcal mol~' (aqueous solution, PB-
B3LYP) (Fig. 6 and Table 1). It is known that the B3LYP method
tends to underestimate reaction barrier heights and has a mean
unsigned error (MUE) of ca. 3-5 kcal mol~'.747577791 Therefore,
we compared the accuracy of the B3LYP results with those ob-
tained by the MPW1K, M05-2X and MP2 methods. The MPW1K
functional was developed for accurate prediction of the thermo-
chemical kinetics with a MUE of ca. 1.5 kcal mol~'."*™ The
recently developed M05-2X functional provides calculations with
similar accuracy (MUE of 1.9 kcal mol~') ™ and was recommended
for epoxide structures by Zhao and Truhlar®”> The M05-2X
functional gave for our inhibition reaction a similar activation
barrier of 14.2 kcal mol™!, and MPW1K and LMP2 results were
3-5 kcal mol™' higher compared to the B3LYP method. The
calculated barriers are quantitatively in reasonable agreement
with experimentally available inhibition rates of epoxide inhibitors

20 -

Glkcal mol™

Gas phase = = - - - Aqueous solution

Fig. 6 Energy profiles (in kcal mol~') of mechanism A calculated in the
gas phase [B3LYP/6-31+G(d,p)//B3LYP/6-31+G(d,p)] and in aqueous
solution [PB-B3LYP/6-31+G(d,p)//B3LYP/6-31+G(d,p)].

(V;=10""-10"*s"!, corresponding to activation barriers of ca. 15—
20 kcal mol=").27-2:31:353-41 The jrreversible nature of the inhibition
is demonstrated by the large negative value of the reaction energy
of ca. —17—(—24) kcal mol~'. The reaction step of the irreversible
inhibition of HIV-1 PR by epoxides is analogous to the first
catalytic step of epoxide hydrolases. We compared our reaction
profile with that of a ring-opening reaction of a trans-substituted
epoxide catalyzed by soluble epoxide hydrolase (EH) calculated
by Hopmann and Himo.** The B3LYP activation barrier of ca.
8 kcal mol~! for EH is similar to that for HIV-1 PR, but the reaction
energies are significantly more negative for HIV-1 PR (-8 kcal
mol™" in EH versus —18 kcal mol™" in HIV-1 PR). This explains
why HIV-1 PR can bind the epoxide inhibitors in an irreversible
manner. In EH two tyrosines play the role of the catalytic acid.
They are, in general, weaker acids (pK, ca. 10.0) compared with
the Asp residues (pK, ca. 4.0). The strength of the catalytic acid
also influences mechanistic aspects of the reaction. While in HIV-1
PR the ring-opening and proton transfer reactions take place in a
concerted manner, in EH the reaction steps proceed by a stepwise
mechanism.

The water molecule, which plays a vital role in the proteolytic
reaction catalyzed by HIV-1 PR (Fig. 2), has been shown to be not
crucial for irreversible epoxide inhibition. The mechanism B, in
which the oxirane-ring fission was facilitated by the acid catalyst
(Asp2Y’) through a water bridge, is energetically less preferable.
The most feasible inhibition is carried out with the direct
participation of the acidic catalyst. Due to the specific position
of the catalytic aspartic dyad of HIV-1 PR, they can work as
cooperative nucleophile-acid machinery for fission of the epoxide
ring of the inhibitors. It should be emphasized that the carboxy-
late ion is a weak nucleophile, and the assistance of the other
Asp residue, as a general acid catalyst, is essential for the
irreversible epoxide inhibition.***® As was demonstrated by DFT
calculations,***4™# the ring opening of epoxides has a significantly
high activation barrier of ca. 15-25 kcal mol™' without involving
the catalytic acid in the reaction system. Thus for efficient reaction,
the epoxide ring must fit a specific binding position in the active
site of HIV-1 PR, which can be characterized by the geometric
parameters of the transition state TSA defined in Tables 2 and
3. A detailed structural analysis of TSA (Fig. 5) reveals that only
mono substituted and cis-1,2-disubstituted epoxides are preferable
configurations. The trans or 1,1-disubstituted configurations of
the epoxide ring would hinder the proper orientation of the ring
necessary for the proton transfer from Asp25’ onto the ring oxygen
of the inhibitor. This is in agreement with observations that only

Table 2 Selected geometric parameters of the minima and the transition
state optimized at the B3LYP/6-31+G(d,p) and M05-2X/6-31+G(d,p)
(values in brackets) levels: the distances (d) in A, valence angles (7), and
torsion angles (¢) in degrees (for other data, see 3D structures in ESIt)

1A TSA 2A
d(03-C5) 3.06 2.17 (2.11) 1.47
d(C5-07) 1.47 1.77 (1.78) 241
d(07-H8) 1.58 1.18 (1.10) 0.99
d(H8-09) 1.02 1.24 (1.35) 1.75
n(C2-03-C5) 96.7 111.9 (111.2) 119.1
n(03-C5-C6) 110.0 105.8 (108.6) 108.0
#(C1-C2-03-C5)  —140.8  —165.3(—169.6) —179.3
$(C2-03-C5-C6) 77.8 129.9 (133.0) 137.5
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Table 3 Selected structural parameters—interatomic distances (in A)and
angles (in degrees) among noncovalently associated atoms—in the TSA
transition state optimized by the B3LYP and M05-2X methods (for other
data, see 3D structures in ESIT)

B3LYP MO05-2X
d(Ca-C5) 5.24 5.34
d(Ca—C6) 5.90 6.28
d(Co~O7) 5.83 5.70
d(Co~C5) 6.07 5.72
#(Co-C1-C5-C6) 81.6 103.5
$(Ca-C1-C5-07) 39.7 459
#(Ca~C12-07-C5) 22.3 22
#(Ca—C12-07-C6) —31.2 ~50.1

compounds with the cis configuration of the epoxide ring are
potent irreversible inhibitors of HIV-1 PR.*

Recently it was demonstrated that the B3LYP functional can
correctly describe the geometries of simple epoxide oxonium
ions* except for asymmetrically substituted derivatives.** Zhao
and Truhlar recommend using a new functional M05-2X, which
gives the right bond length for the problematic C-O bond of the
protonated epoxide ring.”? To verify the accuracy of the B3LYP
geometry of the transition state, we re-calculated TSA at the
MO05-2X/6-31+G(d,p) level. As can be seen in Table 2 (values
in brackets), the new optimized geometry is close to that of
B3LYP with a difference of 0.01 A for the C-O bond. However,
some discrepancies can be seen in the torsion angles among
noncovalently associated atoms of the cluster (Table 3), where
B3LYP and M05-2X values differ by ca. 20°. In addition, we
also compared our geometry of the transition state with those
calculated for epoxide ring opening by HIV-1 PR* and other
enzymatic systems such as EH* and glycosylhydrolases.*® Again,
we found good agreement in the bond lengths for the breaking—
forming bonds [differences for d(O3-C5) of ca. 0.07 A and d(C5—
07) of ca. 0.09 Al.

Conclusion

We investigated at the quantum chemical level the structural
and energetic properties of the reaction between the active-site
cluster of HIV-1 PR and oxirane as a model for the irreversible
inhibition of the enzyme by epoxide inhibitors. The main goal
was to understand the irreversible nature of the reaction and
define a geometry of the transition state. The methods predict the
inhibition as occurring by a general acid-catalyzed nucleophilic
substitution reaction proceeding by a concerted Sy2 mechanism.
The one ionized Asp residue acts as a nucleophile attacking the
electrophilic carbon at the oxirane ring and the other protonated
Asp residue plays the role of a general acid catalyst facilitating
the ring fission of the inhibitor by transferring a proton onto
the oxygen of the oxirane ring. Mechanism A, with direct proton
transfer from the acid catalyst to the inhibitor, is predicted as the
most feasible process with an activation barrier of ca. 15-21 kcal
mol~'. The irreversible nature of the inhibition is demonstrated
by the large negative value of the reaction energy of ca. —17—
(—24) kcal mol~'. The main difference between the irreversible
epoxide ring opening in HIV-1 PR and the reversible opening in
EH is in the strength of the assisting catalytic acid (Asp versus

Tyr) and in the way the proton transfer occurs (concerted versus
stepwise mechanism).

From a detailed 3D analysis of the transition state, inhibitors
with mono substituted and cis-1,2-disubstituted epoxide rings are
preferable for a covalent interaction with the aspartic dyad of
HIV-1 PR. A potent inhibitor should bind into the active site at a
position which allows the oxygen of the epoxide ring to be easily
protonated by the active-site aspartic acid [@(Co—C12-O7-C5) =
10° + 10 and @(Ca—C12-07-C6) = —40° £ 10].
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The thermodynamically controlled self-assembly of rotaxane and pseudorotaxane systems consisting of
(i) a naphthodiimide thread unit terminated at one end with a pyridine ligand, and covalently linked at
the other to a gel-phase polystyrene resin support, (ii) a dinaphtho-crown ether shuttle unit, and (iii) a
ruthenium carbonyl metalloporphyrin stopper unit, is investigated by high resolution magic angle
spinning proton (HR MAS "H) NMR spectroscopy. The effects of variable concentration of the
solution-phase components, the temperature, and added Li* and Na* ions are described, and the
limitations of the technique are addressed. The dynamic behaviour is compared directly to the
solution-phase analogues, where a bulky stopper group is substituted for the polystyrene resin bead.

Introduction

One of the most appealing aspects of supramolecular chemistry
is its promise to deliver real nanoscale working devices with a
minimum of synthetic investment."> Accordingly, the concepts
of molecular recognition leading to self organization and self-
assembly have assumed particular prominence®* and from this
has evolved a modular approach where individual appropriately
designed molecular components are brought together in such
a way as to ensure structural integrity and coherence of the
final assemblage.® Inevitably, this has required a full under-
standing of the recognition principles involved, but the process
is even then often constrained by the efficiency of kinetically
controlled bond-forming reactions between the components.® A
thermodynamically-based process, where the components are
assembled under equilibrating conditions, can lead to efficient
selectivity with inbuilt error correction.”® Furthermore, the prin-
ciples of dynamic combinatorial chemistry can then be utilised to
advantage, so that selection from a library of components can lead
to the most thermodynamically favoured outcome.®*

While thermodynamic control has the advantage of simplicity
of construction, the stability of the final assembly is at the mercy
of the principles of dynamic equilibrium, at least in solution. For
robust working devices, this represents a serious impediment. A
logical next step is to use an irreversible kinetic fixing process after
equilibration, and this has been used to advantage in isolation of
the major component from a dynamic combinatorial library,®!*!!
or for supramolecular synthesis.**?
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We have previously reported on the assembly of rotaxanes
and catenanes under conditions of thermodynamic control in the
solution-phase.”*** These systems utilise the pseudorotaxane-like
stabilisation offered by a naphthodiimide and a dibenzo-crown
ether, and the threaded unit, which is itself appended at each
end by a pyridine-derived Lewis base moiety, is then stoppered
essentially reversibly by a coordinate covalent bond to a suitable
metalloporphyrin.

In working electronic or mechanical devices, the molecular
scale systems need to be attached in an ordered array at some
interface or solid surface. Usually, one of the constituent units is
attached, and the other component(s) is (are) then assembled from
the surrounding solution. Although a number of solid-supported
supramolecular systems has been reported>'®' the majority
involve either the incorporation of supramolecular systems into
polymer matrixes,'® the use of Langmuir-Blodgett (LB) films," or
more commonly, the formation of self-assembled monolayers on
gold or other surfaces.”

Because of the limited number of techniques that can be applied
to solid-appended systems, and especially those under dynamic
equilibrium, the structural integrity and dynamics of the array
need to be inferred by analogy to the solution-phase behaviour. In
some instances, it has been possible to detach the supramolecule
from the solid support to enable solution-phase characterisation,
but this is only feasible for intact non-equilibrating systems.

To this end, we have described a series of neutral rotaxane and
catenane systems and have compared their synthesis, behaviour
and properties in solution with those of analogous systems
tethered to solid-phase polystyrene supports.'*** While these
particular polymeric supports offer little in terms of electrical
conductivity that might be utilised in nanoscale electronic devices,
they have a particular advantage in the fact that they can be
readily studied by high resolution gel-phase magic angle spinning
(HR MAS) "H NMR spectroscopy. This allows high quality well-
resolved proton spectra to be obtained with linewidths comparable
to conventional solution-phase spectra, not only for the solid-
attached molecular components, but also the solution-phase
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entities in the surrounding solution.?** Hence, a direct view of the
equilibrium processes between solid-attached and solution-phase
components can be obtained in real time. For self-assembling
supramolecular systems, this represents a convenient way to
compare the solution state behaviour with that of the solid-
attached analogues, which in turn provides confidence in an
assumed correspondence of structural integrity and properties of
similar types of systems that are ultimately attached to conducting
surfaces or assembled at interfaces or in membranes.

The fundamental components of these systems in both solution
and solid-phase studies are the neutral naphthodiimide thread
1, the dinaphtho 38-crown-10 macrocycle 2, and the ruthenium
carbonyl porphyrin 3. In a typical solution-phase rotaxane system
illustrated in Scheme 1, the thread unit is encircled by the crown
ether through a combination of dipolar, n— and charge transfer
intermolecular forces, and the rotaxane 4 is completed by stop-
pering as a result of coordination of the terminal pyridine units of
the thread with the ruthenium carbonyl porphyrin. The assembly
of this system is completely reversible and the thermodynamically
most stable product, the rotaxane, self-assembles in solution by
simple mixing of the components in a suitable solvent.'*'s

Based on the same principles, the self-assembly of analogous
rotaxanes on solid supports was also studied (Scheme 2). A
naphthodiimide thread terminated with a single pyridine group
was tethered at the opposite end to polystyrene beads. The
functionalised beads 5 were then allowed to swell in solutions
containing the crown 2 and porphyrin 3 stopper components, and
the system was analysed by HR MAS "H NMR spectroscopy. This
allowed the dynamic equilibrium between the solid- and solution-
phases to be easily monitored as the polymer-bound rotaxane 6
assembled from its component parts.'**! We have also reported the
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non-equilibrium counterparts to these systems, where rotaxane
and catenanes were covalently attached to these beads under
kinetically controlled conditions.*

We now present a more detailed description of this system,
and extend the study to examine the full correspondence between
solution and solid-phase-attached behaviour, as revealed by HR
MAS spectroscopy. Further, we report on the effect of temperature,
added metal ions, and relative concentrations on the assembly
processes both in solution-phase and solid-attached gel-phase
systems.

Results and discussion

Solution-phase analogues of a mono-stoppered
naphthodiimide-threaded rotaxane

Previous solution studies of the three component system referred
to above have involved the use of the bis-pyridine functionalised
thread 1, in which two stoppering porphyrin units are required
for the rotaxane.'>'"* However, for a solid-tethered thread unit 5,
one end is effectively stoppered by the solid support and thus
only one porphyrin equivalent is needed for rotaxane formation.
Thus, a more appropriate solution analogue was reasoned to be
one in which one end of the thread is stoppered by a bulky, non-
porphyrinic entity designed to prevent slippage of the macrocycle
from one end. This would provide a solution-phase counterpart
for direct comparisons of thermodynamic, kinetic and structural
factors. The stopper group of choice was based on 7, and is similar
to those used extensively by Stoddart and others as effective
stoppers in related bipyridinium-based, dialkylammonium, and
other rotaxanes.?**

Scheme 1
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Scheme 2

Thus, the mono-stoppered naphthodiimide thread 9 was syn-
thesised via reaction between 7 and the acid chloride derivative of
8 (Scheme 3).

An '"H NMR spectrum (2% MeOD-CDCl;) of an equimolar
solution of 2 and 9 was consistent with the formation of the
pseudorotaxane 10. It showed upfield shifted and broadened
resonances for the diimide protons (8.72 to 8.59 ppm) and crown
aromatic protons (7.54, Ad = —0.16; 7.05, A0 = —0.13; and
6.42 ppm, A0 = —0.08 ppm), indicating that the system was in
fast exchange on the NMR chemical shift time scale, similar to
that previously observed for the analogous system with the bis-
pyridyl-substituted naphthodiimide thread 1 (Fig. 1)."

At lower temperatures, two sets of peaks became evident for
both the diimide and crown resonances, indicating a change in
dynamics from a fast to a slow exchanging system on the NMR
chemical shift timescale (Fig. 1): the diimide proton resonance
(a) at 8.59 ppm splits into unbound (a,,, 8.61 ppm) and bound
(ai,, 8.08 ppm) resonances, with the bound resonance increasing in
proportion relative to its unbound counterpart as the temperature
decreased.

Likewise, two sets of crown peaks (i, j, k) were observed
with those belonging to the unbound crown appearing at 7.62,
7.18 and 6.54 ppm, and those belonging to its bound partner
appearing at 6.67, 6.59, 6.03 ppm. This temperature dependence
was comparable to that of the binding of the bis-pyridine thread
1, indicating that any effect on the binding or stability of having
one end of the thread stoppered is negligible in this time frame
and concentration range. At —70 °C, a fine structure around the
bound diimide peak (a;,) was evident. This has been seen in similar
systems involving crowns complexed with diimides and has been
shown to be due to the rocking back and forth and “yawing” from
side to side of the diimide inside the crown.'>*

Addition of one equivalent of ruthenium carbonyl porphyrin 3
to the 1 : 1 mixture of 9 and 2 completed the rotaxane formation,
11, through stoppering of the single pyridine terminus of the thread
via a coordinate covalent bond to the ruthenium. Similar to the
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Fig.1 'HNMR temperature comparison of equimolar mixtures of 1 and

2 (A); and 9 and 2 (B, C and D). Numbering and colouring refer to those
indicated in Schemes 1 and 3.

behaviour previously observed for the analogous system with 1, the
"H NMR spectrum showed dramatic upfield shifts of the pyridine
proton resonances from their unbound positions of 9.17, 8.73,
8.29 and 7.40 ppm to typical coordinated positions of 6.74, 5.39,
2.20 and 1.78 ppm. Notably, even at room temperature, two sets
of resonances for the crown and diimide protons were observed
indicating the system was now in slow exchange on the NMR
chemical shift timescale. Variable temperature NMR experiments
were performed and again similar ratios of bound versus unbound
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Scheme 3 Reagents and conditions (i) oxalyl chloride, toluene, quantita-
tive yield; (ii) dry DCM, room temperature, 12 h, 81%. Also indicated in
this and Schemes 1 and 2 is the non-systematic aromatic group labelling
and colouring system used for the NMR analysis of 9 and its related
supramolecular systems 10 and 11.

crown were obtained compared to the symmetrical diimide
thread 1.2

Thus, it is established that the covalent stoppering of one end
of the diimide thread has no significant effect on the dynamic self-
assembly of this system.?” This is expected to translate directly to
the polymer-attached thread, where the polymer matrix acts as an
inbuilt stopper.

Enhancing the crown—diimide interaction using alkali metal ions

It has been demonstrated that alkali metal ions can enhance
binding and can be used to control molecular motion in assembled
catenanes and rotaxanes incorporating the diimide-dinaphtho-
crown motif.?®*? This effect has been especially significant using Lil
in pyromellitic diimide systems, while more complex behaviour has
been reported for the naphthodiimide counterparts in the presence
of sodium salts, and particularly Nal.** Thus, NMR studies in
2% MeOD-CD,Cl, (a solvent system which had been shown
to maximise the effects of the added cations) pseudorotaxane
formation involving the mono-stoppered thread unit 9 and the

dinaphtho-crown 2 was only minimally enhanced by the addition
of Lil, while a greater effect was seen in the case of Nal. This
was evidenced by an upfield shift in both crown and diimide
aromatic resonances at 30 °C in the presence of an excess of
Nal in an equimolar mixture of diimide and crown (Fig. 2). At
lower temperatures, these broadened and shifted (fast exchange)
resonances split into bound and unbound crown peaks as the
system moved into the slow exchange regime (bound at 6.62 ppm
iand j, and 6.09 ppm k; and unbound at 7.55 i, 6.89 j and 6.76 k
ppm at —30 °C) (Fig. 2). Furthermore, three distinct peaks were
evident for the diimide protons (8.64, 7.97 and 8.57 ppm), as a
result of the asymmetry induced in the diimide0—crown interaction
geometry by the Na* ion, as previously reported.”*® At lower
temperatures, the spectra showed additional fine structure, which
is again indicative of rocking and yawing of the diimide inside the
crown as described above.

When the ruthenium porphyrin stopper 3 was subsequently
added to the equimolar mixture of diimide 9 and crown 2 in
the presence of Nal, clear bound (6.64 peaks for protons i and
j overlapping, and 6.14 ppm) and unbound (7.58, 6.86, 6.79 ppm)
resonances for the crown, and similarly bound (8.05 ppm) and
unbound (8.69 ppm) diimide peaks were observed. An increase in
the proportion of bound versus unbound crown was clear evidence
of enhanced stabilisation of the crown-diimide complex by the
Na* cation. Again at low temperatures the appearance of the third
peak due to the asymmetry resulting from binding of the sodium
cations was observed at 8.50 ppm, as was the fine structure around
both bound diimide peaks due to the “yawing” and “rocking”
phenomena.

Thus it was established that the addition of Nal enhances the
crown—diimide interaction and it can be anticipated that subse-
quent experiments on solid supports will be able to incorporate
this to advantage.

Polymer-tethered pseudorotaxanes and rotaxanes

The principles thus established for the incorporation of singly-
stoppered thread units in these thermodynamically driven systems
could now be transferred to the polymer-tethered analogues.
Previously we reported® that an equilibrated mixture of the
polymer-bound thread 5 and the crown 2 in CDCI; containing
excess crown showed an upfield shifted diimide resonance, as
well as large crown peaks not significantly shifted from their
free positions. This is consistent with the formation of the
pseudorotaxane system, which is in fast exchange on the NMR
timescale; the crown resonance positions are dominated by the
large contribution from the excess crown, which on the other
hand has caused a substantial upfield shift of the diimide, which is
predominantly bound under these conditions. We have previously
alluded to the logistical difficulties inherent in the measurement
technique, of precise quantification of added reagents with respect
to the loading of the bead component.’! Nevertheless, when the
experiment is performed (in this case in 2% CD;OD-CDCl;) with
a lower concentration of added crown, then instead of large and
dominant excess crown resonances, now two distinct sets of peaks
can be identified for the crown, each somewhat broadened and
moved from its free position (Fig. 3). Apparently in contradiction,
there is only one upfield shifted and broadened diimide resonance.
Since it was expected that the system should still be in fast
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'"H NMR comparison of diimide thread 9 binding equimolar proportions of crown ether 2 at 30 °C (A); and in the presence of Nal at various

temperatures (B, C, D, and E). All spectra were run in 2% MeOD-CD,Cl,. Bound crown and diimide peaks are depicted as i, j;, etc, while unbound
peaks are depicted as iy, jou €Zc.

exchange (as in the solution studies above, and from our previous
results), the presence of a second set of crown peaks was puzzling.
Measuring the HR MAS spectrum of the same sample at low
temperature (—15 °C) resolved the issue: the diimide resonance
and one set of the crown peaks (labelled i, ji, and k;, in Fig. 3)
sharpened and shifted upfield. This is indicative of their being
involved in an equilibrium between free components and bead-
bound pseudorotaxane, where the lower temperature has increased
the proportion of the latter, with concomitant upfield shifts. On
the other hand, the second set of crown peaks remained unmoved,
and unchanged in intensity and broadness, clearly indicating that
it is not involved in the equilibrium. Being downfield of the

282 | Org. Biomol. Chem., 2008, 6, 278-286

diimide-bound set, we attribute this set of peaks to ‘entrapped’
or ‘intertwined’ in the bead core and thus unable to access the
diimide.®*> These peaks are labelled ipead, joeaa aNd Kpeyq in Fig. 3.
This phenomenon is not seen when a large excess of crown is
added (as reported in our previous studies), where the peaks
appear in the typical unbound region of the spectrum, overlapping
and obscuring the region where the entrapped crown peaks
appear.

Thus it is important to ensure that analysis of these systems is
carried out with both concentrated and more dilute solutions so
that the different behaviour can be monitored. It is also clear that
the use of variable temperature HR MAS can be of considerable
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Fig. 3 HR MAS proton NMR spectral comparisons of a mixture of
diimide tethered bead 5 with crown 2 in 2% MeOD-CDCI, at the
temperatures indicated. A and B are spectra of the same sample at different
temperatures. C is a spectrum of a sample with an excess of crown 2. The
differences in spectrum C compared to a previous report? is due to both a
different solvent system and concentration of crown (the previous spectrum
was obtained in CDCl; with a significantly higher concentration of added
crown, resulting in stronger diimide complexation, as evidenced by a higher
field diimide proton a chemical shift. It should also be noted that some
pyridine proton resonances that are apparent in our previous reported
spectrum of this system, are not visible here due to their being filtered out
as a result of a 2 K CPMG loop pulse sequence used to suppress core bead
proton resonances (see Experimental and the electronic supplementary
informationt). Nevertheless, all samples were routinely run with 0, 32, and
2 K CPMG loop pulse sequences to ensure visualisation of all components.
Clear NMR signals for the pyridine protons b-e were visualised in the
basic proton pulse acquisition where no CPMG sequences were used.
Labelling and colouration is as discussed in the text, and correspond to
those indicated in Scheme 1.

utility in understanding the dynamic behaviour of these systems
on solid supports.

A similar concentration dependence was observed for the
ruthenium porphyrin fully stoppered rotaxane 6. Previously, we
have reported that an equilibrated mixture of the polymer-bound
thread 5, the crown 2 and the ruthenium porphyrin 3 showed
the presence of three distinct sets of crown-derived peaks in the
HR MAS spectrum. These were attributed to unbound crown 2,
crown belonging to the polymer-linked and porphyrin-stoppered
rotaxane 6, and the third set to crown encircling the inner
polyethylene glycol linkers on the ArgoGel beads. We now show
that the appearance of this third set of crown resonances is also
concentration dependent, and if a lower concentration of crown
is used in the solution surrounding the functionalised beads, then
these resonances can be effectively eliminated. Under (estimated)
similar relative concentration conditions as used above, addition
of an equimolar solution of 2 and 3 to the diimide tethered beads
5 resulted in a large upfield shift of the pyridyl protons (to 6.68,
5.35, 2.18 and 1.76 ppm) as the pyridine group coordinated to
the ruthenium porphyrin. Stoppering by this porphyrin slows

the dynamics of this system from fast to slow exchange on the
NMR chemical shift timescale, resulting in observable bound
(6.75,6.57,6.02 ppm) and unbound (7.70, 7.14, 6.48 ppm**) crown,
and likewise bound (8.18 ppm) and unbound (8.71 ppm) diimide
peaks (Fig. 4). Unlike our previous report however, no third set of
crown peaks due to polyethylene glycol bound crown around the
polyethylene glycol tentacles of the ArgoGel beads were observed
under these more dilute conditions. Variable temperature experi-
ments showed that as the temperature decreased, the proportion of
bound versus unbound crown increased, indicating that rotaxane
formation is thermodynamically favoured at lower temperatures,
which is comparable behaviour to that observed on the analogous
solution-state rotaxane systems discussed above.
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Fig.4 HR MAS 'H NMR comparison, at the temperatures indicated, of
diimide tethered bead 5 with an added excess of an equimolar mixture of
crown 2 and porphyrin stopper 3.

Nevertheless, the reproducibility of this technique was demon-
strated by the use of more concentrated solutions of crown and
porphyrin. The HR MAS spectra obtained were now identical
to those previously reported, with the pseudorotaxane showing
only one set of peaks, and the sample containing both crown
and porphyrin revealing the third set of crown peaks, identical to
those previously reported.?* This confirms that the technique is
indeed reproducible and the differences between samples and sets
of measurements are a function of the ratio of diimide to crown and
porphyrin, and not to any anomaly in either the synthesis/loading
of the beads or an experimental artefact of the HR MAS technique
(see also the electronic supplementary informationt).

Since we had previously observed Nat*-enhanced rotaxane
formation in solution-phase studies of the analogous system
containing the stoppered diimide 9, it was of interest to determine
whether this effect could be seen in the analogous systems tethered
to solid polystyrene beads. However, as quantitation is difficult in
this technique, care must be taken to ensure that any observed
relative enhancement of binding is due to the addition of sodium
cations, and not as a result of variation in crown concentration in
the solution surrounding the beads in the different samples during
their preparation for HR MAS analysis.

In a typical experiment, a solution of crown 2 and Nal in
2% MeOD-CDCI; was sonicated for several minutes to ensure
solubilisation of the sodium iodide and then this solution was
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Fig.5 HR MAS '"H NMR comparison of polymer-tethered pseudorotaxane with and without added Nal at 300 K in 2% MeOD-CDCI,. Top spectrum
is tethered diimide 5 + crown 2. Bottom spectrum is tethered diimide 5 + crown 2 + excess Nal.

added to the diimide tethered beads 5 and HR MAS 'H NMR
spectrum recorded (Fig. 5).

HR MAS NMR spectra recorded in the presence of Nal
invariably show much sharper peaks. Indeed, in these cases, the
pyridine protons are clearly distinguished; they are not filtered
by the application of the CPMG pulse sequence, an experimental
artefact that is commonly encountered in preparations without
added salt (see for example the caption under Fig. 3), presumably
due to different relaxation effects caused by the presence of the
Nal. In the comparable samples shown in Fig. 5, the addition of
Nal has caused an upfield shift in the diimide proton from 8.43
to 8.37 ppm. In this case however, the crown peaks are seen to be
deshielded slightly, moving from 6.92, 6.77 and 6.19 ppm to 7.01,
6.79 and 6.22 ppm. This suggests an excess of crown added to
the beads in this sample, and thus the upfield shift of the diimide
peak may be a result of additional crown causing a shift in the
equilibrium to a larger proportion of bound species. Nevertheless,
the sharpening of the spectra suggests that the exchange process
is slower and that the formation of pseudorotaxane is indeed
stabilised, although the relative magnitudes of the shifts of the
peaks in this case is not entirely definitive.

Addition to the diimide-attached beads 5 of a solution contain-
ing the same crown 2, but now with added porphyrin stopper 3 and
Nal, showed more definitive evidence of the effect of the sodium
ion (Fig. 6). In this case, addition of Nal clearly increases both the
proportion of bound diimide and bound crown relative to their
unbound counterparts. It could be established that this is not due
to excess crown, as otherwise the spectrum would show an increase
in bound diimide but a decrease in bound crown. Conversely, it
cannot be due to a lower amount of added crown, which would
result in increased bound crown peaks but a reduction of bound
diimide. Thus, it can be concluded that the sodium cation enhances
the rotaxane formation on solid supports just as it does in the
solution-phase analogues 10 and 11.

Conclusions

The results presented here show that there is no significant differ-
ence in the behaviour of the solid-tethered diimide thread system
compared to that observed in their solution-phase analogues. The
enhancement of rotaxane formation by the addition of Na* ions

laow !
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Fig. 6 HR MAS 'H NMR comparison of pseudorotaxane formation
with and without Nal at 300 K. Top spectrum is of tethered diimide 5 +
crown 2 + porphyrin stopper 3. Bottom spectrum is of the same mixture +
Nal.

observed in solution is also paralleled in the gel-phase system.
We have also confirmed that within certain limitations imposed
by experimental difficulties associated with precise stoichiometric
quantitation, the spectra are reproducible, which shows that
this technique is reliable and robust. The ability to use variable
temperature makes this a very versatile technique and extends its
potential considerably.

Experimental
Synthesis

2-(2-(2-(2-(2-Nicotinoyloxyethoxy ) ethoxy ) ethoxy )ethyl)-7-( 2-
(2-(2-(2-(3-carboxypropionyloxy )ethoxy )ethoxy )ethoxy )ethyl )-
benzo[lmn|-(3,8 )phenanthroline-1,3,6,8-tetraone (8)
2-(2-(2-(2-(2-Nicotinoyloxyethoxy)ethoxy)ethoxy)ethyl)-7-(2-
(2-(2-(2-hydroxyethoxy)  ethoxy)ethoxy)ethyl)benzo[/mn]-(3,8)-
phenanthroline-1,3,6,8-tetraone® (325 mg, 450 umol), succinic
anhydride (90 mg, 900 umol), 4-(N,N-dimethylamino)pyridine
(DMAP, 11.0 mg, 90 umol) and triethylamine (125 pL, 900 pmol)
were dissolved in dichloromethane (DCM, 40 mL) and stirred at
room temperature for 5 days then heated to 48 °C for 1 day. The
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solvent was evaporated and the residue taken up in chloroform—
water. The organic layer was separated, dried (Na,SO,) and the
solvent evaporated. The crude product was subjected to column
chromatography (SiO, : DCM to 10% MeOH-DCM) to yield the
pure product as a yellow oil (300 mg, 81%); m/z (ES-MS) [M +
H]J* 824.2880 C, HN;0O,, (calc. 824.2878); "H NMR (300 MHz,
CDCl;) 6 9.18 (1H, d, Ar-H), J 8.72 (4H, s, Ar-H),  8.76 (1H,
dd, Ar-H), § 8.31 (1H, dd, Ar-H), 6 7.42 (1H, dd, Ar-H), J 4.46
(6H, m, OCH,), ¢ 4.19 (2H, t, OCH,), ¢ 3.82 (6H, m, OCH,),
0 3.57-3.71 (18H, m, OCH,), ¢ 2.60 (4H, s, CH,); “C NMR
(75 MHz, CDCl;) 6 176.3, 176.0, 175.3, 172.4, 172.2, 171.5, 165.0,
162.9, 152.8, 150.4, 137.7, 131.0, 126.7, 126.6, 126.3, 123.5, 70.6,
70.4, 70.1, 69.0, 67.8, 64.6, 63.7, 60.7, 45.5, 42.2, 42.0, 40.7, 39.6,
30.4,30.1,29.7,29.3, 29.2, 29.1, 28.0, 14.1, 14.0, 12.9, 8.5.

Mono-(2(2-(2-(2-(1,3,6,8-tetraoxo-7-(2-(2-(2-(2-(pyridine-
3-carbonyloxy )ethoxy )ethoxy )ethoxy )ethyl)-3,6,7,8-tetrahydro-
1H-benzo[lmn](3,8)phenanthrolin-2-yl)ethoxy )ethoxy )ethoxy ) -
mono-4-( tris-(4-tert-butylphenyl)-methyl )-phenyl) succinate (9)

Succinic acid mono-ester 822 (50 mg, 0.06 mmol) was dissolved
in toluene (5 mL) and excess oxalyl chloride (2 mL) was added.
The mixture was stirred at room temperature under N, for 4 h.
The reaction mixture was then pumped dry, solubilized in CHCI,
(1 mL) and pumped dry. This procedure was repeated 4 times
to remove all excess oxalyl chloride. The produced acid chloride
diimide thread (quantitative yield) in dry CHCI; (10 mL) was then
added to a solution of phenol stopper 7** (34 mg, 0.06 mmol)
in dry CHCl; (30 mL). The reaction mixture was then stirred at
room temperature under N, for 12 h. After this time, the mixture
was diluted with CHCI; (30 mL) and washed with sat. NaHCO;
(20 mL) and H,O (20 mL). The crude product was purified by
chromatatron (2 mm silica plate) using 5% MeOH-DCM as the
eluent to give the pure product 9 as a yellow solid (66 mg, 81%);
m.p 168-170 °C; m/z (ESI-MS) [M+H]* 1310.6165 C;;HgN;O ¢
(calc. 1310.6086); '"H NMR (300 MHz, CDCl;) J 9.24 (1H, s, py-
H), 8.76 (5H, s, py-H, NDI), 8.35 (1H, d, J 8, py-H), 7.45 (1H, t, J
6, py-H), 7.18-7.28 (8H, m, Ar—H), 7.08-7.11 (6H, m, Ar—H) 6.97
(2H, d, J 6, OAr-H), 4.45-4.52 (8H, m, OCH,), 4.24-4.27 (2H,
m, OCH,), 3.84-3.87 (8H, m, OCH,), 3.60-3.72 (14H, m, OCH,),
2.86 (2H, m, CH,), 2.77 (2H, m, CH,), 1.31 (27H, s, t-Bu); *C
NMR (75 MHz, CDCl;) 6 172.0, 170.8, 165.1, 162.8, 153.1, 150.7,
148.5, 145.0, 143.7, 137.3, 132.2, 131.0, 130.7, 126.8, 126.6, 124.1,
119.9,70.7, 70.6, 70.1, 69.0, 67.8, 64.5, 63.9, 63.4, 39.6, 34.3, 31.4,
29.3,29.1.

ArgoGel(tm)-OH bound 2-(2-(2-(2-(2-nicotinoyloxy-ethoxy )-
ethoxy )-ethoxy )-ethyl)-7-(2-(2-(2-(2-(3-carboxy-propionyloxy )-
ethoxy )-ethoxy)-ethoxy )-ethyl)benzo[Imn |- (3,8 ) phenanthroline-
1,3,6,8-tetraone (5)

ArgoGel-OH™ or TentaGel™ beads (50 mg) and mono-
succinate ester 8 (337 mg, 409 pmol) were stirred at room
temperature under nitrogen with CHCI; (5 mL). Triethylamine
(62 uL, 450 umol) was added to the mixture via a syringe, followed
by 1-hydroxybenzotriazole, HOBT (81 mg, 600 umol) and EDC
(115 mg, 600 umol). The mixture was heated to 50 °C and stirred
for 7 days under N,. Then the beads were filtered and washed
successively with CHCI; (5 mL), acetone (5 mL), water (5 mL),
HCI (aq, 2 M, 5 mL), sodium bicarbonate (sat aq, 5 mL), water
(5mL) acetone (5 mL), petroleum spirit (5 mL) and CHCI; (S mL).
The beads were then dried under high vacuum. The resulting
component-attached beads 5 were coloured yellow. '"H NMR

(400 MHz, 2% MeOD-CDCl;) ¢ 9.16 (1H, d, Ar-H), 8.72 (5H, s,
Ar-H), 8.28 (1H, dd, Ar-H), 7.39 (1H, dd, Ar-H), 4.43 (4H, m,
OCH,), 4.19 (8H, m, OCH,), 3.44-3.79 (20H, m, OCH,), 2.60
(4H, s, CH,). This compound was also attached to TentaGel resin
beads giving an identical HR MAS NMR spectrum.

Methods and procedures for gel-phase HR MAS spectroscopy

Solution NMR spectra were acquired on a 300 MHz Bruker AC-
300P FT spectrometer at 303 K. HR MAS NMR spectra were
acquired on a Bruker DRX400 spectrometer at room temperature
or below using a Bruker HR MAS microprobe. Rotors containing
a suspension of the beads in CDCI; were spun at 4 kHz. One-
dimensional HR MAS spectra were obtained with 64 scans.
CPMG pulse sequence contained 32 or 2000 m-pulses with a
repetition time of 30 ms. Chemical shifts (J) are reported in parts
per million relative to residual solvent.

Limitations of the technique and difficulties associated with ac-
curate quantitation and spectral reproducibility between samples
are discussed in the electronic supplementary information.
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A solid phase synthesis of des-myo-inositol mycothiol disulfide and its alpha-configured methyl- and
benzyl-glycoside derivatives has been developed. Kinetic characterisation of these compounds has
demonstrated their viability as alternative substrates for use in mycothiol disulfide reductase enzyme

assays.

Background

Glutathione (GSH) is the principle antioxidant thiol found in most
eukaryotes and Gram negative bacteria. Most Actinomycetes
(eg. Mycobacterium tuberculosis, Streptomyces coelicolor) lack
GSH and instead utilise the cysteinyl pseudo-disaccharide my-
cothiol (MSH) (1-D-myo-inosityl-2(-N-acetyl-L-cysteinyl) amino-
2-deoxy-a-D-glucopyranoside) as their principal low molecular
weight thiol (Fig. 1)."* Like GSH, MSH is believed to play
a key role in the inactivation of potentially damaging radicals
and reactive oxygen species and is oxidised to the symmetrical
mycothiol disulfide (MSSM), in the process. NADPH-dependent
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Fig. 1 Mycothiol, the mycothiol disulfide reductase pathway and my-
cothiol analogues.
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mycothiol disulfide reductase (Mtr) (also referred to as my-
cothione reductase) helps to maintain an intracellular reducing
environment by reducing MSSM back to MSH (Fig. 1).** MSH
deficient bacteria show a significant increase in sensitivity to
oxidative stress®’ making the mycothiol redox pathway a potential
therapeutic target in M. tuberculosis.

Mtr inhibitor studies are severely restricted by the scarcity of
MSH, which is difficult to prepare in sufficient quantity. Small
quantities of MSH are routinely obtained by whole cell synthesis in
typical yields of 1 mg per litre of M. smegmatis cell culture,®® while
chemical syntheses are convoluted.'*® Interestingly, the inositol
portion of MSH is not always essential for substrate recognition
by certain MSH-processing enzymes. The truncated substrate des-
myo-inositol mycothiol disulfide 4 is a proven alternative substrate
for Mtr® and the mycothiol-S-bimane analogue 7 (where inositol
is replaced with S-cyclohexyl)'*" is recognised as an alternative
substrate for mycothiol-S-conjugate amidase.’® Such simplified
analogues are more synthetically accessible than MSH and have
potential as alternative substrates to facilitate inhibitor studies of
Mtr, and (possibly) other MSH-dependent enzymes.

Routine access to sufficient quantities of 4 and/or other
simplified mycothiol disulfide analogues as alternative substrates
for Mtr inhibition assays is clearly desirable. Whilst solution
phase syntheses of 1® and its symmetrical disulfide 4° have
previously been reported, a solid phase approach would enable
the preparation of parallel libraries of MSH analogues. Herein
we report a solid phase method for the synthesis of 1 and the
alpha-configured methyl- and benzyl-glycosides (2 and 3). Their
subsequent oxidation to symmetrical disulfides 4-6 and evaluation
as alternative Mtr substrates is also described.

Results and discussion

The methyl- and benzyl-glycosides of glucosamine (10" and 11)
were prepared by hydrazinolysis of their N-acetyl precursors 8"
and 9" at 120 °C (Scheme la). The strategy for the solid phase
reactions was to immobilise the cysteine motif onto a polystyrene
resin via an S-trityl linkage as this would also serve to protect
the thiol during the amide coupling reaction. Supported CysNAc
15 was prepared by loading CysNAc 12 onto polystyrene trityl
chloride resin using standard procedures (Scheme 1b).? Immo-
bilised N-Fmoc cysteine 16 and its pentafluorophenyl ester 17
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Scheme 1 Reagents and conditions: (i) NH,NH,-H,O, 120 °C; (ii) TFA-
DCM-Et;SiH (40 : 60 : 3); (iii) polystyrene tritylchloride, DIPEA,
CH,Cl,-DMF; (iv) AcOH, trifluoroethanol, CH,Cl,; (v) MeOH, DIPEA,
CH,Cl,; (vi) 11, PyBOP, HOBt, base, DMF-CH,ClL,; (vii) 10, 11 or glu-
cosamine (2 eq.), PyBOP, HOBY, 2,6-di-tert-butylpyridine, DMF-CH,Cl,;
(viii) DM F-piperidine (8 : 2); (ix) Ac,O (1.1 eq.), pyridine (1.1 eq.), DMF;
(x) NH,HCO; (30 mM), shaking 24-60 h.

were prepared by acidic detritylation of their protected precursors
13-14 followed by removal of the trifluoroacetic acid (in vacuo)
and direct loading onto the resin without further purification.

Solid phase coupling reactions were initially studied between
immobilised CysNAc and aminosugar 11 (Scheme 1b). The use
of HBTU or HATU and excess 11 failed to provide reaction
product 3 (following TFA cleavage from resin). Presumably these
aminium-based peptide coupling reagents react with the excess of
aminosugar 11 to form guanidine byproducts instead. Reactions
of pentafluorophenyl ester 17 with four equivalents of 11 were
extremely sluggish and only trace quantities of 3 were isolated
after the reaction had been agitated for four hours.

Racemisation of the cysteine side chain has previously been
encountered when forming the cysteine-aminosugar amide bond
in MSH, particularly when carbodiimides such as EDCI or DCC
were used as the coupling reagent.’* Racemisation is often caused

by base-catalysed enolisation of the 5(4H)-oxazalone) interme-
diate, which itself forms via rearrangement of the pre-activated
carboxylate intermediate. Usually the carboxylate is pre-mixed
with the activating agent for five minutes prior to addition to the
amine nucleophile. With cysteine, racemisation can be minimised
by avoiding carboxylate pre-activation, using a weaker and/or
more sterically hindered base and reducing the solvent polarity.*

A similar strategy was therefore explored for the solid phase syn-
thesis of 3 using the phosphonium coupling reagent PyBOP. This
involved pre-mixing the solvated aminosugar 11 with the cysteine-
derivatised resin 15 prior to the addition of the activating reagents
(ie. PyBOP, HOBt and base). When 2,6-collidine was used as
a base, NMR analysis of the cleaved product revealed a 4 : 1
epimeric mixture of 3. This was evident in the carbon NMR
spectra where several of the carbons were represented by two
closely spaced signals. Of particular note was the presence of two
distinct anomeric carbon signals at 96.35 and 96.25 ppm for the
major and minor epimers, respectively. In the proton NMR spectra
two doublets were observed for the anomeric proton of the major
and minor epimers at 4.84 and 4.79 ppm, respectively. Two closely
overlapping singlets for the N-acetate methyl protons (1.91 ppm)
were also observed. Since the anomeric proton signals shouldered
the NMR solvent peak (in D,0) and the acetate signals were too
close together to allow the epimer ratio to be determined by their
integration, epimer ratios were determined by integration of the
anomeric carbon signals from an inverse gated coupling *C NMR
spectra of epimeric 3. When 2,6-collidine was replaced with 1,8-
diazabicyclo[5.4.0Jundec-7-ene (DBU) the degree of epimerisation
was reduced (7 : 2) and switching to 2,6-di-tert-butylpyridine
reduced this even further to give a 9 : 1 ratio of epimeric 3.

However, when 2,6-di-tert-butylpyridine was used as the base
for coupling 11 with immobilised CysNFmoc 16 no detectable
level of epimerisation was evident (presumably because the Fmoc
carbamate moiety further disfavours oxazolone formation). These
conditions were therefore employed for the preparation and
purification of all three MSH analogues 1-3 (Scheme Ic). After
coupling the amino sugar onto 16 the Fmoc protecting group was
removed (20% piperidine) and the free amine was acetylated by
treatment with acetic anhydride (1.1 equivalents). The product
thiol was then cleaved from the resin by treatment with 40%
trifluoroacetic acid (TFA). Sometimes, when the acetic anhydride
was used in a small excess some additional O-acylation of the
cleaved product was evident (by NMR). This was easily removed
by treating the cleaved product with a catalytic amount of sodium
methoxide under Zemplen conditions prior to purification. Under
these conditions it was possible to obtain 2 and 3 in about 80%
isolated yields (with respect to immobilised CysNFmoc 16).

The DMF : CH,CI, solvent ratios used in the amide bond-
forming steps for compounds 1-3 were dictated by the solubility
of the respective aminosugars. The benzyl glycoside 11 was the
most readily soluble (20% DMF) followed by the methyl glycoside
10 (25% DMF). Glucosamine was only sparingly soluble in DMF,
which may explain why this reaction failed to go to completion, as
evident from the significant amount of unreacted CysNAc 12 in
the cleaved product mixture (by NMR). It is worth noting that the
varying amounts of DMF used in all of the above procedures did
not appear to compromise the epimeric purity of the products.

For evaluation as Mtr substrates compounds 1-3 needed to first
be oxidised to their symmetrical disulfides 4-6, ideally without
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over-oxidation or the need for product purification. In our hands,
oxidation using hemin adsorbed onto Celite* was not satisfactory
as the oxidised product was heavily contaminated with hemin,
which leached from the Celite solid phase when washing out
the product. Treatment of the thiols with one equivalent of
iodine in 50% aqueous acetonitrile?® efficiently oxidised them to
their disulfides, but required treatment with multiple batches of
activated charcoal to remove any unconsumed iodine.** Thiols
can be selectively oxidised to their symmetrical disulfides (without
the risk of over-oxidation) under mildly basic conditions. In this
manner, disulfides 4-6 were cleanly prepared by shaking a solution
of thiols 1-3 in 30 mM ammonium hydrogen carbonate in an
open sample vial until the oxidation was complete (Scheme 1c¢).
Removal of the water and volatile salts by freeze-drying then
provided the clean disulfides 4-6 in quantitative yield. Using this
procedure, thiols 1 and 2 were completely oxidised within 24 h.
Benzyl glycoside 3 was less readily soluble and kept precipitating
out of solution and was periodically redissolved by warming the
solution with a heat gun. This reaction took much longer to reach
completion (60 h). It is worth noting that the epimer-free disulfide
6 gives a single anomeric carbon resonance whereas oxidation of
an epimeric mixture of 3 gives a mixture of three diastereomeric
disulfides, and therefore exhibits three closely spaced anomeric
carbon resonances.

The substrate properties of 4-6 and authentic MSSM with
recombinant hexahistidine-tagged M. tuberculosis Mtr* were de-
termined (Table 1). In our hands, the substrate properties for 4° and
MSSM?*? are comparable to those previously reported. Compared
to MSSM, removal of the inositol motif (ie. compound 4) gives
a four-fold increase in K,, but with no apparent effect on the
steady state turnover rate (k). The methyl glycoside 5 is just
a subtle elaboration of the structure 4, which results in only a
small increase in K,, and a 3-fold reduction in k.. Replacement
of the polyhydroxylated inositol motif of MSSM with a planar,
non-polar, benzyl group 6 results in only a 4-fold increase in K|,
and a 2-fold reduction in k.. The inositol ring of MSSM (as
drawn in Fig. 1) has an apolar patch on the top face. Perhaps the
planar face of the aromatic ring in 6 is able to replace some of the
binding interactions that might occur between Mtr and the inositol
hydrophobic patch in MSSM. If the benzyl group does occupy
the inositol binding pocket it seems plausible that myo-inositol
would be a much stronger inhibitor of Mtr using 6 as a substrate
than with the des-myo-inositol derivative 4. The inhibitory effects
of myo-inositol (25 mM) on the Mtr catalysed turnover of 4, 6,
and MSSM (at their respective K, concentrations) were therefore
studied (Fig. 2). Under these conditions myo-inositol displayed a
small, but comparable level of inhibition (15%) when MSSM or
its benzyl derivative 6 were the substrates. When compound 4 was
the substrate, the level of inhibition was significantly less (3%).

Combined with their synthetic accessibility, any of 4-6 could
be employed as alternative substrates for routine Mtr inhibition

Table 1 Alternative substrate properties with Mtr
Substrate K, (uM) ke (s71) Kew/ Ky (s7' uM™)
MSSM 113 (£10) 68.76 (+£2.27) 0.61 (£0.08)
4 463 (+£43) 70.05 (£5.88) 0.15 (40.04)
5 610 (£82) 25.54 (£0.83) 0.04 (£0.01)
6 438 (+43) 36.99 (+1.57) 0.09 (£0.01)
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Fig. 2 The effects of myo-inositol on Mtr catalysed substrate turnover:
assays were carried out with substrates 4 (400 pM), 6 (400 uM) and MSSM
(105 uM) in the presence of myo-inositol (25 mM). Percentage enzyme
activities are relative to control experiments (performed separately with
each substrate) in the absence of myo-inositol. All assays were carried out
in duplicate.

assays. We suggest the derivative 6 to be the most favourable
alternative substrate for such applications as the benzyl moiety
is likely to fill more the binding pocket within Mtr that is normally
occupied by the inositol portion(s) of MSSM. Using this substrate
it should be possible to also detect inhibitors which bind to Mtr
but only overlap the inositol binding region of the active site. Such
compounds could potentially be missed if assays were run using
the more truncated substrate analogues 4 and 5.

Conclusions

A convenient procedure for the solid phase synthesis of simplified
mycothiol mimetics has been devloped which enables efficient cou-
pling of the cysteine and aminosugar motifs without racemisation.
The facile preparation of these alternative substrates will facilitate
the screening of Mtr inhibitors. These solid phase synthesis
protocols will also enable the synthesis of parallel libraries of
mycothiol analogues as inhibitors and/or substrates of Mtr and
other mycothiol-dependent enzymes.

Experimental

General

"H-NMR spectra were recorded on a Bruker AV 300 or DRX
500 NMR FT-spectrometer at 300 or 500 MHz, “C-NMR were
recorded on the same spectrometers at 75 or 125 MHz, respectively.
Chemical shifts () are expressed in ppm and coupling constants
(J) are given in Hz. All NMR spectra were taken at 300 K
except where specified. Electrospray mass spectra were recorded
on a VG Quattro Triple Quadrupole Mass Spectrometer. Optical
rotations ([o]p) were obtained with a Perkin-Elmer Model 341
Polarimeter, using the specified solvent and concentration, and
are quoted in units of 10~'deg cm? g~'. Analytical TLC was
carried out on glass backed Macherly-Nagel SIL G25 UV,
plates and visualised under UV light or by staining with a 9 :
1 mixture of ethanol : sulfuric acid followed by charring with
a heat gun. Agitation of thiol oxidation reactions were carried
out on a Stuart-SF1 flask shaker. Thiols were visualised on TLC
plates by staining with 0.1% (w/v) Ellman’s reagent dissolved
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in a 10 : 1 solvent mixture of 0.45 M Tris-HCI (pH 8.5) and
ethanol. Thiol titrations were carried out by addition of reaction
samples to a 50 mM solution of Ellman’s reagent (5,5-dithiobis-
(2-nitrobenzoic acid)) in Mtr assay buffer in a disposable cuvette
and measuring the absorbance increase at 412 nm. Polystyrene
trityl chloride resin (100-200 mesh) was purchased from Fluka
(cat No. 93005). Resin loadings were determined by combustion
analysis of sulfur. Compounds 8, 9, 10,7 12* and 13*" were
prepared as previously described. Recombinant M. tuberculosis
Mtr (hexahistidine-tagged) was over expressed and purified from
an M. smegmatis mc?155 transformant as previously described.*
Spectrophotometric assays of Mtr were carried out in using a
temperature controlled PerkinElmer UV Lambda 25 spectropho-
tometer. Kinetic data were analysed (by non-linear regression)
using Grafit Version 5 (Erithacus Software Ltd).

2(-N-Acetyl-L-cysteinyl) amino-2-deoxy-a-D-glucopyranoside
(1). Resin 16 (0.122 mmol) was pre-swollen by agitation in DMF
(5 em?®) for 10 min and then filtered. A freshly prepared milky
suspension of D-glucosamine (44 mg, 0.245 mmol) in DMF (5 cm?)
was then added and whilst agitating with nitrogen gas a solution
of HOBt (33 mg, 0.244 mmol), PyBOP (127 mg, 0.245 mmol) and
2,6-di-tert-butylpyridine (46 mg, 0.245 mmol) was added and the
resulting mixture was agitated for 3 h by which time the slurry
had turned into a yellow/brown solution. The resin was washed
successively with 6 cm® portions of DMF (4 x 3 min) followed
by CH,Cl, (3 x 3 min). The product was then cleaved from the
resin by 3 x 3 min treatments with 8 cm® portions of TFA-
CH,Cl,-Et;SiH (40 : 60 : 3) and the resin finally washed with
CH,CI, (6 cm?®). The combined filtrates were concentrated on a
rotary evaporator to give a yellow/brown oil. The product was
precipitated by the addition of ice cold Et,O (4 cm?). The ethereal
solution was decanted and the precipitate washed with ice cold
Et,O (2 x 2 cm?). The precipitate was then dissolved in water
(8 cm?) and extracted with ice cold Et,O (3 x 2 cm?). The acidic
aqueous layer was then neutralised with 30 mM NH,HCO; and
passed through a Phenomenex Strata strong anion exchange solid
phase extraction tube (1000 mg) which was then washed with 3
column volumes of water. The combined eluents were freeze dried
to give 1 as a white solid (18 mg, 53%). oy (400 MHz, CD;0D)
2.75-2.91 (2H, m, CH,SH), 3.32-3.50 (1H, m) 3.56-3.88 (5H,
m) 4.49-4.53 (1H, m, CHCH,S), 4.64-4.66 (1H, d, J 8.0, H-1-0)
5.08 (1H, d, J 3.2, H-1-B); dc (100 MHz, CD,0D) 22.78, (CHs),
27.46 (CH,SH), 36.27, 56.21, 57.46, 57.59, 63.00, 73.04, 73.46,
76.08, 78.31, 92.86, (C-1-a) 96.98 (C-1-B), 172.94 (C=0), 173.78
(C=0) m/z (ESI*) 347.0879 (M+Na*. C,;Hy,N,0;SNa requires
347.0883).

Methyl 2(-N-acetyl-L-cysteinyl) amino-2-deoxy-o-D-glucopyrano-
side (2). Resin 16 (0.148 mmol) was pre-swollen by agitation in
DMF (10 cm?) for 10 min and then filtered. A solution of 10 (58 mg,
0.297 mmol) in CH,Cl,-DMF (3 : 1) (5 cm®) was then added
followed by a solution of HOBt (41 mg, 0.297 mmol), PyBOP
(154 mg, 0.297 mmol) and 2,6-di-tert-butylpyridine (57 mg,
0.297 mmol) in CH,CI-DMF (3 : 1) (2 cm®) and the resulting
mixture was agitated for 2 h. The resin was washed successively
with 10 cm® portions of DMF (4 x 4 min), then agitated in 20%
(v/v) of piperidine in DMF (40 cm?). After washing with DMF
(3 x 10 cm?), a solution of acetic anhydride (30 mg, 0.297 mmol)
and pyridine (24 mg 0.297 mmols) in DMF 10 cm® was then

added and agitated for 60 min. The resin was washed with DMF
(2 x 10 cm?) then DCM (3 x 10 cm?). The product was cleaved
from the resin by 3 x 3 min treatments with 6 cm?® portions of
TFA-CH,Cl,—Et;SiH (40 : 60 : 3) and the combined filtrates were
concentrated on a rotary evaporator to give an oil. The product
was triturated with ice cold ether (4 cm?) to give a white precipitate
which was dissolved in water (8 cm?) and washed with cold ether
(2 x 2 cm?). The aqueous layer was then freeze-dried to give 2
as a white lyophilate (42 mg, 84%). [0],® +57.1° (¢ 0.71 in H,0);
on (300 MHz, D,0); 1.91 (3H, s, CH,), 2.73 (1H, dd, J 14.2, 6.3,
CHH;SH), 2.79 (1H, dd, J 14.2, 6.3, CH,HSH), 3.24 (3H, s,
OCH,), 3.31(1H,t,J9.2,H-4),3.50-3.66 (3H, m, H-3, H-5, H-62),
3.72(1H,dd, J12.2,2.3, H-6b), 3.79 (1H, dd, J 10.7, 3.6, H-2),4.34
(1H, t, J 6.3, CHCH,SH), 4.61 (1H, d, J 3.6, H-1); d. (75 MHz,
D,0); 22.63 (CHj;), 26.36 (CH,SH), 56.23 (OCH,), 54.71, 56.73
(C-2, CHCH,SH), 61.53 (C-6), 71.05,71.88, 72.70 (C-3, C-4, C-5),
99.03 (C-1), 173.18 (C=0), 175.23 (C=0); m/z (ESI*) 339.1245
(M+H*. C;;H;N,0;S requires 339.1226) 699 (88%, 2M + Na*),
361 (100, M+Na*), 339 (10, M+H").

Benzyl 2(-N-acetyl-L-cysteinyl) amino-2-deoxy-o-D-glucopyrano-
side (3). Resin 16 (0.28 mmol) was pre-swollen by agitation in
a 4 : 1 co-solvent mixture of CH,Cl,-DMF (20 cm®) for 10 min
and then filtered. A solution of 11 (148 mg, 0.56 mmol) in 4 : 1
CH,Cl,-DMF (0.5 cm?) was then added followed by a solution of
HOBt (74 mg, 0.56 mmol), PyBOP (288 mg, 0.56 mmol) and 2,6-
di-tert-butylpyridine (124 uL, 0.56 mmol) in 4 : 1 CH,Cl,/DMF
(1 cm?®) and the resulting mixture was agitated for 2 h. The resin
was washed successively with 10 cm® portions of DMF (4 x 4 min),
then agitated in 20% (v/v) of piperidine in DMF (40 cm®). After
washing with DMF (3 x 10 cm?) a solution of acetic anhydride
(30 uL, 0.297 mmol) and pyridine (24 puL, 0.297 mmols) in DMF
10 cm® was then added and agitated for 60 min. The resin was
washed with DMF (2 x 10 cm®) then DCM (3 x 10 cm?). The
product was cleaved from the resin by 3 x 3 min treatments
with 6 cm® portions of TFA-CH,CL,-Et;SiH (40 : 60 : 3) and
the combined filtrates were concentrated in vacuo to give an oil.
The product was treated the NaOMe (45 mg, 0.84 mmol) in MeOH
(5 cm?®) for 3 h then stirred with DOWEX H* (2 g) for 1 h. The
resin was filtered and treated with hot water to obtain any product
that had precipitated out during filtration. The aqueous layer was
then freeze dried to give 3 as a white solid (91 mg, 79%). mp
217 °C (decomp); [o]p® +89.6; (¢ 1.0 in H,0); Jy (300 MHz,
D,0); 1.91 (3H, s, CH;), 2.73 (1H, dd, J 14.1, 6.7 CH,HSH),
2.80 (1H, dd, J 14.1, 5.7 CH,HSH), 3.35 (1H, t, J 9.0, H-4),
3.59-3.65 (3H, m, H-3, H-5, H-6,), 3.69 (1H, dd, J 12.0, 2.3
H-65) 3.79 (1H, dd, J 10.7, 3.7 H-2), 4.33 (1H, dd, J 6.7, 5.7
CHCH,SH),4.40(1H,d,J 11.7,0CH ,H3Ph),4.60 (1H,d, J 11.7,
OCH,HPh, 4.84 (1H, d, J 3.7, H-1), 7.29 (5H, m, 5 x ArH); d¢
(75 MHz, D,0); 22.06 (CHj;), 25.91 (CH,SH), 54.16, 55.94 (C-2,
CHCH,S), 60.78 (C-6), 70.07, 70.40, 71.06, 72.45 (CH,Ph, C-3,
C-4, C-5), 96.35 (C-1), 128.73 (CH), 128.91 (CH), 129.09 (CH),
137.20 (C), 172.35 (C=0), 174.49 (C=0); m/z (ESI*) 437.1355
(M+Na*. C,3H5N,0O,SNa requires 437.1358).

2(-N-Acetyl-L-cysteinyl) amino-2-deoxy-o-D-glucopyranoside
disulfide (4). A solution of 1 (34 mg, 0.105 mmol) dissolved in
30 mM aqueous NH,HCO; (4 cm®) was shaken for 24 h until
all the thiol had been consumed (by titration with Ellman’s
reagent). The water was removed on a rotary evaporator and
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the solids coevaporated three times with water before finally
dissolving in water and freeze drying to give 4 as a white solid
in quantitative yield. Spectral data was in agreement with that
previously reported. *

Methyl 2(-N-acetyl-L-cysteinyl) amino-2-deoxy-o-D-glucopyrano-
side disulfide (5). A solution of 2 (26 mg, 0.077 mmol) dissolved
in 30 mM aqueous NH,HCO; (3 cm?) was shaken for 24 h until all
the thiol had been consumed (by titration with Ellman’s reagent).
The water and some of the volatile salts were removed on a
rotary evaporator before dissolving in water and freeze drying
to give 5 as a white solid (26 mg, quantitative). [a]p® +23.5° (¢
0.74, DMSO); Jy (300 MHz, DMSO-d,); 1.85 (3H, s, CH;), 2.7
(1H, dd, J 13.4, 9.6, CH,HzSH), 3.07-3.14 (2H, m), 3.22 (3H, s,
OCH,), 3.29-3.35 (1H, m), 3.40-3.48 (2H, m), 3.57-3.63 (2H, m),
448 (1H, d, J 3.3, H-1), 4.57 (1H, dd, J 9.6, 4.4, CHCH,S); d
(75 MHz, DMSO-d;); 22.74 (CHj;), 41.08 (CH,SS), 52.20, 54.32,
54.95 (OCH;, C-2, CHCH,SS), 61.05 (C-6), 70.73, 70.88, 72.97
(C-3, C-4, C-5), 98.17 (C-1), 170.49 (C=0), 170.80 (C=0); m/z
(EST*) 697.2038 (M+Na*. C,,H;,N,0,,S,Na requires 697.2037)
697 (55%), 483 (65), 143 (100).

Benzyl 2(-V-acetyl-L-cysteinyl) amino-2-deoxy-o-D-glucopyrano-
side disulfide (6). A solution of 3 (30 mg, 0.072 mmol) dissolved
in a 1 : 1 mixture of hot 30 mM aqueous NH,HCO; and
MecOH (3 cm®) and was shaken for 60 h until all the thiol
had been consumed (by titration with Ellman’s reagent). As the
reaction progressed the reactants/products began to crash out of
solution and were periodically re-dissolved by warming with a
heat gun. The methanol was removed on a rotary evaporator and
the remaining aqueous solution was freeze-dried to give 6 as a
white solid in quantitative yield. At 300K, the NMR spectra of
3 was complicated by the detection of multiple conformations.
The NMR analyses were therefore carried out at 363K. [a],*
13.7° (¢ 0.51, DMSO; Jy (500 MHz, DMSO-d,); 1.84 (3H, s,
CH;), 2.83 (1H, dd, J 13.5, 10.0, CH,H;S), 3.11 (1H, dd, J
13.5,4.2, CH,H;S), 3.13-3.18 (1H, m), 3.40-3.56 (3H, m), 3.60—
3.69 (2H, m), 4.29 (1H, d, J 12.3, CH HyPh), 4.59 (1H, d, J
12.3, CH, H ;Ph), 4.70 (1H, J 3.5, H-1), 4.70-4.75 (m, CHCH,S);
dc (125 MHz, DMSO-d,); 22.32 (CH;), 41.02 (CH,S), 52.70,
54.35 (C-2, CHCH,S), 61.23 (C-6), 68.78, 71.01, 71.13, 72.95
(C-3, C-4, C-5) 96.20 (C-1), 127.51 (CH), 127.67 (CH), 128.24
(CH), 137.66 (C), 170.55 (C=0); m/z (ESI*) 849.2767 (M+Na*.
C3HsN,O,S,Na requires 849.2663.

Benzyl 2-amino-2-deoxy-o-D-glucopyranoside (11). Com-
pound 9% (1.5 g, 4.81 mmol) was dissolved in hydrazine hydrate
(9 cm®) and stirred at 120 °C for 2 days, then concentrated
in vacuo, co-evaporated twice with toluene, and purified by
chromatography (EtOAc-MeOH 7 : 3 as eluent) to yield 11 as a
white solid (1.02 g, 78%), mp 110-114 °C; [a],* +148.1 (¢ 1.0 in
MeOH); 0y (500 MHz, CD;0D) 2.67 (1H, dd, H-2, J 10.1, 3.6),
3.31 (1H, m, H-4), 3.51 (1H, dd, J 10.1, 9.0, H-3), 3.63 (1H, ddd
J9.8,5.7,2.3H-5),3.69 (1H, dd, J 11.9, 5.7, H-6b), 3.80 (1H, dd,
J 11.9, 2.3, H-6a), 4.50 (1H, d, J 11.5, Pn\CH,CH,), 4.76 (1H,
d, J 11.5, PhCH ,CHy), 4.93 (1H.d, J 3.6, H-1), 7.26-7.40 (SH,
m, Ph), dc (125 MHz, CD,0D) 57.03 (C2), 70.42 (CH,Ph), 71.96
(C-4), 74.38 (C-5), 75.78 (C-3), 99.25 (C-1), 128.86 (CH), 129.31
(CH), 129.44 (CH), 138.95 (C); m/z (ESI*) 270.1340 (M+H".
C;H;yNO; requires 270.1341.

Trityl polystyrene-supported cysteines (15-17): general pro-
cedure. For preparation of 16, Trityl-S-CysNHFmoc (4.0 g,
6.8 mmol) was first detritylated by treatment with TFA-DCM-
Et;SiH (40 : 60 : 3) (20 cm®) for 3 h. The solvents were removed in
vacuo. The crude mixture and DIPEA (1.18 cm?, 6.8 mmol) were
then dissolved in anhydrous CH,CL,-DMF (1 : 1, 20 cm?®) and
added to polystyrene trityl chloride resin (1.7 mmol, pre-swollen
in anhydrous DMF for 20 min). The mixture was agitated with
a bubbling flow of argon for 2 h. The resin was filtered, washed
with CH,Cl, (20 cm?®, 4 x 3 min), treated with 10 cm?® of CH,Cl,—
trifluoroethanol-AcOH (7 : 2 : 1) for 15 min, then washed with
four portions of DCM. The resin was finally treated with a 20 cm?
of CH,Cl,-MeOH-DIPEA (16 : 3 : 1) for 30 min then washed
(CH,Cl,, 4 x 20 cm’) filtered and dried under vacuum (40 °C)
overnight. Resin 17, was prepared following detritylation of 14 in
a similar manner and 15 was prepared from CysNAc 12 using the
same loading procedures.

Enzyme assays

Prior to conducting detailed assays, the concentrations of the
stock solutions of all the disulfide substrates (MSSM and 4-6)
were determined by titration against NADPH under the assay
conditions outlined below, but in the presence of a large excess
(25-50 nM) of Mtr. The amount of NADPH oxidised during
complete substrate exhaustion using an extinction coefficient of
6220 M~ (at 340 nm) was used to calculate the initial substrate
concentration. Stock enzyme concentrations were determined by
absorbance of the active site FAD chromophore at 462 nm with
an extinction coefficient of 11300 M. Standard substrate assays
were carried out in a final volume of 1000 pL in disposable cuvettes
at 30 °C containing Mtr (5 nM), HEPES (50 mM), 0.1 mM
EDTA, NADPH (0.14 mM) at pH 7.5 and varying concentrations
of substrates. Substrate stock solutions were made up using co-
solvent mixtures of assay buffer and DMSO; final assay mixtures
contained 2% DMSO. Enzyme activity was monitored by the de-
crease in absorbance at 340 nm due to NADPH oxidation. Initial
rates were measured from the linear region of product formation
and K,, and k., values were determined by weighted non-linear
regression analysis of the hyperbola plot of initial rate against
substrate concentration using the Michaelis Menten equation.

Acknowledgements

We would like to acknowledge the following for financial sup-
port: Queen’s University Belfast (M.J.G.S), The Department of
Employment and Learning (A.S.R), Wellcome Trust Vacation
Scholarship (VS/02/EAN/6/CH/TH/FH) (JW), The Overseas
Research Studentship Awards Scheme (V.K.J) and The Guildford
Bench Methodology Fund. We are also grateful to J. Blanchard
for provision of the plasmid encoding recombinant Mtr and
R.C. Fahey, G. Newton and E. Newton for the provision of
authentic mycothiol disulfide. We also thank the EPSRC Mass
Spectrometry Service Centre, Swansea for invaluable support.

Notes and references

1 G. L. Newton, K. Arnold, M. S. Price, C. Sherrill, S. B. Delcardayre,
Y. Aharonowitz, G. Cohen, J. Davies, R. C. Fahey and C. Davis,
J. Bacteriol., 1996, 178, 1990-1995.

This journal is © The Royal Society of Chemistry 2008

Org. Biomol. Chem., 2008, 6, 385-390 | 389





2 R. C. Fahey, Annu. Rev. Microbiol., 2001, 55, 333-356.

3 M. P. Patel and J. S. Blanchard, J. Am. Chem. Soc., 1998, 120, 11538~
11539.

4 M. P Patel and J. S. Blanchard, Biochemistry, 2001, 40, 5119-
5126.

5 M. P. Patel and J. S. Blanchard, Biochemistry, 1999, 38, 11827—
11833.

6 G. L. Newton, M. D. Unson, S. J. Anderberg, J. A. Aguilera, N. N. Oh,
S. B. delCardayre, Y. Av-Gay and R. C. Fahey, Biochem. Biophys. Res.
Commun., 1999, 255, 239-244.

7 M. Rawat, G. L. Newton, M. Ko, G. J. Martinez, R. C. Fahey and Y.
Av-Gay, Antimicrob. Agents Chemother., 2002, 46, 3348-3355.

8 M. D. Unson, G. L. Newton, C. Davis and R. C. Fahey, J. Immunol.
Methods, 1998, 214, 29-39.

9 D. J. Steenkamp and R. N. Vogt, Anal. Biochem., 2004, 325, 21-27.

10 M. A. Jardine, H. S. C. Spies, C. M. Nkambule, D. W. Gammon and
D. J. Steenkamp, Bioorg. Med. Chem., 2002, 10, 875-881.

11 G. M. Nicholas, P. Kovac and C. A. Bewley, J. Am. Chem. Soc., 2002,
124, 3492-3493.

12 G. M. Nicholas, L. L. Eckman, P. Kovac, S. Otero-Quintero and C. A.
Bewley, Bioorg. Med. Chem., 2003, 11, 2641-2647.

13 S. Lee and J. P. N. Rosazza, Org. Lett., 2004, 6, 365-368.

14 S. Knapp, S. Gonzalez, D. S. Myers, L. L. Eckman and C. A. Bewley,
Org. Lett., 2002, 4, 4337-4339.

15 S. Knapp, B. Amorelli, E. Darout, C. C. Ventocilla, L. M. Goldman,
R. A. Huhn and E. C. Minnihan, J. Carbohydr. Chem., 2005, 24, 103—
130.

16 M. Steffek, G. L. Newton, Y. Av-Gay and R. C. Fahey, Biochemistry,
2003, 42, 12067-12076.

17 L. Svejgaard, H. Fuglsang, P. B. Jensen, N. M. Kelly, H. Pedersen, K.
Andersen, T. Ruhland and K. J. Jensen, J. Carbohydr. Chem., 2003, 22,
179-184.

18 Z. C. Ma, H. J. Zhang and F. Z. Kong, Carbohydr. Res., 2004, 339,
29-35.

19 A. R. Yeager and N. S. Finney, J. Org. Chem., 2005, 70, 1269-1275.

20 S. Mourtas, D. Gatos, M. Karavoltsos, C. Katakalou and K. Barlos,
Tetrahedron Lett., 2002, 43, 3419-3421.

21 Y. X. Han, F. Albericio and G. Barany, J. Org. Chem., 1997, 62, 4307
4312.

22 E. Guibe-Jampel and M. Therisod, J. Chem. Soc., Perkin Trans. 1,1999,
3067-3068.

23 B. Zeynizadeh, J. Chem. Res., 2002, 564-566.

24 D. Sahal, J. Pept. Res., 1999, 53, 91-97.

25 G. L. Newton, P. Ta and R. C. Fahey, J. Bacteriol., 2005, 187, 7309—
7316.

26 M. K. Schwarz, D. Tumelty and M. A. Gallop, J. Org. Chem., 1999,
64, 2219-2231.

27 M. Green and J. Berman, Tetrahedron Lett., 1990, 31, 5851-5852.

390 | Org. Biomol. Chem., 2008, 6, 385-390

This journal is © The Royal Society of Chemistry 2008






COMMUNICATION

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

Synthesis and characterization of the 5-methyl-2’-deoxycytidine
glycol-dioxoosmium—bipyridine ternary complex in DNA

Tadashi Umemoto and Akimitsu Okamoto*

Received 25th October 2007, Accepted 27th November 2007
First published as an Advance Article on the web 7th December 2007
DOI: 10.1039/b716400a

It has been established that approximately 80% of a 5-methyl-
2'-deoxycytidine glycol-dioxoosmium(vi)-bipyridine ternary
complex, which is known to be produced as one of various
consequences of oxidative damage of DNA and is formed in a
key step of a recently developed DNA methylation detection
method, has the 5R,6.S configuration.

Attack by oxidants is a major source of environmental damage
to DNA and has been extensively studied in vitro.! Pyrimidines
methylated at C5, such as thymine and 5-methylcytosine, are well
known to be oxidized to the 5,6-glycol form by oxidation of a
C5-C6 double bond with osmium tetroxide.> A combination of
potassium osmate(VI), potassium hexacyanoferrate(ii), and 2,2'-
bipyridine also efficiently oxidizes 5-methylcytosine (M) in DNA,
resulting in the formation of a stable methylcytosine-osmium-—
bipyridine ternary complex.® The formation of this complex is
of great value as a pivotal reaction for a convenient method for
sequence-specific detection of DNA methylation.” However, the
absolute structure of the resulting ternary complex is still unclear,
although the structure of the complex has been discussed by
Behrman ez al. at a nucleobase level using oxidation with osmium
tetroxide.® Characterization of the absolute configuration of the
ternary complex being generated in DNA will strongly support the
design of improved molecular devices for methylation analysis.
We herein report determination of the absolute structure of the
osmium-centered complex produced by oxidation of 5-methyl-2'-
deoxycytidine in DNA.

The ternary complex at 5-methylcytosine in DNA was synthe-
sized by oxidation of an M-containing oligodeoxyribonucleotide
(ODN), 5-d(AAAAAAGMGAAAAAA)-3, in a solution of
5 mM potassium osmate(vi), 100 mM potassium hexacyanofer-
rate(111), 100 mM bipyridine, | mM EDTA in 100 mM Tris-HCl
buffer (pH 7.7) and 10% acetonitrile (Scheme 1). The starting
ODN was completely consumed by reaction at 50 °C for 1 h, and
converted into a product that appeared as a single peak in HPLC
analysis.” The addition of the metal complex onto DNA was con-
firmed by MALDI-TOF mass analysis ([((M — H)™], calc.: 5067.54;
found: 5067.92).* The ODN with an osmium-centered complex
was digested to the nucleoside level using a mixture of snake venom
phosphodiesterase, nuclease P1, and alkaline phosphatase, and
then the nucleosides produced were analyzed by HPLC analysis
(Fig. 1a). An HPLC profile monitored at 313 nm showed the
existence of two sharp peaks with an area ratio of 79 : 21.
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mental data on complexation, enzymatic digestion, and hydrolysis; crystal
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Scheme 1 Formation of a stable methylcytosine-osmium-bipyridine
ternary complex in DNA and its degradation by enzymatic digestion and
hydrolysis.
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Fig. 1 Product analysis for osmium complexation to 5-methylcytosine.
The reaction samples were analyzed by HPLC on an ODS column (elution
with a solvent mixture of 0.1 M triethylammonium acetate, pH 7.0, 7%
acetonitrile over 30 min at a flow rate of 3.0 mL min~'). Peak signals were
detected using absorption at 313 nm. Shaded and open circles show the
major and minor isomeric complexes, respectively. (a) HPLC profile of
enzymatically digested products of osmium-treated ODN 5-d(AAAAA-
AGMGAAAAAA)-3'. (b) HPLC profile of the crude products synthesized
by osmium complexation of 5-methyl-2'-deoxycytidine.

The ternary complex was prepared from S-methyl-2'-
deoxycytidine using the complex-forming protocol for ODN,
and then analyzed by HPLC. Two peaks overlapping the peaks
observed in Fig. 1a were detected with an 80 : 20 area ratio in the
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HPLC profile including several other small peaks (Fig. 1b),! and
analyzed by NMR. As a result, both products were identified as
the stereoisomers of the osmium-centered complexes including
5-methyl-2'-deoxycytidine glycol and a bipyridine ligand. In
addition, the spectra of the products exhibited an NOE signal
between a methyl group at C5 and a hydrogen atom at C6 of
the methylcytosine moiety, suggesting that the products were an
osmate ester with either the (5R,6.S)- or the (5S,6R)-glycol.

For a more detailed structural analysis, the ternary complex
from 5-methyl-2'-deoxycytidine was hydrolyzed according to the
protocol reported by Behrman in which the osmium-bipyridine
complex of the 1,5-dimethylcytosine base was deaminated into
the corresponding thymine derivative in aqueous media.* The two
isomeric complexes obtained from 5-methyl-2’'-deoxycytidine were
left in water at 50 °C for three days. A new peak, which seems to
be the deamination product, was observed in HPLC analysis for
each isomeric complex (Fig. 2). These hydrolyzed products were
identified using the osmium complex of thymidine, which was
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Fig.2 Product analysis for hydrolysis of the osmium complexes obtained
from 5-methyl-2’-deoxycytidine. The reaction samples were analyzed
by HPLC under the condition described in Fig. 1. Shaded and open
circles show the major and minor isomeric complexes before hydrolysis,
respectively. Shaded and open squares show new products after hydrolysis
of each complex. (a) Before hydrolysis of the major isomeric complex.
(b) After incubation of the major isomeric complex for three days at 50 °C.
(c) Before hydrolysis of the minor isomeric complex. (d) After incubation
of the minor isomeric complex for three days at 50 °C.

prepared by the protocol described above. The HPLC analysis for
the reaction products from thymidine showed two peaks with an
area ratio of 81 : 19 (see ESIt), which overlapped the hydrolyzed
products of the ternary complexes obtained from S5-methyl-2'-
deoxycytidine. The major product was crystallized in water and
the structure was determined by X-ray crystallography (Fig. 3)."?
The complex had a slightly distorted octahedral geometry with
coplanar glycol oxygens (O(4) and O(5)) and bipyridine nitrogens
(N(3) and N(4)). The two Os—O double bonds (Os(1)-O(8) and
0s(1)-0(9)) were trans, and tilted 3-6° to the bipyridine side.
The structure of thymine glycol in the complex was the 5R,6S
configuration. This configuration is the same as the structure of
the major isomer of thymine glycol predicted from previous NMR
studies.”*" In addition, the torsion angle between the thymine
ring C(2)-C(3) and C(4)-N(1) is 49.0°, and thus the oxidized
thymine base no longer has a planar structure. The N-glycosyl
bond is still in an anti conformation, and the puckering of the
ribose ring also remains in the C2'-endo conformation. As a result
of X-ray crystallography, the major complex obtained from 5-
methylcytosine in DNA can be concluded to be a dioxoosmium(VvI)
complex with (5R,65)-methylcytosine glycol. The minor complex,
which has the syn configuration at C5 and C6 and the same mass
as the major complex, is thus a diastereomeric isomer containing
(58,6 R)-methylcytosine glycol. The predominant formation of
the (5R,6S5)-glycol is probably due to the larger contribution
of the configuration of the nucleoside rather than that of the
whole structure of the DNA strand, because the ratio of the
major and minor stereoisomers was approximately 80 : 20 both
for 5-methylcytosine in a DNA strand and for S5-methyl-2'-
deoxycytidine. A bulging-out C5 of 5-methyl-2’-deoxycytidine,
which includes an anti-formed glycosyl bond and a C2'-endo ribose
ring, should determine the direction of attack of an active osmium—
bipyridine complex to the C5—-C6 double bond.

Fig. 3 A view of the molecular structure of the (5R,6S5)-thymidine
glycol-dioxoosmium(vi)-bipyridine ternary complex as the major
isomeric complex, showing the atom-labelling scheme. Displacement
ellipsoids are drawn at the 50% probability level.

In conclusion, we have synthesized a DNA strand contain-
ing a 5-methyl-2'-deoxycytidine glycol-dioxoosmium-bipyridine
ternary complex and determined its absolute structure. Approx-
imately 80% of the complex was a dioxoosmium(vi) complex
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with a (5R,6S)-glycol structure. Characterization of the structure
of the osmium-centered complex in DNA discloses one of the
mechanisms of oxidative damage occurring in a DNA strand
and would strongly support new drug design for efficient DNA
methylation analysis.
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1,3-Dimethylimidazolium-2-carboxylate and -4-carboxylate (norzooanemonine), which belong to two
distinct classes of heterocyclic mesomeric betaines, undergo thermal decarboxylations to the
N-heterocyclic carbenes imidazol-2-ylidene and imidazol-4-ylidene, respectively. These carbenes can be
detected by ESI mass spectrometry and can be trapped by isocyanates to imidazolium-amidates, the
structure of which was proved by independent syntheses. We performed calculations to characterize the

different types of conjugation in the imidazolium-carboxylates.

Introduction

Currently considerable interest is focussed on the chemistry of
N-heterocyclic carbenes. They are utilized not only as ligands in
metal-organic chemistry,' but also as organocatalysts in Stetter
reactions,? benzoin condensations,? transesterifications,* enantios-
elective acylations of secondary alcohols,® hydroacylations of
activated ketones,® trialkylsilylcyanations,” redox esterifications
of aldehydes,® and many other reactions. With few exceptions,
neither the structural nor the chemical relationship between N-
heterocyclic carbenes (NHC) and heterocyclic mesomeric betaines
(HMB) has been recognized to date. Representatives of the latter
mentioned class of compounds are neutral conjugated molecules
which can exclusively be represented by dipolar canonical for-
mulae. They delocalize an even number of charges within a
common 7-electron system. A first classification (1985) by Ollis
et al. divided HMB into four major groups, i.e. into conjugated
mesomeric betaines (CMB), conjugated heterocyclic N-ylides,
cross-conjugated mesomeric betaines (CCMB) and pseudo-cross-
conjugated mesomeric betaines (PCCMB).® The characteristics
of these distinct types of conjugation’ and their occurrence
among natural products’’—insofar investigated to date—have
been surveyed recently. Whereas conjugated mesomeric betaines,
which also include mesoions such as sydnones, miinchnones,
isothiomiinchnones, N-ylides, and cross-conjugated mesomeric
betaines have been explored intensively as versatile key inter-
mediates in heterocyclic®'? as well as natural product synthesis,**
pseudo-cross-conjugated mesomeric betaines obviously still con-
stitute an exceptional role among the different types of conju-
gated systems. Although originally classified somewhere between
CMB and CCMB, recent results show that they in fact do
have characteristic features which are not only of theoreti-
cal nature, but do also translate into chemistry.'*'* A4 priori,
cross-conjugated as well as pseudo-cross-conjugated heterocyclic
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mesomeric betaines can be considered as precursors of N-
heterocyclic carbenes. Related to the valence bond theory based
classification of mesomeric betaines, at least three distinct types
of N-heterocyclic carbenes can be seen. Wantzlick/Arduengo
carbenes, which result in extrusion of heterocumulenes such as
carbon dioxide from pseudo-cross-conjugated mesomeric betaines
can be represented either by polar all-octet or by nonpolar
non-octet canonical formula. An example is the decarboxyla-
tion of the PCCMB 1,2-dimethylimidazolium-2-carboxylate 1
to the NHC 1,2-dimethylimidazol-2-ylidene 2 (Scheme 1). By
contrast, on decarboxylation of the cross-conjugated mesomeric
betaine 1,2-dimethylimidazolium-4-carboxylate 3 the NHC 1,2-
dimethylimidazol-4-ylidene 4 is formed which can exclusively be
represented by a dipolar all-octet structure. The same is true for
rNHC (r = remote heteroatom) which results from CCMB.'
Molecule 4 is currently considered as “abnormal carbene”
(aNHC) in its behaviour in coordination chemistry."’

Me Me Me
N® o N® N
Lo = (L) — L
N o@ -CO, N N
\ \
Me Me Me

1 2
Me Me
© N® 0, \@
> — T

N -CO, N
Me Me
(Norzooanemonine) 4

Scheme 1

The mesomeric betaine 3 is known as norzooanemonine and
was identified as alkaloid in marine sponges such as Pseudoptero-
gorgia americana, Cacospongia scalaris and Astrosclera willeyana
LISTER 1900."

As part of an ongoing project dealing with N-heterocyclic
carbenes as well as mesomeric betaines from nature,'® we were
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interested in a detailed comparison of the PCCMB 1 and the
CCMB 3.

Results and discussion
Classifications and calculations

In the pseudo-cross-conjugated heterocyclic mesomeric betaine
1 the two parts of the molecule are combined by a “union
bond”, which we calculated to be 153.6 pm. In the valence
bond approach, the charges are “effectively, but not exclusively”
(Ollis et al®) restricted to separate parts of the molecule, as
the dipolar canonical formula I exists in which the positive
charge is localized in the carboxylate group (Fig. 1). This is
an electron sextet structure without internal octet stabilization.
Undoubtedly, this canonical formula is no more than a means to
recognize pseudo-cross-conjugation, and to distinguish the three
types of conjugation of mesomeric betaines by their canonical
formulae. Furthermore, the dipole type II is characteristic of
PCCMB. Similar to the CCMB norzooanemonine 3, the anionic
partial structure is joined through an unstarred position (III),
i.e. through a nodal position of the HOMO (IV) to the cationic
portion of the betaine. The torsion angle between imidazole and
carboxylate group is 19.2° according to the calculation.

Me Me &
0O N O
[ N7/
[N o° [N o
Me Me
1 |
e °
N (o] X
[\ 4 = \\_/<
N o® S
Me M
M@S M@e nodal position
NO g+ N
>4 B
Me Me
1 v

Fig. 1 Characteristics of pseudo-cross-conjugation.

The HOMO/LUMO topology of 1 and the electrostatic poten-
tial surface are displayed in Figs. 2 and 3, respectively. As can be
observed, all of them exhibit the C,, point-group symmetry of this
molecule.

Fig. 2 HOMO (left) and LUMO (right) of 1,3-dimethylimidazoli-
um-2-carboxylate 1.
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Fig. 3 Electrostatic potential surface of PCCMB 1.

In norzooanemonine 3 the charges are delocalized in separate
parts of the m-electron system, as exemplified by V in Fig. 4. The
charges are strictly separated by a “union bond”—which in contrast
to the rest of the molecule’s bonds has a single bond character. We
calculated the bond length to be 152.4 pm. The torsion angle was
determined to be 174.8°. Furthermore, there exist specific dipole
increments for all types of conjugation in the betaines: This is
VI for CCMBs in betaine 3. The anionic part of the CCMB is
isoconjugate to an odd, alternant hydrocarbon anion (VII) which
is connected through a nodal position of the highest occupied
molecular orbital (HOMO) via the “union bond” (u) to the cationic
part of the molecule (VIII).
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Fig. 4 Characteristics of cross-conjugation.

The frontier orbital topology of norzooanemonine 3 is pre-
sented in Fig. 5. The HOMO is located in the carboxylate group;

Fig. 5 HOMO (left) and LUMO (right) of norzooanemonine.
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Table 1 Selected calculated bond lengths of 1 and 3

Table 2 Selected calculated bond angles of 1 and 3

o a0

4-Ng 0O° N N
S [ >2_<5 10 . > 2
N1 o) N1
10
A~ i
Bond length/A
Bond (atom A-B) 1 3
N,-G, 1.349 1.336
N,—Cs 1.375 1.374
N;-G, 1.350 1.333
N;-C, 1.373 1.391
Cs-C, 1.360 1.368
C,~Cs/Cy—Cs “union bonds” 1.536 1.524
Cs—0y 1.247 1.254
Cs—Oyo 1.250 1.251

the LUMO is essentially located in the imidazole ring as well as in
the union bond.

We then calculated the electrostatic potential surface which is
presented in Fig. 6.

Fig. 6 Electrostatic surface of norzooanemonine 3.

Calculated bond lengths are presented in Table 1. The CN bond
distances within the 5S-membered ring system are influenced by the
substitution. The calculated natural bond orders (NBO) showed
a good correlation with the corresponding bond lengths. They
localized the double bonds within the imidazole ring between the
C4-C5 and the C2-N3 bonds in both molecules. The obtained
values for the imidazolium-2-carboxylate 1 were 1.90 and 1.93,
respectively, while for norzooanemonine 3 they were 1.88 and 1.94.
As expected, the union bonds clearly show single bond character
(the NBO was 0.99 in both cases), which supports the two separate
n-electron systems in either molecule with double bond character
in the positive and negative fragment, respectively.

Selected calculated bond angles are presented in Table 2.

As expected, in either molecule the imidazolium ring in-
cluding the methyl groups is planar. The same is true for the
carboxylate group of norzooanemonine 3, whereas that of 1,3-
dimethylimidazolium-2-carboxylate adopts an angle of 19.2° with
respect to the imidazolium ring. Torsion angles are given in Table 3.
Fig. 7 presents the calculated permanent dipole moments of 1
(12.44 D) and 3 (17.12 D).

Syntheses

Some procedures have been described to date for the synthe-
sis of 1,3-disubstituted imidazolium-2-carboxylates.® 1-Methyl-

Bond angles/°
Atoms A-B-C CCMB 3 PCCMB1
C,-N;-C, 109.08 109.57
C,—N;—C 123.74 126.92
C,-N;-C 127.15 123.51
C,-N,-C; 108.50 109.65
C,-N,-C, 125.51 126.83
Cs-N,-C, 125.98 123.47
Cs—C, -N; 105.76 107.13
Cs—C,—Cs 126.65 N,-C,—Cq 128.04
N;-C,—Cs 127.57 N;-C,—Cs 125.24
N;-C,-N, 108.71 106.72
0,)—Cs—Oy 128.98 130.01
10-Cs—C,4 113.48 0,-C¢—C, 115.89
0,-Cs—C, 117.54 0,-C—C, 114.10
Table 3 Torsion angles in the CCMB and PCCMB
Torsion angles/°
Atom A-B-C-D CCMB 3 PCCMB 1
C,-N;-C,—C; —178.2 177.8
Cs—N,-C,-C; —179.5 —179.4
Cs—C—N;3—C, 178.8 N;-C,-N,-Cq —0.1
C;—C—0y-0y —179.4 C,—C—0y-0y 179.5
N;-C,—C—O, -3.7 N;-C,—C—O, 19.2
Cs—Cy;—C¢—Oy —4.7 N;-C,—C4 Oy —161.2
Cs—C4—C—0y -3.6 Cs—N,—C,—C; 179.9
N;-C4—Cs—Oy 176.8 C,~N;-C,—Cq 179.8

Fig.7 Permanent dipole moments of 1 (left) and 3 (right).

imidazole reacted with dimethylcarbonate in an autoclave over a
period of 10 h at 120 °C to give imidazolium-2-carboxylate 1 or
imidazolium-4-carboxylate 3 (Scheme 2, procedure A), depending
on the reaction conditions.?® Conducting the reaction of 1-
methylimidazole with dimethylcarbonate at 120 °C yielded the
target compound, betaine 1. The *C NMR spectrum displays four
signals, consistent with the assigned structure. As the yield of this
procedure is low, we tested alternative approaches. Methylation
of the ethyl imidazole-2-carboxylate with dimethylsulfate in the
presence of catalytic amounts of nitrobenzene in xylene yielded a
1,3-dimethylimidazolium salt which was subjected to a saponifi-
cation with diluted sulfuric acid. The isolated product proved to
be identical with an authentic sample (Scheme 2, procedure B).
Methylation of imidazole-4-carboxylic acid 6 in aqueous
sodium hydroxide with dimethylsulfate yielded norzooanemonine
3 (Scheme 3). Purification, however, met with difficulties, as inor-
ganic materials could not be removed due to the water-solubility
of norzooanemonine. The same was found to be true conducting
the reaction in nitrobenzene or in a two-phase system consisting
of nitrobenzene and aqueous sodium hydroxide. Conducting the
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Scheme 3

reaction in xylene with a small amount of nitrobenzene and using
3 eq of dimethylsulfate to methylate 6 lead to methyl imidazole-4-
carboxylate 7 which was then subjected to saponification.

The two isomers 1 and 3 can readily be distinguished by
their NMR spectra. Thus, in the "C NMR spectra of 3, six
signals were detectable, proving a non-symmetric substitution
pattern. Application of HH-COSY, HSQC and HMBC techniques
allowed the unambiguous peak assignment as presented in the
Experimental. Accordingly, C5-H couples with C7-H;, and C7-H,
with C2-H as well as C5-H. Finally, a NOESY NMR experiment
proved the structure of 1,3-dimethylimidazolium-4-carboxylate, as
C2-H couples with either methyl group (cf. Fig. 8, Experimental).

Reactions of 1,3-dimethylimidazolium-2-carboxylate

1,3-Dimethylimidazolium-2-carboxylate 1 is known to be stable
at room temperature towards decarboxylation in most organic
solvents.”? In methanol in the presence of NaBF, formation of

imidazolium salts was observed.”® However, it decomposes in
MeOD at reflux temperature within 2 h, as evidenced by NMR
spectroscopy. Moreover, H/D-exchange took place for both C4-
H, and C5-H in an NMR-sample measured in MeOD. The
relation of the two aryl-Hs to the two methyl groups was 2 : 46
instead of 2 : 6 as showed the NMR of the same sample measured
in DMSO-d;.

Under ESIMS measurement conditions, the N-heterocyclic
carbene 2 was identified as sodium adduct at m/z = 119.0606
on spraying a sample of 1 with MeOH in the range of 0 V to 20 V
fragmentor voltage. On a preparative scale, heating in toluene
produced 2 which was reacted in-situ with heterocumulenes.
Examples of typical trapping reactions are presented in Scheme 4.

Me

N® A) N@ S
D | |2 O

Me Me

NS 0O N o€ g
=< o (%
N N_@Cl 4GNGO SN\
Me Me
cl
10a 10b

A) CS,, toluene, reflux

B) 3,5-Cl,-Ph-NCS, toluene, reflux
C) 4-CI-Ph-NCO, toluene, reflux
D) 3,5-Clo-Ph-NCO, toluene, reflux

Scheme 4

Thus, CS, reacted to the dithiocarboxylate 8 in low yield, 3,5-
dichloroisothiocyanate to the thioamidate 9 in 89% yield, and
4-chlorophenylisocyanate to the amidate 10a in 80% yield. The
isocyanate moiety can also be exchanged via the NHC. As
an example, we performed an exchange reaction of the 4-
chlorophenylamidate in 10a to a 3,5-dichlorophenylamidate in
10b. The compounds 8, 9, and 10a,b are representatives of the
class of pseudo-cross-conjugated mesomeric betaines. Imidazol-
2-ylidenes were prepared earlier by reduction of imidazole-2(3H)-
thione with potassium as a pale yellow solid.?® Their reactions
with CO,* or CS,* to the PCCMBs imidazolium-2-carboxylate
and -2-dithiocarboxylate and other reactions® have been studied
intensively by Kuhn and co-workers.

Chlorination of the PCCMB 1 with SOCI, and subsequent
reaction with 3,5-dichloroaniline to 11b failed. As evidenced
by mass spectrometry and '"H NMR spectroscopy of the crude
reaction mixture, we obtained the demethylated product 12 and
yet unidentified by-products (Scheme 5). Thus, we were prevented
from deprotonation with the anion exchange resin Amberlite IRA-
402 in its hydroxy form.
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Reactions of norzooanemonine 3

First, we studied H/D-exchange reactions. Norzooanemonine
readily exchanged 2-H with MeOD at rt to 13 (Scheme 6).

o} o}

@ Me o @ Me
@o)K[N\> MeOD, rt, 10 min. o)K[N\>_D
N N

Me Me

3 13

Scheme 6

In high resolution electrospray ionization mass spectrometry
of 3 at zero volt fragmentor voltage a mass was detected that
is in accord to the N-heterocyclic carbene 4 as sodium adduct
(m/z = 119.0595; Calcd. for C;HgN,Na: 119.0585) (Scheme 7).
In addition, the protonated species, i.e. the imidazolium cation
was found at m/z = 97.0765 (Calcd for CsHyN,: 97.0766). In
order to gain some knowledge about this species, and to exclude
the formation of carbene 2 from consideration, we sprayed
the 2-deuterio-norzooanemonine 13, dissolved in MeOD and

Me
O..—~N
e
N
Me
14
[

13
-CO2

Scheme 7

sprayed from MeOH, under ESIMS conditions, and found the
molecular peak at m/z = 164.1. At higher fragmentor voltages
than approximately 30 V, a mass consistent to the 2-deuterio-
imidazol-4-ylidene 14 as sodium adduct was indeed detected at
m/z=120.2 (40% at 80 V). Obviously, this carbene is stable under
these conditions. The corresponding monodeutero-imidazolium
salt 15 was found at m/z = 98.1 and only traces of 2 were detected.
In our experiments, the ratio of non-deuterated to deuterated
species in the peaks at m/z = 164.1 : 163.1 and 120.2 : 119.2 was
identical (1 : 0.45, respectively). Obviously, there are no exchange
reactions during the electrospray ionization process.

The formation of NHC 4 is also supported experimentally.
Norzooanemonine 3 reacted with 3,5-dichlorophenylisocyanate
in toluene at reflux temperature to the imidazolium-amidate 16b,
which is hygroscopic and forms the corresponding amide with
water (Scheme 8). Two methyl groups at 3.86 and 3.99 ppm in
the '"H NMR spectra lend support to the structure of the 4-
substituted imidazolium ring. This reaction can be interpreted
as trapping reaction of the imidazol-4-ylidene 4. Under anal-
ogous reaction conditions no reaction occurred, however, with
4-chlorophenylisocyanate which obviously gives a weaker union
bond between negatively and positively charged partial structures.
This is also reflected in the isocyanate exchange reaction depicted
in Scheme 4.

Me
toluene, 100°C, 1 h, 4
then reflux, 11 h N
3 |
€O, N
Me
4
Cl
N=C=0
Cl
Q
Me
~
cl N N®
)
N
16b Me
Scheme 8

To prove the structure independently, we chlorinated nor-
zooanemonine 3 with thionyl chloride and reacted the resulting
chloride with anilines to the imidazolium salts 17a,b. Deprotona-
tion yielded the imidazolium-4-amidates 16a,b as new represen-
tatives of cross-conjugated mesomeric betaines (Scheme 9). All
spectroscopic data of the sample thus obtained are identical to the
trapping adduct of imidazol-4-ylidene 4.

In summary, the distinct classes of heterocyclic mesomeric
betaines display their own characteristic chemistry depending
on the type of conjugation. Pseudo-cross-conjugated hetero-
cyclic mesomeric betaines, including 1,3-dimethylimidazolium-2-
carboxylate, undergo typical extrusion reactions of heterocumu-
lenes to N-heterocyclic carbenes. To the best of our knowledge,
however, we have also presented the first trapping reaction
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aR'=R3=H R2=C| X = BF, S
b:R'=R3= CI' R2= H; X = BF," N
16a,b Me
Scheme 9

of the N-heterocylic carbene 1,3-dimethylimidazolium-4-ylidene,
formed on decarboxylation of the alkaloid norzooanemonine
which belongs to the class of cross-conjugated heterocyclic me-
someric betaines.

Experimental
General remarks

The '"H (200 and 400 MHz) and “C NMR spectra (50 and
100 MHz) were recorded on Bruker Digital FT-NMR Avance 400
and Avance DPX 200 spectrometers. Multiplicities are described
by using the following abbreviations: s = singlet, d = doublet,
m = multiplet. The numbering is defined in Fig. 8. FT-IR spectra
were obtained on a Bruker Vektor 22 in the range of 400 to
4000 cm™' (2.5% pellets in KBr). The electrospray ionisation mass
spectra (ESIMS) were measured with an Agilent LCMSD Series
HP1100 with APIES, and EI mass spectra on a Hewlett Packard
HP 5989. Melting points are uncorrected. Quantum chemical
calculations were performed using the GAUSSIAN-03 package
of programs.”” We always used the split-valence 6-31G** basis
set,®®* which includes six s-type and three p-type polarization
functions on all the atoms. Electron correlation energy was in-
troduced using the hybrid functional B3PW91, within the density
functional theory.’** The minimal energy geometry, the topology
of the frontier orbitals, the natural bond orders (NBO) and the
electrostatic surface potential were computed by simulating a polar
environment by means of a polarizable continuum model.?*** In

8
I ocHs
@ A 4 N3
sH
bCH3\)

Fig. 8 Results of an HH-COSY experiment.

this model the solute molecule is placed into a size-adapted cavity
formed from overlapping atom-centred van der Waals spheres,
while the solvent is assimilated to a continuum characterized by its
dielectric constant (78.4 for water). CAUTION: Dimethyl sulfate
is inter alia highly toxic, mutagenic, carcinogenic, and corrosive;
nitrobenzene and carbon disulfide are poisonous.

1,3-Dimethylimidazolium-2-carboxylate 1

Method A*. 30 mL (0.376 mol, 1 eq) of N-methylimidazole
and 44.4 mL (0.527 mol, 1.4 eq) of dimethyl carbonate were given
into an autoclave. The resulting clear solution was heated under
stirring at 120 °C for 50 h. Then, the solid was filtered off and
dried in vacuo, giving 2.4 g (5%) of 1,3-dimethylimidazolium-
2-carboxylate 1. All spectroscopic data are consistent to those
reported in the literature.*

Method B (two-step procedure). A sample of 0.4 g(2.854 mmol,
1 eq) of ethyl 1 H-imidazole-2-carboxylate was suspended in 12 mL
of xylene. After addition of 0.35 mL (3.4 mmol, 1.19 eq) of
nitrobenzene a yellow solution resulted which was heated to reflux
temperature for 30 min. Then, 0.59 mL (6.279 mmol, 2.2 eq) of
dimethyl sulfate were added. The mixture was then heated to reflux
for Sh. After cooling the resulting oil was separated, dried in vacuo,
and purified by flash chromatography (silica gel; MeOH) to give 2-
ethoxycarbonyl-1,3-dimethylimidazolium hydrogensulfate, yield
0.184 g (24%), mp > 245 °C; oy (DMSO-dy) 7.94 (2H, s, C4-
H,C5-H),4.45(2H, q, J = 7.2 Hz), 4.04 (6H, s; N-Me), 1.38 (3H,
t,J = 7.2 Hz); c (DMSO-d) 153.9, 132.9, 125.8, 63.5, 38.6, 13.7;
Vaax (KBr)/cm™": 3440, 1742, 1638, 1533, 1448, 1095, 787, 643;
MS: m/z =169 (18%) [M], 141 (11%) [M-CH,—CH; + 1].

A sample of 138 mg (0.518 mmol, 1 eq) of 2-ethoxycarbonyl-
1,3-dimethylimidazolium hydrogensulfate was dissolved in 10 mL
of 50% H,SO, and heated to reflux temperature for 5 h. After
neutralization with NaOH, the solvent was evaporated. The
resulting solid was recrystallized from ethanol and dried in vacuo
to give 1 (0.065 g; 90% yield).

Norzooanemonine 3

Method A?'. 1-Methylimidazole (50 mL, 0.63 mol) and
dimethyl carbonate (75 mL, 0.89 mol) were placed in an autoclave.
The mixture was then heated under stirring to 120 °C. After 7 h,
the autoclave was allowed to cool to rt, the precipitate was filtered
off, washed with diethyl ether, and recrystallized from ethanol :
methanol (1 : 1). Yield: 19%.

Method B. A sample of 1.9 g (0.017 mol, 1 eq) of imidazole-4-
carboxylic acid was suspended in 40 mL H,O. Then, 7.5 mL of 20%
NaOH and subsequently SmL (0.051 mol, 3 eq) of dimethyl sulfate
were added. The mixture was heated for 5 h at reflux temperature.
After cooling, diluted NH; solution was added and the mixture
was then neutralized with diluted HCI, and extracted twice with
150 mL of dichloromethane. The aqueous layer was evaporated to
dryness under Dean—Stark conditions with toluene. The resulting
solid was subsequently washed with diethyl ether and ethanol.
Norzooanemonine was obtained as a white solid in 68% yield.

Method C. A sample of 1.25 g (0.0112 mol) of imidazole-
4-carboxylic acid was suspended in a mixture of 18 mL of
nitrobenzene, 3 mL of 20% aqueous NaOH, and 15 mL of water.

292 | Org. Biomol. Chem., 2008, 6, 287-295

This journal is © The Royal Society of Chemistry 2008





Then, 3.5 mL (0.037 mol) of dimethyl sulfate were added to the
two-phase system, which was heated at 160-170 °C for 20 h. After
cooling the reaction mixture was extracted with dichloromethane.
The aqueous layer was evaporated to dryness, and the resulting
precipitate was washed with ethanol to give norzooanemonine 3
as a colourless solid in 73% yield.

Method D/E. A sample of 1 g(8.92 mmol, 1 eq) of imidazole-
4-carboxylic acid was suspended in 20 mL of xylene. Then, 0.2 mL
(1.943 mmol, 0.22 eq) of nitrobenzene and subsequently 2.8 mL
(0.03 mol, 3.3 eq) of dimethyl sulfate were added, whereupon
all solids dissolved. The mixture was then refluxed for 3 h,
evaporated to dryness, and treated with 3 g (0.0535 mol) of
methanolic KOH. Stirring was continued for 24 h, and then
the solution was neutralized with diluted aqueous HCI. The
solvent was then evaporated to give a brownish solid which was
partially dissolved in ethanol. Evaporation to dryness followed by
column chromatography [silica gel; methanol/ethyl acetate = 1/1]
yielded a sample of norzooanemonine. All spectroscopic data are
consistent to those reported in literature.?!

1,3-Dimethylimidazolium-2-dithiolate 8

A 25 mL flask was subsequently filled with 0.070 g of 1,3-dimethyl-
1 H-imidazolium-2-carboxylate 1, 10 mL of toluene and 1 mL
of CS,. The resulting orange coloured suspension was heated
to 100 °C under vigorous stirring. After 3.5 h the mixture was
cooled to rt, and the solvent was distilled off in vacuo. The
resulting residue was then chromatographed (silica gel, MeOH)
to give 1,3-dimethylimidazolium-2-dithiolate, yield 11 mg (16%),
and recovered starting material (13 mg; 18.6%), mp 227 °C (found:
173.0210. C;HyN,S, requires 173.0207). 4 (CDCL;) 6.86 (s, 2 H),
3.81 (s, 6 H) ppm; o (CDCl;): 224.0, 149.9, 119.0, 35.1 ppm; vy
(KBr)/cm™' 3107, 1512, 1242, 1060 (CS,), 705; MS (70 eV): m/z =
172 (M*, 100%), 95 (M-CS,, 49%).

1,3-Dimethylimidazolium-2-/V-(3,5-dichlorophenyl)thioamidate 9

Under inert conditions 0.15 g (1.070 mmol, 1 eq) of 1,3-
dimethylimidazolium-2-carboxylate were suspended in 4 mL of
toluene, stirred for a short period of time, and treated with
0.22 g (1.070 mmol, 1 eq) of 3,5-dichlorophenylisothiocyanate
and another 4 mL of toluene. The resulting yellow suspension was
heated to reflux for 4.5 h. After cooling, the slightly brownish solid
was filtered off and dried in vacuo, yield 0.2844 g (89%), mp 193—
194 °C. 6y (MeOD) 7.41 (2H, s; C4-H, C5-H), 7.25 2H, d, J =
1.9 Hz; H,,), 7.12 (1H, t, J/ = 1.9 Hz; H,,), 3.89 (6H, s, N-Me); o
(MeOD) 172.2, 154.1, 147.1,135.7, 124.2, 122.2, 122.1, 35.5 ppm;
Vmae (KBr)/cm™": 3424, 3113, 1626, 1573, 1557, 1534, 1422, 1245,
1206, 1100, 1046, 994, 975, 899, 871; MS (70 eV): m/z = 300 (66%)
[M], 203 (54%) [Cl,-Ph-N=C-S].

1,3-Dimethylimidazolium-2-/V-(p-chlorophenyl)amidate 10a

0.3 g (2.141 mmol, 1 eq) of 1,3-dimethylimidazolium-2-
carboxylate 1 were suspended in 10 mL of toluene and treated
with 0.33 g (2.141 mmol, 1 eq) of 4-chlorophenylisocyanate. After
stirring for 10 min at rt the suspension was heated to reflux
temperature. After stirring at reflux temperature for 3 h, the
solution was cooled, the resulting slightly yellowish solid was

filtered off and dried in vacuo, yield 0.43 g (80%), mp 121 °C (found:
C, 53.51; H, 4.41; N, 15.96. C,H,,N,OCI. H,O requires: C, 53.84;
H, 5.27; N, 15.70). 6y (MeOD) 7.46 (2H, s; C4-H, C5-H), 7.42—
7.35 (2H, m, H,,), 7.27-7.20 (2H, m, H,,), 3.98 (6H, s, N-Me); d
(MeOD) 155.2, 148.0, 129.3, 128.6, 126.5, 123.1, 107.2, 36.4 ppm,;
Vmax (KBr)/ecm™": 3424, 3109, 2960, 2215, 1596, 1561, 1513, 1482,
1453, 1398, 1341, 1249, 1235, 1097, 1010, 935, 897 cm™'; MS:
m/z = 249 (31%) [M], 153 (100%) [C]-CsH,~N=C-O].

1,3-Dimethylimidazolium-2-N-(3',5'-dichlorophenyl)amidate 10b

A sample of 0.085 g (0.34 mmol, 1 eq) of 1,3-dimethylimidazolium-
2-N-(p-chlorophenyl)amidate 10a was suspended under inert
conditions in 8 mL of toluene. Then, 0.064 g (0.34 mmol, 1 eq)
of 3,5-dichlorophenylisocyanate were added. The mixture was
stirred for 20 min at rt, and then for 3 h at reflux temperature.
After evaporation of the solvent, a brown oil was obtained, yield
0.046 g (46%) (found: 284.0361. C,,H;,N;OClI, requires 284.0357).
Jou (MeOD) 7.55(2H, s, C4-H, C5-H), 7.41-7.40 3H, m, H,,), 3.91
(6H, s, N-Me); . (MeOD) 173.3,172.4, 163.6, 134.1, 129.8, 123.7,
123.3, 36.6 ppm; v, (KBr)/cm™': 3333, 3216, 2961, 2361, 1598,
1563, 1512, 1494, 1430, 1342, 1306, 1241, 1173, 1092, 1009, 990,
941, 916, 892; ESI-MS: 308 (13%) [M + H* + Na*].

2-Deuterio-1,3-dimethylimidazolium-4-carboxylate 13

Under nitrogen 0.020 g (0.143 mmol, 1 eq) of norzooanemonine
3 were dissolved in 1 mL of anhydrous MeOD and stirred for
1 h. The sample was directly analyzed by NMR-spectroscopy. oy
(MeOD) 7.70 (1H, s, C5-H), 4.08 (3H, s, C8-H), 3.89 (3H, s, C7-H)
ppm; 6c (MeOD) = 162.9, 133.6, C2 not detectable, 126.9, 36.5,
36.3 ppm; ESI-MS: m/z = 164.1 (100%) [M + Na*], 120.2 (55%).

1,3-Dimethylimidazolium-4-N-(3',5'-dichlorophenyl)amidate 16b

A sample of 0.5 g (3.56 mmol) of norzooanemonine 3 was
suspended in 10 mL of toluene. Then, 0.67 g (3.56 mmol) of 3,5-
dichlorophenyl isocyanate were added, the mixture was heated
to 100 °C for 1 h and then to reflux temperature for 10.5 h.
After cooling, the white solid was filtered oft and dried in vacuo,
yield 0.13 g (13%), mp 230-240 °C (dec) (found: 284.0363.
C,H\,N;OCl, requires 284.0357); 4 (DMSO-d,) 9.23 (1H, s,
C2-H), 8.35 (1H, s, H,,), 7.56 (2H, s, H,,), 7.18 (1H, s, C5-H),
3.99 (3H, s, C8-H), 3.85 (3H, s, C7-H); d. (DMSO-d¢) 159.1,
152.0, 140.4, 134.1, 129.0, 125.0, 121.3, 116.5, 36.1, 36.0 ppm;
Vmax (KBr)/cm™': 3444, 3304, 3157, 3129, 3096, 3050, 2695, 2522,
2435, 1727, 1650, 1587, 1549, 1483, 1418, 1223, 1165, 1060, 848;
ESI-MS: m/z = 283 (10%)/285 (15%) [M].

General procedure for the amide tetrafluoroborates 17a,b

Under an inert atmosphere, 1 eq of 1,3-dimethylimidazolium-
2-carboxylate 1 (0.15 g; 1.07 mmol) and norzooanemonine 3
(0.15 g, 1.07 mmol), respectively, was suspended in anhydrous
dichloromethane. Then, 9 eq of SOCI, (1.15 g; 0.7 mL, 9.63 mmol)
as well as 1 eq of anhydrous pyridine (0.09 g, 0.09 mL 1.07 mmol)
were added, whereupon the mixture was stirred at reflux temper-
ature for 30-60 min. Then 3 eq of the corresponding aniline were
added carefully. After reflux for 3-6 h, the mixture was allowed
to cool, the solvent was evaporated and water was added. The
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resulting solid was dissolved in methanol and cooled to 0 °C. Then
a 50% HBF,-solution was added and the mixture was stirred at
0 °C for 30 min. The resulting tetrafluoroborate was filtered off
and dried in vacuo.

1,3-Dimethylimidazolium-4-/V-(4-chlorophenyl)amide
tetrafluoroborate 17a

The procedure described above yielded 412 mg (20%) of a brownish
solid, mp 175-176 °C (found: C, 42.51%, H, 3.42%, N, 12.61%.
C,,H;BCIF,N;O requires: C, 42.70%, H, 3.88%, N, 12.45%). dy
(MeOD) 8.90 (1H, s, C2-H, H/D exchangeable), 8.06 (1H, s, C5-
H),7.58 (2H, m, H,,), 7.27 (2H, m, H,,), 4.02 (3H, s, N-Me), 3.88
(3H, s; N-Me); 6 (MeOD) = 156.9, 137.7, 131.1, 130.0, 130.1,
129.0, 126.5, 123.2, 36.8, 36.7 ppm; vy, (KBr)/cm™': 3349, 1684;
ESI-MS (0V): m/z = 250 (100%) [M].

1,3-Dimethylimidazolium-4-N-(3,5-dichlorophenyl)amide
tetrafluoroborate 17b

The procedure described above gave 188 mg (25%) of a colour-
less solid, mp 170 °C (found: 284.0366. C,,H,N;OCl, requires
284.0357). 6y (DMSO-d,) 10.93 (1H, bs; N-H), 9.26 (1H, s; C2-
H), 8.36 (1H, s; H,,), 7.77 (2H, s; H,,), 7.41 (1H, s; C5-H), 4.02
(3H, s; C8-H), 3.93 (3H, s, C7-H); 6 (DMSO-d;) 156.0, 140.4,
140.3, 134.3,126.1, 123.8, 118.4 (two overlapped signals), 36.3 (C-
8), 36.1 (C-7) ppm; vy (KBr)/cm~': 3129, 1697, 1594, 1541, 1444,
1271, 1084, 1003, 861 cm™'; ESI-MS: m/z = 284 (100%) [M].

General procedure for the conversion of the amides 17a,b into the
amidates 16a,b

An ion exchange resin, Amberlite IRA-402 was activated first
with conc. HCI in a chromatography column to fully achieve
the chloride form, then washed with water to pH 7. Conc.
NaOH was then left on the column to exchange the anion to
hydroxide. Then the resin was washed with water to pH 7-8. The
amides (0.505 mmol, respectively) were applied in a mixture of
MeOH/H,0 (1/1) or EtOH/H,0 (1/1) to the amberlite and
rinsed through the ion exchange resin with the same solvent to
give the corresponding amidates.

1,3-Dimethylimidazolium-4-/V-(4-chlorophenyl)amidate 16a

Yield: 390 mg (99%) of a white solid, mp 263-264 °C (found:
250.0744. C,H;;N;0CI requires: 250.0747). oy (MeOD) 8.86
(1H, s, C2-H, exchangeable), 8.06 (1H, s, C5-H), 7.49 (2H, m,
H.), 7.13 (2H, m, H,,), 3.90 (3H, s, C8-H), 3.77 (3H, s, C7-
H); 6c MeOD) = 157.0, 137.8, 131.0, 129.9, 128.9, 126.7, 123.2
(two overlapped signals), 37.0, 36.9 ppm; vy, (KBr)/cm™': 3359,
1679 cm™'; MS: m/z = 249 (12%) [M], 153 (50%) [CI-Ph-N=C-
0], 127 (100%) [C1-Ph—NH,].

1,3-Dimethylimidazolium-4-/V-(3,5-dichlorophenyl)amidate 16b

Yield: 123 mg (86%) of a yellow solid. All spectroscopic data
are identical to those described as the trapping experiment for
NHC 4.
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A concise synthesis of phenanthridines via a microwave-
assisted [2+2+2] cyclotrimerization reaction has been deve-
loped.

Phenanthridines are important core structures found in a variety of
natural products and other biologically important molecules with
a wide range of biological activities and applications, including
antibacterial, antiprotozoal, and anticancer agents.'™* A well
known member of this compound class is ethidium (1), a common
DNA intercalator and stain. Many natural products containing
a phenanthridine core structure are known and representative
examples include trispheridine (2)° and bicolorine (3),* shown in
Fig. 1.
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1: Ethidium 2: Trispheridine 3: Bicolorine

Fig. 1 Selected phenanthridines.

The [2+2+2] cyclotrimerization reaction represents a unique
synthetic tool for the assembly of aromatic systems,” and
we envisioned the synthesis of phenanthridines 4 through a
microwave-assisted cyclotrimerization'**” of a diyne 5 with an
alkyne 6 followed by protecting group removal and oxidation
(Scheme 1). Several cyclotrimerization reaction conditions were
investigated with different catalyst systems based on Co,'** Nj, 2!
Rh,2? and Ru?*?* and with and without microwave irradiation.

1
R R
= R’

R4 R?
O R3 j + | |
O _ N w

N PG R3

4 5 6

Scheme 1 Retrosynthetic analysis of the phenanthridine skeleton. PG =
protecting group.
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Four different diyne starting materials carrying various R’
and R* groups were synthesized (Scheme 2) in order to probe
the tolerance of sterically demanding alkyne substituents and
to induce regioselectivity on the cyclotrimerization reaction. The
synthesis of 10-13 commenced with the ortho-iodo aniline 7 which
underwent a smooth Sonogashira coupling with TMS acetylene
followed by N-acetylation delivering 8 in 88% over two steps.”’
In order to provide the terminal alkyne 9, the TMS group was
removed from 8 by treatment with K,CO;—MeOH in 92% yield.?®
Both 8 and 9 were then subjected to NH deprotonation with
BuLi at low temperature, followed by alkylation with various
propargyl bromides (R® = H, CH;, and TMS). All cyclotri-
merization precursors 10-13 were obtained in excellent yields of
89-96%.1

= —TMs R*
0, /
I 1. PA(Cl)o(PPhs), (0.5 mol%), Z2
©i Cul (1 mol%), Et,NH, DMF
NH, 2. AcCl, TEA, 88% (2 steps) NHAG
7 K2COs3, 8:R*=TMS
MeOH
92% 9:R*=H
R4
Br _— )
\ — Rs 7 Cmpd R® R* yield
8or9 el 0 H H 9%
n-Bull, NN M1 Me H 9%
THF, -78°C Ac X, 12 TMS H 9%
R® 13 H TMS 8%

Scheme 2 Synthesis of diyne cyclotrimerization precursors.

We initially screened four different catalyst systems
(RhCI(Ph;P);,”  Cp*RuCl(COD),* Ni(CO),(Ph;P),,>* and
CpCo(CO),"®) for the microwave-mediated cyclotrimerization
of the terminal diyne 10 and 1-hexyne (10 equiv.), revealing
that 10 mol% Wilkinson’s catalyst (RhCI(Ph;P);) delivered the
cyclotrimerization product 14 with the highest yield (86%). The
other catalysts provided 14 in 60-80% yield. Reactions were
conducted in microwave transparent toluene (0.1 mM) with a
300 W microwave irradiation for 10 min (CEM Discover), leading
to a final reaction temperature of 130 °C (IR temperature sensor).
Shorter reaction times or irradiations with less microwave power
led to diminished yields. Importantly, when the cyclotrimerization
10 — 14 was conducted under purely thermal heating, while
mimicking the temperature profile of the microwave reaction
(10 min, 130 °C final temperature, 150 °C oil bath temperature),
the product 14 was only obtained in 34% yield. The optimized
microwave conditions were then used for the cyclotrimerization
of 10 with a variety of alkynes, probing the functional group
compatibility of the developed reaction conditions. A wide range
of functional groups was tolerated, including a cyano group (in
16), a chloro atom (in 17), a carbamate (in 18%), and a silyl ether
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(in 19*°) (Scheme 3). The [2+2+2] cyclotrimerization reaction
of terminal monoalkynes proceeded smoothly delivering 14-22
in 85-89% yield after silica gel chromatography.i As expected,
no regioselectivity in the cyclotrimerization step was observed,
leading to the formation of 1 : 1 mixtures of regioisomers at
the 8- and 9-positions. Symmetrical internal alkynes alleviate
the regioselectivity problem, but lead to diminished yields
(30-34%) as seen in the synthesis of 20-22. This low yield is due
to the internal alkynes’ lower reactivity in cyclotrimerization
reactions, which induces the formation of diyne-dimerization
and -trimerization side products typically observed in these
cases.’**** We previously addressed this problem through the
spatial seperation of substrates on a polymeric support.!'s:31:32
Here, we are providing a solution through open-vessel microwave
conditions,**** which allowed the slow addition (over 60 min)
of a solution of the diyne (0.01 mM) to the internal alkyne
(0.1 mM) in refluxing toluene (110 °C) under microwave
irradiation (300 W). By employing these conditions the yields of
the cyclotrimerization products 20-22 were essentially doubled
(56-65%).

// Ri——R,
RhCI(Ph3P)3 (10mol%)

toluene, 130°C,
MW 300W, 10min

10
Cmpd R? R2 yield regio

14 Bu H 91% 1:1
142 Bu H 34% 1:1
15 Ph H 87% 1:1
16 (CHp)sCN H 89% 11
17 (CHy),Cl H 86% 11
18 CH,NHBoc H 85% 1:1
19 CH,OTBS H 87% 1:1
20 Et Et 30% -

21 CH,0CH; CH,OCH; 33%

22 CH,0TBS CH,OTBS 34%

20° Et Et 64%

21° CH,0CH; CH,OCH; 56%

22° CH,0TBS CH,OTBS 65%
Scheme 3 Cyclotrimerization reactions of the terminal diyne 10.
*Reaction under thermal conditions. °Reaction under open-vessel
conditions.

We investigated a potential solution to the regiochemistry
problem through the installation of a regio-directing group,*
as previously demonstrated in the synthesis of indanones via a
[24+2+42] cyclotrimerization reaction.” Hence, the precursor 11
carrying a methyl group was synthesized (Scheme 2). An initial
catalyst screening with 11 and 1-hexyne revealed that RhCIl(Ph;P);,
Ni(CO),(Ph;P), and CpCo(CO), deliver the product 23 asa l:1
mixture of regioisomers. Only Cp*RuCl(COD) displayed a pref-
erence for the formation of the 9- over the 8-isomer in a ratio of
4 : 1 by integration of the "H NMR signal of the CH; group. The
9-regioisomer could be easily assigned based on the two singlets
for H-8 and H-10. Thus, 10 mol% of Cp*RuCl(COD) in toluene
was used in the presence of 300 W microwave irradiation leading
to a final reaction temperature of 150 °C after 30 min. Without
microwave irradiation (30 min, 150 °C final temperature, 165 °C
oil bath temperature), the yield dropped to 31% while maintaining
the same ratio of regioisomers. Using the same mono-alkynes

as before, the cyclotrimerization products 23-30 were obtained
under mild conditions in 55-91% yield and with a regioselectivity
of 4 : 1 (Scheme 4).1 To our surprise, TBS protected propargyl
alcohol led to the formation of 28 with no regioselectivity. By
inserting additional methylene groups between the triple bond
and the OTBS group (in 29* and 30%7), the regioselectivity was
increased to 4 : 1 as in case of the other alkynes.

// Ri——
Cp*Ru(COD)CI (10mol%)
toluene, 150°C
N \ )
/\

MW 300W, 30min

CHs
1
Cmpd R' yield  regio
23 Bu 91% 4:1
232 Bu 31% 4:1
24 Ph 66% 4:1
25 (CHyp):CN 89% 41
26 (CHyC 78% 411
27 CH,NHBoc 55% 1:1
28 CH,OTBS  78% 32

29  (CH,),OTBS  82% 41
30 (CHp);OTBS  78%  4:1

Scheme 4 Regiodirected [2+2+2] cyclotrimerization. *Reaction under
thermal conditions.

In order to increase the selectivity, we investigated the ap-
plication of a sterically more demanding regio-directing group
and selected a TMS group due to its potential conversion into
a proton,? halide,®® or hydroxy group® after cyclotrimerization.
The precursors 12 and 13 were synthesized in high yields analogous
to the other diynes. Surprisingly, all cyclotrimerization attempts
with 13 using all four catalyst systems under various conditions
failed (Fig. 2), presumably due to a pronounced strain between
the TMS group and the CH group in position 1 of the met-
allacyclopentadiene intermediate 31 and the cyclotrimerization
product 32. In all reaction attempts starting material and
non-characterized byproducts were obtained; only CpCo(CO),
delivered trace amounts of 32 (with R = Bu).

TMS T™S ™ R
% g >
NIy =
\ ®
Ac/\\\ N N
Ac Ac
13 31 32

Fig. 2 Cyclotrimerization attempts with 13 did not lead to product
formation. M = metal.

The regioselectivity problem was solved using the comple-
mentary silyl modified precursor 12, which led to a smooth
cyclotrimerization reaction with I-hexyne, yielding 33 in 85%
yield and as a single regiosiomer (Scheme 5). Thus, increasing the
sterical demand from CHj; to Si(CH;); led to a substantial increase
in regioselectivity from 4 : 1 to 95 : 5 (as determined by GC). No
cyclotrimerization product 33 was obtained under thermal reac-
tion conditions resembling the temperature profile observed under
microwave conditions (30 min, 150 °C final temperature, 165 °C
oil bath temperature). Unfortunately, the microwave-mediated
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z o=
Cp*Ru(COD)CI (10mol%)
toluene, 150°C
N ) )
/\
MS

Ac MW 300W, 30min
12 Ac 3337
Cmpd R' yield  regio
33 Bu 85% 95:5
332 Bu - -
34 Ph 31% 95:5
35 (CHp)4Cl 46% 955

36 (CHp),0TBS  49% 955

Scheme 5 Regioselective [2+2+2] cyclotrimerization.

cyclotrimerization reactions with the other monoalkynes were less
successful and delivered the tricyclic products 33-36 in 31-49%
yield, but with complete regioselectivity.

With a facile cyclotrimerization approach to protected dihy-
drophenanthridines in hand, the oxidation to the actual phenan-
thridine was subsequently investigated. We found that treatment
of 14-18 with an excess of cerium ammonium nitrate (CAN) for
30 min at 0 °C delivered the phenanthridines 3741 in good yields
(71-78%)% through oxidation and simultaneous deacetylation
(Scheme 6).414

2% %
N | CAN . |
_—
THF/H,0 (4:1),
4 —
N 0°C, 30min N
AC 1418 37-41
Cmpd R yield
37 Bu 76%
38 Ph 71%

39 (CHp)CN  78%
40  (CHpCl  75%
4  CH,NHBoc 77%

Scheme 6 Oxidation of 14-18 to phenanthridines 37—41.

In summary, we developed a highly convergent and rapid
assembly of the phenanthridine skeleton through a microwave-
mediated [242+2] cyclotrimerization reaction towards dihy-
drophenanthridines followed by oxidation. Microwave irradiation
led to substantially enhanced yields in the cyclotrimerization step.
Regioselectivity issues have been solved through the choice of a
sterically demanding regio-directing group, and chemoselectivity
issues in the case of less reactive internal alkynes have been
addressed through the application of open-vessel microwave
conditions combined with syringe pump addition.
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A novel hydrogen bond-forming ligand for pyrimidine/purine
transversion, which contains both a fluorescent naphthyri-
dine moiety and a ferrocenyl group as an electrochemical
indicator, is described. Hydrogen bond-mediated recognition
for a target nucleobase at an abasic site in a DNA duplex is
confirmed by both fluorescence and electrochemical measure-
ments. The analysis by fluorescence titration reveals that
the ligand shows significant fluorescent quenching upon
formation of a 1 : 1 complex with the target nucleobase
opposite the abasic site, and the selectivity is in the order of
cytosine > thymine > adenine, guanine, reflecting the stability
of the hydrogen bond formation.

Detection of single nucleotide polymorphisms (SNPs) is important
from the viewpoint of developing tailor-made diagnoses, because
they can be in correlation with a disease or the side effects of a
given drug. Although lots of detection methods for SNPs have
been developed in recent years, most adopt a discrimination
principle based on the difference in the thermodynamic stabilities
between a probe strand and a complementary target strand over
a mismatched one in order to differentiate fully matched DNAs
from mismatched DNAs or SNPs. However, these methods can
only detect the presence of a mismatch in the base pairing and can
not distinguish the type of nucleobase involved in the mismatch?
since they are based on the nature of DNA duplex formation.

We have recently demonstrated a simple SNP detection method
utilizing hydrogen bond formation between a ligand and a
target nucleobase, which can provide target base-selective SNP
discrimination.® In contrast to the current methods, our approach
is based on an abasic (AP) site-containing DNA duplex, which
allows the use of a small ligand to selectively recognize target
nucleobases, irrespective of the difference in the thermodynamic
stabilities of fully matched and mismatched base pairs. While
naturally occurring AP sites are one of the most common forms
of DNA damage,* we intentionally constructed an AP site in
a DNA duplex so as to orient the AP site toward a target
nucleobase. Moreover, the selectivity of the ligand-target base
binding is accomplished by using the AP site as a hydrophobic
microenvironment suitable for hydrogen bond formation in an
aqueous solution.
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T Electronic supplementary information (ESI) available: Characterization
data for FCAMND synthesis, detailed experimental procedures for photo-
chemical and electrochemical measurements, and comments on the fluo-
rescence intensity of FCAMND and AMND. See DOI: 10.1039/b716682f

Naphthyridine derivatives have been found to form very stable
complexes with cytosine opposite the AP site.** When a ferrocenyl
group is attached to naphthyridine, the resulting compound
is expected to serve as an electrochemically active cytosine-
selective ligand. In this report, we synthesized a novel naphthyri-
dine derivative (N-ferrocenylmethyl-7-methyl-1,8-naphthyridin-2-
amine; FCAMND) and used it as a novel hydrogen bond-
forming ligand with fluorescence and electrochemical activities.
The synthesis procedure and structure are shown in Scheme 1.

(i), (i) X (iii) - (v) N <

O\ *’m Ho— Fe

H,N NH, N""NT'N NN N/\©
H H

Scheme 1  Synthesis of N-ferrocenylmethyl-7-methyl-1,8-naphthyridin-2-
amine. (i) H;PO,, 24 h, 90 °C. (ii) NaOH. (iii) Ferrocenecarboxaldehyde,
CH,Cl,, 6 h, reflux. (iv) NaBH,, 1 h. (v) HC], NaOH.

FcAMND was prepared according to the standard proce-
dures given in the literature.® Briefly, ferrocenecarboxaldehyde
was condensed with 2-amino-1,8-naphthyridine, followed by
sodium borohydride reduction to give FEAMND. The structure
of FCAMND was fully confirmed by elemental analysis, 'H-
NMR and mass spectroscopy (detailed synthetic procedure is
described in the ESIt). Fluorescence spectra and electrochemical
measurements of FCAMND both in the presence and absence
of an AP site-containing DNA duplex were done in an aqueous
buffer solution (pH 7) containing 0.1 M NaCl, 0.01 M sodium
cacodylate, and 1 mM EDTA. Binding behavior of FCAMND
was examined for adenine (A), cytosine (C), guanine (G), and
thymine (T), i.e., target bases opposite the AP site in 23-meric
DNA duplexes (5-GTGTGC GTT GCN CTG GAC GCA GA-
3'/3-CACACG CAA CGX GACCTGCGTCT-5, N = target
base, X = spacer-C3, i.e., a propylene residue).

Fig. 1 shows absorption and fluorescence spectra of FCAMND
and AMND in an aqueous buffer solution. For comparison,
the absorption spectrum of N,N-dimethylaminomethylferrocene
(Me,NMeFc) is also shown. The FCAMND has its absorption
maximum at 363 nm (loge = 4.1) accompanied by a small
absorption band at 420 nm (loge = 2.3), whereas AMND has
its maximum at 343 nm (loge = 4.1). The FECAMND absorption
spectrum shows the characteristic feature of a ferrocene derivative
(for Me,NMeFc, A, &~ 420 nm) and has a slight red-shift peak
compared to the spectrum of AMND (see ESIT). By contrast, the
fluorescence spectrum of FCAMND is almost the same as that of
AMND regarding the shape and position of the emission band.
This result indicates that there is a small interaction between the
AMND moiety and the ferrocenyl group in the ground state. On
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Fig. 1 Absorption and normalized fluorescence spectra of FCAMND
(solid line) and AMND (dotted line) in a buffer solution. The absorption
spectrum of Me,NMeFc is given by a broken line. The vertical axis for
the absorption spectra plots the molar absorption coefficient. Detailed
measurement conditions are described in the ESL.{

the other hand, the singlet excited state of the AMND moiety is
not significantly altered by the ferrocenyl group.

Next, using fluorescence measurements we examined the com-
plexation between FCAMND and target bases in the 23-meric
model AP site-containing DNA duplexes. The fluorescence spectra
of FCAMND in the presence of the DNA duplexes containing
different bases opposite an AP site were measured at an excitation
wavelength of 356.5 nm. In the spectrum of the FCAMND without
a DNA duplex, the fluorescence peak is observed at 405 nm, as
shown in Fig. 2. In contrast, the fluorescence spectra of FCAMND
with the duplex formed by an AP site-containing DNA and a
target DNA (N = A, C, G, T) shows quenching of the fluorescence
intensity. The fluorescence intensity at 405 nm is quenched by as
much as 85% in the presence of equimolar AP site-containing
DNA duplex when the target base is pyrimidine (N = C, T).
In the binding to purine bases (N = A, G), the fluorescence
quenching is moderate (15% and 30% for adenine and guanine,
respectively). Apparently, the fluorescence intensity of FCAMND
is strongly influenced by the type of a base opposite the AP site,
and particularly when cytosine is the base opposite the AP site,

100 T T T T
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Fig. 2 Fluorescence spectra of FCAMND (5 uM) in the absence (a) and
presence (b—e) of AP site-containing DNA duplexes (5 pM) in a buffer
solution at 5 °C; N = (b) A, (¢) G, (d) T, and (e) C. The inset shows the
changes in fluorescence intensity of FCAMND as a function of the AP
site-containing DNA duplex (N = C); [FCAMND] = 0.1 uM, [DNA] =
0.0-0.5 uM.

the fluorescence of FCAMND is greatly weakened. It seems likely
that FCAMND binds to cytosine via a three-point hydrogen-
bonding motif as reported in our previous NMR study.* Thus,
the change in the fluorescence behavior of FEAMND depending
on the base opposite the AP site facilitates identification of the
type of bases located at a specific site on a target DNA strand.
In addition, the binding constants between FCAMND and target
nucleobases opposite the AP site are estimated as 9.7 x 10" M
for cytosine and 1.4 x 107 M~ for thymine, by the titration
curve shown in the inset of Fig. 2 which used a non-linear fitting
method described previously.* By contrast, probably due to a
steric effect, such effective binding is not obtained for purine
target bases, where binding constants are less than 10° M~ (6 x
10* M~! for adenine and 2 x 10° M~ for guanine). We note
that FCAMND shows a larger binding constant with cytosine
than AMND. The binding constant of AMND with cytosine
opposite the AP site was previously calculated as on the order of
10° M~".* The enhancement in the binding constant of FCAMND
is promoted by introduction of the ferrocenyl group to the AMND
moiety. Although FCAMND has the same hydrogen bond-forming
moiety as AMND, the ferrocenyl group of FCAMND can give
an electrostatic interaction with a DNA backbone,® which is
expected to contribute to the decrease in the dissociation rate.
Moreover, based on preliminary molecular modeling, we think
that the ferrocenyl group is located in a minor groove when the
target base is cytosine. To clarify this point, molecular mechanics
calculations were conducted for optimization of binding structure.

A possible computer-generated molecular model of the complex
of an AP site-containing DNA duplex (N = C) with FCAMND is
shown in Fig. 3, which was optimized using AMBER* force fields.
The AMND ring of FCAMND is located at the AP site of the DNA
duplex where the formation of three hydrogen bonds is evident
between AMND and cytosine, and the ferrocenyl group is located
in the minor groove of the DNA duplex. A similar molecular
modeling result was reported by Sato et al® for the binding of
naphthalenediimide bearing two ferrocenyl groups as a threading
intercalator for DNA duplexes. In their result, two ferrocenyl
groups served as an anchor, where one of the substituents lay in
the major groove and the other in the minor groove in the complex
with a DNA duplex, to prevent the intercalator from dissociating
from double stranded DNA. Therefore, it can be concluded that
the ferrocenyl group of FCAMND gives rise to a stabilizing

Fig. 3 Possible binding structures, obtained by MacroModel 9.0, for the
complex between FCAMND and cytosine opposite the abasic site; (left)
side view, (right) top view. FCAMND (dark gray) and cytosine (light gray)
are shown as a space-filling model.
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interaction between FCAMND and an AP site-containing DNA
duplex, resulting in an increase in the binding constant.

Electrochemical measurements were also made to utilize the
redox activity of FCAMND for SNP detection. In accordance
with the results of the fluorescence measurement, selectivity for
pyrimidines over other purines is clearly seen from the square
wave voltammogram (SWV) as shown in Fig. 4. In the absence of
a DNA duplex, FCAMND exhibits an oxidation peak at 0.25 V
vs. Ag/AgCl (sat. KCl). The peak position was unchanged in the
pH range studied (2 to 7), showing independency of the peak
position upon pH change. Since naphthyridine derivatives are
known to have a reduction potential ataround — 1.5V vs. Ag/AgCl
(in acetonitrile),” the electrochemical response is ascribed to the
ferrocenyl group of FCAMND.

0.02

0.00
r 1 L L 1 1 1 L 1
-0.2 0.0 0.2 0.4 C T A G
E/V vs. Ag/AgCl Target base

Fig.4 (Left) Solid lines show square wave voltammograms of FCAMND
(5 uM) in the presence of AP site-containing DNA duplexes (5 uM) in
a buffer solution; N = (a) G, (b) A, (¢) T, and (d) C, respectively. The
dotted line shows FCAMND alone and the broken line shows background
current. (Right) Peak current dependency of target nucleobase (n = 3).

Typical SWV curves for 5pM FCAMND in the presence of S uM
of an AP site-containing DNA duplex are shown in Fig. 4. Ad-
dition of an AP site-containing DNA duplex into the FCAMND
solution results in a decrease in the peak currents for all target
sequences. For the case of the cytosine target, the peak current
decreases to 60% of the initial current without DNA. The current
decrease upon addition of a DNA duplex can be mainly ascribed
to the decrease in the diffusion coefficient of FCAMND. It is rea-
sonably expected that the diffusion coefficient of FCAMND when
bound to DNA duplex is much smaller than that of FCAMND

in free solution. Similar results were reported for the interac-
tion between DNA and electrochemically active intercalators.?®
Therefore, it can be considered that the change in current upon
DNA addition is described in terms of the diffusibility between
free and DNA-bound FCAMND. As described above, FCAMND
shows an ability to discriminate pyrimidines from purines by a
fairly large margin. We demonstrated here, in combination with
AP site-containing DNA duplexes, that FCAMND selectively
binds to pyrimidines with significant changes in fluorescence
and electrochemical response. The detection method described
in this study is expected to be applicable to a simple SNP typing
procedure® or in situ gene analysis with a flow-through system for
PCR amplification. Further studies are currently in progress along
this line.
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Two routes to the synthesis of a cyclohexyl-fused 1,4,7-triazacyclononane involving macrocyclisations
of tosamides have been investigated. In the first approach, using a classic Richman—-Atkins-type
cyclisation of a cyclohexyl-substituted 1,4,7-tritosamide with ethylene glycol ditosylate, afforded the
cyclohexyl-fused 1,4,7-triazacyclononane in 5.86% overall yield in four steps. The second, more concise,
approach involving the macrocyclisation of trans-cyclohexane-1,2-ditosamide with the tritosyl
derivative of diethanolamine initially gave poor yields (< 25%). The well-documented problems with
efficiencies in macrocyclisations using 1,2-ditosamides led to the use of a wider range of 1,2-ditosamides
including ethane-1,2-ditosamide and propane-1,2-ditosamide. These extended studies led to the
development of an efficient macrocyclisation protocol using lithium hydride. This new method afforded
1,4,7-tritosyl-1,4,7-triazacyclononanes in good yield (57-90%) from 1,2-ditosamides in a single step.
These efficient methods were then applied to the preparation of a chiral cyclohexyl-fused
1,4,7-tritosyl-1,4,7-triazacyclononane (65-70%). This key chiral intermediate was then converted into a
copper(11) complex following detosylation and N-methylation. The resulting chiral copper(ir) complex
catalysed the aziridination of styrene but it did so in a racemic fashion.

Introduction

Polyazamacrocycles continue to stimulate considerable interest
because of their varied coordination chemistry coupled with
their biological properties and the synthetic utility of the derived
metal ion complexes.! More specifically, the tridentate 1,4,7-
triazacyclononanes are of particular interest because of their
ability to stabilise both high and low oxidation states of various
metal ions.? In this context, transition metal complexes of 1,4,7-
triazacyclononane derivatives have been studied as biomimetics
of manganese catalase,*® Photosystem II** and hemocyanin.®
These biological model systems studies led to the development
of manganese complexes of 1,4,7-triazacyclononane derivatives
as potent alkene epoxidation catalysts.” Indeed, stereoselective
alkene epoxidation protocols have been developed while enantios-
elective epoxidations using manganese complexes of chiral 1,4,7-
triazacyclononane derivatives have been described by Beller ez al.,?
Bolm et al.*' and ourselves.!! Manganese complexes of derivatives
of 1,4,7-triazacyclononane have also been used in the oxidation
of sulfides, alcohols and alkanes.” Recently, an iron(1r) complex
of 1,4,7-trimethyl-1,4,7-triazacyclononane was found to catalyse
the atom transfer radical polymerisation of styrene.’* In addition,
hydrolytic catalysts have been developed from copper(ir), zinc(ir)
and iron(111) complexes of derivatives of 1,4,7-triazacyclononane
which have been used in the cleavage of RNA,”® DNA" and

Department of Pure & Applied Chemistry, University of Strathclyde, 295
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T Electronic supplementary information (ESI) available: Instrumentation,
general synthetic methods and full experimental procedures for the
synthesis via Route B, including compounds; (+)-3, (£)-6 (£)-10, 12,
(£)-13. See DOI: 10.1039/b716938h

1 Based on G. Stones, Ph.D. Thesis, University of Strathclyde, 2003.

peptides.’® Intriguingly, the copper(i) trifluoroacetate complex
of 1,4,7-triisopropyl-1,4,7-triazacyclononane was reported by
Halfen et al. to be a remarkably efficient catalyst for the achiral
aziridination of alkenes."”

Given the foregoing interest in 1,4,7-triazacyclononanes it
is not surprising that chiral analogues have been prepared,
including those with one,"'*® two [(C-2,3),” (C-2,5)* and (C-
2,6)!1+2122] and three!® stereocentres on the carbon backbone of the
macrocyclic ring. Despite this significant synthetic interest, the use
of complexes of metal ions and chiral 1,4,7-triazacyclononanes,
generated in situ or isolated entities, have been limited to
enantioselective epoxidations.®** However, a copper(i1) complex
of a chiral 4-oxa-1,7-diazonane has been used as a catalyst in
the racemic hetero-Diels—-Alder cycloaddition.” Therefore, we
were interested in trying to extend the catalytic repertoire of
chiral 1,4,7-trizacyclononane-metal ion complexes in asymmetric
transformations. We were particularly excited by the achiral alkene
aziridination of Halfen et al. using copper(11) 1,4,7-triisopropyl-
1,4,7-triazacyclononane (vide supra)'’ and wished to investigate
chiral variants. Furthermore, we were keen to extend our investi-
gations in asymmetric epoxidation studies using chiral manganese
complexes.'?* Since high enantiomeric excess had been claimed
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for alkene epoxidations using manganese complexes of cyclohexyl-
fused azamacrocycle 1, we wished to prepare and investigate
complexes of this conformationally constrained system.

The cyclohexyl-fused azamacrocycle 1 was prepared by Beller
et al. from the corresponding non-methylated derivative 2, which,
in-turn, was accessed from the tritosamide 3.1** At the outset of
our work, Beller e al. had reported the preparation of cyclohexyl-
fused tritosamide 3 by the macrocyclisation of the disodium
salt of cyclohexyl ditosamide 4 with tosyl ester 5 in 68% yield
(Scheme 1, Route A).” In contrast, Lawrence and co-workers
prepared the cyclohexyl-fused tritosamide 3 in only 28% yield
using cyclohexyl ditosamide 4 with ditosyl ester 5 in DMF with
potassium carbonate.'” After completion of our synthetic studies,
Watkinson and co-workers also reported modest yields in the
macrocyclisation of cyclohexyl ditosamide 4 and tosyl ester 5.
This latter group attributed the moderate macrocyclisation yield
to geometric constraints as a result of ring strain. However, it
had been previously documented that macrocyclisations of 1,2-
ditosamides to provide tritosylamides of 1,4,7-triazacyclononanes
do so in only modest yield.”®>* Searle and Geue concluded that
these low yields were a consequence of inhibition of the first substi-
tution step, that is the reaction of a bis-anion of a 1,2-ditosamide
with ditosyl ester 5. It was postulated that this inhibition may have
been due to steric and/or electronic effects in the 1,2-ditosamide
bis-anion.** Searle and Geue were, however, able to carry out
successful macrocyclisations provided that 1,2-ditosamides were
not used as the source of the nucleophilic component. Instead,
an alternative disconnection involving classical Richman—Atkins
cyclisations with ethylene glycol ditosylate and the tritosamide
from diethylenetriamine provided good cyclisation yields.

H H

TsHN NTs

TsHN  NHTs

4 TSOW )
+ TsHN
TSOX IOTS 60

N 7 6

Ts
5
RON base ~Route B

3

Scheme 1

The focus for this study was to investigate alternative cyclisation
routes to the cyclohexyl-fused tritosamide 3 (Scheme 1). After

developing efficient routes to tritosamide 3 we then planned to
prepare the N-methyl derivative 1 and then prepare manganese
and copper(1i1) complexes. These complexes were to be studied in
catalytic asymmetric alkene epoxidations and aziridinations.

In order to develop efficient routes to the tritosamide 3 it was
important to address the issues of the cyclisation chemistry. In view
of the observations of Searle and Geue (vide supra) we envisiged
an alternative disconnection of tritosamide 3 (Scheme 1, Route B).
This route involved the classic Richman—Atkins cyclisation of the
1,4,7-tritosamide 6 with ethylene glycol ditosylate 7. Since both
Route A and Route B proceed via common intermediate 8, then
these studies may lead to an understanding of the moderate yields
obtained in Route A (Scheme 1).

Results and discussion

Our alternative approach to the synthesis of cyclohexyl-fused
tritosamide 3, via route B (Scheme 1), started from the racemic cy-
clohexyl diamine (4)-9 which was monotosylated using 0.31 equiv-
alents of tosyl chloride which gave the amino tosyl amide (4)-10
[83% based on limiting tosyl chloride, 27% based on (£)-9]
(Scheme 2).» A two-step conversion of ethanolamine 11 into tosyl
aziridine 12 (70% over two steps) was carried out using a modifica-
tion of the method of Bulkowski and co-workers.?® Bulkowski and
co-workers had reported the effective ring opening of aziridine
12 with 1,2-amino tosamides.”* Analogous ring opening of the
aziridine 12 with amino tosyl amide (£)-10 in toluene at reflux
afforded the ditosamide amine (+)-13 (45%). This ring opening
was sluggish (60 h) and may reflect the hindered nature of the
amino functionality in amino tosyl amide (£)-10. N-Tosylation
of ditosamide amine (4)-13 with tosyl chloride in pyridine
smoothly afforded the tritosamide (£)-6 (72%). Ritchman-Atkins

TSHN  NH,

H,N NH,
(*)-9 (#)-10
HO, ii iii
— Y
NH, Ts
11 12
H 1 H H H
TsHN NTs v TsHN NH
TsHN TsHN
(£)-6 (#)-13

Vi

(#)-3

Scheme 2 Reagents and conditions: i, 0.31 equiv. TsCl, CH,Cl,, 3 N
NaOH, 0 °C, 83% [27% based on (£)-9]; ii, 2 equiv. TsCl, Py, 73%;
iii, NaH, THF, 96%; iv, toluene, A, 45%; v, TsCl, Py, 72%; vi, (a) NaH,
DMEF, 25 °C, (b) (CH,OTs),, 80 °C, 67%.
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macrocyclisation by treatment of tritosamide (£)-6 with two
equivalents of sodium hydride together with ethylene glycol dito-
sylate readily gave the target macrocycle tritosamide (£)-3 (67%).

The yield obtained in the macrocyclisation of tritosamide
(£)-6 (67%) (Scheme 1, Route B) is very much in line with
the yields of other Richman-Atkins cyclisations (53-83%) us-
ing tritosamides and ethylene glycol ditosylate to give 1,4,7-
triazacyclonane derivatives.!"#21:22242" This observation does not
appear to support the conclusions of Watkinson et al. that the
poor yields in the macrocyclisation of ditosamide 4 with ditosyl
ester 5 to give macrocycle 3 (Scheme 1, Route A) are a consequence
of geometric constraints from ring strain. Both Routes A and B
(Scheme 1) proced via the common intermediate 8, and our results,
therefore, indicate that cyclisation of anion 8 is not particularly
hindered. However, the sluggish reaction between aziridine 12 with
amino tosyl amide (£)-10 may suggest that the first substitution
step of the dianion of ditosamide 4 by ditosyl ester 5 is hindered.

Although Richman—Atkins macrocyclisation of cyclohexyl tri-
tosamide (£)-6 efficiently gave the cyclohexyl-fused macrocycle
tritosamide (£)-3, the overall yield was unacceptably low (5.86%)
over four steps. This is a consequence of the low yield in
two steps: firstly, in the monotosylation of diamine (+)-9 [83%
based on limiting tosyl chloride, 27% based on (%)-9]; and
secondly, in the ring opening of aziridine 12 with amino tosyl
amide (£)-10 (45%) (Scheme 2). Consequently, we decided to
re-investigate the reactions of 1,2-ditosamides with tosyl ester 5
(Scheme 1, Route A). Thus, the 1,2-diamines (+)-9 and 15a—c¢
were converted into the corresponding 1,2-ditosamides (+)-4 and
16a—c (68-79%) using tosyl chloride and base (Et;N or 'PrNEt,)
(Scheme 3). Additionally, the enantiopure (R,R)-4 was prepared
by resolution of 1,2-diamine (+)-9 via the tartrate salt 14 (85%).%
Subsequent ditosylation of the salt 14, using a modification of the
monotosylation conditions of Walsh and co-workers,? afforded
the enantiopure cyclohexyl ditosamide (R, R)-4 (85%).1%%¢

2 1
RZ R i RZ R
HoN  NH, TsHN  NHTs

(#)-4R"=R?=(CHp),
(#)-16aR'=CH; R?=H
16bR'=HR2=H
(R,R)-16¢c R'=Ph RZ =Ph

(#)-9 R'=R2 = (CHy),
(#)-15a R'=CH3 R?2=H
15bR'"=HR2=H
(R,R)-15¢ R'= Ph RZ =Ph

H% %HS ii
ngc ng TsHN  NHTs
(RR)-4
HO  OH
14

Scheme 3  Reagents and conditions: i, TsCl, Et;N or ‘PrNEt,, CH,Cl,,
68-79%; ii, (a) L-(+)-(2R,3R) tartaric acid, 70 °C, (b) AcOH, 90 °C, 85%;
iii, TsCl, 1.2 N NaOH, CH,Cl,, 85%.

With access to the 1,2-ditosamides 4 and 16a—c in hand, we
investigated the macrocyclisation with tosyl ester 5 (Scheme 4,
Table 1). In the first instance, we repeated the macrocyclisation
of cyclohexyl ditosamide (4)-4 and tosyl ester 5 as previously
reported by Golding et al. In this case, a yield of 18% was
achieved for macrocycle (£)-3, in broad agreement with the yields
observed by Golding et al. (28%)'" and Watkinson and co-workers
(20%)™* (Table 1, entry 1, method A). In contrast, Beller ez al. had
used the sodium salt of cyclohexyl (R,R)-4 with tosyl ester 5, which
cyclised to provide cyclohexyl-fused macrocycle (R, R)-3 in 68%.'
In our hands, this cyclisation gave cyclohexyl-fused (R,R)-3 in a
disappointing 23%, identical to that observed by Watkinson and
co-workers' (Table 1, entry 2, method B).

4R'=R2= (CHp),

2 1
R R (¢)-16a R'=CH; R2 = H
B 16bR'=HR2=H
TsHN NHTs (R ,R)-16¢ R'= Ph R2 =Ph
+
ROX IOR 5R=Ts
N 18 R = Nos
R
ioriioriii
orivorv
R2 R’
TsN NTs
N
R

3R=Ts, R"=R2=(CH,),
(#)-17aR=Ts, R'=CH; RZ=H
17bR=Ts,R'=HR2=H
(RR)-17c R=Ts, R' =Ph R2=Ph
(+)-19 R =Nos, R" = RZ = (CHy)4

Scheme 4  Reagents and conditions: i, (method A) K,CO;, DMF, 50 °C,
7 d; ii, (method B) (a) NaOEt, EtOH (b) 5, DMF, 100 °C; iii, (method C)
(a) 2 equiv. NaH, DMF, (b) 5, DMF, 70 °C; iv (method D) disodium salt
of 16a, 5, DMSO, 100 °C; v, (method E) (a) 2 equiv. LiH, DMEF, 70 °C,
(b) 5 or 18, DMF, 50 °C, 7 d.

The low yields observed in the macrocyclisation of 1,2-
ditosamide 4 and ditosyl ester 5 taken together with the inefficient
formation of cyclohexyl ditosamide amine (+)-13 from amino
tosyl amide (£)-10 and aziridine 12 (Scheme 2) initially suggested
that steric hindrance in both cyclohexyl 1,2-ditosamide 4 and
amino tosyl amide (£)-10 may have been a problem. In order to
understand these issues we chose to investigate the less sterically
demanding propane-1,2-ditosamide (1)-16a as the source of the
nucleophile in macrocyclisation. Given the previous success of
the macrocyclisation conditions using two equivalents of sodium
hydride in the formation of cyclohexyl-fused azamacrocycle (£)-3
from 1,4,7-tritotosamide (£)-13 (Scheme 1, Route B), we decided
to use sodium hydride in DMF with propane-1,2-ditosamide
(+)-16a.>* Thus, cyclisation of propane-1,2-ditosamide (4)-16a
under these conditions (conditions C, Table 1) with ditosyl ester
5 gave the mono-substituted macrocycle (£)-17a in a meagre 10%
(entry 3, Table 1). This observation was in line with the results
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Table 1

Investigation of macrocyclisation methods using 1,2-ditosamides 4 and 16a—c with sulfonates 5 and 18 (Scheme 4)

Entry Ditosamide (R', R?) Electrophile (P) Method*  Macrocyclic product (R', R?) Yield (%) (Lit. Yield (%))
1 (+)4 (R' =R* = (CH,),) 5 (R =SO,CH,CHs) A (£)-3(R' =R?*=(CH,),) 18 (28, 20")
2 (£)-or (R,R)-4(R' =R? = (CH,);) 5(R=SO0,C.H,CH,) B (£)-or (R,R)-3(R' =R? = (CH,);) 23 (68, 231%)
3 (£)-16a (R' = CH,, R* = H) 5(R =SO,CH,CH,) C (£)-17a (R' = CH,, R*> = H) 10
4 (£)-16a (R' = CH;, R? = H) 5 (R = SO,C4H,CHs) D (£)-17a (R! = CH;, R* = H) (20134)

5 (£)-16a (R' = CH;, R* = H) 5(R =SO,CH,CH,) B (£)-17a (R' = CH,, R* = H) (60'%)
6 16b (R! = R* = H) 5(R =SO,C,H,CH,) C* 17b (R' = R* = H) (257
7 16b (R' = R*> = H) 5(R =S0,C,H,CH,) E 17b (R' = R* = H) 91
8 (+)-16a (R! = CH,, R> = H) 5(R =SO,CH,CH,) E (£)-17a (R! = CH,, R* = H) 60
9 (R,R)-16¢ (R' = R> = Ph) 5(R =SO,C,H,CH,) E (R,R)-17c (R' = R> = Ph) 0
10 (R,R)-4 (R = R? = (CH,),) 5(R =S0,C,H,CH,) E (R,R)-3 (R =R = (CH,),) 65-70
11 (R,R)-4 (R' = R> = (CH,),) 18 (R = SO,C,H,NO,) E (£)-19 (R' = R?> = (CH,),) 57

“Method A: K,CO;, DMF, 50 °C; method B: (a) NaOEt, EtOH, (b) 5, DMF, 100 °C; method C: (a) 2 equiv. NaH, DMF, (b) 5, DMF, 70 °C; method
D: disodium salt of 16a, 5, DMSO, 100 °C; method E: (a) 2 equiv. LiH, DMF, 70 °C (b) 5 or 18, DMF, 50 °C. ® Cyclisation step carried out at 105 °C.

of Graham and Weatherburn'® who cyclised the disodium salt
of propane ditosamide(+)-16a with ditosyl ester 5 in DMSO at
100 °C which gave the macrocycle (£)-17a in 20% yield (entry 4,
Table 1, method D). This is in contrast to the findings of Mason
and Peacock who claimed a 60% yield of macrocycle (R)-17a by
reaction of the disodium salt of (R)-16a and ditosyl ester 16a using
DMEF at 100 °C (entry 5, Table 1)."* However, even with the less
sterically demanding ethane-1,2-ditosamide 16b Searle and Geue
formed the parent 1,4,7-tritosyl-1,4,7-triazacyclononane 17b in
only 25% using two equivalents of sodium hydride in DMF at
105°C (entry 6, Table 1).* Indeed, it was Searle and Geue who first
delineated the problems in the formation of 1,4,7-tritosyl-1,4,7-
triazacycloalkanes using dianions of 1,2-ditosamides. These work-
ers postulated that steric and/or electronic effects inhibit the first
nucleophilic substitution step in the reaction of 1,2-ditosamide
dianions with bis-electrophiles (¢f: Route A, Scheme 1). The lack of
aclear correlation of yield of macrocycle with the anticipated steric
encumbrance of 1,2-ditosamides 4 and 16a in our results (entries 1—
3, Table 1) argues against just steric effects. However, electronic
effects, solubility and nucleophilicity of 1,2-ditosamide dianions
remained as possible causes for low yields in macrocyclisations.

In the context of the above issues of cyclisation of dianions of
1,2-ditosamides we wondered if alternatives to the sodium counte-
rion might be helpful in developing efficient routes to cyclohexyl-
fused macrocycle 3 via 1,2-ditosamides (Route A, Scheme 1). In
this context, caesium carbonate has been found to be beneficial
in Richman-Atkins cyclisations* and in macrolactonisations.*!
These observations were rationalised in terms of the basicity of
caesium bicarbonate® and in terms of ion-paring properties of
caesium salts® rather than a templating effect of the caesium
cation. However, in related macrocyclisations of cyclohexyl di-
tosamide 4 using caesium carbonate we had observed poor yields
of macrocycles.® This suggested that ion-pairing properties of
salts of cyclohexyl ditosamide 4 may not be the source of low
macrocyclisation yields. We wondered, from our experimental
observations, if solubility of dianions of 1,2-ditosamides might
be an issue with low macrocyclisation yields.

Lithium salts are markedly different from the other alkali
metal salts.¥® Unlike the latter, the salts lithium chloride and
lithium bromide are somewhat soluble in polar organic solvents
such as alcohols and ethers. The solubility of these salts can
be attributed to the relatively strong coordination of solvent

molecules around the small lithium cation that has a large surface
to charge density (Li* 0.13 Z A-*).3® Therefore, we hoped that the
use of lithium counterions in dianions of 1,2-ditosamides would
provide for a more effective macrocyclisation. Unfortunately,
lithium carbonate is not basic enough to deprotonate secondary
tosamides® but we anticipated that lithium hydride might result
in effective macrocyclisations of 1,2-ditosamides. Accordingly,
treatment of ethylene 1,2-ditosamide 16b with two equivalents
of lithium hydride in DMF at 70 °C followed by addition of
ditosyl ester 5 at 50 °C gave the parent 1,4,7-tritosyl-1,4,7-
triazacyclononane 17b in an unprecedented 91% yield (entry 7,
Table 1). To explore the scope of this process we investigated the
use of propyl 1,2-ditosamide (£)-16a and diphenyl 1,2-ditosamide
(R,R)-16c (entries 8 and 9, Table 1). The former provided the
methyl-substituted macrocycle 17a in 60% yield while the latter
failed to afford the diphenyl macrocycle 17¢. Clearly, there is a
complex interplay of steric and counterion effects at work in these
macrocyclisations. The use of lithium as the cation enables some of
these cyclisations to proceed efficiently. However, the decrease in
yield on increasing the steric requirements of the 1,2-ditosamide
(entries 7 and 8, Table 1) indicates that the macrocyclisation is
subject to some steric hindrance factors. With these observations in
mind we then investigated the key macrocyclisation of cyclohexyl
ditosamide (R, R)-4 with ditosyl ester 5. Satisfyingly, the cyclohexyl
macrocycle (R,R)-3 was obtained in consistently good yields
(65-70%) (entry 10, Table 1).§ Since 4-nitrosulfonamides (nosyl;
Nos) have been used in heterocyclic cyclisations* and the nosyl
group can be removed under mild conditions we investigated our
cyclisation protocol with cyclohexyl ditosamide (£)-4 and bisnosyl
ester 18. This macrocyclisation gave the ditosamide nosyl amide
19 in 57% yield (entry 11, Table 1).

The efficient macrocyclisation of 4 with 5 (Scheme 4) suggests, in
contrast to the observations of Watkinson and co-workers,'** that
the cyclohexyl macrocycle 3 is not subject to undue ring strain to
prevent macrocyclisation. Indeed, this approach presents a much
more effective synthesis of 3 (two steps from salt 14, 55% overall)
in contrast to Route A (Scheme 1) (four steps, 5.86% overall)

Having established an effective route to the chiral macrocycle
(R,R)-3 (Schemes 3 and 4) we wished to prepare metal complexes

§ Three separate workers in these laboratories have achieved consistent
yields in the synthesis of (R,R)-3.
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of the corresponding N-alkyl derivatives. Thus, deprotection of
the chiral macrocyclic tritosylamide (R, R)-3 was accomplished via
using lithium in ammonia,® which afforded the hydrochloride salt
(R,R)-20 (73%) (Scheme 5). The macrocyclic amine hydrochloride
(R,R)-20 was converted into its free base (R,R)-2 with aqueous
NaOH. Methylation of the free base (R,R)-2 was conveniently
achieved using the Eschweiler—Clarke N-methylation procedure
which afforded the N-methyl macrocycle (R,R)-1 (79%).%

H H i H U
TsN NTs HNK )NH 3HCI
N N
Ts H
(RR)-3 (R,R)-20

«H ; 2
T Me iv Me\HN 'H Me

N 0,CCF, N
N/
Vo
N_ 0,CCF;
Me ']‘
Me
(R R)-22 (RR)1

Scheme S Reagents and conditions: i, (a) Li, NH;, EtOH, (b) aq. HCI
(73%); 1i, (a) aq. NaOH, (b) HCO,H, HCHO, A, 24 h (79%); iii, Mn(OAc);,
MeOH-H,0 (9 : 1), NaClO,; iv, (a) CuCl,, CH;CN (b) AgO,CCF;.

With adequate quantities of chiral macrocycle (R,R)-1 in hand,
we wished to prepare the (u-oxo)-bis(u-acetoxy) perchlorate salt
21 and derivatives. The corresponding hexafluorophosphate salt
of 21 had been prepared by Beller er al,” albeit in 18%
yield. Beller er al. used the hexafluorophosphate salt of 21 as
well as the corresponding tris(u-oxo) complex in the impressive
enantioselective epoxidation of alkenes (8-92% ee).?

Wieghardt et al. had originally developed the synthesis of (u-
0X0)-bis(u-acetoxy)-dimanganese complexes of the parent macro-
cycle 1,4,7-trimethyl-1,4,7-triazacyclononane.’® However, using
the modified method of Wieghardt and Weyhermiiller”” with
(R,R)-1 failed to give any of complex 21.94 The difficulty in

€ We are indebtited to Dr Thomas Weyhermiiller (Max Planck Institute
for Bioorganic chemistry, Mulheim, Germany) for providing the details of
these modified conditions.’” In our hands, this process worked extremely

preparing complex 21 is perhaps reflected in the meagre yield
(18%) reported for the preparation of the hexafluorophosphate
salt of 21.1%

Undeterred by our experiences in preparing (p-oxo)-bis(u-
acetoxy)-dimanganese complexes we then explored the prepara-
tion of copper(i1) complexes of (R,R)-1. Thus, treatment of (R,R)-
1 with copper(i1) chloride in acetonitrile followed by addition
of silver trifluoroacetate afforded blue crystals of 22 (53%)
(Scheme 5).” The crystalline nature of copper(i) complex 22
allowed an X-ray analysis to be carried out: this enabled both
the stereochemistry and the absolute structure to be confirmed
unequivocally by single crystal diffraction (Fig. 1).||

Fig. 1 ORTEP representation of complex 22. Hydrogen atoms are
omitted for clarity.

The closest known structure to complex 22 is that of a copper
complex of an analogous 4-oxa-1,7-diazonane (N,N,O) ligand,
[CuClL,(C,(H;3sN,0)] 23.%¢

H
NH
H HN‘-/——bu/Cl
K'jo’ cl
23
The complex 23 adopts a square planar structure (all angles about
Cu are within 10° of ideal 90 and 180° values) with a longer
contact to O (average Cu - - - O distance 2.335 A) giving a pseudo
square pyramidal geometry. In 22, although one Cu-N distance
is longer than the others [compare 2.195(2) with 2.033(3) and
2.094(2) A] the difference is not so marked as in 23. In 22 there
is also some distortion away from square pyramidal and towards
trigonal bipyramidal geometry, with Ol and N1 axial. Complete

well for (u-oxo)-bis(u-acetoxy)-dimanganese complexes of 1,4,7-trimethyl-
1,4,7-triazacyclononane (58%). However, using (R,R)-1, material with a
low carbon, hydrogen and nitrogen content was isolated.

|| Crystal data for 22: C;;H,;CuF¢N;O,, M, = 514.96, orthorhombig, space
group P2,2,2,, a = 8.3666(2), b = 15.4945(3), ¢ = 16.3029(4) A, V =
2133.45(8) A%, Z =4, pee = 1.618 gem 3, Mo-Ka radiation, 1 =0.71073 A,
u=1.115mm™", T = 173 K; 30 600 reflections were collected, 4836 were
unique, R;,, 0.077; final refinement to convergence on F? with all non-H
atoms anisotropic gave R =0.0405 (F, 3771 obs. data only) and R, =0.0719
(F?, all data), GOF = 1.033, for 283 refined parameters. Residual electron
density max. and min. 0.331 and —0.301 ¢ A=, Flack parameter refined
to —0.001(1) indicating the correct assignment of absolute configuration.
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adoption of trigonal bipyramidal geometry is hindered by the
polydentate ligand imposing small (< 90°) NCuN angles. The
N3CuO3, N2CuO3 and N2CuN3 angles, 152.36(9), 124.75(9)
and 82.87(9)° respectively, emphasise the distorted nature of the
resulting structure.

With an efficient synthesis of (R,R)-cyclohexyl macrocycle 1
developed and the preparation of the corresponding copper(ir)
complex 22 in hand we turned our attention to the use of the
latter in the aziridination of styrene. Thus, catalyst 22 (5 mol%)
and PhNITs (1 equivalent) sluggishly catalysed the aziridination of
styrene 24 (10 equiv.) to afford the aziridine 25 (49%) (Scheme 6).
Disappointingly, analysis of the aziridine 25 by chiral HPLC
indicated that racemic material had been obtained. The sluggish
catalysis by 22 together with the production of racemic aziridine
25 suggests that C-substitution of the azamacrocycle ring inhibits
the catalysis without establishing an effective chiral pocket. This
observation is supported by our experiences in the use of chiral
azamacrocycles in epoxidation processes.!!*?

. NTs
I Ph/Q

24 25

Ph” X + PhI=NTs

Scheme 6 Reagents and conditions: i, 5 mol% 22, CH;CN, RT.

Conclusions

Classical Richman—Atkins macrocyclisation of tritosamide 6 with
ethylene glycol ditosylate 7, efficiently gave the cyclohexyl-fused
macrocycle 3. In contrast to published views, this indicated
that macrocycle 3 was not unduly strained. Inefficiencies in the
preparation of tritosamide 6 led to a re-investigation of a more
direct macrocyclisation using 1,2-ditosamides. In agreement with
long-standing literature precedence, initially, these cyclisations
were inefficient. However, a new protocol was developed that used
lithium salts of 1,2-ditosamides, generated in situ, to improve the
solubility of these nucleophilic components. The improved solu-
bility of these lithium salts of 1,2-ditosamides over their sodium
salt counterparts led to dramatic improvements in the macrocycli-
sation yields. These improved yields were still subject to a degree
of steric effects depending on the nature of the a-substituents in
the 1,2-ditosamides 4 and 16a—c. The 1,2-ditosamide 16b, lacking
an o-substituent, gave the unsubstituted 1,4,7-triazacyclononane
17b in exceptional 91% yield using our modified macrocyclisation
procedure. A single methyl a-substituent in 1,2-ditosamide 16a
led to a drop in the macrocyclisation efficiency, with methyl
1,4,7-triazacyclononane 17a being produced in 60% yield. How-
ever, an o,0/-disubstitution pattern in the 1,2-ditosamide was
as efficient provided that the a,o/-substituents were not too
sterically demanding. So, trans-cyclohexyl-1,2-ditosamide (R,R)-
4 gave the cyclohexyl-fused 1,4,7-triazacyclonanone (R,R)-3 in
65-70% yield. In contrast, the sterically demanding o,0/-diphenyl
1,2-ditosamide 16 failed to give any macrocycle. The efficiency
of this macrocyclisation protocol allowed the synthesis of useful
quantities of chiral cyclohexyl-fused azamacrocycle 3. Subsequent
deprotection, N-methylation of the chiral cyclohexyl-fused aza-
macrocycle 3 followed by copper(i1) complex formation led to the
preparation of the new chiral copper(il) complex 22. Although
complex 22 sluggishly catalysed the aziridination of stryrene, it
did so in a racemic fashion.

Experimental

Synthetic studies via Route A

(£)-4-Methyl- N -(2-{[(4-methylphenyl)sulfonylJamino } cyclo-
hexyl) benzenesulfonamide 4. To a solution of (£)-1,2-diamino-
cyclohexane 9 (1.20 g, 10.5 mmol), diisopropylethylamine (7.3 cm?,
67 mmol, 6.4 equiv.) in DCM (10 cm*) was added p-toluenesulfonyl
chloride (4.0 g, 21 mmol, 2 equiv.) in batches over 30 min at
0 °C. The reaction was continued for an additional 12 h at room
temperature. On completion, the reaction was quenched with
2 M HCI (20 cm?). The aqueous mixture was extracted with
diethyl ether (x3, 20 cm®) and the combined organic extracts
were dried (Na,SO,), filtered and evaporated to form the crude
dark brown oil. Purification by column chromatography on silica
(hexane-EtOAc-CH,Cl, 4 : 1 : 5) afforded a white solid (3.0 g,
7.1 mmol, 68%); mp 180-181 °C. Found: C, 56.7; H, 6.1; N, 6.6;
S, 15.2%; MH* 423.1427. Calculated for C, H,,O.,S,N,: C, 56.9;
H, 6.2; N, 6.6; S, 15.2%; MH* 423.1412. v,,, (KBr, cm™') 3256
(s, NHTs), 3055 (w, CsH,), 2925 (m, CH), 2856 (m, CH), 1333 (s,
SO,NH), 1161 (s, SO,NH); dy4 (400 MHz, CDCl;), 1.09 (m, 4H,
2 x CH,), 1.53 (m, 2H, CH,), 1.81 (m, 2H, CH,), 2.75 (m, 2H,
2 x CHNHT:), 4.98 (m, 2H, 2 x NHTs), 7.31 (d, J 8.3 Hz, 4H,
C.H,CH;), 7.76 (d, J 8.3, 4H, C,H,CH,); d (100 MHz, CDCl;)
21.7 (C¢H,CHs;), 21.9 (CiH,CHs), 24.0 (CH,), 26.5 (CH,), 31.0
(CH,),35.3(CH,),54.9(CH), 66.3 (CH), 127.3 (4 x ArCH), 129.7
(4 x ArCH), 139.6 2 x Ar(C), 143.3 (2 x ArC).

4-Methyl- N-(1-methyl-2-{[(4-methylphenyl)sulfonyl]amino } -
ethyl)benzenesulfonamide 16a. The title compound 16a was
prepared in a similar manner to 4 using (£)-1,2-propanediamine
15a (2 cm’, 1.74 g, 23.5 mmol), triethylamine (17 cm’, 12.34 g,
122 mmol, 5.2 equiv.) and p-toluenesulfonyl chloride (10.00 g,
52.6 mmol mmol). The crude product was filtered through silica
(6 x 5 cm®) which gave a gum that was precipitated from ethanol
using diethyl ether. Recrystallisation from ethanol gave the title
compound 16a as large long needles (7.73 g, 20.2 mmol, 86%);
mp 106-108 °C (lit.*®* 103104 °C). Found: C, 53.4; H, 5.8; N, 7.2;
S, 16.7%; MH* 383.1099. Calculated for C;;H,,N,0,S,: C, 53.4;
H, 5.8; N, 7.3; S, 16.8%; MH* 383.1099. v, (KBr, cm™") 3303
(s, NHTs), 2925 (m, CH), 2978 (w, CH), 1598 (w, C¢H,), 1322 (s,
SO,NH), 1159 (s, SO,NH), 814 (s, C4H,); Ju (400 MHz, CDCl;)
0.97 (d, J 6.4 Hz, 3H, CH;), 2.40 (s, 6H, 2 x H CH,;), 2.82-2.88
(m, 1H, CHH), 2.91-2.98 (m, |H, CHH), 3.27-3.36 (m, |H, CH),
5.23(d,J7.6,1H,NH), 5.36(d, J 6.4, IH,NH), 7.25-7.28 (m, 4H,
C¢H,CH;), 7.65-7.74 (m, 4H, C(H,CH,); 6 (100 MHz, CDCl;)
18.8 (CH,), 21.6 (CH,), 21.7 (CH,), 48.5 (CH,N), 49.7 (CHN),
127.2, 127.3, 129.9, 130.0 (all 2 x C¢H,CH;), 136.9 and 137.4
(both ArC), 143.6 and 143.8 (both ArC).

4-Methyl-N-(2-{[(4-methylphenyl)sulfonyl]amino } ethyl)benzene-
sulfonamide 16b. The title compound 16b was prepared in a
similar manner to 4 using ethylenediamine 15b (3 cm?, 44 mmol),
triethylamine (32 cm?®, 0.224 mol) and p-toluenesulfonyl chloride
(18.8 g, 98 mmol). Addition of diethyl ether gave a precipitate
that was collected by filtration and washed with hexane. The
crude product 16b (12.60 g, 0.034 mol, 76%) was pure enough for
the next step; mp 163-164 °C (lit.>* 162-164 °C). Found: C, 52.1;
H, 5.5; N, 7.8; S, 17.4%. Calculated for C,;H,,N,O,S,: C, 52.2;
H, 5.5; N, 7.6; S, 17.4%. vy (KBr, cm™") 3289 (s, TsNH), 3076
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(w, C¢H,), 2928, (m, CH), 2884 (m, CH), 1333, (s, SO,NH), 1156
(s, SO,NH); 6,; (400 MHz, CDCl,) 2.37 (s, 6H, C,H,CH.), 2.70
(s, 4H, CH,), 7.37 (d, J 8.0 Hz, 4H, C4H,), 7.60 (d, J 8.0, 4H,
CH.); C NMR (CD,SOCD;)d. 21.4 (C{H,CH,), 42.6 (CH,N),
126.8, 130.1 (all C,H,CH,), 137.7, 143.2 (both ArC).

4-Methyl-N-((1R,2R)-2-{[(4-methylphenyl)sulfonyl]amino }-1,2-
diphenylethyl)benzenesulfonamide 16c. The title compound 16¢
was prepared according to the method of Corey et al.* using
(1R,2R)-1,2-diphenyl-1,2-ethanediamine 15¢ (1.08 g, 5.07 mmol),
triethylamine (3.5 cm?, 25.1 mmol), N,N-dimethylaminopyridine
(25 mg, 0.2 mmol) and p-toluenesulfonyl chloride (2.18 g,
11.4 mmol). Recrystallisation from ethanol gave the title
compound 16c¢ as fine white needles (2.35 g, 4.5 mmol, 89%); mp
209-210 °C (lit.* 202 °C); [a]p = 40.5 (¢ = 1.76, CHCl;) (lit.*
[als = 43.9 (¢ = 1.74, CHCIL;). Found: C, 64.8; H, 5.3; N, 5.6;
S, 13.4%. Calculated for C,xHxN,O,S,: C, 64.6; H, 5.4; N, 5.4;
S, 12.3%. dy (400 MHz, CDCl;) 2.31 (s, 6H, 2 x C(H,CH,),
4.51-4.56 (ABX m, 2H, 2 x CHNH), 5.89-5.95 (ABX m 2H,
2 x NH), 6.71 (d, J 8.0 Hz, 4H, C,H,CH;), 6.99-7.05 (m, 10H,
C¢H;), 7.47 (d, J 8.0, 4H, C4H,CH,); 6. (100 MHz, CDCl;) 21.6
(2 x C¢H,CH;), 62.5 (2 x CHNH), 127.3 (4 x ArCH), 127.7
(2 x ArCH), 127.8 (4 x ArCH), 128.2 (4 x ArCH), 129.0 (4 x
ArCH), 136.5 (2 x ArC), 137.2 (2 x ArC), 1433 (2 x ArQ).
Using the chiral shift reagent Eu(hfc), indicated an ee > 99%.

(1R,2R)-1,2-Cyclohexanediaminium (2R,3R)-2,3-dihydroxy-
butanedioate 14. The title compound 14 was prepared according
to the method of Jacobsen and co-workers.”® Thus, using (+)-1,2-
cyclohexanediamine 9 (24 cm?®, 0.2 mol), L-tartaric acid (15.00 g,
0.1 mol) and glacial acetic acid (10 cm?, 0.175 mol) gave the
title compound 14 as a white solid (21.73 g, 82 mmol, 85%). An
analytical sample was obtained by recrystallisation from water,
which afforded colourless plates; mp 252.5-256 °C (lit.* 252-
255°C);[alp =+12.2 (¢ =1, H,0) [lit.* [a], = +12.4 (¢ =2, H,0)].
Found: C, 45.5; H, 7.6; N, 10.4%. Calculated for C,\H,,N,O¢: C,
45.5; H, 7.6; N, 10.6%.

4-Methyl-N-((1R,2R)-2-{|(4-methylphenyl)sulfonyl]amino } cyclo-
hexyl)benzenesulfonamide (R,R)-4. To a stirred solution of
(1R,2R)-1,2-cyclohexanediaminium (2R,3R)-2,3-dihydroxy-
butanedioate 14 (11.20 g, 42.4 mmol) in distilled water (150 cm?)
and sodium hydroxide (7.10 g, 177.7 mmol) at 0 °C under
a nitrogen atmosphere was added dropwise a solution of p-
toluenesulfonyl chloride (16.99 g, 89.1 mmol) in dichloromethane
(100 cm®) over a 1 h period. The reaction mixture was allowed
to warm to room temperature and then stirred for 18 h. At
the completion of this period the phases were separated and
the aqueous phase was extracted with dichloromethane (2 x
100 cm?®). The combined organic extracts were washed with
brine (5 ¢cm?), dried (Na,SO,), filtered and evaporated to afford
a white foam (20.54 g). Recrystallisation from methanol gave
the title compound (15.30 g, 36.14 mmol, 85%) as a colourless
microcrystalline solid; mp 172-184 °C (lit.** 167-168 °C); [a], =
12.2 (¢ =2.04, CHCl) [lit.* [a]p = 9.76 (¢ = 2.06, CHCl;)]. Found:
C, 57.0; H, 6.1; N, 6.8; S, 15.1%. Calculated for C,)H,xN,O,S,: C,
56.9; H, 6.2; N, 6.6; S, 15.2%. vy (KBr, cm™") 3286 (s, TsNH),
3065 (w, CH,), 2928 (m, CH), 2870 (m, CH), 1326 (s, SO,NH),
1162 (s, SO,NH); dy (400 MHz, CDCl;) 1.05-1.14 (m, 4H, 2 x

CH.,), 1.53-1.55 (m, 2H, CH.,), 1.81-1.84 (m, 2H, CH.,), 2.42
(s, 6H, 2 x CH,CH,), 2.75-2.77 (m, 2H, 2 x ArSO,NHCH),
4.95-5.00 (m, 2H, 2 x ArSO,NHCH), 7.30 (d, J 8.3 Hz, 4H,
2 x CoH,CH,), 7.75 (d, J 8.3, 4H, 2 x C,H,CH,); d¢ (400 MHz,
CDCl) 21.7 2 x CsH,CH,), 24.3 (2 x CCH,C), 33.3 (2 x
CCH,C), 56.7 (2 x NHCH), 127.4 (4 x C,H,CH,), 129.9 (4 x
C.H,CH,), 137.2 (2 x ArC), 143.7 (2 x ArC).

2-[[(4-Methylphenyl )sulfonyl](3-{ [ (4-methylphenyl)sulfonyl]-
oxy }propyl)amino]ethyl-4-methylbenzenesulfonate 5. The title
compound was prepared according to the method of Searle
and Geue* using diethanolamine (1.00 g, 9.5 mmol) and p-
toluenesulfonyl chloride (4.00 g, 21 mmol) which gave a crude
dark brown oil. Purification by column chromatography on silica
(hexane-EtOAc-CH,Cl, 4 : 1 : 5) afforded a white solid (3.20 g,
5.7 mmol, 60%); mp 94-96 °C (lit.** 96-98 °C). Found: C, 53.1; H,
5.2; N, 2.5; S, 16.7%; MH* 568.1144. Calculated for C,sH;,05S;N:
C,52.9;H,52;N,2.5; S, 16.9%; MH* 568.1134. v,,,, (KBr, cm™)
3062 (w, CsH,), 2952 (m, CH), 1357 (s, SO,NH), 1174 (s, SO,OR),
1158 (s, SO,NH); o4 (400 MHz, CDCl;) 2.42 (s, 3H, C¢H,CH,),
2.47 (s, 6H, C;H,CH,), 3.38 (t, J 5.9 Hz, 4H, CH,NTs), 4.12 (t,
J 5.9, 4H, CH,0OTs), 7.29 (d, J 8.0, 2H, C,H,CHj;); 7.35 (d, J
8.0, 4H, C,H,CH,); 7.63 (d, J 8.0, 2H, C4H,CH,); 7.78 (d, J 8.0,
4H, C;H,CH5;); 6 (100 MHz, CDCl,) 21.7 (CsH,CHs;), 21.8 (2 x
C¢H,CH,), 48.7 (2 x CH,NTs), 68.5 (2 x CH,OTs), 127.5 (2 x
ArCH), 128.2 (4 x ArCH), 130.1 (4 x ArCH), 130.2 (2 x ArCH),
132.7 (2 x ArC), 135.5 (ArC), 144.4 (ArC), 145.4 (2 x ArQ).

2-[[(4-Nitrophenyl)sulfonyl](2-{[(4-nitrophenyl)sulfonyl]oxy } -
ethyl)amino]ethyl 3-nitrobenzenesulfonate 18. To a stirred solu-
tion of diethanolamine (587 mg, 5.69 mmol) and triethylamine
(2.8 cm?, 20 mmol) in anhydrous THF (14 cm?) at 0 °C under a ni-
trogen atmosphere was added portionwise, 4-nitrobenzenesulfonyl
chloride (4.10 g, 18.7 mmol). This mixture was stirred at 0 °C for
1 h then at room temperature for 18 h. At the conclusion of this
period the reaction mixture was concentrated at reduced pressure
(20 mm Hg). The residue was dissolved in dichloromethane
(20 cm®), washed with water (25 cm?), dried (Na,SO,), filtered
and evaporated to afford an orange solid. Recrystallisation from
methanol-THF gave the title compound 18 (2.42 g, 3.66 mmol,
65%) as colourless needles; mp 131-134 °C. Found: C, 40.1;
H, 2.9; N, 8.3%; MNH,* 678.0482. C,,H,N,0,,S; requires: C,
40.0; H, 3.0; N, 8.5%; MNH,* 678.0476. v,,, (KBr, cm™") 3108
and 3041 (w, C¢H,), 2936 (w, CH), 1530 (s, C;H,NO,), 1366 (s,
SO,N), 1352 (s, OSO,), 1312 (s), 1184 (s, SO,); oy (400 MHz,
CD;NO,) 3.54-3.62 (m, 4H, 2 x CH,0S0,), 4.23-4.31 (m, 4H,
2 x CH,NSO0,), 8.01 (d, J 8.0 Hz, 2H, C,H,SO,N), 8.13 (d, J 8.0,
4H, NO,CH,S0,0), 8.34 (d, J 8.0, 2H, NO,C,H,SO,N), 8.44
(d, J 8.0, 4H, NO,C¢H,S0,0); o (100 MHz, CD;NO,) 49.1 (2 x
CH,NSO,), 70.5 (4 x CH,0S80,), 125.9 (2 x C4H,), 126.0 (4 x
C¢H,), 130 (2 x C¢H,), 130.8 (2 x C¢H,), 142.1 (2 x Ar(C), 145.5,
152 and 152.7 (all ArC).

(£)-1,4,7-Tris|(4-methylphenyl)sulfonyl]dodecahydro-1H-1,4,7-
benzotriazonine 3.

(a) Method A (potassium carbonatein DMF) (Table 1, entry 1 ).
To (&)-4-methyl-N-(2-{[(4-methylphenyl)sulfonyl]amino }cyclo-
hexyl) benzenesulfonamide 4 (600 mg, 1.4 mmol) in DMF
(19 cm®) was added potassium carbonate (461 mg, 3.3 mmol). The
resulting suspension was heated to 50 °C for 1 h. On completion
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of this period a solution of 2-[[(4-methylphenyl)sulfonyl]-
(3-{[(4-methylphenyl)sulfonyl]oxy } propyl)amino]ethyl-4-methyl-
benzenesulfonate 5 (990 mg, 1.7 mmol) in DMF (10 cm®) was
added dropwise over 24 h. The DMF was removed under
reduced pressure (12 mm Hg) and the residue was dissolved in
dichloromethane (15 ¢cm?®). The organic layer was washed with
water (x2, 20 cm?), dried (Na,SO,), filtered and evaporated to
give a off-white solid (520 mg). The off-white solid was dissolved in
ethanol (10 cm®) and heated to reflux for 2 h. The white precipitate
that formed was removed by filtration, washed with ethanol
(10 cm?®) and dried under reduced pressure (0.1 mm Hg) to give the
title macrocycle (+)-3 as a white solid (162 mg, 0.25 mmol, 18%);
mp 260-262 °C. Found: C, 57.7; H, 5.9; N, 6.2; S, 14.9%; MH*
646.2093. C;;H3yO4S;N; requires: C, 57.7; H, 6.1; N, 6.5; S, 14.9%;
MH* 646.2079. v, (KBr, cm™) 3065 (w, C4H,), 2928 (m, CH),
2865 (m, CH), 1326 (s, SO,NH), 1153 (s, SO,NH); dy (400 MHz,
CDCl) 1.14 (m, 2H, CH,), 1.27 (m, 2H, CH,), 1.58 (m, 2H, CH,),
1.79 (m, 1H, CH,), 2.17 (m, 1H, CH,), 2.35 (s, 3H, C(H,CH,),
2.42 (s, 6H, C¢H,CH;), 2.62 (m, 1H, CH,NTs), 3.07 (m, 1H,
CH,NTs), 3.28 (m, 3H, CH,NTs), 3.48 (m, 3H, CH,NTs), 3.75
(m, 1H, CHNTSs), 4.89 (m, |H, CHNTSs), 7.29 (m, 6H, C(H,CH,),
7.61 (d, J 8.3 Hz, 2H, C,H,CH;), 7.76 (m, 2H, C,H,CHj;), 8.00
(m, 2H, C,H,CHj;); d (100 MHz, CDCl;) 21.7 (3 x C;H,CH,),
24.7 (CH,), 26.1 (CH,), 29.0 (CH,), 30.3 (CH,), 47.1 (CH,NTs),
52.4 (CH,NTs), 55.0 (CH,NTs), 55.8 (CH,NTs), 60.2 (CHNTS),
68.2 (CHNTs), 127.3 (2 x ArCH), 127.9 (2 x ArCH), 128.7 (2 x
ArCH), 129.7 (2 x ArCH), 129.9 (4 x ArCH), 130.1 (2 x ArQ),
135.1 (Ar(C), 137.5 (ArC), 143.6 (ArC), 144.2 (ArC).

(b) Method B (sodium ethoxide in ethanol then DMF) (Table 1,
entry 2)". To a stirred suspension of (£)-4-methyl-N-(2-{[(4-
methylphenyl)sulfonyl]Jamino }cyclohexyl)benzenesulfonamide 4
(500 mg, 1.2 mmol) in anhydrous ethanol (2 cm?) at reflux under
nitrogen was added a solution of sodium ethoxide (170 mg,
2.6 mmol) in ethanol (1 cm?). The mixture became homogenous
then a white precipitate formed which was diluted with a further
portion of ethanol (10 cm?). The resulting suspension was boiled
for 30 min and then cooled to room temperature. The precipitate
was collected by filtration and dried under high vacuum (0.1 mm
Hg) which gave the crude disodium salt (491 mg, 1.05 mmol, 89%)
a white papery solid.

The above disodium salt (491 mg, 1.05 mmol) was suspended
in anhydrous DMF (7 cm®) under a nitrogen atmosphere and
heated to 100 °C. To this suspension was added a solution of
2-[[(4-methylphenyl)sulfonyl](3-{[(4-methylphenyl)sulfonyljoxy} -
propyl)aminolethyl-4-methylbenzenesulfonate 5 (719 mg,
1.27 mmol) in DMF (3.5 cm?®) over a 4 h period. The resulting
solution was stirred at 100 °C for 7 days, whereupon, the volatiles
were removed (0.1 mm Hg). The residue was partitioned between
dichloromethane (10 cm?®) and dilute hydrochloric acid (0.23 M,
13 cm®) and the layers were separated. The aqueous phase was
extracted with dichloromethane (2 x 10 cm?) and the combined
organic layers were dried (Na,SO,), filtered and evaporated to
afford an oil. This oil was dissolved in ethanol (10 cm®) under a
nitrogen atmosphere and this solution was heated under reflux for
2 h to afford a white solid. Filtration afforded the title macrocycle
(£)-3 as a white microcrystalline solid (153 mg, 0.24 mmol, 23%).
The physical and spectroscopic properties were identical to those
reported above.

(£)-2-Methyl-1,4,7-tris|(4-methylphenyl)sulfonyl]-1,4,7-
triazacyclononane 17a.

(a) Method C (sodium hydride in DMF) (Table 1, entry 3).
To a stirred solution of the 4-methyl-N-(1-methyl-2-{[(4-methyl-
phenyl)sulfonylJamino }ethyl)benzenesulfonamide 16a (300 mg,
0.79 mmol) and 2-[[(4-methylphenyl)sulfonyl](3-{[(4-methyl-
phenyl)sulfonyl]oxy } propyl)amino Jethyl-4-methylbenzenesulfo-
nate 5 (443 mg, 0.78 mmol) in DMF (7 cm®) at 60 °C was added a
suspension of hexane washed sodium hydride (60% in oil, 65 mg,
1.63 mmol) in DMF (2 cm?®) over a 3 h period. The reaction mixture
was then brought to 80 °C and maintained at that temperature for
a further 2 days. At the completion of this period the volatiles were
removed (12 mm Hg) and the residue was dissolved in ethyl acetate
(15 cm?). This solution was washed with water (2 x 15 cm?), dried
(Na,SO0,), filtered and evaporated to afford an oil. Purification by
column chromatography using ethyl aceate—hexane (2 : 3) as the
eluant afforded an oil that precipated the title macrocycle from hot
ethanol as a white solid (47 mg, 0.08 mmol, 10%). The physical
and spectroscopic data were identical to those reported below
using method E.

(b) Method E (lithium hydride in DMF) (Table 1, entry 8).
To a stirred suspension of lithium hydride (17 mg, 2.2 mmol) in
anhydrous DMF (10 cm?®) at 0 °C was added a solution of 4-
methyl-N-(1-methyl-2-{[(4-methylphenyl)sulfonyl]Jamino }ethyl)-
benzenesulfonamide 16a (820 mg, 2.15 mmol) in DMF (2 cm?®)
over a 20 min period. The resulting mixture was warmed to
room temperature, whereupon, a solution of 2-[[(4-methylphenyl)-
sulfonyl](3 - {[(4 - methylphenyl)sulfonyl]oxy } propyl)amino]ethyl -
4-methylbenzenesulfonate 5 (1.217 g, 2.1 mmol) in DMF (2 cm?®)
was added dropwise over 1 h. The cloudy suspension was then
heated to 80 °C and the final aliquot of lithium hydride (17 mg,
2.2 mmol) was added to the now homogeneous solution. The
reaction was stirred at 80 °C for 5 days and at the completion
of this period was cooled to room temperature and quenched
by addition of water (15 cm?®). The volatiles were removed under
reduced pressure (0.5 mm Hg) and the residue was dissolved in
dichloromethane (25 cm?®). The organic layer was washed with
water (15 cm?®) then brine (15 ¢cm®) and dried (Na,SQ,), filtered
and evaporated. The resulting yellow oil was dissolved in ethanol
(8 cm?) and heated to reflux for 2 h. Slow crystallisation from
this solution over several days gave the title macrocycle as a white
microcrystalline solid (784 mg, 1.3 mmol, 60%). An analytically
pure sample was obtained by recrystallisation from CHCl;-MeOH
which gave microcrystalline white pellets; mp 203-205 °C (lit."*
193-194 °C). Found: C, 55.3; H, 5.8; N, 6.8; S, 15.6%; MH*
606.1766. C,sH;3sN;O,S; requires: C, 55.5; H, 5.8; N, 6.9; S, 15.9%;
MH* 606.1766. v,,, (KBr, cm™") 3029 (w, CsH,), 2928 (w, CH),
1339 (s, SO,NH), 1158 (s, SO,NH), 816 (w, C4H,); oy (400 MHz,
CDCl,)0.78(d,J5.2Hz,3H, CH,;CH), 2.43(s,9H, 3 x C;H,CH,),
3.09-3.19 (m, 3H, CH,), 3.31-3.39 (m, 3H, CH,), 3.49-3.53 (m,
1H, CH,), 3.62-3.68 (m, 3H, CH,), 4.40-4.53 (m, 1H, CH,CH),
7.29-7.37 (m, 6H, C4H,CH,), 7.62 (d, J 8.4, 2H, C,H,CH,),
7.75 (, J 8.0, 2H, C,H,CH;), 7.78 (d, J 8.4, 2H, C,H,CH,);
dc (100 MHz, CDCl;) 14.6 (CH;CH), 21.7 (3 x C¢H,CH,), 45.8
(NCH,), 50.8 (NCH,), 53.3 (NCH,), 54.0 (NCH,), 54.3 (NCH,),
55.3 (NCH), 127.5 2 x C,H,CH,), 127.6 (2 x C,H,CHj;), 127.8
(2 x CsH,CHs), 130.0 (4 x CsH,CH;), 130.1 (2 x C,H,CH,),
134.5,135.2, 136.8 (all ArC), 143.8 (2 x ArC), 144.3 (ArC).
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1,4,7-Tris[(4-methylphenyl)sulfonyl]-1,4,7-triazacyclononane
17b.

Method E (lithium hydride in DMF) (Table 1, entry 7). To
a stirred suspension of lithium hydride (33 mg, 4.18 mmol)
in anhydrous DMF (15 cm’) was added 4-methyl-N-(2-
{[(4-methylphenyl)sulfonylJamino }ethyl)benzenesulfonamide 16b
(731 mg, 1.98 mmol) under a nitrogen atmosphere. The resulting
mixture was heated to 70 °C for 2 h, whereupon, it was cooled to
50 °C. A solution of 2-[[(4-methylphenyl)sulfonyl](3-{[(4-methyl-
phenyl)sulfonyl]oxy } propyl)amino Jethyl-4-methylbenzenesulfo-
nate 5 (1.24 g, 2.18 mmol) in DMF (3.6 cm?) was added dropwise
over a 2.5 h period. The reaction mixture was maintained at 50 °C
for 5 days, whereupon, it was cooled to room temperature. Water
(5 cm?) was added and the volatiles were removed in vacuo (0.5 mm
Hg). The resulting residue was dissolved in dichloromethane
(25 cm®). and washed with water (15 cm?®) then brine (15 cm?)
and dried (Na,S0,), filtered and evaporated. The resulting oil was
suspended in ethanol (15 cm®) and heated to reflux for 2 h under
a nitrogen atmosphere which afforded the title compound 17b as
a white solid (1.07 g, 1.8 mmol, 91%). An analytical sample was
obtained by recrystallisation from CHCl;-MeOH which gave fine
white needles; mp 222-223 °C (lit.** 218-220 °C). Found: C, 54.5;
H, 5.6, N, 7.0; S, 16.0%; MH* 592.1609. C,;H3;N;O,S; requires:
C, 54.8; H,5.6; N, 7.1; S, 16.3%; MH"* 592.1609. v, (KBr, cm™")
2927 (w, CH), 1336 (s, SO,NH), 1322 (m), 1161 (s, SO,NH), 817
(w, C6H4); 0y, (400 MHz, CDCl;) 2.41 (s, 9H, 3 x C(H,CHj;), 3.46
(s, 12H, 6 x NCH,), 7.31 (d, J 8.0 Hz, 6H, CH,CH,), 7.69 (d, J
8.0, 6H, C,H,CH.); . (100 MHz, CDCl,), 21.7 (3 x C4H,CH,),
52.0 (6 x NCH,), 127.6 (6 x CsH,CHj;), 130.0 (6 x C;H,CHs),
134.8 (3 x ArC), 144.0 (3 x ArC).

(7aR,11aR)-1,4,7-Tris|(4-methylphenyl)sulfonyl]dodecahydro-
1H-1,4,7-benzotriazonine 3.

Method E (lithium hydride in DMF) (Table 1, entry 10).
The title compound (1R,2R)-3 was prepared in a similar man-
ner to 17b via method E using (1R,2R)-4-methyl-N-(2-{[(4-
methylphenyl)sulfonyl]amino }cyclohexyl)benzenesulfonamide 4
(2.70 g, 6.4 mmol) and 2-[[(4-methylphenyl)sulfonyl](3-{[(4-
methylphenyl)sulfonyl] oxy} propyl)amino]ethyl-4-methylbenzene-
sulfonate 5 (4.00 g, 7 mmol) which afforded the title macrocycle as
a white solid (2.81 g, 0.25 mmol, 68%); mp 301-302 °C (lit.*** 294—
295 °C); Found: C, 57.7; H, 6.1; N, 6.5; S, 14.9%; MH* 646.2086.
C3 H3yO(S;N3 requires: C, 57.7; H, 6.1; N, 6.5; S, 14.9%; MH*
646.2079; [a]p = —63.4 (¢ = 1, CHCL) [lit." [a]p = =539 (¢ =1,
CH,CL)]. Vs (KBr, cm™") 3065 (w, C¢H,), 2928 (m, CH), 2865 (m,
CH), 1326 (s, SO,NH), 1153 (s, SO,NH); Jy (400 MHz, CDCl,)
1.11 (m,2H, CH,), 1.26 (m, 2H, CH,), 1.56 (m, 2H, CH,), 1.76 (m,
1H, CH,), 2.16 (m, 1H, CH,), 2.35 (s, 3H, C;H,CH;), 2.41 (s, 6H,
C¢H,CH;), 2.59 (m, 1H, CH,NTs), 3.11 (m, 1H, CH,NTs), 3.27
(m, 3H, CH,NTs), 3.49 (m, 3H, CH,NTs), 3.75 (m, 1H, CHNTS),
4.89 (m, 1H, CHNTs), 7.29 (m, 6H, C4H,CH,), 7.61 (d, J 8.3 Hz,
2H, C,H,CH,), 7.76 (m, 2H, C,H,CH,), 8.00 (m, 2H, C4H,CHs);
dc (100 MHz, CDCly) 21.7 (3 x C4H,CH;), 24.7 (CH,), 26.1
(CH,), 29.0 (CH,), 30.3 (CH,), 47.1 (CH,NTs), 52.4 (CH,NTs),
55.0 (CH,NTs), 55.8 (CH,NTs), 60.2 (CHNTSs), 68.2 (CHNTS),
127.3 (2 x ArCH), 127.9 (2 x ArCH), 128.7 (2 x ArCH), 129.7
(2 x ArCH), 129.9 (4 x ArCH), 130.1 2 x ArC), 135.1 (ArQO),
137.5 (Ar(C), 143.6 (ArC), 144.2 (ArC).

(£)-1,7-Bis|(4-methylphenyl)sulfonyl]-4-| (4-nitrophenyl)-
sulfonyl]dodecahydro-1H-1,4,7-benzotriazonine 19.

Method E (lithium hydride in DMF) (Table 1, entry 11).
The title compound 19 was prepared in a similar manner to
17b via method E using (+)-4-methyl-N-(2-{[(4-methylphenyl)-
sulfonyl]amino }cyclohexyl)benzenesulfonamide 4 (306 mg,
0.72 mmol) and 2-[[(4-nitrophenyl)sulfonyl](2-{[(4-nitrophenyl)-
sulfonylJoxy}ethyl)aminoJethyl ~ 3-nitrobenzenesulfonate 18
(521 mg, 0.79 mmol) which afforded the title compound 19 as
a white solid (279 mg, 0.41 mmol, 57%). An analytical sample
was obtained by column chromatography using alumina (grade
II1) using dichloromethane as the eluant which gave a white
microcrystalline solid; mp 262-264 °C. Found: C, 53.5; H, 5.4;
N, 7.9%; MH*677.1767. Calculated for C;,H;N,O;S;: C, 53.2;
H, 5.4; N, 8.3%; MH* 677.1773. v, (KBr, cm™') 2930 (w, CH),
1599 (w, Ar), 1531 (s, ArNQO,), 1352 (s, ArNO,), 1331 (s, SO,NH),
1158 (s, SO,NH); dy (400 MHz, CDCl;) 1.09-1.19 (m, 2H, CH,),
1.21-1.42 (m, 3H, CH,), 1.52-1.56 (m, 1H, CH,), 1.72-1.80
(m, 1H, CH,), 2.04-2.14 (m, 1H, CH,), 2.39 (s, 3H, C;H,CH),
242 (s, 3H, C4H,CH), 2.73-2.85 (m, 1H, CH,NTs), 3.18-3.35
(m, 4H, CH,NTs), 3.44-3.59 (m, 3H, CH,NTs 3.72-3.75 (m,
1H, CHNTs), 4.79-4.80 (m, 1H, CHNTs), 7.23-7.36 (m, 4H,
C.H,S0,), 7.23-7.36 (m, 4H, C,H,CHj;), 7.75 (d, J 6.0 Hz,
2H, C.H,S0,), 7.92-8.01 (m, 2H, C;H,S0O,) 7.91 (d, J 8.4, 2H,
C¢H,S0,), 8.29 (d, J 8.4, 2H, C,H,NO,); 6 (100 MHz, CDCl,)
21.6 (2 x CiH,CHs;), 24.6 (CH,) 26.0 (CH,), 28.9 (CH,), 30.2
(CH,), 46.9 (NCH,), 52.5 (NCH,), 55.4 (NCH,), 55.7 (NCH,),
60.3(NCH), 68.2 (NCH), 124.7 (4 x CsH,SO,), 127.7 (CcH,SO,),
128.5 (C¢H,S0,) 128.6 (4 x CsH,SO,), 129.7 (CH,SO,), 129.9
(C¢H,S0O,), 137.2 (ArC), 138.2 (ArC), 1434 (2 x ArC), 143.8
(Ar(C), 150.4 (ArC).

Deprotection and N-methylation

(7aR,11aR)-Dodecahydro-1H-1,4,7-benzotriazonine trihydro-
chloride 20. To a solution of 1,4,7-tris[(4-methylphenyl)-
sulfonyl]dodecahydro-1H-1,4,7-benzotriazonine (R,R)-3 (1.00 g,
1.5 mmol) in THF (25 cm?) and EtOH (4.8 cm®, 84 mmol) was
condensed dry NH; (200 cm?®) at —78 °C. To this solution was
added lithium metal (542 mg, 77 mmol) in small portions to
give an intense blue colour. The reaction mixture was allowed to
warm to room temperature overnight. Water was added (10 cm?)
and the solution was acidified (pH 1) with conc. HCI (1 cm?®).
The aqueous solution was extracted with dichloromethane (x2,
10 cm?®). The aqueous phase was made basic (pH 14) by addition
of solid NaOH (ca. 500 mg). The basic solution was extracted
with dichloromethane (x4, 10 cm®) and the combined organic
phases were dried (Na,SO,), filtered and evaporated to give a
crude dark yellow oil (310 mg). The yellow oil was dissolved in
methanol (2 cm?) and conc. HCI (0.08 cm?) was added dropwise
at room temperature with rapid stirring. To this solution was
added diethyl ether (8 cm?) and the white precipitate that formed
was removed by filtration and dried under reduced pressure to
give the crude hydrochloride salt (297 mg, 1.1 mmol, 73%); mp
176-178 °C (lit.*** 240 °C (decomp.). Found: C, 40.6; H, 8.6;
N, 13.1%; (MH — 3HCIl)* 184.1815. C,(H, N;-MeOH requires:
C, 40.7; H, 8.7; N, 12.9%; (MH — 3HCI)* 184.1813; [a], —122
(¢ = 0.135, H,0) (lit.* [a]lp, = —55.6 (¢ = 0.4, H,0). v
(KBr, cm™") 3419 (w, NH); 2943 (s, CH), 2862 (s, CH), 2778
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(s, CH); 0, (400 MHz, D,0) 1.31 (m, 2H, CH.), 1.50 (m, 2H, CH.,),
1.82 (m, 2H, CH,),2.10 (m, 2H, CH>), 3.13 (m, 2H, NHCH.,), 3.31
(m, 6H, NHCH.,), 3.41 (m, 2H, NHCH); 6 (100 MHz, CD,0D)
243 (2 x CH,), 29.7 (2 x CH.), 39.7 (2 x NHCH,), 43.2 (2 x
NHCH,), 57.7 (2 x NHCH).

(7aR,11aR)-1,4,7 - Trimethyldodecahydro - 1 H -1,4,7 - benzotri -
azonine 1. (7aR,11aR)-Dodecahydro-1H-1,4,7-benzotriazonine
trihydrochloride (R,R)-20 (305 mg, 1.04 mmol) was dissolved in
water (20 cm®) and the solution was made basic (pH 14) by the
addition of solid NaOH (ca. 250 mg). The basic solution was
extracted with dichloromethane (x4, 10 cm?) and the combined
organic phases were dried (Na,SO,), filtered and evaporated to
give a pale yellow oil. To this oil was added formaldehyde (38%,
0.8 cm?®) and formic acid (90%, 0.9 cm?®) and the solution was
heated to reflux (bath temp. 90 °C) under a nitrogen atmosphere for
20 h. After cooling to room temperature the reaction was acidified
(pH 1) with conc. HCI (1 cm?) and the volatiles were removed
under reduced pressure. The aqueous solution was extracted with
dichloromethane (x2, 10 cm?). The aqueous phase was made basic
(pH 14) by addition of solid NaOH (ca. 250 mg). The basic
solution was extracted with dichloromethane (x4, 10 cm?), and
the combined organic phases were dried (Na,SO,), filtered and
evaporated to give a pale yellow oil (185 mg, 0.82 mmol, 79%).
Found: MH* 226.2280. Calculated for C,;H,;N; MH*: 226.2283;
[a]lo —48.8 (¢ = 0.5, CHCL,). v, (lig. film, cm™") 2933 (m, CH),
2857 (m, CH), 2791 (m, CH), 1666 (s), 1451 (s, CH), 732 (s, CH,);
oy (400 MHz, CDCl;) 1.05 (m, 4H, CH,), 1.63 (m, 2H, CH,), 1.73
(m, 2H, CH,), 2.29 (s, 9H, NCH;), 2.48 (m, 6H, NCH,), 2.60 (m,
2H, NCH,) 2.95 (m, 2H, NCH); 6 (100 MHz, CDCl;) 25.2 (2%
CH,), 27.0 2x CH,), 40.2 (2 x NCH,), 46.8 (NCHj;), 54.4 (2x
NCH,), 54.8 (2x NCH,), 63.6 (2 x NCH).

Copper(11) complex formation

To a solution of copper(i) chloride (162 mg, 1.2 mmol) in
anhydrous acetonitrile (20 cm?) under a nitrogen atmosphere was
added a solution of (7aR,11aR)-1,4,7-trimethyldodecahydro-1H-
1,4,7-benzotriazonine 1 (271 mg, 1.2 mmol) in acetonitrile (5 cm?).
The resulting green solution was stirred under nitrogen for 90 min,
whereupon, it was diluted with acetonitrile (50 cm?®), and a solution
of silver trifluoroacetate (530 mg, 2.4 mmol) in acetonitrile (10 cm?)
was added. The now bright blue solution was stirred for 1 h
giving a precipitate of silver(ir) chloride. The reaction mixture
was filtered through Celite and the solvent was evaporated to
afford a blue solid. Recystallisation from acetone—diethyl ether
gave the title compound as blue rhomboid crystals (328 mg,
0.64 mmol, 53%) that were suitable for X-ray crystallography. Mp
211 °C (decomp.) Found: C, 39.4; H, 5.3; N, 8.1%. Calculated for
C,;H,,CuF¢N;0,: C, 39.6; H, 5.3; N, 8.2%. V,.x (KBr, cm™") 2943
(m, CH), 2859 (w, CH), 1705 (s), 1690 (s), 1422 (s), 1204 (s), 1180
(s), 1126 (8), 723 (8); Amwx [CH;CN, nm (¢)] 284 (4806), 548 (28),
652 (88).

Aziridination of styrene 24

A mixture of [N-(4-tolylsulfonyl)imino]phenyliodinane* (112 mg,
0.3 mmol) and complex 22 (8 mg, 15 pmol, 5 mol%) in acetonitrile
(2 cm®) under a nitrogen atmosphere was stirred for 2 h until a
homogeneous solution resulted. Styrene (0.35 cm®, 3 mmol) was

added and the reaction mixture was stirred for 72 h. The resulting
mixture was filtered through alumina using ethyl acetate as the elu-
ant. Evaporation of the solvent and recrystallisation from diethyl
ether—hexane at —20 °C afforded 1-[(4-methylphenyl)sulfonyl]-2-
phenylaziridine 25 as an off-white solid (40 mg, 0.15 mmol, 49%)
mp 86-88 °C (lit.”” 88-90 °C). Found: MH"* 274.0903. C,sH;sNO,S
requires:MH* 274.0902. v, (KBr, cm™') 3359 (w, NHTs), 3042
(m, NH), 2977 (w, CH), 1316 (s, SO,NH), 1154 (s, SO,NH); oy
(400 MHz, CDCl;) 2.43 (d, J 4.5 Hz, 1H, CHH), 2,47 (s, 3H,
C(H,CH;), 3.02 (d, J 7.2, 1H, CHH), 3.82 (dd, J 7.2, 4.5, 1H,
CHPh), 7.25-7.38 (m, 7TH, ArCH), 7.91 (d, J 8.3, 2H, C,H,); d¢
(100 MHz, CDCl;) 21.9 (CsH,CH;) 36.1 (CH,), 41.3 (CH), 126.8
(2 x ArCH), 128.2(2 x ArCH), 128.5 (ArC), 128.8 (ArCH), 130.0
(2 x ArCH), 135.3 (ArC), 144.8 (ArC). Chiral HPLC indicated
that the two enatiomeric products were formed ina 1 : 1 ratio; ty =
11.45 min and 13.98 min
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