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The influence of the organic solvent on the acid and basic hydrolysis of N-methyl-/N-nitroso-p-
toluenesulfonamide (MNTS) in the presence of a- and B-cyclodextrins has been studied. The observed
rate constant was found to decrease through the formation of an unreactive complex between MNTS
and the cyclodextrins. In the presence of dioxane, acetonitrile or DMSO, the inhibitory effect of B-CD
decreased on increasing the proportion of organic cosolvent as a result of a competitive reaction
involving the formation of an inclusion complex between f-CD and the cosolvent. The disparate size of
the organic solvent molecules resulted in stoichiometric differences between the complexes; the
B-CD-dioxane and B-CD-DMSO complexes were 1 : 1 whereas the B-CD-acetonitrile complex was 1 :
2. The basic and acid hydrolysis of MNTS in the presence of a-CD showed a different behavior; thus,
the reaction gave both 1: 1 and 2 : 1 a-CD-MNTS complexes, of which only the former was reactive.
This result was due to the smaller cavity size of a-CD and the consequent decreased penetration of
MNTS into the cavity in comparison to f-CD. The acid hydrolysis of MNTS in the presence of a-CD
also revealed decreased penetration of MNTS into the cyclodextrin cavity, as evidenced by the bound
substrate undergoing acid hydrolysis. In addition, the acid hydrolysis of MNTS in the presence of
acetonitrile containing 0-CD gave 1 : 1 a-CD-acetonitrile inclusion complexes, which is consistent with

a both a reduced cavity size and previously reported data.

Introduction

Cyclodextrins are cyclic oligosaccharides' and o-, f- and y-
cyclodextrins consist of 6, 7 and 8 a-amylose units, respectively.
These macrocycles can act as hosts to form inclusion complexes
with guest molecules in the solid state or in solution. The shape of
a cyclodextrin molecule is a hollow, truncated cone (a toroid) of
height 7.8 A, which represents the width of the amylose unit.2 The
diameter of the cavity depends on the number of amylose units
present.* All hydroxyl groups in a cyclodextrin are projected
outward, so the cavity is hydrophobic and nonpolar. Thus,
despite the prevalence of hydroxyl groups, cyclodextrins possess
a hydrophobic surface to which organic molecules in aqueous
solutions can bind hydrophobically. The primary requirement for
a guest to be included in a cyclodextrin cavity is obviously that its
size should be smaller than the cavity itself. If the guest molecule
is of an appropriate size, then the hydrogen bonding network can
be extended within the cavity through the open ends of the toroid
and a hydration sheath can be formed around the guest molecule.
A supramolecule containing a cyclodextrin molecule as the host
is perhaps the model that best describes an enzyme-substrate
complex.
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It is clear that most studies concerning the stability of cyclodex-
trin complexes have been conducted in pure aqueous solutions;
however, a number of authors have examined the formation
of cyclodextrin complexes in aqueous—organic binary solvent
mixtures or in pure organic solvents. There is evidence that the
nature of the solvent can influence or even determine the structure
of the complex.* Indeed, some cyclodextrin complexes have been
found to be more stable in mixed solvents and pure organic
media than in aqueous solutions® or more stable in D,0O than
H,0.°* However, the solvent effect usually reduces the stability
of the complex relative to water.” Most studies in this context
have used aqueous mixtures with common water-miscible solvents
such as alcohols, dimethyl sulfoxide (DMSO), dimethylformamide
(DMF), dioxane or acetonitrile; however, complexes have also
been found to form in pure solvents of these types® as well as in
hydrocarbons and similar nonpolar solvents.***

The effects of solvents on the stability of cyclodextrin com-
plexes have been examined in light of various hypotheses.’® One
approach is based on the assumption that organic cosolvents
act as competitive substrates; as their concentration is raised,
their ability to compete in displacing the primary substrate
from the guest cavity increases.!! This hypothesis allows one
to evaluate binding constants for the postulated cosolvent—
cyclodextrin complex formation reactions, the results of which
are usually chemically reasonable. Another hypothesis involves
the assumption that the organic cosolvent undergoes inclusion
alongside the primary substrate to form a complexinal:1:1—
or higher—proportion.5=%3¢12 This hypothesis accounts for the
increased complex stability observed when an organic cosolvent is
added to an aqueous system.
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In the work described here, we used a kinetic method to study
the complexation of dioxane, DMSO and acetonitrile by a- and
B-cyclodextrin. We examined the influence of the dioxane, DMSO
and acetonitrile concentrations on the acid and basic hydrolysis of
N-methyl-N-nitroso-p-toluenesulfonamide (MNTS) (Scheme 1)
in the presence of - and B-CD. Both reactions were previously
examined in an aqueous medium.*®
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The results allowed us to determine the binding constants
for the complexes formed between the organic solvents and the
cyclodextrins and also gave the stoichiometries of the complexes.
The most salient finding is that, while dioxane and DMSO form
1 : 1 complexes with a- and -CD, acetonitrile forms host-guest
complexes with a 1 : 1 stoichiometry with o-CD and a 1 : 2
stoichiometry with B-CD. It should be noted that these organic
molecules are frequently used as solvating agents in studies on the
catalytic efficiency of cyclodextrins.

Experimental

MNTS, spectroscopic grade solvents (dioxane, DMSO and ace-
tonitrile) and the cyclodextrins were purchased from Sigma or
Fluka and used as received. Cyclodextrin solutions were prepared
taking into account the amount of water contained in commercial
a- and B-CD.

The kinetic procedures largely conformed to well-established
practices.” Reactions were monitored through the first-order acid
or basic hydrolysis of MNTS at 250 nm, using a Hewlett-Packard
8453 spectrophotometer with the observation cell thermostated at
(25.0+0.1) °C. All kinetic tests were conducted under pseudo first-
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order conditions ((MNTS] = 1.56 x 10 M « [OH"] or [H*]).
The integrated first-order rate law was fitted to the absorbance—
time data by linear regression (r > 0.999) in all cases. The
observed rate constants, k,,,, were thus reproduced to within
+3%. In the tests that did not involve organic solvent, MNTS
was dissolved in water containing CD and a small volume of the
resulting solution was subsequently added to the reaction mixture;
in experiments involving an organic cosolvent, MNTS was first
dissolved in dioxane, DMSO or acetonitrile and further solvent
was subsequently added to the reaction medium in the required
proportion.

Results and discussion

In this section the results obtained in the acid and basic hydrolysis
of MNTS in the presence of a- or B-CD in dioxane, acetonitrile or
DMSO as organic cosolvent are presented and discussed.

1. pB-Cyclodextrin

la. Acid and basic hydrolysis of MNTS in the presence of
dioxane and DMSO. The influence of the B-CD concentration
on k., for the acid hydrolysis of MNTS in dioxane over a range
of concentrations as an organic cosolvent is illustrated in Fig. 1a.
As can be seen, k.., decreased on increasing the concentration of
B-CD. These results are consistent with a mechanism involving
the formation of an unreactive complex between MNTS and the
cyclodextrin. In the absence of dioxane, the observed rate constant
decreased by a factor of about 10 on increasing the cyclodextrin
concentration from 4.00 x 10~ M to 8.00 x 10~ M. In the
presence of dioxane, the inhibitory effect decreased from about
7 to 2.3 times on increasing the cosolvent concentration from
1.95 x 107 to 0.234 M.

The results outlined above rule out the formation of mixed
inclusion complexes with MNTS and the organic cosolvent. Thus,
ethanol forms inclusion complexes with B-CD and the small size
of this system may allow the co-inclusion of ethanol and the
substrate.” The inclusion of the organic cosolvent in the B-CD
cavity must increase its hydrophobicity through the displacement
of water molecules from within. The increased hydrophobicity that
results should lead to an increase in the binding constant of MNTS
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Fig. 1 (a) Influence of the concentration of B-CD on k,, for the acid hydrolysis of MNTS in the presence of 0.160 M and variable concentrations of
dioxane at 25.0 °C. (O) [Dioxane] = 1.95 x 107> M; (@) [dioxane] = 3.90 x 10> M; (0) [dioxane] = 7.03 x 107> M; (H) [dioxane] = 0.117 M; (A)
[dioxane] = 0.172 M; and (A) [dioxane] = 0.234 M. (b) Fitting of the data to eqn (2).
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to B-CD as the proportion of organic solvent is raised. However,
our results for dioxane, DMSO and acetonitrile contradict this
assumption and do not support the formation of mixed inclusion
complexes in this situation.

For a long time it was widely believed that cyclodextrins formed
inclusion complexes only in pure aqueous solutions, mainly
because attempts to induce precipitation of CD adducts from
organic solvents failed. The first successful study concerning the
influence of the solvent on the formation of inclusion complexes
with CD was described by Siegel and Breslow,'s who determined
the stability constants for the complexes of various organic species
with f-CD in DMF, DMSO and water-DMSO mixtures. Their
results led to the following conclusions: (1) the solvent plays a
key role in the binding process; (2) the complexes formed in
nonaqueous and water—organic mixed solvents are weaker than
those obtained in pure aqueous solutions. However, Nelson et al.'¢
determined the stability constants of the complexes formed by
pyrene with B- and y-CD in the presence of 10% fert-butyl alcohol
as being one order of magnitude greater than those obtained in
pure aqueous solutions. Furthermore, other studies® have shown
B-CD and hydroxypropyl-p-CD to form ternary complexes in the
presence of alcohols.

The effect of cyclodextrins on the acid hydrolysis of MNTS is
due to the formation of an inclusion complex between MNTS
and the cyclodextrin. Our kinetic results in the presence of a
cosolvent are consistent with a competitive process involving the
binding of dioxane molecules to the cyclodextrin. Raising the
dioxane concentration increased the amount of B-CD that binds
the organic cosolvent and, as a result, decreased the quantity of -
CD available for binding MNTS (see Scheme 2). As a consequence,
the inhibitory effect of B-CD on the acid hydrolysis of MNTS
decreases on increasing the concentration of organic solvent.

k

MNTS,, + H* ———» Products

+ g BCPH

dioxane

B-CDge. + dioxanes,, =——= dioxane-CD

Kt H

MNTS-CD

Scheme 2

In the reaction mechanism depicted in Scheme 2, k, is the
bimolecular rate constant for the acid hydrolysis of MNTS in

an aqueous medium, K5 the equilibrium binding constant of

MNTS to unionized cyclodextrin and KSP! that for the formation
of the inclusion complex between dioxane and the neutral form
of the cyclodextrin. From Scheme 2 it is possible to derive the

following expressions:!”
_ k) KR
1+ Ko [CDee 14 Kligind[dioxane],

The pseudo first-order rate constant can be written in linear form
as:
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The good fit between the experimental results obtained at variable
dioxane concentrations and eqn (2) is shown in Fig. 1b. The K,
and k,, values obtained at each organic cosolvent concentration
studied are shown in Table 1. It can be seen that both constants
decrease on increasing the proportion of dioxane in the reaction
medium. The variation of k, with the dioxane concentration
is consistent with the influence of the solvent polarity on the
reaction rate in the absence of cyclodextrin.'® On the other hand,
the variation of K,,, with the proportion of organic cosolvent
conforms to the following equation:

1 1 Kb
— = ——— + — === [dioxane]; 3)
Kpp  Kints  Kins

As can be seen from Fig. 2a, the acid hydrolysis of MNTS in
the presence of B-CD and dioxane fits eqn (3) quite closely. This
equation allowed us to determine the binding constant of MNTS
to unionized cyclodextrin, Ki o' = (1380 & 220) M~', which
is consistent with the value obtained in the absence of organic
cosolvent: K&P¥ — (1530 & 90) M~'. Similarly, we were able to
obtain the binding constant of dioxane to the unionized form of
B-CD~ KFP" = (23.8 £ 3.7) M~ (see Tables 2 and 3).

The experimental results for the basic hydrolysis of MNTS in the
presence of variable concentrations of dioxane exhibited a similar
trend to those for the acid hydrolysis (refer to the ESI). Thus, k.,
decreased on increasing the proportion of CD in the reaction
medium. This was a result of the formation of an unreactive
inclusion complex between MNTS and the ionized form of the
cyclodextrin, with Klgy . As the proportion of dioxane in the
reaction medium was raised, a competitive equilibrium between
the complexation of MNTS and dioxane by the anionic form
of cyclodextrin was established. Consequently, the experimental
results can be interpreted in terms of a mechanism similar to that
in Scheme 2 and with rate equations similar to (2) and (3). This

Table 1 Kinetic constants obtained by fitting eqn (2) to the experimental results for the acid and basic hydrolysis of MNTS in the presence of -CD and

variable concentrations of dioxane at 25.0 °C

[NaOH] = 0.175 M

[HCI] = 0.160 M

[Dioxane]/M Ko /M 10>k, /M s7! [Dioxane]/M K&t/ M 10> k,/M~" 57!
0 1690 + 280 321 £0.54
0.0156 275+ 11 7.51 £0.30 0.0195 886 + 39 2.83+£0.12
0.039 212+ 3 9.24 + 0.15 0.039 650 + 20 2.89 + 0.09
0.117 103 £2 9.27 £ 0.16 0.0703 539+ 14 2.95+0.08
0.234 64 + 1 9.19 £0.18 0.117 386 + 4 2.99 +0.03
0.586 30+ 1 9.65 + 0.29 0.172 250+ 3 2.81 +0.03
0.937 7+1 9.59 £ 0.59 0.232 219+3 2.85+0.04
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Fig.2 (O) Variation of K,,, for the acid (a) and basic (b) hydrolysis of MNTS in the presence of f-CD and dioxane as a function of the organic solvent

concentration. (@) Fitting of the data to eqn (3).

binding model allowed us to determine K,,, and k,, at different
dioxane concentrations (see Table 1). As predicted by eqn (3), both
parameters decrease on increasing the proportion of dioxane. The
good fitting of eqn (3) (in Fig. 2b) allowed us to determine the
binding constants of MNTS and dioxane to the anionic form of
cyclodextrin, viz. Kinrs = (325 £ 30) M~" and K§° = (16.8 +
1.6) M, respectively (see Table 3).

The difference between the binding constant for the anionic
and neutral forms of cyclodextrin is consistent with previously
reported results: the binding constant of the substrate to the
cyclodextrin anion is lower than that to the neutral cyclodextrin.”

Quantitative analysis of the solvent effect. Our results show that
the addition of dioxane to a B-CD solution leads to the formation
of a 1: 1 complex between the solvent and the cyclodextrin. This
reduces the amount of B-CD available for binding to MNTS and
results in the inhibitory effect of the addition of CD decreasing

on increasing the concentration of organic cosolvent. Providing
a quantitative explanation for the experimental results entails
considering the twofold effect of the addition of dioxane to a -CD
solution, namely: (a) the binding of dioxane to the cyclodextrin
reduces the concentration of free B-CD; and (b) because the
concentration of dioxane will normally be much higher than that
of B-CD, the properties of the aqueous medium may be altered by
the presence of the organic cosolvent.

The evaluation of [B-CD].. entails solving the following equa-
tion (refer to the ESI for details):
K 8-CDH

([B_CD]free)z + [B_CD]free (1 + KE_(S(E,]}: [diOXane]T — Ddioxane

[B-CDlw) — [B-CD]y =0 “4)
A simulated value for the formation constant of the inclusion
complex between dioxane and cyclodextrin, K#<P" was used to

dioxane *

calculate [B-CD];,.. at each [B-CD]; value, with the resulting data

Table 2 Kinetic constants obtained by fitting eqn (2) and (3) to the experimental results for the acid and basic hydrolysis of MNTS in the presence of

B-CD and variable concentrations of acetonitrile at 25 °C

[NaOH] = 0.175 M

[HCI] = 0.160 M

[CH,CNI/M KPP /M- 10°k,/M" s [CH,CN[/M  KECoH/M-! 102 ky /M 57!
0 1690 + 280 3214+0.54
0.0957 292+ 10 728 £0.26 0.0638 1467 £ 9 3.06 = 0.02
0.638 252 +7 7.59 £0.22 0.510 1196 + 33 2.79 £ 0.08
0.957 248+ 3 8.24 +0.11 0.957 1009 + 25 2.77 £ 0.07
1.910 14242 8.76 £ 0.12 1.468 813 + 24 2.80 £ 0.08
2.870 53+1 6.79 £ 0.16 1.978 476 £7 2.03 £0.03
3.830 29+ 1 5.46 +0.15 2872 244 + 4 1.83 + 0.03

Table 3 Thermodynamic parameters for the acid and basic hydrolysis of MNTS in the presence of a- or B-CD and dioxane, DMSO or acetonitrile as

organic cosolvent. The solvent-cyclodextrin and cyclodextrin-MNTS complexes were both 1 : 1

Cyclodextrin Cosolvent Eqn K/ M KR/ M™! K30 /M K /M
B-CD None (1) 1530 £ 90 400 £ 20 - -
B-CD Dioxane 3) 1380 + 220 325430 23.8+3.7 16.8+1.6
(5) 1180 + 14 363+ 4 20.0+£2.5 20.0+£2.5
B-CD DMSO 3) 1600 + 270 480 + 200 2.8+£0.5 31+04
(5) 1780 £ 50 430 £ 13 4.0+£0.5 2.5+0.5
a-CD None 9) 47+ 4 — — —
a-CD Acetronitrile 3) 45+3 — 9.0£0.6 —
(10) SI£2 — 70+ 1.0 —
This journal is © The Royal Society of Chemistry 2006 Org. Biomol. Chem., 2006, 4, 1038-1048 | 1041
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Fig. 3 (a) (O) Influence of the concentration of free B-CD on k., /k, for the acid hydrolysis of MNTS in the presence of variable concentrations of
dioxane (data from Fig. 1). (@) Fitting of the data to eqn (5). (b) Analysis of the experimental results for the basic hydrolysis of MNTS (data from the

ESI).

employed to solve the rate equation

ke 1 Ko
a - [H+] [H+] [B-CD]free (5)

The simulated KFSP! values that best fit eqn (5) were adopted.
The linearity criterion used was the correlation coefficient and
the K<™ value resulting in the highest coefficient in each case
was adopted. The variation of the correlation coefficient used to
fit eqn (5) to the experimental data as a function of K&<SP! and
K" for the acid and basic hydrolysis of MNTS, respectively,
is given in the ESI. The values obtained, viz. K&SP! = (20.0 +
2.5) M and KEP = (20.0 & 2.5) M~', are consistent with the
previous ones. The good fitting of eqn (5) to the results for the
acid (Fig. 3a) and basic (Fig. 3b) hydrolysis of MNTS is shown in
Fig. 3. It should be noted that Fig. 3 includes the results obtained
at variable dioxane concentrations. As can be seen, all data fitted
a single equation and the solvent effect can therefore be assumed
to be twofold, namely: (a) an alteration of the properties of the
medium that can be corrected using the k., /k, ratio; and (b) a
competitive binding equilibrium involving the organic solvent and
B-CD.

The kinetic implications of the changes in the properties of
the medium are significant; in fact, the acid and basic hydrolysis
of MNTS are both sensitive to the amount of organic cosolvent
present in the reaction medium."”* The term corresponding to the
competitive binding of dioxane arises from the solvent molecule
being sufficiently large to fill most of the B-CD cavity; this excludes
the possibility of a single cyclodextrin molecule simultaneously
binding a dioxane molecule and an MNTS molecule.

The investigation into the influence of organic cosolvents on
the acid and basic hydrolysis of MNTS in the presence of [3-
CD was extended to DMSO. The rate constants for the two
reactions were found to decrease on increasing the concentration
of cyclodextrin (see the ESI). As in the previous case, one can
assume the formation of 1 : 1 MNTS-3-CD and DMSO-3-CD
inclusion complexes. The reaction mechanism must be similar to
that shown in Scheme 2 and the resulting equations similar to
those previously formulated for dioxane, with Ko instead of
KPP a5 the equilibrium constant. The use of eqn (3) enabled us
to determine the binding constant of MNTS to the ionized and
unionized forms of cyclodextrin in the acid and basic hydrolysis

reaction. The values found were K& = (1600 + 270) M~
and K52 = (480 £ 200) M, respectively. These values are
similar to those obtained in water containing dioxane (vide
supra). We also obtained Kigon = (2.8 £ 0.5) M~ and KXie, =
(B.1+04 M.

The quantitative analysis of the solvent effect on the acid and
basic hydrolysis of MNTS in the presence of B-CD was based
on the same mathematical treatment previously used for diox-
ane. The optimization procedure provided the following values:
Kool — (4.0 = 0.5) M~" and K528 = (1780 & 50) M for the
acid hydrolysis, and K5ie, = (2.5 4 0.5) M~! and Klii = (430 +
15) M~ for the basic hydrolysis of MNTS, respectively.

1b. Acid and basic hydrolysis of MNTS in the presence of
acetonitrile. We also examined the influence of the f-CD con-
centration on the acid and basic hydrolysis of MNTS in media
containing variable concentrations of acetonitrile. The addition of
B-CD was found to decrease k,, in all cases. The inhibition due to
the addition of cyclodextrin becomes less marked on increasing the
proportion of acetonitrile in the reaction medium (see Fig. 4 for the
acid hydrolysis). The addition of high proportions of acetonitrile
caused the k.., value at a zero concentration of B-CD to decrease
on increasing the content of organic cosolvent. This observation is
consistent with the effect of organic solvents on the rate of acid and
basic hydrolysis of MNTS (see the results for the basic hydrolysis
in the ESI).

It can be seen from Fig. 4 that eqn (3) fits the experimental
results quite well. The KF-°P" and KPP values obtained are
given in Table 2 along with the rate constants for the reactions
in the absence of cyclodextrin and the presence of variable
concentrations of acetonitrile. In contrast to the previous results—
and the predictions of eqn (3)—a linear relationship between
1/KEPH or 1/KPCPH and the acetonitrile concentration was
not observed; rather, the plot (not shown) was clearly curved,
which suggests that the stoichiometry of the complex between
acetonitrile and B-CD is higher than 1 : 1. The formation of a
2 : 1 acetonitrile-B-CD complex is illustrated in Scheme 3.

Bearing in mind that the concentration of cyclodextrin bound
to MNTS was negligible relative to the combination of free
and acetonitrile-bound cyclodextrin, if one assumes that the
concentration of acetonitrile bound to cyclodextrin is negligible
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relative to the total concentration of the solvent, then K[-*"" can
be expressed as follows:

KB-CDH
B-CDH — MNTS .
" 1+ K& [CH:CNE
$-CDH (6)
1 1 KGR
= + —2—[CH,CN}
S e e

Eqn (6) predicts a linear relationship between 1/ K[ """ or 1/ K} *PH
and [CH;CNJ. The results obtained for the acid and basic
hydrolysis of MNTS (Fig. 5) are quite consistent with this
prediction and hence with the presence of a 2 : 1 complex between
acetonitrile and B-CD. Plots such as that shown in Fig. 5 were used

T T I T T O I R |

0 3 6 9 12 15
[CH,CNJ/M?

Fig. 5 Fitting of eqn (6) to the 1/K} " values obtained as a function
of [CH;CNP in the acid (O) and basic (@) hydrolysis of MNTS in the
presence of B-CD.

to determine the binding constants of MNTS to B-CD in acidic and
basic media. These constants were found to be Kiee = (1690
200) M~ and K> = (495 + 240) M, respectively. These values
are consistent with the results previously obtained in the absence
of an organic solvent. The relationship between the slope and
the intercept allowed us to determine the equilibrium formation
constants for the (CH;CN),—B-CD complex in acidic and basic
media: K&y on = (0.70 £0.08) M~ and Kfi o = (1.05£0.50) M,
respectively.

Quantitative analysis of the solvent effect. Once the stoichiome-
try of the inclusion complex formed by acetonitrile and B-CD had
been determined, we sought to confirm whether the proposed re-
action scheme would account for the body of experimental results.
The proposed model assumes that the properties of the aqueous
medium are altered by the addition of the organic cosolvent. The
effect of this addition on the reactivity can be suppressed by using
the k,/kq, ratio, where k,, is the rate constant in the absence of
cyclodextrin. We studied aqueous media consisting of either water
alone or water—organic cosolvent mixtures. We also assumed that
the cyclodextrin established a competitive equilibrium where the
binding of acetonitrile molecules decreased the amount of f-CD
available for binding MNTS.

The mass balances for MNTS, acetonitrile and the cyclodextrin
yield the equation

K&ion [CH,CNE + (2 Kliow [B-CDJr — K5iRx
[CH;CN]p)[CH;CNY]:,, + [CH;CNg. — [CH;CN]; =0 (7)

This third-order equation was solved by using the method
described previously: a simulated value for the formation constant
of the complex between acetonitrile and B-CD was used to
calculate the concentration of unbound acetonitrile [eqn (7)].
The relationship between the observed rate constant and the free
cyclodextrin concentration, eqn (5), was then used to identify the
K iex value that provided the free B-CD concentrations that best
fitted eqn (5). In this way, the following values were obtained:
Kioox = (0.60 £ 0.05) M2 and Kl on = (0.50 & 0.05) M2

The results obtained in this way for the acid and basic hydrolysis
of MNTS are shown in Table 4 and Fig. 6. As can be seen, all
experimental data fitted a single curve—a fact that confirms the
accuracy of the proposed method, which assumes the solvent effect
to encompass two contributions: namely, the alteration of the
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Table 4 Thermodynamic parameters for the acid and basic hydrolysis of MNTS in the presence of o- or B-CD. The complex formed by B-CD with
acetonitrile as the cosolvent was 2 : 1 (see Scheme 3) and that formed by a-CD with MNTS in the basic hydrolysis reaction was 1 : 2 (see Scheme 4)

Cyclodextrin Cosolvent Eqn KR/ M KRrs/M™! K38 /M2 K, /M~
B-CD Acetonitrile 6) 1690 + 200 495 + 240 0.70 &+ 0.09 1.05+0.50
5) 1490 £ 15 340+ 4 0.60 + 0.05 0.50 + 0.05
o-CD None 8) — 2.61+0.3 — —
80
0.15
60
z 0.1 2 = 2
= 40 x° = x°
x° x? x° x;
0.05 20
0 0 I N N T SO T SO MO S B
0 0.002 0.004 0.006 0.008 0 0.002 0.004 0.006 0.008 0.01 0.012

[B_C D]free/M

[B_C D]free/M

Fig. 6 (a) (O) Influence of the concentration of free B-CD on k. /k, for the acid hydrolysis of MNTS in the presence of variable concentrations of
acetonitrile (data from Fig. 4). (@) Fitting of eqn (5) to the data. (b) Analysis of the experimental results for the basic hydrolysis of MNTS (data from the

ESI).

properties of water and the competitive binding of the organic
solvent to the cyclodextrin.

Our results contradict those of Taraszewska,” who studied
the binding of ethanol, DMSO, DMF, acetone and acetonitrile
to B-CD and obtained constants similar to those found for
o-CD and CD-solvent complexes of 1 : 1 stoichiometry, as
well as a binding constant of K'® = 6.0 M~! for the p-
CD-acetonitrile complex. It should be noted that the binding
constants varied with the proportion of organic solvent. This is
because the change in the concentration of free cyclodextrin on
increasing the amount of the organic solvent in the mixture was
ignored. Furthermore, Taraszewska found differences between the
complexes of acetonitrile and acetone and those of the other
solvents, and assumed that the zone inside the B-cavity where
o-chloronitrobenzene could be accommodated in the presence
of acetone and acetonitrile was more hydrophobic than in the
presence of other solvents. Park?' studied the complexes of
various organic solvents, including acetonitrile, with B-CD by
spectrophotometry. In that study the inhibitory effect of solutes
on the binding of CD by phenolphthalein was investigated. All
complexes were 1 : 1 and the resulting binding constant of
acetonitrile to p-CD was K"*° = 0.54 M. Park’s values for the
binding constant of acetonitrile to B-CD are consistent with our
own; however, the stoichiometry of the complex is different. We
believe that Park’s results may have been influenced by the fact that
the acetonitrile concentrations considered only covered a small
range (viz. 0.73-0.86 M). In the study described here, acetonitrile
concentrations from ca. 6.00 x 1072 M to 3.00 M were considered.
The wider range used here may have allowed us to detect the
presence of 2 : 1 complexes. Other authors have also studied the
displacement of phenolphthalein from its complex with -CD by
the addition of tetrahydrofuran.?

20

2. 0-Cyclodextrin

2A. Basic hydrolysis of MNTS. The basic hydrolysis of
MNTS in the presence of B-CD is strongly inhibited by the
formation of an unreactive complex between MNTS and the
cyclodextrin. The presence of o-CD results in a distinct type
of behavior: k,, increases moderately to a maximum value on
increasing the o-CD concentration but beyond this maximum the
constant decreases on further increasing [a-CD] (see Fig. 7). The
experimental results can be interpreted in terms of the mechanism
shown in Scheme 4.

k%' Products
OH k
-CD1:1
+ K s
MNTS + a-CD =——= MNTS-CD
+

o-CD
-CD1:2
ke, ”

MNTS~(CD),

CD

Scheme 4

Such a mechanism enables the following rate law to be derived:

k JOH™] + kep Ki(Rs ' [a-CDl]y
I+ Kiihs [o-CD}; + Kiigh " Ky “[0-CDF,

kchs = (8)
where k,, and k¢p are the rate constants for hydrolysis by OH~
ions in water and by the alkoxide groups in the cyclodextrin,
respectively; and KD, ! and K& (o 2 are the equilibrium binding

constants for the 1 : 1 complex and 1 : 2 complex [MNTS-(CD),]
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0 0.1 0.2 0.3 0.4
[0-CDYM

Fig. 7 Influence of the concentration of o-CD on k. for the basic
hydrolysis of MNTS. [OH"]=0.162 M, T = 25.0 °C.

between MNTS and the anionic form of a-CD, respectively.
By fitting eqn (8) to the experimental data, and keeping the
k,, value constant (k,, = 0.083 M~' s7'), we obtained k¢p = (3.1
0.1) x 1072 s7', K2t = (15 £ 2) M~ and KgR'2 = (2.6 £
0.3) M.

Although k¢p (in s7') and k,, (in M~' s7") cannot be compared
directly, the fact that the latter exceeded the former is worthy
of note. The hydrolysis reaction via the MNTS-CD complex
is equivalent to nucleophilic attack of an alkoxide ion on

. 7.22A '
! ' ) B
: H H :
1
______ [ o
i H
1
1
' [ \3%0 780A  7.80A
4.32A IH—C \ H
i L N\C/\ . 4.47A
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o 0=s=0

O%S/ \(l:\_ (@]
7 g H
_C N
H T H HH
c H
1 2 3

MNTS. Such a reaction was studied in our laboratory® and
its rate was found to exhibit a Brensted-type relationship with
the basicity of the starting alcohol for methanol, isopropanol,
tetrafluoroethanol and hexafluoroisopropanol, with a slope f,,a =
0.49 4 0.01. The reactivity of the OH~ ion was lower than expected
from its basicity, probably due to the need for desolvation prior
to nucleophilic attack, as in other hydroxyl ion- and thiolate-
catalyzed reactions.* The observed rate constant for the reaction
via the ionized hydroxyl group in the cyclodextrin was roughly half
that expected for an alkoxide with a similar pK, (e.g. CF;CH,0™).

The results are consistent with the formation of 1 : 1and 1:2
MNTS-0-CD complexes, as well as with transition states that
involve a cyclodextrin molecule. These differences between the
behavior of a-CD and B-CD must be a result of geometric factors.
The binding of guests to cyclodextrins is determined largely by
two factors: namely, the size of the included moiety and its
hydrophobicity.?® The disparate binding abilities of a- and B-CD
must be ascribed to the widths of their cavities (4.5 and 7.0 A,
respectively) since their depths are identical (7.0 A). The energy-
minimized structures obtained using the MNTS dimensions and
optimal geometry derived from molecular mechanics calculations
are shown in Scheme 5. Based on the size of MNTS, the molecule
can be fully accommodated inside the B-CD cavity (1), so the
sulfonyl group will hardly be able to approach the ionized RO~
group in B-CD.

Scheme 5
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In the presence of a-CD, the toluene group in MNTS is too large
to be fully accommodated inside the a-CD cavity. Therefore, the
binding constant of MNTS to both the neutral form (vide infra)
and the anionic form of a-CD will be quite small relative to that for
B-CD. The kinetics of the basic hydrolysis of MNTS with ionized
a-CD clearly indicate that both 2 : 1 and 1 : 1 binding situations
are substantial. The initial increase in the rate constant suggests
that the former binding stoichiometry involves the toluene group
(2), whereas the latter involves the nitroso group (3).

2B. Acid hydrolysis of MINTS in the presence of acetonitrile.
We studied the influence of o-CD on the acid hydrolysis of
MNTS in the presence of variable amounts of acetonitrile. As an
illustrative example, the results obtained in the presence of variable
concentrations of cosolvent ranging from 3.19 x 102t0 0.511 M
are shown in Fig. 8. The resulting k., values differed markedly
from those found in the presence of B-CD (see Fig. 4). As can be
seen in Fig. 8b, the variation of the rate constant with the a-CD
concentration (dashed line) deviated strongly from linearity.

This finding is inconsistent with both eqn (2) and the reaction
mechanism shown in Scheme 2, but is consistent with the
mechanism in Scheme 6.

k
MNTS,, + H* = Products
¥ 0-CDH
K CHCN

@-CDpre + CHyCNg,, === CH;CN-CD

o-CDH
K MNTS
H
k CD

—  Products

MNTS-CD + H*

Scheme 6

The acid denitrosation of MNTS can occur in the aqueous
medium (k,) or through the MNTS-CD complex (ki,). The bind-
ing constants K&y and KR! correspond to the formation of
the respective inclusion complexes between MNTS or CH,CN and

the neutral form of o-cyclodextrin. The corresponding observed

0.006

0.004

K.,J/s

=3

.002

0 0.05 0.1 0.15

[0-CDJ/M

rate constant can be expressed as

kw[H+] + k?[)](:;EDH [H+][0’CD]free 9
1 + KESDH[(’“'CD]I}CC ( )

kobs =

where K7"P" is the apparent binding constant of MNTS to a-
CD. As can be seen from Fig. 8, this equation closely fits the
results obtained at variable concentrations of acetonitrile. The
KPR, k,, and kf;, values obtained for different concentrations of
cosolvent are shown in Table 5. As the acetonitrile concentration
in the reaction medium was increased, the polarity and the rate
constants k,, and ki, decreased. The error in the determination of
k&, increased with increasing concentration of acetonitrile in the
reaction medium. This trend is a result of the fact that K" was
low at high acetonitrile concentrations, where k ,, > k¢, K& ™P"
[0-CDJfec.-

The ability of the 0-CD-bound substrate to react with H* ions
in the aqueous medium is due to the geometry of the inclusion
complex. As shown in 1-3 (Scheme 5), the size of a-CD is sufficient
to accommodate the toluene group in MNTS, but the nitroso
group remains outside—a situation that facilitates attack by H*
ions in the medium. This situation cannot occur in B-CD as its
cavity is large enough to accommodate the nitroso group as well.

It can be seen from Table 5 that raising the acetonitrile
concentration in the reaction medium led to a decrease in
K*“PH " a change due to the formation of an inclusion complex

app
between CH;CN and o-CD. Therefore, the variation of Kfl;gD“
with the acetonitrile concentration should fit an equation similar
to (3). This assumption was confirmed. Fitting eqn (3) to

the experimental results (Fig. 9) provided the following values:

Table 5 Kinetic constants obtained by fitting eqn (9) to the experimental
results for the acid hydrolysis of MNTS in the presence of a-CD, 0.168 M
HCI and variable concentrations of acetonitrile at 25.0 °C

[CH,CNI/M  K=PH /Mt 10%, /M s™! 10°kH /M~ s
0 47+ 4 3.17+£0.03 8.9+0.1
3.19 x 1072 30£1 3.10 £ 0.02 55+04
6.38 x 1072 30+2 3.21 £0.02 59+04
0.128 2243 3.11 +£0.04 6+1
0.195 17+1 3.03 £ 0.01 45+04
0.319 11+£2 2.97 £0.03 242
0.511 8§£2 2.98 £ 0.04 3+3
b
- o
.
i L
l',ol H A
. hd A
- " o
E " a ‘4
A
L w 4 A
A
LA
200 &
TN N YT AN T T T N N T T |
0 0.05 0.1 0.15

[0-CDJ/M

Fig. 8 (a) Influence of the concentration of a-CD on k,, for the acid hydrolysis of MNTS in the presence of 0.168 M HCI and variable concentrations
of acetonitrile at 25.0 °C. (O) [CH;CN] = 3.19 x 107> M; (®) [CH;CN] = 6.38 x 107> M; (OJ) [CH;CN] = 0.128 M; (l) [CH;CN] = 0.195 M; (A)
[CH;CN] = 0.319 M; and (A) [CH;CN] = 0.511 M. (b) Analysis of the data using eqn (9).
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0.2 0.4
[CH,CN]/M

Fig. 9 (O) Variation of K,,, for the acid hydrolysis of MNTS in the
presence of a-CD and acetonitrile as a function of the concentration of
organic cosolvent. (@) Fitting of the results to eqn (3).

KePl = (45 &£ 3) M™' and K5 = (9.0 &+ 0.6) M~!, both

MNTS CH3;CN
of which are consistent with the K*<P! value obtained in the

MNTS
absence of acetonitrile [(47 & 4) M~'] (see Table 5).

The kinetic results reveal the formation of a 1 : 1 complex
between acetonitrile and o-CD, which is consistent with previous
results obtained from X-ray diffraction measurements.? Further-
more, the results for B-CD suggest the formation of a2 : 1 complex.
This disparate behavior is a result of the increased cavity size of 3-
CD relative to a-CD, which allows the former to accommodate two
acetonitrile molecules rather than one. The larger size of dioxane
relative to acetonitrile results in the formation of a 1 : 1 complex
with B-CD.

A more rigorous quantitative interpretation of the experimental
results can be provided by considering a reaction mechanism such
as that shown in Scheme 6. On the basis of this mechanism
the observed rate constant can be expressed in terms of the
concentration of free a-CD as follows:

ke _ [H'T+ 2 K OUH 0-CDY,..

= - 10
kw 1+ KI‘\ZI&I?? [a_CD]free ( )

where [a-CD];.. can be obtained by using the simulation procedure
previously employed with dioxane [eqn (4)]. The KRy value

obtained in this way was (7 = 1) M~ and provided the free a-
CD concentrations shown in Fig. 10. Finally, fitting the data in

0.2

0.05

k
LIS LI AL B I B B P

0 0.05 0.1 0.15
[0-CD], /M

Fig. 10 (O) Influence of the concentration of free a-CD on k. /k, for
the acid hydrolysis of MNTS in the presence of variable concentrations of
acetonitrile [data from Fig. § as fitted to eqn (10)]. (@) Results obtained in
the absence of acetonitrile.

the figure to eqn (10) provided values of K&t = (51 £2) M~ and
k& /k, = (0.23 £ 0.02) M™', both of which are quite consistent
with values reported previously for this system.

The spectrophotometric results reported by Connors?” are
consistent with the formation of inclusion complexes between
0-CD and methanol, DMSO, ethylene glycol, dioxane (K =
30.6 M), 2-propanol, acetonitrile (K = 40.3 M™') and
acetone, all with a 1 : 1 stoichiometry. The binding of organic
molecules to a-cyclodextrin has also been studied by 'H-NMR
spectroscopy.?® The results revealed the formation of a 1 : 1 o-
CD-acetonitrile complex and the binding constant was found to
be K = 5.6 M™'. A potentiometric study of the formation
of weak inclusion complexes between a-cyclodextrin and small
organic molecules—including ethanol, 2-propanol, 2-methyl-2-
propanol, cyclohexanol, dioxane, DMSO and phenol—in an
aqueous medium at 25.0 °C provided a K% value of 5.6 M~
in acetonitrile and 4.5 M~! in dioxane.”” These results are quite
consistent with our value [K&?% = (7 & 1) M™'], which provides
further evidence of the accuracy of the proposed model.

Conclusions

The acid and basic hydrolysis reactions of MNTS in the presence
of B-cyclodextrin have been studied and the formation of an
unreactive B-CD-MNTS complex was observed in both cases.
The results with B-CD were different as a consequence of the
smaller cavity size of this cyclodextrin, which allows only partial
penetration of MNTS. The basic hydrolysis process involved
the formation of a reactive 1 : 1 a-CD-MNTS complex at low
cyclodextrin concentrations but a 2 : 1 complex was formed as the
0-CD concentration was raised.

Size differences in the host and guest molecules resulted in
different stoichiometries for the complexes. For example, dioxane
and DMSO were found to form 1 : 1 inclusion complexes with -
and o-CD, respectively. On the other hand, acetonitrile formed 1 :
2 inclusion complexes with B-CD. The competitive formation of
such inclusion complexes accounts for the experimental behavior
observed in the acid and basic hydrolysis of MNTS in the presence
of a- or B-CD and variable amounts of organic cosolvent.
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A new strategy for the synthesis of sesquiterpenoids of the furanoeremophilane family was developed in
which the tricyclic nucleus was assembled in an A + C - A-C — A-B-C sequence. The A—C
connection was made via coupling of a cyclohexenylmethyl bromide with a stannylfuran under
“ligandless” Stille conditions, and the key cyclization which closed ring B was accomplished with
complete stereocontrol by intramolecular formylation of a 2-silylfuran in the presence of trimethylsilyl
triflate. This route was used to complete the first total syntheses of the furanoeremophilane
6-hydroxyeuryopsin and the eremophilenolides toluccanolide A and toluccanolide C, as well as a

formal synthesis of 1,10-epoxy-6-hydroxyeuryopsin.

Introduction

Plants of the Senecio family are a rich source of secondary
metabolites with structures based on the eremophilane skeleton
1."' Furanoeremophilanes and eremophilenolides constitute two
major subsets of this group of sesquiterpenoids in which the
isopropyl substituent of 1 is oxidized and a third ring, either a
furan or a butenolide, is appended to the bicyclic framework.
Representative examples of the furanoeremophilanes include
euryopsin (2), isolated from Senecio othonal,* 6-hydroxyeuryopsin
(3), isolated from the aerial part of Semecio toluccanus,® and
1,10-epoxy-6-hydroxyeuryopsin (4), isolated from the roots of S.
toluccanus.* These and other Senecio species are also the source of
eremophilenolides including toluccanolide A (5) and toluccano-
lide C (6).>¢ Furanoeremophilanes are known to undergo facile
oxidation to eremophilenolides, a transformation that has proven
useful in the structure determination of these materials and which
is believed to interconnect them biogenetically.’

Exploration of synthetic routes to furanoeremophilanes and
eremophilenolides began with the pioneering studies of Piers® and
have generally followed a pathway in which the five-membered
heterocycle (ring C) is joined to a preformed decalin platform
(rings A and B).*' An alternative approach, exemplified in
Bohlmann’s’? and Yamakawa’s"® syntheses of ligularone (7), has
been annulation of ring A on a furanoquinonoid template repre-
senting rings B and C. The only exception to this general pattern
is Jacobi’s synthesis of petasalbine (8),"* where rings B and C
were created simultaneously from a monocyclic (ring A) precursor
via intramolecular cycloaddition of an alkyne to an oxazole. An
attractive but thus far untested route to sesquiterpenes of this
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family would be one in which the cyclohexene nucleus of ring A is
first linked to a furan surrogate for ring C, leading to a substrate
in which an intramolecular process would assemble the complete
tricyclic framework of a furanoeremophilane. This A + C —
A-C — A-B-C sequence is depicted in Scheme 1 and implies an
A-C connection through coupling of a cyclohexenylmethyl halide
9 with a 2-metallo substituted furan 10. Closure to the tricyclic
skeleton of 3 is envisioned in this scenario via an intramolecular
formylation of 11. With Scheme 1 as the blueprint, construction
of the ring A and ring C modules, 9 and 10, therefore became our
first objective.
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Scheme 1 The A + C strategy for synthesis of furanoeremophilanes and
eremophilenolides.

Results and discussion

The synthesis of 9 commenced from 2,3-dimethylcyclohexanone
12, obtained as a 4 : 1 mixture of trans :
cyclohex-2-enone by conjugate addition of methylmagnesium
bromide and subsequent in situ trapping of the magnesium
enolate with methyl iodide,"”® or more directly by oxidation of
commercially available 2,3-dimethylcyclohexanol with pyridinium
chlorochromate. Following a procedure due to Piers,® the 6-
position of 12 was blocked by reaction with ethyl formate in the
presence of freshly prepared sodium methoxide and then treatment
of the intermediate hydroxymethylene ketone with n-butanethiol
(Scheme 2). The potassium enolate of thiomethylene ketone 13 was
alkylated with methallyl bromide at low temperature; subsequent
alkaline hydrolysis of the thiomethylene group yielded a mixture
of 14 and its stereoisomer in which methallylation had occurred
cis to the C3 methyl substituent. The 4 : 1 ratio of stereoisomers
in favour of 14 contrasts with results reported by Halcomb'® who
obtained a 15 : 1 ratio of products in the allylation of 13. The
major stereoisomer 14 could not be separated from this mixture
which was subjected directly to isomerization of the exo olefin
through the agency of tristriphenylphosphinechlororhodium."”
The resulting trisubstituted alkene 15 was isolated and purified
in moderate yield on a small scale, but the isomerization of 14
to 15 proved to be capricious on a large scale and an alternative

cis isomers from

15 14

Scheme 2 Reagents and conditions: (a) (i) HCO,Et, NaOMe, Et,0, 0 °C
to rt, 95%, (ii) n-BuSH, C¢H,, A, 80%; (b) (i) KHMDS, THF, —78 °C to
0 °C, (ii) CH,=C(CH;)CH,Br, —78 °C to rt, 87%, (iii) KOH (25% aq),
(HOCH,CH,),0, A, 97%; (c) RhCI(PPh;);, EtOH, A. 55%.

route to the functionalized cyclohexene 9 was therefore sought
which avoided this troublesome step.

Protection of ketone 14 as its ethylene ketal 16 was the first
operation in this new sequence (Scheme 3), and although this
transketalization’® proceeded in low yield, it was found that acid-
catalyzed conversion of olefin 16 to its in-chain isomer 17 consis-
tently gave a high yield of product. Alkene 17 was not purified but
was transformed directly to vicinal diol 18 by osmylation using
Tsuji’s procedure.”® Cleavage of 18 with periodate then led cleanly
to aldehyde 19 which was reduced to primary alcohol 20.

Scheme 3 Reagents and conditions: (a) 2-ethyl-2-methyl-1,3-dioxolane,
(CH,OH),, p-TsOH, 76 h, 28%; (b) p-TsOH, CsHy, reflux, 24 h; (c) K,0sO,,
K;Fe(CN)s, K,CO;, quinuclidine, MeSO,NH,, H,O, -BuOH, rt, 48 h,
80% (2 steps); (d) NalO,, THF, H,O, rt, 12 h; (¢) NaBH,, NaOH, MeOH,
H,O, rt, 12 h, 95% (2 steps).

Although the pathway in Scheme 3 enabled us to prepare alcohol
20 in quantities sufficient to continue our route towards 9, the
need to isomerize and then degrade a methallyl side chain in this
sequence was clearly a wasteful exercise. A more direct method
for introducing the hydroxymethyl substituent of 20 was therefore
sought, and for this purpose we returned to ketone 13. Enolate
alkylation with benzyl chloromethyl ether has been found to be a
valuable tactic for introducing a hydroxymethyl substituent® but
our initial results with this reagent using potassium hexamethyl-
disilazide as the base in a hexane-THF mixture were unpromising,
the major product from 13 being O-alkylated material. A similar
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outcome prevailed when lithium hexamethyldisilazide in THF was
used as a base, but when the solvent was changed to toluene
a dramatic reversal took place and C-alkylation of 13 was the
sole result. This afforded 21 in good yield (Scheme 4). A further
consequence of the reaction of 13 with benzyl chloromethyl ether
was that, in contrast to the alkylation of 13 with methallyl bromide,
the desired product 21 was virtually the sole stereoisomer. This
feature allowed clean chromatographic separation of 21 so that it
could be carried forward in pure form.

(0]
a
BuS” " E—— BuS” X
13
c

-

23, R=Bn 22

d
20,R=H

Scheme 4 Reagents and conditions: (a) (i) LIHMDS, hexanes-toluene,
(if) BnOCH,Cl (75%); (b) KOH, H,O, (HOCH,CH,),O0, reflux (73%); (c)
(TMSOCH,),, TMSOTY, CH,Cl,, —78 °C, 4 h, then rt, 14 h, 99%; (d) Li,
NH;, THF, —78 °C, 1 h, 96%.

Alkaline hydrolysis of 21 in hot diethylene glycol led to ketone
22 which was protected as its ethylene ketal 23. It was necessary to
carry out the latter step before liberating the primary alcohol from
its benzyl ether in order to avoid retroaldol fragmentation. Ketal
23 presented sufficient steric obstruction towards hydrogenolysis
that no reaction occurred when this benzyl ether was exposed to
a hydrogen atmosphere in the presence of a palladium catalyst,
but the problem was circumvented very effectively by removing
the benzyl group with lithium—ammonia.? At this juncture, the
routes in Schemes 3 and 4 converged upon alcohol 20, with the
latter sequence being clearly preferred for moving this substance
towards a suitable coupling partner for 10.

In order to advance 20 towards 9, it was first necessary to
protect the primary alcohol with a group which would be inert
to the strongly basic conditions needed for elaborating the alkene
functionality of 9, yet could be cleaved after coupling 9 with 10 in
order to reach the precyclization substrate 11. A triisopropylsilyl
(TIPS) ether was selected for this purpose, and 20 was therefore
converted to its ether 24 (Scheme 5). With the hydroxyl group
blocked, it was now possible to cleave the ketal of 24 to ketone
25 without fear of retroaldol fragmentation. Introduction of an
allylic halide function at the ketone site of 25 was envisioned
by means of a Shapiro reaction” with hydrazone 26, and the
modification of this process due to Chamberlin and Bond*
was found to be an efficient means for transforming the 2,4,6-
triisopropylbenzenesulfonylhydrazone 26 to aldehyde 27 if four
equivalents of tert-butyllithium were used as the base. Aldehyde
27 was reduced without purification to alcohol 28 which was then
converted to bromide 29 via displacement of its mesylate with
anhydrous lithium bromide.

20:R=H
L
24:R=TIPS c

. [27: R =CHO

28: R = CH,OH 26
N

29: R = CH,Br Ar = 2,4,6-(Me,CH);CgH,

Scheme 5 Reagents and conditions: (a) TIPSOTT, 2,6-lutidine, CH,Cl,,
—78 to =20 °C, 4 h, 100%; (b) PPTS, Me,CO-H,O (9 : 1), 65 °C,
18 h, 93%; (c) H,NNHSO,Ar, THF, rt, 14 h, 78%; (d) (i) t-BuLi (4 eq.),
hexanes-TMEDA (9: 1), (i) DMF; (e) DIBAL-H, CH,Cl,, 75%, (2 steps);
(f) (i) Ms,0, Et;N, CH,Cl,, (ii) LiBr, THF, 92%.

The furan subunit required for coupling with 29 and represented
as 10 appeared to be accessible through a series of straightforward
transformations from 3-furoic acid (30), and to this end the
carboxyl group of 30 was first reduced to alcohol 31 (Scheme 6).
Our initial plan was to continue the reduction of 31 to 3-
methylfuran, then introduce a tin substituent at C5 via halogen—
metal exchange of 2-bromo-4-methylfuran. In practice, this plan
confronted two obstacles, one being poor site selectivity in the
functionalization of 3-methylfuran with bromine and the other
being complications in coupling attempts with 29 arising from a
furan partner that was inherently too reactive. These difficulties
led us to consider placing a substituent, ideally a silyl group,
at C2 of 31 which could direct further substitution to C5 of

CO,H OR
o = o
(0] (6]
30

31:R=H
oL
32.R=TBS

i, -t
Bu,;Sn /\ TBS o U\TBS

Y (o)

d

36 Ess: R = CH,OH
E34: R = CH,0OMs
e

35:R=CH,

Scheme 6 Reagents and conditions: (a) BH;.SMe,, THF, 0 °C to rt, 24 h,
80%; (b) TBSCI, imidazole, CH,Cl,, 0 °C, 10 min, then rt, 2 h, 100%; (c)
n-BuLi, HMPA-hexane, —78 °C to rt, 6 h, then rt, 12 h, 79%; (d) Ms,O,
i-Pr,NEt, PhMe, 0 °C (e) LiBHEt;, THF, 0 °C, 1 h, 93%, (2 steps); (f) (i)
t-BuLi, hexanes-TMEDA (9 : 1), —78 °C to rt, 6 h, (ii) Bu;SnCl, 95%.
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the furan, which would moderate its reactivity in a coupling
process, and which could be removed after the tricycle framework
had been established. The tert-butyldimethylsilyl (TBS) ether 32
was prepared for this purpose and, as was hoped, exposure
of 32 to nm-butyllithium promoted its rearrangement to 33.%
This O-to-C silyl migration,* an example of a 1,3-retro-Brook
rearrangement® initiated in this case by deprotonation at C2 of
32, required quite specific conditions for its success. For example,
HMPA was essential for this process, and its replacement by
other additives such as DMPU resulted in complete failure of
the rearrangement. With alcohol 33 in hand, its conversion to
a 3-methylfuran was completed via conversion to mesylate 34
and reduction with lithium triethylborohydride to 35. The latter
underwent clean lithiation at C5, after which transmetallation with
tri-n-butylchlorostannane led to the trisubstituted furan 36.

Coupling of furan 36 with bromide 29 was most conveniently
effected with palladium(0) dibenzylideneacetone as the catalyst
under “ligandless” conditions (Scheme 7).? For the coupling to
give a consistent yield of product, it was important to rigorously
degas the solvent before adding the catalyst. The alkylated furan
37 could be obtained in high yield if this were done, but difficulty in
separating 37 from stannane residues caused us to advance this silyl
ether to the more polar alcohol 38. This was accomplished with
tetra-n-butylammonium fluoride under controlled conditions that
left the TBS substituent in place. Alcohol 38 was easily purified
by chromatography and was oxidized to aldehyde 39 with tetra-n-
propylammonium perruthenate (TPAP).”

36 b|:37, R=TIPS
38, R=H

O,

40 39

o) o]
|/ TBS g I/ TBS

OR o

f|:41,R=H 43

42, R = COCgH4NO,(p)

Scheme 7 Reagents and conditions: (a) Pd,(dba);, THF, 36 h, rt;
(b) TBAF, THF, 5 h, rt, 97%, (2 steps); (c) TPAP, NMO, 4 A molecular
sieves, CH,Cl,, rt, 1 h; (d) TMSOTY, 2,6-lutidine, CH,Cl,, —78 °C, 16 h,
93%, (2 steps); (e) TBAF, THE, rt, 53%; (f) p-O,NC,H,COCIl, CH,Cl,,
pyr, DMAP, 80 °C, 12 h, 80%; (g) TPAP (cat), NMO, 4 A sieves, 80%;
(h) DIBAL-H, CH,Cl,, =78 °C — =20 °C, 70%.

In anticipation that the furan of 39 would undergo intramole-
cular formylation to produce the tricyclic framework of a furano-
eremophilane, this aldehyde was treated with several Lewis acids
under a wide variety of conditions. Initial experiments were
discouraging, however. For example, exposure of 39 to boron tri-
fluoride etherate or to diethylaluminum chloride resulted in rapid
decomposition of the furan moiety with no evidence for formation
of a cyclization product. After several unsuccessful efforts, it was
found that trimethylsilyl triflate (TMSOTY) in the presence of 2,6-
lutidine at low temperature accomplished the transformation of 39
to 40 in remarkably high yield. At —78 °C, two stereoisomeric TMS
ethers were formed from 39 in the ratio 10 : 1, the major product be-
ing the 6 isomer 40 as shown by X-ray crystallographic analysis of
a derivative (vide infra). The clean, nearly quantitative cyclization
of 39 with TMSOTT, in contrast to the extensive decomposition of
39 seen with traditional Lewis acids, is noteworthy and is probably
due to the high affinity of the silicon reagent for complexation with
the aldehyde carbonyl together with its diminished propensity to
cause polymerization of the furan moiety.

In order to prove the structure of cyclization product 40,
the TMS ether was cleaved and alcohol 41 was esterified with
p-nitrobenzoyl chloride. X-Ray analysis of the crystalline p-
nitrobenzoate 42 (Fig. 1) established that cyclization of 39 had
yielded the 6 silyl ether 40, a result that can be rationalized by the
precyclization conformation of 39 shown in Fig. 2. Steric factors
operating in this conformation suggest that attack by the furan
at the silyl-complexed pseudoequatorial aldehyde should occur
along a trajectory that closes ring B of 40 at the re face of the
carbonyl group. Subsequent to the separation of 40 from its minor
(6a) stereoisomer, it was found that the mixture of 41 and its C6
epimer could be oxidized to ketone 43 in high yield with Ley’s
reagent.”” Reduction of 43 with DIBAL-H then led cleanly to 41
as the sole product.

TBS

Fig. 2 Conformation of 39 leading to 40.
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With the cyclization of 39 to the furanoeremophilane skeleton
accomplished, the TBS substituent which had played a pivotal role
in directing the cyclization and stabilizing the furan moiety against
polymerization during closure to 40 needed to be removed. This re-
quired quite strenuous conditions, but after some experimentation
it was found that a concentrated solution of TBAF in THF at reflux
removed both the TBS and TMS group from 40 (Scheme 8). The
product, (£)-6-hydroxyeuryopsin (3), had spectral properties that
exactly matched data in the literature for the natural substance,?
thus confirming the assignment made by Romo de Vivar to this

sesquiterpene.
O, O,
s e W
OTMS OH
40 3
l b
0 ; H
| 0 :
Cc
—_—
TBS
OTMS
44 5

Scheme 8 Reagents and conditions: (a) TBAF, THF, 60 °C, 24 h, 60%;
(b) m-CPBA, CH,Cl,, rt, 5 min 99%; (c) TBAF, THF, rt, 30 min, 84%.

The furanoeremophilane derivative 40 also provided a plat-
form from which related eremophilenolides, e.g. toluccanolides
A (5) and C (6) could be accessed. Treatment of 40 with m-
chloroperbenzoic acid yielded y-lactone 44 as a 1 : 1 mixture of
stereoisomers via a process assumed to involve epoxidation of the
furan followed by epoxide opening which was accompanied by a
1,2-silyl shift.®® Exposure of 44 to TBAF led to (&)-toluccanolide
A (5) with spectral data in accord with those reported by Romo
de Vivar® and Niemeyer® for the natural product. The structure of
synthesized 5 was established by X-ray crystallographic analysis
(Fig. 3) which confirmed that, after cleavage of the TBS substituent
from 44, protonation at C8 had occurred from the rear face.
Kitagawa has shown that epoxidation of tolucannolide A (5) with
m-chloroperbenoic acid results in a 10 : 1 mixture of a and
epoxides at C1-C10, and that reduction of the lactone of the
major o epoxide with diisobutylaluminum hydride gives 4.” Hence
our route to (£)-5 constitutes a formal synthesis of (£)-1,10-
epoxy-6-hydroxyeuryopsin. The tricycle 40 also afforded entry to
toluccanolide C (6) via singlet oxygenation of the furan (Scheme 9).

. i
J\YL

L)J/\j\ -

Fig. 3 Crystal structure of tolucannolide A (5).

0 O\O
TBS o
| 2 TBS
>~
OTMS
OTMS
40
45

6 46

Scheme 9 Reagents and conditions: (a) (i) O,, Rose Bengal, v, CH,Cl,,
(ii) PPTS, THF-H,O (1 : 1), quant; (b) HCI, H,O, THF, 97%.

The intermediate ozonide 45 from this cycloaddition collapsed
under acid catalysis to the butenolide 46,” and subsequent silyl
ether cleavage with dilute acid then furnished crystalline (£)-6,
identical by comparison of NMR data with natural toluccanolide
C.*5 X-Ray crystallographic analysis was used to assign relative
stereochemistry to 6 (Fig. 4), the angular hydroxyl group at C8
being shown to have the more stable a configuration.

Fig. 4 Crystal structure of tolucannolide C (6).

In summary, a new construction of the furanoeremophilane sys-
tem has been developed in which mild intramolecular formylation
of a TBS substituted furan mediated by trimethylsilyl triflate is a
key step. Efficient coupling of furan and cyclohexene modules via
a Stille reaction permits access to a precyclization substrate from
which the central (B) ring of the furanoeremophilane structure is
then elaborated. This approach illustrates a new strategy for entry
into a class of broadly distributed sesquiterpenoids which includes
the eremophilenolides.

Experimental
General

Reagents were obtained from commercial sources and were used
without purification. Solvents were dried by distillation from the
appropriate drying agents immediately prior to use. Tetrahydrofu-
ran (THF) and diethyl ether (Et,O) were distilled from sodium and
benzophenone under an argon atmosphere. Acetonitrile (MeCN),
dichloromethane (CH,Cl,), diisopropylamine and triethylamine
(Et;N) were distilled from calcium hydride under argon. Moisture
and air sensitive reactions were carried out under an atmosphere
of argon.
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Analytical thin layer chromatography (TLC) was performed
using precoated aluminum or glass TLC plates (0.2 mm layer
thickness of silica gel 60 F-254). Compounds were visualized by
ultraviolet light or by heating the plate after dipping in a 3%
solution of vanillin in 0.2 M H,SO, in EtOH or a 1% solution of
KMnO, in 0.02% 1 N NaOH in H,O. Flash chromatography was
performed on E. Merck silica gel 60 (230-400 mesh ASTM).

Melting points were measured using a Biichi melting point
apparatus, and are uncorrected. Infared (IR) spectra were recorded
with a Nicolet 5SDXB FT-IR spectrometer. Proton and carbon
nuclear magnetic resonance (NMR) spectra were obtained using
either a Bruker AC-300 or a Bruker AM-400 spectrometer. All
chemical shifts are reported in parts per million (ppm) using the &
scale.

Chemical ionization (CI) high and low resolution mass spectra
(HRMS and MS) were obtained using a Kratos MS-50 spectro-
meter with a source temperature of 120 °C and methane gas as
the ionizing source. Perfluorokerosene was used as a reference.
Electron impact (EI) mass spectra (HRMS and MS) were obtain
using a Varian MAT311 or a Siemens P4 spectrometer.

2,3-Dimethylcyclohexanone (12). Method A: To a suspension
of copper(1) iodide (1.22 g, 6.4 mmol, 3.2 mol%) in THF (185 mL)
at —78 °C under argon was added dimethyl sulfide (30 mL),
followed by a solution of methylmagnesium bromide in Et,O (3 M,
74 mL, 0.22 mol). A solution of 2-cyclohexen-1-one (19.22 g, 0.20
mol) in THF (30 mL) was added dropwise to the solution at —50 °C
over 80 min, and the mixture was stirred for 6 h at —50 °C. The
resulting suspension was cooled to —78 °C and Mel (63 mL, 1.0
mol) was added rapidly followed by freshly distilled DMPU-THF
(1 : 1, 120 mL). The suspension was warmed to 0 °C over 6 h
and was stirred at room temperature for 18 h. The mixture was
poured into 20% aqueous NH,OH (200 mL) and the suspension
was filtered through Celite. The filtrate was extracted with Et,O
(5 x 100 mL) and the combined extract was washed with saturated
aqueous NaCl, dried over anhydrous MgSQO,, and concentrated
under reduced pressure. Chromatography of the residue on silica
(1500 g, Et,0O-hexanes, 1 : 4) afforded 18.65 g (74%) of 12 as a
colourless oil. A sample of the pure frans isomer was isolated for
spectroscopic purposes: IR (neat) 2958, 2930, 2871, 1709, 1455,
1373 ecm™'; 'H NMR (400 MHz, CDCl;) ¢ 0.98 (d, J/ = 7 Hz,
3H), 1.01 (d, J = 7 Hz, 3H), 1.35-1.48 (m, 2H), 1.54-1.66 (m,
1H), 1.77-1.82 (m, 1H), 1.94-2.04 (m, 2H), 2.24 (dddd, J = 2,
3,5, 14 Hz, 1H), 2.33 (dddd, J = 1, 1, 6, 13 Hz, 1H); “"C NMR
(100 MHz, CDCl,) 6 12.1, 21.1, 26.5, 34.6, 41.5,41.9, 52.2, 213.6;
MS (CI) m/z 126 (M)*, 111, 95, 81; HRMS (CI) m/z 126.1043
(calcd for C4H,,0 126.1044).

Method B: Pyridinium chlorochromate (24.7 g, 115 mmol)
was added to a solution of 2,3-dimethylcyclohexan-1-ol (12.3 g,
95.8 mmol) in CH,Cl, (160 mL) and the mixture was stirred at
room temperature for 16 h. The mixture was diluted with Et,O
(450 mL) and filtered through a pad of Celite. The filtrate was
concentrated and the residue was distilled to yield 11.1 g (92%)
of 12 (mixture of cis and trans isomers) as a colourless liquid: bp
185-187 °C.

6-Hydroxymethylene-2,3-dimethylcyclohexanone. To an ice-
cold suspension of freshly-prepared NaOMe (5.40 g, 100.0 mmol)
in Et,O (80 mL) under argon was added 12 (5.05 g, 40.0 mmol)
and the mixture was stirred for 10 min. Ethyl formate (5.50 mL,

68.0 mmol) was added, and the mixture was allowed to warm
to room temperature and was stirred for 12 h. The mixture was
diluted with H,O (50 mL), the phases were separated and the
ethereal layer was extracted with 10% aqueous NaOH (2 x 20 mL).
The combined aqueous layer and alkaline extract was cooled,
acidified with 6 M HCI, and extracted with Et,O (5 x 20 mL).
The combined extract was washed with saturated aqueous NaCl,
dried over anhydrous MgSO,, and concentrated under reduced
pressure. The resulting oil (5.92 g, 96%) was used for the next
step without further purification. A small sample was purified for
spectroscopic analysis: IR (neat) 2960, 2930, 2855, 1639, 1590,
1455, 1365, 1329, 1229, 1179, 1150 cm™'; '"H NMR (400 MHz,
CDCl;) (major isomer) ¢ 1.00 (d, J =7 Hz, 3H), 1.20 (d, / = 7 Hz,
3H), 1.23-1.35 (m, 1H), 1.39-1.53 (m, 1H), 1.74-1.80 (m, 1H),
2.01(q,J =7 Hz, 1H), 2.24-2.39 (m, 2H), 8.62 (d, J = 3 Hz, 1H),
14.59 (d, J = 3 Hz, 1H); (minor isomer) ¢ 0.91 (d, J = 7 Hz, 3H),
1.08 (d, J = 7 Hz, 3H), 1.46-1.53 (m, 1H), 1.55-1.63 (m, 1H),
1.82-1.95 (m, 1H), 2.31-2.47 (m, 3H), 8.66 (d, J = 3 Hz, 1H),
14.44 (d, J = 3 Hz, 1H); "C NMR (100 MHz, CDCl;) (major
isomer) ¢ 16.1, 20.5, 22.7, 30.2, 35.5, 43.5, 108.3, 187.8, 188.1;
(minor isomer) ¢ 12.8, 17.0, 22.4, 26.8, 31.3, 40.3, 107.6, 188.4,
188.5.

6-(n-Butylthio)methylene-2,3-dimethylcyclohexanone (13). A
solution of 6-hydroxymethylene-2,3-dimethylcyclohexanone pre-
pared above (5.92 g, 38.4 mmol), n-butyl mercaptan (5.22 mL,
48.8 mmol) and p-TsOH (20 mg) in anhydrous benzene (90 mL)
was refluxed under an argon atmosphere for 3 h using a Dean—
Stark separator. The cooled solution was diluted with Et,O
(100 mL), washed with saturated aqueous NaHCO; and saturated
aqueous NaCl, dried over anhydrous MgSO,, and concentrated
under reduced pressure. Chromatography of the residue on silica
(800 g, Et,O-hexanes, 1 : 200) gave 7.58 g (87%) of 13 as a yellow
oil: IR (neat) 2957, 2929, 2872, 1544, 1456, 1434 cm™'; '"H NMR
(400 MHz, CDCl;) (major isomer) ¢ 0.88 (d, J/ = 7 Hz, 3H), 0.90
(t,J =7Hz, 3H), 1.02 (t, ] = 7 Hz, 3H), 1.14 (d, / = 7 Hz, 2H),
1.39 (q, J/ = 7 Hz, 3H), 1.54-1.71 (m, 3H), 1.80-1.89 (m, 1H),
2.21-2.30 (m, 1H), 2.35-2.43 (m, 1H), 2.45-2.53 (m, 1H), 2.80 (t,
J =7Hz, 2H), 7.45 (bs, |H); *C NMR (100 MHz, CDCI;) (major
isomer) ¢ 13.5, 14.3, 20.7, 21.5, 26.5, 30.2, 32.6, 34.1, 36.1, 49.9,
130.1, 141.6, 198.6; (minor isomer) ¢ 12.3, 15.2, 24.9, 27.5, 33.2,
47.2,129.9, 141.3, 199.4; MS (FAB) m/z 227 M + H)*, 211, 197,
169; HRMS (CI) m/z 227.1465 (calcd for C,;H,;0S 227.1469).

6-(n-Butylthio)methylene-2,3-dimethyl-2-(2-methylallyl)cyclo-
hexanone. To a solution of 13 (6.79 g, 30.0 mmol) in THF
(54 mL) at —78 °C under argon was added a solution of KHMDS
in toluene (0.5 M, 66 mL, 33.0 mmol) and the mixture was
stirred for 1 h at 0 °C. The red solution was cooled to —78 °C
and 3-bromo-2-methylpropene (7 mL, 70 mmol) was added. The
mixture was allowed to warm slowly to room temperature and was
stirred for 12 h, then was diluted with saturated aqueous NH,Cl
and extracted with Et,0 (3 x 100 mL). The combined extract
was washed with saturated aqueous NaCl, dried over MgSO,,
and concentrated under reduced pressure. Chromatography of the
residue on silica (800 g, Et,O-hexanes, 1 : 4) afforded 7.40 g (88%)
of the title compound as a colourless oil: IR (neat) 3071, 2960,
2930, 2874, 1660, 1541, 1451, 1296, 1151, 890, 810 cm™'; '"H NMR
(400 MHz, CDCl;) (major diastereomer) ¢ 0.90 (d, J = 7 Hz, 3H),
0.90 (t,J =7Hz, 3H), 0.95 (s, 3H), 1.40 (sextet, J = 7 Hz, 2H), 1.49
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(s, 3H), 1.50-1.68 (m, 4H), 1.90-1.98 (m, 1H), 2.09 (d, J = 14 Hz,
1H), 2.12-2.31 (m, 1 H), 2.44-2.51 (m, 1H), 2.79-2.87 (m, 3H),
4.61 (m, 1H), 4.72 (m, 1H), 7.54 (m, 1H); *C NMR (100 MHz,
CDCl;) (major diastereomer) ¢ 13.9, 16.4, 21.0, 22.0, 24.3, 26.7,
27.1,33.0, 34.2, 34.7,45.5,49.7, 114.7, 130.2, 143.5, 143.6, 201.3;
MS (FAB) m/z 281 (M + H)*, 265, 223, 211, 191, 161; HRMS
(FAB) m/z 281.1937 (calcd for C;;H,,OS 281.1939).

2,3-Dimethyl-2-(2-methylallyl)cyclohexanone (14). To a solu-
tion of 6-(n-butylthio)methylene-2,3-dimethyl-2-(2-methylallyl)-
cyclohexanone (9.81 g, 35.0 mmol) in diethylene glycol (60 mL)
under argon was added a solution of 25% aqueous KOH (56 mL)
and the solution was heated at reflux for 24 h. The cooled
solution was diluted with Et,O (100 mL) and H,O (100 mL),
the phases were separated and the aqueous phase was extracted
with Et,O (2 x 100 mL). The combined extract was dried over
anhydrous MgSO, and concentrated under reduced pressure.
Chromatography of the residue on silica (800 g, Et,O-hexanes,
1:9) gave 5.68 g (90%) of 14 (4 : 1 mixture of diastereomers)
as a colourless oil: IR (neat) 3073, 2939, 2876, 1704, 1458, 1380,
890 cm™'; '"H NMR (400 MHz, CDCl,) (major diastereomer) &
0.89 (d, J = 7 Hz, 3H), 0.97 (s, 3H), 1.45-1.53 (m, 1H), 1.59 (s,
3H), 1.71-1.78 (m, 1H), 1.84-1.96 (m, 3H), 2.29-2.36 (m, 2H),
2.45-2.52 (m, 1H), 2.63 (d, J = 14 Hz, 1H), 4.63 (m, 1H), 4.77 (m,
1H); *C NMR (100 MHz, CDCl;) (major diastereomer) J 16.2,
20.1, 23.9, 24.6, 29.2, 38.7, 38.8, 44.7, 52.4, 114.9, 143.3, 216.1;
(minor diastereomer) ¢ 16.1, 20.6, 24.2, 27.0, 29.9, 39.4, 40.28,
45.4,52.9, 114.8, 142.5, 216.5; MS (CI) m/z 181 (M + H)*, 165,
147, 137, 125, 109; HRMS (CI) m/z 180.1513 (caled for C,,H,,O
180.1514).

2,3-Dimethyl-2-(2-methylprop-1-enyl)cyclohexanone (15). Toa
solution of 14 (2.16 g, 12.0 mmol) in 10% aqueous EtOH (80 mL)
under argon was added RhCI(PPh;); (1.12 g, 1.21 mmol, 10 mol%
vs substrate) and the red solution was heated at reflux for 72 h. The
solvent was removed by distillation and the residue was diluted
with Et,0 (100 mL). The ethereal solution was washed with
saturated aqueous NaCl, dried over MgSO,, and concentrated
under reduced pressure. Chromatography of the residue on silica
(250 g, Et,0O-hexanes, 1 : 20) gave 1.18 g (55%) of 15 as a colourless
oil: IR (neat) 2965, 2929, 2874, 1704, 1451, 1384, 1371, 1308 cm™';
'"H NMR (400 MHz, CDCl;) 6 0.78 (d, J = 7 Hz, 3H), 1.03 (s,
3H), 1.36 (dddd, J = 2, 4, 4, 4 Hz, 1H), 1.38 (d, / = 1 Hz, 3H),
1.67 (d, J = 1 Hz, 3H), 1.78-1.87 (m, 1H), 2.00-2.09 (m, 1H),
2.09-2.16 (m, 1H), 2.59-2.67 (m, 1H), 5.35 (t, J/ = 1 Hz, 1H); *C
NMR (100 MHz, CDCl;) 6 14.6, 18.7, 21.0, 24.1, 27.3, 29.0, 39.5,
45.2, 54.8, 132.6, 134.0, 216.6; MS (CI) m/z 180 (M)*, 165, 137,
109, 95; HRMS (CI) m/z 180.1513 (calcd for C,H,,0 180.1514).

6,7-Dimethyl-6-(2-methylallyl)-1,4-dioxaspiro[4.5]decane (16).
To a solution of 14 (18.02 g, 0.10 mol) in 2-ethyl-2-methyl-1, 3-
dioxolane (580.0 g, 5.0 mol) at room temperature under argon
was added ethylene glycol (62.0 g, 1.0 mmol) and p-TsOH (19.0 g,
0.1 mol) and the mixture was stirred for 76 h. The mixture was
diluted with Et,O (300 mL), washed with saturated NaHCO;,
and concentrated under reduced pressure. Chromatography of the
residue on silica (600 g, Et,O-hexanes, 1 : 20) afforded 6.40 g
(28%) of 16 as a colourless oil: IR (neat) 3070, 2952, 2882, 1638,
1463, 1442, 1382, 1212, 1182 cm™'; '"H NMR (400 MHz, CDCl;) 0
091 (d, J =7Hz, 3H), 1.01 (s, 3H), 1.23-1.31 (m, 1H), 1.46-1.61

(m, 5H), 1.78-1.86 (m, 1H), 1.82 (s, 3H), 2.20 (d, J = 14 Hz, 1H),
2.28(d, J = 14 Hz, 1H), 3.82-3.95 (m, 4H), 4.63 (m, 1H), 4.73 (m,
1H); C NMR (100 MHz, CDCl;) § 16.4, 16.6, 22.1, 25.2, 30.2,
30.4,38.4,44.4,45.6,64.1, 64.4,113.3, 113.7, 146.3; MS (CI) m/z
224 (M)*, 209, 181, 163, 153, 139, 121; HRMS (CI) m/z 224.1771
(calcd for C,H,,0 224.1776).

6,7-Dimethyl-6-(2-methyl)propenyl-1,4-dioxaspiro[4.5]decane
(17). To a solution of 16 (0.531 g, 2.37 mmol) in anhydrous
benzene (100 mL) at room temperature under argon was added p-
TsOH.H,O0 (0.27 g) and the solution was heated at 60 °C for 24 h.
The cooled solution was diluted with Et,O (100 mL), washed with
saturated aqueous NaHCO; and saturated aqueous NaCl, dried
over anhydrous MgSO,, and concentrated under reduced pressure
to afford 0.305 g (59%) 17 as a colourless oil: IR (neat) 3070,
2953, 2880, 1639, 1543, 1460, 1373, 1189, 1059 cm™'; 'H NMR
(400 MHz, CDCly) 6 0.77 (d, J = 7 Hz, 3H), 1.14 (s, 3H), 1.21-
1.27 (m, 1H), 1.35-1.49 (m, 2H), 1.51-1.59 (m, 3H), 1.70 (d, J =
1 Hz,3H),1.76 (d, J = 1 Hz, 3H), 1.82-1.92 (m, 1H), 3.78-3.86 (m,
4H), 4.99 (t, J = 1 Hz, IH); *C NMR (100 MHz, CDCl;) é 15.8,
16.8,19.7,23.0,29.0, 29.5, 32.0,40.0,48.2,65.4, 65.8, 114.8, 131.9,
132.9; MS (CI) m/z 224 (M*), 209, 181, 163, 153, 139, 121; HRMS
(CIym/z224.1771 (calcd for C,,H,,0 224.1776). This material was
used for the next step without further purification.

1-(6,7-Dimethyl-1,4-dioxaspiro[4.5]dec-6-yl)-2-methylpropan-
1,2-diol (18). To a mixture of K,0sO, (8 mg, 0.02 mmol),
K;Fe(CN)g (0.494 g, 1.50 mmol), K,CO; (0.208 g, 1.50 mmol),
quinuclidine (0.168 g, 1.50 mmol) and methanesulfonamide
(0.142 g, 1.50 mmol) in H,O (2.5 mL) at room temperature
under argon was added a solution of 17 prepared above (0.112 g,
0.50 mmol) in -BuOH (2.5 mL). The mixture was stirred for 48 h,
then was treated with Na,SO; (0.756 g, 6.0 mmol) and was stirred
for 1 h. The mixture was diluted with Et,O (10 mL) and H,O
(10 mL), the phases were separated, and the aqueous phase was
extracted with Et,O (2 x 10 mL). The combined extract was dried
over anhydrous MgSO, and concentrated under reduced pressure.
Chromatography of the residue on silica (30 g, Et,O-hexanes, 1 : 1)
yielded 0.104 g (80%) of 18 as a colourless oil: IR (neat) 3485,2932,
1466, 1177, 1097, 1039, 921 cm™'; "H NMR (400 MHz, CDCl;) 6
0.88 (d, J = 7 Hz, 3H), 1.03 (s, 3H), 1.26 (s, 3H), 1.31-1.49 (m,
4H), 1.33 (s, 3H), 1.50-1.56 (m, 1H), 1.69-1.73 (m, 1H), 2.47-2.56
(m, 1H), 3.36 (d, J = 11 Hz, 1H), 3.51-3.54 (m, 2H), 3.91-3.95
(m, 1H), 3.97-4.07 (m, 3H); *C NMR (100 MHz, CDCl;) ¢ 16.0,
22.3,28.6,29.6,29.8,30.3, 36.2,48.7, 62.7, 62.9, 74.9, 82.6, 116.0;
MS (CI) m/z 257 (M + H)*, 240, 199, 170, 155, 138, 109; HRMS
(C)m/z 257.1751 (caled for C,H,50, 257.1752).

6,7-Dimethyl-1,4-dioxaspiro[4.5]decane-6-carboxaldehyde (19).
To a solution of 18 (1.29 g, 5.0 mmol) in THF-H,O (1: 1, 50 mL)
under argon was added solid NalO, (10.69 g, 50.0 mmol) and the
solution was stirred for 12 h at room temperature. The mixture was
diluted with Et,O (100 mL) and H,O (100 mL), the phases were
separated and the aqueous phase was extracted with Et,O (3 x
20 mL). The combined extract was dried over anhydrous MgSO,
and concentrated under reduced pressure to give 1.00 g (100%) of
virtually pure 19 as a colourless oil: IR (neat) 2956, 2933, 2883,
1725, 1181, 1104, 1064 cm™'; 'H NMR (400 MHz, CDCl;) 6 0.73
(d, J =7Hz, 3H), 1.05 (s, 3H), 1.17-1.25 (m, 1H), 1.52-1.60 (m,
1H), 1.60-1.68 (m, 1H), 2.35-2.44 (m, 1H), 3.89-3.97 (m, 4H),
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9.70 (s, 1H); *C NMR (100 MHz, CDCl;) 6 9.7, 14.5, 16.7, 22.6,
28.8, 30.7, 33.1, 56.8, 64.9, 65.1, 113.3, 207.6; MS (CI) m/z 199
(M + H)*, 185, 169, 141, 127, 113, 99; HRMS (CI) m/z 199.1337
(caled for C1,,H;,05 199.1334).

(6,7-Dimethyl-1,4-dioxaspiro[4.5]dec-6-yl)methanol (20).

From 19. To a solution of 19 (0.49 g, 2.5 mmol) in MeOH
(25 mL) under argon was added a solution of NaBH, (0.07 g,
1.85mmol)in2 M NaOH (5 mL) and H,O (45 mL) and the mixture
was stirred at room temperature for 12 h. The mixture was diluted
with Et,O (100 mL), washed with saturated aqueous NaCl, dried
over anhydrous MgSO, and concentrated under reduced pressure.
Chromatography of the residue on silica (180 g, Et,O-hexanes,
2 : 3) afforded 0.40 g (95% from 18) of 20 as a colourless oil: IR
(neat) 3537, 2931, 2881, 1461, 1412, 1185, 1122, 1051 cm™'; 'H
NMR (400 MHz, CDCl;) ¢ 0.79 (s, 3H), 0.87 (d, J = 7 Hz, 3H),
1.21-1.33 (m, 1H), 1.42-1.61 (m, 5H), 2.08-2.15 (m, 1H), 3.17 (d,
J =17Hz, 1H), 3.30 (dd, J = 7, 11 Hz, 1H), 3.76 (d, J = 11 Hz,
1H), 3.91-4.07 (m, 4H); *C NMR (100 MHz, CDCl;)¢ 13.3, 15.8,
23.0, 29.5, 30.3, 32.7, 45.1, 64.3, 64.8, 65.8, 115.4; MS (CI) m/z
200, 183, 169, 157, 141, 127, 113; HRMS (CI) m/z 200.1412 (calcd
for C;;H,,0; 200.1412).

From 23. Lithium metal (0.702 g, 100 mmol) was added to
liquid NH; (300 mL) at —78 °C and to the deep blue solution
thus formed was added 23 (2.95 g, 10 mmol) in THF (60 mL).
The solution was stirred for 1 h, after which isoprene (5 mL) and
H,O (100 mL) were added. The NH; was allowed to evaporate
and the resulting mixture was extracted with Et,O (3 x 50 mL).
The combined extract was dried (MgSO,) and concentrated, and
the residue was purified by flash column chromatography (silica,
20% EtOAc in hexanes) to give 1.96 g (96%) of 20, identical with
material prepared from 19.

2-Benzyloxymethyl-6-(n-butylthio)methylene-2,3-dimethylcyclo-
hexanone (21). To a solution of 13 (1.47 g, 6.47 mmol) in toluene
(14 mL) at —78 °C was added a solution of LIHMDS in hexanes
(1.0 M, 8.5 mL, 8.50 mmol) and the mixture was stirred at 0 °C
for 1 h. The solution was cooled to —78 °C, benzyl chloromethyl
ether (2.5 mL, 18.0 mmol) was added, and the solution was
allowed to warm to room temperature over 14 h. Saturated
aqueous NH,CI (20 mL) was added and the organic layer was
separated. The aqueous layer was extracted with Et,O (2 x
30 mL) and the combined organic extract was dried (MgSO,) and
concentrated. The residue was purified by repeated gradient flash
column chromatography (silica, 50 to 75% toluene in hexanes) to
yield 1.68 g (75%) of 20 as a pale yellow oil: IR (neat) 2958, 2929,
2972, 1662, 1542, 1496, 1454, 1162, 1100, 814, 736, 698 cm™';
'"H NMR (CDCl;, 400 MHz) 6 0.90 (s, 3H), 0.93 (d, J/ = 7 Hz,
3H), 0.97 (t, J = 7 Hz, 3H), 1.42-1.51 (m, 2H), 1.60-1.76 (m,
5H), 2.33-2.55 (m, 2H), 2.88 (t, / = 7 Hz, 2H), 3.31 (d, J =
9 Hz, 1H), 391 (d, J = 9 Hz, 1H), 443 (d, J = 12 Hz, 1H),
4.59 (d, J = 12 Hz, 1H), 7.20-7.38 (m, SH), 7.63-7.64 (br, 1H);
BC NMR (CDCl;, 100 MHz) § 13.8, 16.0, 16.0, 21.9, 26.2, 26.8.
32.3,32.9,34.5,51.3,73.5, 73.5, 125.5, 127.5, 127.7, 128.4, 138.9,
143.4, 200.1; MS (CI) m/z 347 (M + H)*, 255; HRMS (CI) m/z
347.2052 (caled for for C, H;,0,S 347.2045).

2-Benzyloxymethyl-2,3-dimethylcyclohexanone (22). A solu-
tion of 21 (4.93 g, 14.2 mmol) in 10% aqueous KOH (24.2 mL)
and diethylene glycol (25.6 mL) was heated at reflux for 24 h.

The solution was cooled to room temperature and saturated
aqueous NaCl (25 mL) was added. The mixture was extracted
with Et,0 (3 x 50 mL) and the combined extract was dried
(MgSO,) and concentrated. The residue was purified by flash
column chromatography (silica, 75% toluene in hexanes followed
by 5% Et,0 in hexanes) to yield 2.55 g (73%) of 22 as a pale yellow
oil: IR (neat) 3088, 3063, 3030, 2931, 2865, 1709, 1454, 1099, 737,
698 cm~'; '"H NMR (CDCl;, 400 MHz) 6 0.90 (d, J = 7 Hz, 3H),
0.95 (s, 3H), 1.44-1.61 (m, 1H), 1.69-1.80 (m, 2H), 1.87-1.96 (m,
1H), 2.23-2.32 (m, 1H), 2.33-2.45 (m, 2H), 3.37 (d, / = 9 Hz,
1H), 3.71 (d, J =9 Hz, 1H), 4.47 (d, J = 12 Hz, 1H), 4.60 (d, J =
12 Hz, 1H), 7.26-7.36 (m, 5H); “*C NMR (CDCl;, 100 MHz) ¢
214.3,138.9, 128.5, 127.7, 127.6, 73.5, 72.6, 53.3, 38.7, 35.6, 29.1,
24.1, 15.8, 15.6; HRMS (ES) m/z 247.1699 (calcd for C¢H,;0,
247.1698).

6-Benzyloxymethyl-6,7-dimethyl-1,4-dioxaspiro[4.5]decane (23).
To a solution of 22 (0.502 g, 2.00 mmol) in CH,Cl, (20 mL)
at —78 °C was added bis(trimethylsilyl)ethylene glycol (2.5 mL,
10 mmol) and trimethylsilyl trifluoromethanesulfonate (74 ul,
0.41 mmol). The solution was stirred at —78 °C for 4 h and allowed
to warm to room temperature over 14 h. Pyridine (5 drops) was
added followed by H,O (15 mL), and the mixture was extracted
with Et,0 (3 x 25 mL). The combined extract was dried (MgSO,)
and concentrated, and the residue was purified by flash column
chromatography (silica, 2.5% Et,O in hexanes) to give 0.590 g
(99%) of 23 as a colourless oil: IR (neat) 3029, 2932, 2876, 1497,
1454, 1361, 1378, 1336, 1285, 1191, 1101, 1067, 735, 697 cm™;
'H NMR (CDCl;, 400 MHz) 6 0.95 (s, 3H), 0.93 (d, J = 7 Hz,
3H), 1.25-1.34 (m, 1H), 1.42-1.47 (br, 1H), 1.55-1.67 (m, 4H),
2.02-2.11 (m, 1H), 3.32 (d, J = 10 Hz, 1H), 3.51 (d, J/ = 10 Hz,
1H), 3.84-3.96 (m, 4H), 4.50 (d, J = 12 Hz, 1H), 453 (d, J =
12 Hz, 1H), 7.29-7.39 (m, 5H); *C NMR (CDCl;, 100 MHz) ¢
13.0, 16.5,22.5,29.8, 31.0, 35.5,45.9, 64.7, 64.7, 73.6, 73.7, 113.2,
127.4, 127.7, 128.3, 139.2; HRMS: (ES) m/z 291.1937 (calcd for
CsH,,0; 291.1960).

(6,7-Dimethyl-1,4-dioxaspiro[4.5]dec-6-ylmethoxy)triisopropyl-
silane (24). To a solution of 20 (1.96 g, 9.80 mmol) in CH,Cl,
(20 mL) at —78 °C under argon was added 2,6-lutidine (5.7 mL,
44.5 mmol) and triisopropylsilyl triflate (2.99 mL, 97%, 10.7 mmol)
and the mixture was warmed to room temperature over 4 h. The
solution was diluted with Et,O (100 mL), washed with saturated
aqueous NaCl, dried over anhydrous MgSO, and concentrated
under reduced pressure. Chromatography of the residue on silica
(Et,O-hexanes, 3 : 97) gave 3.49 g (100%) of 24 as a colourless oil:
IR (neat) 2942, 2866, 1463, 1381, 1189, 1090, 1056 cm™'; '"H NMR
(400 MHz, CDCl;) ¢ 0.90-1.00 (m, 6H), 1.00-1.12 (m, 18H), 1.19—
1.31 (m, 1H), 1.38-1.61 (m, 8H), 1.85-1.19 (m, 1H), 3.75 (s, 2H),
3.80-3.98 (m, 4H); *CNMR (100 MHz, CDCl;)¢ 12.3,12.4,17.2,
18.2,22.5, 30.5, 31.0, 37.5, 46.9, 64.8, 67.6, 113.6; MS (FAB) m/z
357,313,295, 283,269,241,227,199; HRMS (FAB) m/z 357.2824
(calcd for C,H,, 0551 357.2825).

2,3-Dimethyl-2-(triisopropylsilyloxymethyl)cyclohexanone (25).
To a solution of 24 (1.04 g, 2.91 mmol) in acetone-H,O (9 :
I, 36 mL) at 0 °C under argon was added pyridinium p-
toluenesulfonate (0.076 g, 0.30 mmol) and the solution was heated
at 65 °C for 18 h. The mixture was diluted with saturated aqueous
NaHCO; (5 mL) and extracted with Et,O (3 x 30 mL) and
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the combined extract was washed with saturated aqueous NaCl
(30mL), dried (MgSO,) and concentrated under reduced pressure.
Flash column chromatography of the residue (silica, 1% Et,O in
hexanes) yielded 0.85 g (93%) of 25 as a colourless oil: IR (neat)
2941, 2866, 1712, 1463, 1104, 1068 cm~'; '"H NMR (400 MHz,
CDCl;) 0 0.88 (s, 3H), 0.90 (d, J = 7 Hz, 3H), 0.97-1.10 (m, 21H),
1.43-1.61 (m, 1H), 1.67-1.91 (m, 4H), 2.22-2.42 (m, 4H), 3.60 (d,
J =7 Hz, 1H), 3.98 (d, J = 7 Hz, 1H); “C NMR (100 MHz,
CDCly) 0 12.4, 15.8, 16.0, 18.0, 18.4, 23.8, 29.2, 35.0, 39.1, 54.6,
66.7,214.7; MS (CI) m/z 313, 295, 269, 239, 227, 199; HRMS (CI)
m/z 313.2562 (calcd for C3H;,0,Si 313.2562).

Hydrazone 26. To a solution of 25 (0.51 g, 1.60 mmol) in
THF (11 mL) under argon was added 2,4,6-triisopropylbenzene-
sulfonylhydrazine (0.58 g, 2.0 mmol) and the solution was stirred
at room temperature for 12 h. Silica was added and the mixture
was concentrated under reduced pressure while keeping the
bath temperature below 30 °C. Gradient chromatography of the
material dry-loaded on silica (Et,O-hexanes, 1 : 19, then EtOAc—
hexanes, 3 : 97) afforded 0.75 g (78%) of 26 as a colourless foam:
IR (neat) 3243, 2958, 2866, 1600, 1563, 1462, 1425 cm™"; '"H NMR
(400 MHz, CDCl;)6 0.78 (d, J = 7 Hz, 3H), 0.88 (s, 3H), 0.91-1.05
(m, 21H), 1.28 (m, 21H), 1.57-1.71 (m, 2H), 1.75-1.85 (m, 1H),
1.98-2.12 (m, 2H), 2.32-2.42 (m, 1H), 2.90 (g, J/ = 5 Hz, 1H),
3.48 (d, J =7Hz, 1H), 3.78 (d, ] = 7 Hz, 1H), 4.20 (m, 1H), 7.11
(s, 2H), 7.45 (bs, 1H); *C NMR (100 MHz, CDCl;) 6 12.3, 12.9,
15.9, 18.0, 18.4, 19.5, 20.9, 23.5, 24.0, 25.2, 28.4, 30.2, 34.5, 34.6,
48.6, 69.5, 123.8, 131.9, 151.5, 153.3, 161.8; MS (CI) m/z 593,
549, 482, 392, 325, 295, 236; HRMS (CI) m/z 593.4174 (calcd for
C33Hg O;3N,SSi 593.4172). There was also isolated 0.052 g (10%)
of 25.

[(5,6 - Dimethyl - 6 - triisopropylsilyloxymethyl)cyclohex- 1 - enyl] -
methanol (28). To a solution of 26 (1.86 g, 3.10 mmol) in
hexane (1 : 9, 39 mL) under argon at —78 °C was added tert-
butyllithiumhexane (1.3 M, 9.6 mL, 13 mmol) and the solution was
warmed to 0 °C for 15 min, after which gas evolution had ceased.
The orange solution was cooled to —78 °C, DMF (1.25 mL,
16 mmol) was added, and the mixture was allowed to warm to
room temperature over 2 h. Et,O (10 mL) and H,O (10 mL) were
added, and the mixture was extracted with Et,O (3 x 20 mL).
The combined extract was washed with saturated aqueous NaCl
(20 mL), dried (MgSO,) and concentrated under reduced pressure
to yield crude 27 as a yellow oil. This material was taken up
in CH,Cl, (31 mL) and the solution was cooled to —78 °C. A
solution of DIBAL-H in CH,Cl, (1 M, 6.3 mL, 6.3 mmol) was
added and the mixture was allowed to warm to —20 °C over
30 min. After cooling the mixture to —78 °C, saturated aqueous
potassium sodium tartrate (2 mL) was added and the mixture was
allowed to warm to room temperature over 14 h. The mixture
was dry-loaded on silica and subjected to gradient flash column
chromatography (silica, hexanes to 5% Et,0O in hexanes) to give
0.768 g (75% from 26) of 28 as a colourless oil: IR (neat) 3354,
2942, 2866, 1659, 1463, 1433, 1383 cm™'; 'H NMR (400 MHz,
CDCl;) 0 0.85(d, J =7Hz, 3H), 0.87 (s, 3H), 1.05-1.15 (m, 21H),
1.30-1.42 (m, 1H), 1.52-1.62 (m, 1H), 1.82-1.95 (m, 1H), 2.00-
2.08 (m, 2H), 3.05 (m, 1H), 3.65 (s, 2H), 3.9 (m, 1H), 4.2 (d, J =
4 Hz, 1H), 5.82 (t, J = 3 Hz, 1H); “C NMR (100 MHz, CDCl;)
0 124,163, 17.7, 18.4, 24.7, 26.8, 33.0, 42.8, 65.3, 69.2, 129.1,

142.0; MS (CI) m/z 327 (M + H)*, 309, 283, 239; HRMS (CI)
m/z 326.2637 (caled for CjoHy0,Si 326.2641).

(2-Bromomethyl-1,6-dimethylcyclohex-2-enylmethoxy)triisopro-
pylsilane (29). To a solution of 28 (0.060 g, 0.18 mmol) in
CH,CI, (1.9 mL) under argon at 0 °C was added methanesulfonic
anhydride (0.050 g, 0.29 mmol) and Et;N (0.09 mL, 0.65 mmol)
and the solution was stirred for 1.5 h. The mixture was diluted
with hexanes (6 mL) and filtered through Celite. The filtrate was
concentrated to yield the crude mesylate which was taken up
into THF (2.4 mL). To the solution at room temperature under
argon was added freshly dried LiBr (0.081 g, 0.93 mmol) and
the solution was stirred at room temperature for 1 h, at which
time a white suspension had formed. The mixture was diluted
with hexane (10 mL) and filtered through a pad of basic alumina
(Activity IV). The filtrate was concentrated under reduced
pressure to leave a residue, which was purified by passage through
a pad of basic alumina (Activity IV, hexanes) to yield 0.066 g,
(92%) of 29 as a colourless oil: IR (neat) 2959, 2941, 2865, 1463,
1098, 1066 cm™'; 'H NMR (400 MHz, CDCl;) 6 0.85 (d, J =
7 Hz, 3H), 0.95-1.15 (m, 21H), 1.30-1.42 (m, 1H), 1.52-1.62 (m,
1H), 1.82-1.95 (m, 1H), 2.00-2.2 (m, 2H), 3.72 (m, 2H), 4.15 (q,
J = 7 Hz, 2H), 6.02 (t, J = 3 Hz, 1H); *C NMR (100 MHz,
CDCly) 0 12.4, 16.3, 19.7, 24.6, 26.0, 30.0, 32.2, 36.0, 43.6, 68.8,
133.2, 148.2; MS (CI) m/z 389, 347, 309, 182; HRMS (CI) m/z
387.1718 (caled for C,yH;BrOSi 387.1718).

3-(Hydroxymethyl)furan (31). To a solution of 3-furoic acid
(30, 2.24 g, 20.0 mmol) in THF (10 mL) at 0 °C under argon was
added a solution of borane-dimethyl sulfide in THF (2 M, 12 mL,
24.0 mmol) and the mixture was warmed to room temperature
and stirred for 24 h. The reaction mixture was diluted carefully
with H,O (20 mL), and solid NaCl and Na,CO; (1 : 1, 20 g)
were added. The mixture was extracted with Et,O (2 x 10 mL),
and the combined extract was washed with saturated NaCl, dried
over anhydrous Na,SO, and concentrated under reduced pressure.
Chromatography of the residue on silica (300 g, Et,O-hexanes, 1 :
1) afforded 1.56 g (80%) of 31 as a colourless oil: IR (neat) 3335,
2928, 2880, 1504, 1388, 1157, 1023 cm™'; '"H NMR (300 MHz,
CDCl;) J 3.08 (bs, 1H), 4.44 (s, 2H), 6.37 (m, 1H), 7.34-7.36
(m, 2H); *C NMR (75 MHz, CDCl,) § 56.6, 110.2, 125.6, 140.3,
143.8; MS (CI) m/z 98 (M*), 95; HRMS (CI) m/z 98.0366 (calcd
for C;HO, 98.0368).

3-(tert-Butyldimethylsilyloxy)methylfuran (32). To a solution
of 31 (2.94 g, 30.0 mmol) in CH,Cl, (40 mL) at 0 °C under argon
was added imidazole (2.45 g, 36.0 mmol). After the imidazole had
dissolved, solid tert-butyldimethylsilyl chloride (5.43 g, 36.0 mmol)
was added and the mixture was stirred at room temperature for
2 h. The mixture was diluted with a mixture of Et,O and H,O
(1 : 1, 100 mL), the layers were separated, and the aqueous
layer was extracted with Et,O (3 x 25 mL). The combined
extract was washed with saturated aqueous NaCl, dried over
anhydrous Na,SO, and concentrated under reduced pressure.
Chromatography of the residue on silica (300 g, Et,O-hexanes,
1 : 19) afforded 6.36 g (100%) of 31: IR (neat) 2956, 2930, 2858,
1502, 1472, 1463, 1255, 1093, cm™'; "TH NMR (300 MHz, CDCl;)
0 0.10 (s, 6H), 0.93 (s, 9H), 4.61 (d, J = 1 Hz, 2H), 6.37 (m, 1H),
7.35-7.38 (m, 2H); *C NMR (75 MHz, CDCl;) 6 18.8, 26.3, 57.8,
110.0, 126.1, 139.7, 143.5; MS (CI) m/z 212 (M)*, 197, 155, 137,
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125, 111, 99, 89; HRMS (CI) m/z 212.1235 (caled for C,,H,,0,Si
212.1232).

2-(tert-Butyldimethylsilyl-)3-(hydroxymethyl)furan (33). To a
solution of 32 (4.24 g, 20.0 mmol) in THF (40 mL) under
argon at —78 °C was added n-butyllithium (1.0 M in hexanes,
12.5 mL, 22.0 mmol) and hexamethylphosphoramide (HMPA,
3.94 mL, 22.0 mmol). The mixture was allowed to warm to room
temperature over 6 h and was stirred at room temperature for
12 h. The mixture was diluted with a mixture of Et,O and H,O
(1:1, 100 mL), the layers were separated and the aqueous layer
was extracted with Et,O (3 x 25 mL). The combined extract
was washed with saturated aqueous NaCl, dried over anhydrous
Na,SO, and concentrated under reduced pressure. Purification of
the residue by flash chromatography (300 g silica EtOAc-hexanes
2 : 3) gave 3.35 g (79%) of 33 as a colourless solid: mp 4445 °C;
IR (neat) 3322, 2953, 2929, 2857, 1471, 1412, 1390, 1252 cm™';
'"H NMR (300 MHz, CDCl;) ¢ 0.28 (s, 6H), 0.90 (s, 9H), 2.12
(bs, 1H), 4.55 (s, 2H), 6.46 (d, J = 1 Hz, 1H), 7.57 (d, J = 1 Hz,
1H); BC NMR (75 MHz, CDCl;) 6 —5.3, 17.7, 26.7, 57.4, 110.9,
136.3, 147.1,155.2; MS (CI) m/z 213 (M + H)*, 195, 155, 127, 99;
HRMS (CI) m/z 195.1207 (caled for C;;H,y08Si 195.1205).

2-(tert-Butyldimethylsilyl)-3-methylfuran (35). To a solution
of 33 (0.252 g, 1.19 mmol) in toluene (12 mL) at 0 °C was
added methanesulfonic anhydride (0.413 g, 2.37 mmol) and
diisopropylethylamine (1.01 mL, 5.85 mmol) and the mixture was
stirred for 1 h at 0 °C. The mixture was diluted with hexanes
(25 mL) and filtered, and the filtrate was concentrated to yield
crude mesylate 34: '"H NMR (300 MHz, CDCl;) 6 0.32 (s, 6H),
0.91 (s, 9H), 2.95 (s, 3H), 5.19 (s, 2H), 6.51 (m, 1H), 7.63 (m, 1H);
BC NMR (75 MHz, CDCly) 6 —5.4, 17.7, 26.7, 38.8, 64.2, 111.6,
129.2, 147.6, 158.9.

Crude 34 was taken up in THF (4.7 mL) and the solution was
stirred at 0 °C as lithium triethylborohydride (1.0 M, 2.4 mL,
2.4 mmol) was added. The solution was allowed to warm to room
temperature over 1 h, by which time the initially clear solution had
turned cloudy. H,O (10 mL) was added cautiously and the mixture
was extracted with Et,O (3 x 20 mL). The combined extract was
washed with saturated aqueous NaCl (30 mL), dried (Na,SO,),
and concentrated, and the crude product was purified by flash
column chromatography (silica, hexanes) to yield 0.245 g (93%)
of 35 as a volatile, colourless oil: '"H NMR (300 MHz, CDCl;) 6
0.28 (s, 6H), 0.91 (s, 9H), 2.13 (s, 3H), 6.23 (m, 1H), 7.54 (m, 1H);
"CNMR (75 MHz, CDCl;) 6 —5.4,11.8, 18.2, 26.8, 113.1, 131.1,
146.3, 153.7; MS (CI) m/z 196 (M)*, 181, 139, 125, 111; HRMS
(CI) m/z 196.1277 (caled for C,;H,OSi 196.1283).

2-(Tri-n-butylstannyl)-5-(zert-butyldimethyl)silyl-4-methylfuran
(36). tert-Butyllithiumhexene (0.88 M, 3.12 mL, 2.75 mmol) was
added to a solution of 35 (0.451 g, 2.29 mmol) in hexane (4.14 mL)
containing TMEDA (0.46 mL) at —78 °C and the solution was
allowed to warm to room temperature over 6 h. The resulting
yellow suspension was cooled to —78 °C and tri-n-butyltin chloride
(0.75mL, 2.76 mmol, dried by passage through a short pad of basic
alumina) was added after which the mixture was allowed to warm
to room temperature over 14 h. H,O (10 mL) was added and the
mixture was extracted with Et,O (3 x 20 mL). The organic extracts
were combined, washed with saturated aqueous NaCl (30 mL),
dried (Na,SO,) and concentrated. The crude product was purified

by flash column chromatography (basic alumina, hexanes) to yield
1.06 g, (95%) of 36 as a volatile, colourless oil: '"H NMR (300 MHz,
CDCl;) 6 0.26 (s, 6H), 0.86-0.92 (m, 6H), 0.90 (s, 9H), 1.04 (t, J =
8 Hz, 6H), 1.26-1.39 (m, 9H), 1.51-1.59 (m, 6H), 2.12 (s, 3H),
6.38 (s, 1H); *C NMR (75 MHz, CDCl;) 6 —5.4, 10.5, 11.6, 14.1,
18.3,27.3,28.0,29.4, 124.9, 131.0, 158.4, 164.9; MS (CI) m/z 486
M + H)*, 429, 373, 315, 291; HRMS (CI) m/z 486.2349 (calcd
for C,;H,OSiSn 486.2340).

2-(tert-Butyldimethyl)silyl-5-[(5,6-dimethyl-6-hydroxymethyl)-
cyclohex-1-enylmethyl)]-3-methylfuran (38). A solution of 29
(0.0779 g, 0.20 mmol) in THF (1 mL) and 36 (0.290 g, 0.60 mmol)
in THF (1 mL) were each purified by passage through a short
pad of alumina, eluting with THF (5 mL). Each solution was
transferred to a base-washed flask, the mixture was concentrated
and THF (2 mL) was added. The solution was degassed by two
freeze—pump-thaw cycles and stirred at room temperature under
argon. Palladium dibenzylideneacetone (0.037 g, 0.039 mmol)
was added and the solution was stirred at room temperature for
36 h. The solution was diluted with CH,Cl, (20 mL), dry-loaded
on silica, and subjected to flash column chromatography (silica,
hexanes) to give crude 37 (0.147 g) contaminated with a small
quantity of tin residues as a colourless oil: "H NMR (400 MHz,
CDCl;) 6 0.29 (s, 6H), 0.88 (s, 3H), 0.90 (d, / = 7 Hz, 3H), 0.92 (s,
9H), 1.01-1.15 (m, 21H), 1.32-1.52 (m, 2H), 1.60-1.70 (m, 2H),
1.95-2.05 (m, 3H), 2.12 (s, 3H), 3.31-3.36 (m, 2H), 3.44-3.52 (m,
1H), 3.61-3.69 (m, 1H), 5.34 (m, 1H), 5.91 (s, 1H); *C NMR
(75 MHz, CDCl;) ¢ 11.9, 12.5, 13.1, 13.9, 16.2, 17.6, 18.2, 18.5,
19.3, 24.6, 26.8, 31.9, 32.1, 43.4, 67.6, 67.9, 110.3, 125.8, 132.6,
139.3, 151.5, 159.4; MS (CI) m/z 504 (M)*, 461, 317, 273; HRMS
(FAB) m/z 504.3810 (caled for C;Hs60,Si,: 504.3818).

To a solution of crude 37 in THF (5.8 mL) was added a solution
of TBAF in THF (1 M, 2.90 mL, 2.9 mmol) and the solution was
stirred for 5 h at room temperature. The solution was dry loaded on
silica and purified by chromatography (silica, 5% Et,0 in hexanes)
to give 0.0677 g (97% from 29) of 38 as a colourless oil: IR (neat)
3383, 2954, 2926, 2856, 1599, 1470, 1462, 1249, 1108 cm™'; 'H
NMR (400 MHz, CDCl;) 6 0.30 (s, 6H), 0.81 (s, 3H), 0.90 (s, 9H),
0.95(d, J =7Hz, 1H), 1.36-1.50 (m, 2H), 2.05-2.13 (m, 3H), 2.13
(s, 3H), 3.32 (s, 2H), 3.45 (dd, J = 10, 7 Hz, 1H), 3.66 (dd, J = 8§,
2Hz, 1H), 5.69 (t,J =2 Hz, 1H), 5.96 (s, 1H); *C NMR (100 MHz,
CDCly) 0 —5.6,12.2, 16.4, 17.1, 18.0, 25.6, 26.9, 27.1, 31.2, 32.8,
43.9,66.1, 110.1, 130.1, 133.1, 138.1, 138.1, 152. 8, 158.8; MS (CI)
m/z 348 (M)*, 317, 291, 273, 261, 245, 215, 199, 183, 169; HRMS
(CI) m/z 348.2483 (calcd for C, H;0,Si 348.2484).

2-(tert-Butyldimethyl)silyl-3,4a,5-trimethyl-4-trimethylsilyloxy-
4,4a,5,6,7,9-hexahydronaphtho|2,3-b]furan (40). To a solution of
38 (0.0415 g, 0.12 mmol) in CH,Cl, (1.2 mL) was added powdered
4 A molecular sieves (0.261 g), TPAP (0.0045 g, 0.013 mmol)
and NMO (0.262 g, 1.9 mmol) and the mixture was stirred at
room temperature for 45 min. The mixture was diluted with Et,O
(10 mL) and filtered through a pad of basic alumina (Activity
IV). The pad was washed with a further quantity of Et,O and the
filtrate was concentrated to give crude aldehyde 39 (0.0391 g) as
a pale yellow oil: IR (neat) 2954, 2927, 2856, 1725, 1470, 1461,
1249 cm™'; "H NMR (400 MHz, CDCl;) ¢ 0.25 (s, 6H), 0.81 (d,
J =7 Hz, 1H), 0.94 (s, 9H), 1.05 (s, 3H), 1.40 (m, 1H), 1.56 (m,
1H), 1.95 (m, 1H), 2.10 (s, 3H), 2.18 (m, 2H), 3.12 (q, J = 7 Hz,

This journal is © The Royal Society of Chemistry 2006

Org. Biomol. Chem., 2006, 4, 1020-1031 | 1029





2H), 5.69 (t, J = 2 Hz, 1H), 5.96 (s, 1H), 9.21 (s, 1H); *C NMR
(100 MHz, CDCl;) 6 —5.3, 11.9, 13.5, 16.5, 18.1, 25.6, 25.7, 26.8,
32.5,55.8,110.8, 128.9, 132.6, 134.3, 152.3, 157.3, 204.9; MS (CI)
m/z 346 (M)*, 331, 317, 289, 261, 245, 215, 205, 183, 167, HRMS
(CI) m/z 346.2323 (calcd for C, H;,0,Si 348.2328).

To a solution of crude 39 (0.0391 g) obtained above in CH,Cl,
(3.7mL) at —78 °C under argon were added 2,6-lutidine (0.10 mL,
0.88 mmol) and trimethylsilyl triflate (81 L, 0.45 mmol), and the
solution was stirred for 16 h at —78 °C. H,O (5 mL) was added
and the mixture was warmed to room temperature and extracted
with Et,O (3 x 20 mL). The combined extract was washed with
saturated aqueous NaCl (20 mL), dried (MgSO,) and concentrated
under reduced pressure, and the residue was purified by flash
column chromatography (silica, 0.25% Et,O in hexanes) to yield
0.0464 g (93%) of 40 as a colourless solid: mp 112-114 °C; 'H
NMR (400 MHz, CDCI;) 6 (major isomer) 0.25 (s, 3H), 0.28 (s,
3H), 0.30 (s, 6H), 0.96 (s, 9H), 1.04 (d, / = 7 Hz, 3H), 1.08 (s, 3H),
1.46-1.60 (m, 1H), 1.80-1.95 (m, 2H), 2.15 (s, 3H), 295 (d, J =
7Hz, 1H), 3.45(d, J = 7 Hz, 1H), 4.86 (s, 1H), 5.62 (d, J = 2 Hz,
1H).

2-(tert-Butyldimethyl)silyl-4,44,5,6,7,9-hexahydro-3,4a,5-
trimethylnaphtho[2,3-b]furan-4-ol (41).

From 40. To a solution of 40 (0.0057 g, 0.014 mmol) in THF
(1.3 mL) was added a solution of TBAF in THF (1 M, 0.03 mL,
0.03 mmol) and the mixture was stirred at room temperature
for 5 min. The mixture was dry-loaded on silica and purified by
column chromatography (5% Et,O in hexanes) to yield 0.0067 g
(83%) of 41 as a colourless oil: IR (neat) 3423, 2951, 2926, 2855,
1461, 1248 cm™'; '"H NMR (300 MHz, CDCl;) 6 0.27 (s, 6H), 0.94
(s, 9H), 1.03 (s, 3H), 1.06 (d, J = 7 Hz, 3 H), 1.43-1.53 (m, 2H),
1.70-1.78 (m, 1H), 1.89-1.95 (m, 1H), 2.02-2.16 (m, 2H), 2.18 (s,
3H), 3.02 (d, J =7 Hz, 1H), 3.45(d, J = 7 Hz, IH), 4.69 (d, J =
8 Hz, 1H), 5.65 (m, 1H); *C NMR (75 MHz, CDCl;) 4 11.1, 15.7,
16.2,18.1,22.5,26.9,27.3,30.1, 32.0, 33.6,43.5,73.7,120.3, 123.9,
132.2, 137.4, 152.9, 154.6; MS (CI) m/z 346 (M*), 329, 289, 259,
229, 219, 197; HRMS (CI) m/z 346.2325 (caled for C, H;,0,Si
346.2328).

From 43. To a solution of 43 (0.0160 g, 0.046 mmol) in CH,Cl,
(0.4mL)at —78 °C under argon was added a solution of DIBALH
(1.0 M in CH,Cl,, 0.096 mL, 0.096 mmol) and the mixture was
allowed to warm to —20 °C over 4 h. The solution was recooled to
—78 °C and was quenched with Rochelle’s salt (0.5 M). The layers
were separated, the aqueous layer was extracted with Et,O (3 x
5SmL) and the combined extract was dried over anhydrous MgSO,
and concentrated under reduced pressure. Chromatography of the
residue on silica (10 g, Et,O-hexanes, 1 : 9) afforded 0.011 g (70%)
of 41 identical with material prepared from 40. A solution of 41
in CH,Cl, and pyridine containing a catalytic quantity of DMAP
was reached with p-nitrobenzoyl chloride at 80 °C for 12 h to give
p-nitrobenzoate 42 (80%) as a crystalline solid, mp 117-120 °C
(decomp.).

2-(tert-Butyldimethyl)silyl-3,4a,5-trimethyl-4,44,5,6,7,9-hexa-
hydronaphtho|2,3-b]furan-4-one (43). To a solution of 41 (8.0 mg,
0.01 mmol) in CH,Cl, (1 mL) at room temperature under argon
were added 4 A mol sieves (25 mg), TPAP (1 mg) and NMO
(10 mg). The green suspension was stirred for 2 h, then was filtered
and concentrated under reduced pressure. Chromatography of the
residue on silica (10 g, EtOAc-hexanes, 1 : 19) afforded 5.0 mg

(80%) of 43 as a colourless oil: IR (neat) 2953, 2928, 2856, 1679,
1650, 1607, 1431, 1412, 1251, 836, 824 cm~'; "H NMR (300 MHz,
CDCl;) 0 0.26 (s, 6H), 0.91 (s, 9H), 1.15(d, J = 7 Hz, 3H), 1.21 (s,
3H), 1.39-1.55 (m, 2H), 1.90-2.07 (m, 2H), 2.26 (s, 3H), 2.36-2.43
(m, 1H), 3.32 (d, J = 8 Hz, 1H), 3.71 (dq, J = 8, 1 Hz, 1H), 5.70
(m, 1H); *CNMR (75 MHz, CDCl;) ¢ —5.3,10.8,17.8, 18.1, 19.9,
24.0, 26.8, 29.0, 31.9, 32.7, 51.3, 119.3, 126.7, 131.3, 135.9, 154.8,
168.0, 200.2; MS (CI) m/z 344 (M*), 329, 287, 259, 217, 189, 97,
HRMS (CI) m/z 344.2174 (calcd for C,, H3,0,Si 344.2172).

6p-Hydroxyeuryopsin (3). To a solution of 40 (2.0 mg,
0.006 mmol) in THF (0.2 mL) under argon was added solid TBAF
(0.060 g, 0.23 mmol) and the red solution was heated at 55 °C for
24 h. The solution was diluted with Et,O and H,O, the layers were
separated, and the aqueous layer was extracted with Et,O (3 x
5 mL). The combined extract was dried over anhydrous MgSO,
and concentrated under reduced pressure. Chromatography of the
residue on silica (1 g, Et,O-hexanes, 1 : 9) afforded 0.8 mg (60%)
of 3: '"H NMR (300 MHz, CDCl;) ¢ 1.03 (s, 3H), 1.06 (d, J =
7 Hz, 3 H), 1.40-1.50 (m, 2H), 1.70-1.78 (m, 1H), 1.89-1.95 (m,
1H), 2.02-2.16 (m, 2H), 2.05 (s, 3H), 2.97 (d, J/ = 7 Hz, 1H), 3.42
(d, J =7Hz 1H), 4.67 (d, J = 8 Hz, 1H), 5.65 (m, 1H), 7.05 (s,
1H); MS (CI) m/z 232 (M*), 220, 215, 199, 191, 177, 163, 149,
135; HRMS (CI) m/z 232.1460 (caled for C,sH 0, 232.1463).

3-(tert-Butyldimethyl)silyl-3,4a,5-trimethyl-4-trimethylsilyloxy-
4a,5,6,7-tetrahydro-4 H-naphtho|2,3-b|furan-2-one (44). m-Chlo-
roperbenzoic acid (0.0073 g, 0.042 mmol) was added to a solution
of 40 (0.0148 g, 0.035 mmol) in CH,Cl, (1.4 mL) and the solution
was stirred for S min at room temperature. The mixture was washed
with saturated aqueous NaHCO; (2 x 2 mL) and filtered through
a pad of basic alumina (Activity IV). The pad was washed with
CH,CI, (5 mL) and the filtrate was concentrated to yield crude
44 as a mixture of two diastereomers. The mixture was separated
by column chromatography (silica, 25% CH,Cl, in hexanes) to
yield a less polar diastereomer (0.0064 g, 42%) and a more polar
isomer (0.0085 g, 55%). Less polar isomer: IR (neat) 2929, 2858,
1776, 1251, 1076, 1062 cm™'; "H NMR (CDCl;, 400 MHz) 6 0.27
(s, 9H), 0.97 (d, J = 7 Hz, 3H), 1.04 (s, 9H), 1.11 (s, 3H), 1.42—
1.47 (m, 1H), 1.56 (s, 3H), 1.66-1.74 (m, 1H), 1.90 (dt, J = 18,
6 Hz, 1H), 2.08-2.17 (m, 2H), 2.65 (d, J = 17 Hz, 1H), 3.18 (br,
1H), 4.53 (dd, J = 4, 1.3 Hz, 1H), 5.59 (d, J = 6 Hz, 1H); “C
NMR (CDCl;, 100 MHz) 6 —5.5, —4.8, 2.1, 15.1, 15.5, 17.2, 20.7,
21.1, 26.6, 28.2, 30.2, 31.4, 44.7, 45.7, 74.6, 121.2, 123.6, 135.2,
145.6, 183.3; HRMS (ES) m/z 435.2736 (calcd for C,,H,;0;Si,
435.2751). More polar isomer: IR (neat) 2927, 2859, 1776, 1251,
1078, 1068, 869, 838 cm™'; '"H NMR (CDCl;, 400 MHz) ¢ 0.21
(s, 3H), 0.24 (s, 12H), 0.97 cm™' (d, J = 7 Hz, 3H), 1.00 (s, 3H),
1.37-1.25 (m, 1H), 1.51 (s, 3H), 1.76-1.67 (m, 1H), 1.86 (dt, J =
18, 6 Hz, 1H), 2.03-2.19 (m, 2H), 2.66 (dd, / = 17, 1 Hz, 1H), 3.21
(br, 1H), 4.66 (dd, J = 3, 2 Hz, 1H), 5.60 (d, J = 5 Hz, 1H); *C
NMR (CDCl;, 100 MHz) 0 —7.5, —5.8, 1.8, 14.6, 17.0, 19.4, 19.9,
20.9, 26.3, 27.4, 30.7, 31.0, 43.4, 44.1, 75.7, 120.2, 123.5, 134.5,
147.1, 183.1; HRMS (CI) m/z 435.2743 (calcd for C,;H,;0;Si,
435.2751).

Toluccanolide A (5). To a solution of 44 (0.0035 g, 0.0081 mmol)
in THF (0.08 mL) was added TBAF (0.08 mL, 0.08 mmol) and the
mixture was stirred at room temperature for 30 min. Et,O (5 mL)
was added, and the resulting suspension was filtered through a
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pad of basic alumina (Activity IV). The alumina was washed with
EtOAc and the filtrate was concentrated to dryness. The residue
was purified by column chromatography (silica, 15% EtOAc in
hexanes) to give 0.0016 g (84%) of 5 as a colourless solid: mp
153-155 °C; IR (neat) 3444, 2925, 1733, 1675, 1447, 1380, 1339,
1286, 1152, 1080, 1040, 1003 cm™'; "H NMR (CDCl;, 400 MHz) 6
0.92 (s, 3H), 1.11 (d, J = 7 Hz, 3H), 1.40-1.49 (m, 1H), 1.56-1.63
(m, 1H), 2.07 (t, / = 2 Hz, 3H), 1.90-2.19 (m, 3H), 2.76 (dd, J =
12, 7 Hz, 1H), 4.44-4.50 (m, 2H), 5.77 (td, J = 4, 2 Hz, 1H); “C
NMR (CDCl,;, 100 MHz) 6 9.4, 14.1, 17.7, 23.9, 27.8, 35.9, 40.3,
459,78.5,78.7,122.8,129.3, 134.3,161.1, 175.0, HRMS (CI) m/z
249.1491 (calcd for C,sH,,O; 249.1491).

Ozonide45. A solution 0f40(0.0072 g, 0.017 mmol) in CH,Cl,
(1.14 mL) containing a small quantity of Rose Bengal was flushed
with O,, then was cooled to —78 °C and irradiated with a 300
W tungsten lamp. After 30 min, charcoal was added, the reaction
was warmed to room temperature and the mixture was filtered
through a pad of Celite. The filtrate was evaporated to dryness to
yield crude 45, which was used without further purification: IR
(neat) 2957, 2928, 2858, 1713, 1310, 1261, 1252, 1232, 1155, 1069,
1050, 880, 842, 825, 794, 604 cm~';'"H NMR (CDCl;, 400 MHz)
0 0.10 (s, 3H), 0.38 (s, 6H), 0.93 (s, 3H), 0.98-0.94 (m, 1H), 1.02
(d, J =7 Hz, 3H), 1.04 (s, 3H), 1.36 (dtd, J = 18, 7, 4 Hz, 1H),
1.58-1.64 (m, 1H), 1.99 (s, 3H), 2.02-2.06 (m, 2H), 2.73 (d, J =
16 Hz, 1H), 3.51 (ddd, J =16, 5,3 Hz, 1H), 4.58 (s, 1 H), 5.41 (brs,
1H); "C NMR (CDCl;, 100 MHz) 6 —5.1, —4.9. 0.1, 15.4, 16.7
(x2), 17.8, 25.0, 25.6, 26.9, 34.1, 44.6, 46.2, 69.6, 125.6, 135.2,
135.6, 138.5, 170.7, 199.6; HRMS (CI) m/z 451.2720 (caled for
C,H,;0,Si1, 451.2700).

9a-Hydroxy-3,4a,5-trimethyl-4-trimethylsilyloxy-4a,5,6,7,9,9a-
hexahydro-4 H-naphtho[2,3-b]furan-2-one (46). A solution of 40
(0.0079 g, 0.019 mmol) in CH,Cl, (1.3 mL) containing a small
quantity of Rose Bengal was flushed with O,, then was cooled to
—78 °C and irradiated with a 300 W tungsten lamp. After 30 min,
a small quantity of pyridinium p-toluenesulfonate in THF (1 mL)
and water (1 mL) was added, and the mixture was stirred at room
temperature for 3 h. The mixure was extracted with Et,0 (3 x
5 mL) and the combined extract was concentrated to dryness.
The residue was purified by column chromatography (silica, 10%
EtOAc in hexanes) to yield 0.0072 mg (100%) of 46 as a colourless
solid: mp 192-196 °C; IR (neat) 3347, 2957, 2922, 2852, 1740,
1694, 1435, 1306, 1253, 1232, 1204, 1121, 1086, 1062, 1013, 954,
909, 882, 840, 753 cm™!; 'TH NMR (CDCl;, 400 MHz) 6 0.17 (s,
9H), 0.88 (s, 3H), 1.10 (d, J = 7 Hz, 3H), 1.36 (dddd, J = 14, 10,
7,7 Hz, 1H), 1.51-1.59 (m, 1H), 1.82 (dtd, J = 16, 7, 3 Hz, 1H),
2.02 (d, J = 2 Hz, 3H), 2.00-2.07 (m, 2H), 2.54 (dd, J = 14, 2 Hz,
1H), 2.65(d, J = 14 Hz, 1H), 2.76 (s, 1H), 4.47 (d, J = 2 Hz, 1H),
5.75 (brs, 1H); *C NMR (CDCl;, 100 MHz) 6 — 0.2, 9.2, 12.8,
18.5, 24.7, 28.6, 36.7, 46.2, 47.5, 78.4, 102.5, 124.4, 129.8, 134.8,
159.7, 172.0; MS (CI) m/z 337 (M + H)*, 319, 247, 229; HRMS
(CI) m/z 337.1820 (calcd for C,sH,,0,Si 337.1835).

Toluccanolide C 6. To a stirred solution of 46 (0.0025 g,
0.0074 mmol) in THF (1 mL) was added HCI (1 M, 2 drops) and
the solution was stirred for 16 h. The solution was concentrated to
dryness and the residue was purified by column chromatography
(30% EtOACc in hexanes) to give 0.0019 g (97%) of 6 as a colourless

solid: mp 159-161 °C; IR (neat) 3444, 2922, 2850, 1739, 1684,
1456, 1434, 1380, 1311, 1231, 1189, 1118, 1078, 1058, 1040, 1010,
975, 942, 909, 752, 733 em~'; 'H NMR (CDCl,, 400 MHz) 6 0.93
(s, 3H), 1.16 (d, J = 7 Hz, 3H), 1.44 (dddd, J = 14, 10, 8, 7 Hz,
1H), 1.54-1.57 (m, 1H), 1.93 (dtd, J = 17, 7, 3 Hz, 1H), 2.06 (d,
J =2 Hz, 3H), 2.03-2.09 (m, 2H), 2.55 (dd, J = 14, 2 Hz, 1H),
2.67(d, J = 14 Hz, 1H), 3.09 (s, 1H), 4.62-4.64 (m, 1H), 5.75 (brs,
1H); *C NMR (CDCl,, 100 MHz) J 9.0, 12.9, 18.5, 24.7, 28.5,
37.4,45.3,47.0,78.4, 102.4, 124.5,129.6, 134.7, 158.8, 172.1; MS,
(ES) m/z 265 (M + H)*, 247; HRMS (ES) m/z 265.1435 (calced
for C,sH,, O, 265.1440).
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Assemblies of 2-styrylbenzothiazole containing an 18-crown-6 ether fragment with perchlorates of
amino acids C1O,”NH,*(CH,),COOH (n = 2, 10) were studied by UV, NMR spectroscopy,
time-resolved fluorescence spectroscopy and quantum-chemical calculations. The obtained data
showed that complex formation of the crown-containing 2-styrylbenzothiazole with amino acids occurs
through mono- or ditopic coordination. The formation of a ditopic complex influences the E-Z

photoisomerization reaction of 2-styrylbenzothiazole.

Introduction

The design of synthetic receptors for neutral molecules is an area
of intense current interest."* The area has grown from early work
on cyclodextrin or single crown ether complexation to a wide array
of receptor shapes and structures. Furthermore, the range of sub-
strates has increased from simple aromatic or metal ion substrates
to peptides and carbohydrates. The construction of synthetic
molecules capable of recognizing and binding small organic molec-
ular substrates (ammonium salts, carboxylic acids)®*” is important
in the perspective that bioactive molecules such as amino acids,
peptides and proteins containing amino and carbonyl groups can
also associate with the same type of receptors.>'! However, com-
pared to the large number of chromo/fluororeceptors for cations
or anions, the development of artificial receptors for amino acids
is quite limited and still a challenge due to their highly hydrophilic
character. In order to recognise the amino acid effectively,
simultaneous binding of the ammonium and carboxylate groups
is required. In the reported examples, crown ethers were chosen
as ammonium binding sites,'”**® and quaternary ammonium,®
guanidinium'® or metals' were used as carboxylate binding
centers.

In this work, we selected benzo-18-crown-6 ether as the ammo-
nium binding site and a benzothiazole residue as the carboxylate
bindingsite. The two binding centers are connected with each other
through an ethylenic double bond. The irradiation of the receptor
with light results in the reversible reaction of E-Z isomerization
around the C=C double bond which substantially changes the
structure of the receptor. The occurrence of the phototransforma-
tion will change the ability of the receptor to bind with amino
acids. The photoswitchable ability of the photochromic crown
ethers to bind the metal cations is a well known phenomenon
in the literature.** The creation of photocontrolled receptors
for organic molecules is a less developed topic. The receptors

“Photochemistry Center of RAS, 7a Novatorov str., Moscow, 119421, Russia
*Centre de Physique Moléculaire Optique et Hertzienne-UMR CNRS 5798,
Bordeaux University I, 351 Cours de la Libération, 33405, Talence, France
“Institut Européen de Chimie et Biologie-IECB UMR5144 MOBIOS, 2 rue
Robert Escarpit, F-33607, Pessac, France

may be interesting for the development of photocontrolled mem-
brane transport systems and photocontrolled artificial catalytic
systems.

Results and discussion

In the present investigation, the assemblies of crown-containing
2-styrylbenzothiazole (E)-1 with perchlorates of amino acids
ClO,~NH;*(CH,),COOH (n = 2 (A2) and n = 10 (A10)) were
studied by optical and NMR spectroscopy. In the design of
the appropriate receptor, we used molecule (E)-1 possessing two
binding centres of different nature (Scheme 1).? The ligand was
prepared as described in refs. 27 and 28. According to the NMR
data, the ligand is formed as the E-isomer.

soatels
f 1 Co \i/oj

NH,"
Bathochromic shift Hypsochromic shift in UV spectrum
in UV spectrum

+

Scheme 1

The addition of perchloric acid to a solution of (E)-1 in MeCN
leads to the coordination of a proton with the heterocyclic N atom
accompanied by a large bathochromic shift of the long wavelength
band up to 60 nm (see Fig. 1). The complex formation of (E)-1
with ammonium cations occurs through the crown ether moiety
what causes the hypsochromic shift in UV spectrum (see Fig. 1).
The spectrophotometric method was used for the determination
of the stability constants. The magnitudes of the constants are
listed in Table 1.

We supposed that perchlorates of amino acids A2 and A10
can form complexes with receptor (£)-1 due to hydrogen bond
formation between the carboxylic proton and the heterocyclic
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Table 1 Stability constants, time-resolved fluorescence data and reorientation time for (£)-1 and its complexes with amino acids A2, A10 in MeCN,

C,=5x 10" mollI"", Copmpiex =5 x 10~ °mol "', 25°C

(E)-1 [(E)-1]-A2 [(E)-1]-A10 [(E)-1]-NH," [(E)-1]-H”
Log K}, 4.11 + 0.006 4.18 £ 0.01 4.52 +0.02 6.4+0.5
75 (reorientation time) 20 ps (100 ps) 20 ps (150 ps) 20 ps (>350 ps) 17 ps (47 ps) 26 ps (100 ps)
25 3.0 L
1.0 1.0
25
2.0 . 3
3 o
X ~ 204 >
o 2 "E %
£ %7 2 s 5
O -
g 1.0 e 2 §
: 3 2" 2
< o o
: :
0.5 2 0.5
LS 0.0 : : . : - , . » . 0.0
0.0 y T y T y T y T ¥ 0.0 200 300 400 500 600 700
200 300 400 500 600 700

Wavelength (nm)

Fig.1 Absorption and fluorescence spectra: 1, 1’ = free ligand 1; 2,2’ =
complex 1-H*, and 3, 3 = complex 1-NH,* in MeCN, C, = I x 10~* mol
1!, Coompix = 1 x 107 mol 1!, 25 °C.

residue and between the ammonium protons and the oxygen
heteroatoms of the crown ether moiety. The appropriate linker
length between the ammonium and carboxylic group, and the
relative orientations of the two recognition moieties also play
important roles in the formation of supramolecular complexes.
When amino acids A2, A10 were added to an MeCN solution
of (E)-1, a hypsochromic shift of the long wavelength band and an
increase of absorption intensity were found (Fig. 2). The observed
spectral changes were used for the calculation of the stability
constants and the obtained data are presented in Table 1. The value
of the stability constant of complex [(E)-1]-A10 is higher than that
obtained for [(E)-1]-A2. The possible structures of complexes are
presented in Scheme 2. In monotopic complex I, the interaction
between ligand (E)-1 and the amino acid occurs through the
coordination of the ammonium group with the crown ether moiety.

O

Wavelength (nm)

Fig.2 UV spectra of initial ligand 1 and complexes of 1 with amino acids
A2 and A10in MeCN, C; =1 x 10 mol 1!, Ceompiex = 1 x 10* mol 1",
25°C.

In the ditopic complex II, as well as the coordination of the crown
ether complex with the ammonium group, the coordination of the
carboxylic group with the heterocyclic residue is assumed. It is
obvious, that the ditopic coordination of amino acid A2 with two
binding centers of (E)-1 is hardly possible. Thus, for [(E)-1]-A2
the formation of a complex with structure I can be suggested. The
amino acid A10 contains a long enough alkyl chain in order to
form the complex with structure II in which ditopic coordination
is realised. The ditopic complex demonstrates greater stability in
comparison with the monotopic one.

In the case of [(E)-1]-A10, a novel band in the long wavelength
region (420 nm) appeared. The position of the band in the UV
spectrum coincidences with that obtained when perchloric acid
was added to an acetonitrile solution of ligand (E)-1. This fact
indicates the presence of a small amount of a protonic form
of complexed ligand (E)-1 (Scheme 3). The interaction of the

Hooc/(/\)n\ NH3*cl0,- |

3

Scheme 2
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Scheme 3

carboxylic group with the N atom of the benzothiazole residue
can promote the dissociation of the proton from the carboxylic
group. The heterocyclic residue coordinates the removed proton
while the carboxylate anion becomes a counterion.

The lifetimes of the exited states of initial ligand (£)-1 and its
complexes were determined (Table 1). The complex formation of
ligand (E)-1 with ammonium perchlorate decreases the lifetime
of the exited state to 17ps in comparison with 20 ps for the free
ligand (E)-1 (Table 1). The lifetime of the exited state of complex
[(E)-1]-HCIO, is 26 ps, thus, the protonation of the N heterocyclic
atom leads to an increase of the lifetime of the exited state. For
complexes [(E)-1]-A2 and [(E)-1]-A10 the values of the exited state
lifetime are between those for complexes [(E)-1]-H* and [(E)-
1]-NH,*. These excited state lifetimes are in good correlation with
the understanding of the charge transfer variations of the excited
species when the electron donor and acceptor strengths are altered
by the complexation.”” Indeed, the complexation in the crown
ether redistributes the electron density of the negative charge
donor (dimethoxyphenyl) on the positive charged cation (NH,*).
Such redistribution reduces the dipole and the polarizability of the
ground state and reduces the ability of charge transfer in the excited
state which leads to a lower excited state dipole moment. If we take
into account the high dielectric permittivity of the surrounding
solvent (acetonitrile), the excited state is fixed weaker by the
solvation and its potential energy could become higher which
could increase the rate of relaxation through the isomerization
channel if we suppose that the potential energy barrier changes
by a smaller amount than the lowest excited singlet state (S1)
potential energy. Inversely, the positive charge (H*) coordinated
on the acceptor part of the compound can reduce the rate of
the isomerization through lowering of the S1 potential energy.
The double coordination could result in some intermediate cases
which could be very similar to free ligand relaxation. The measured
lifetimes of the excited states are in good agreement with such a
model.

The measured reorientation times (fluorescence anisotropy
decay time constants) represent the rotational inertia of excited
species (including the solvated shell of the excited ligand or
complex). Here, discrimination between different molecular con-
figurations characterized by similar excited state lifetimes could
be done and the coordination could be confirmed. In fact, the
increase in mass (and similarly the inertia) of the complexed ligand
in comparison with the non-complexed one is the explanation for
the increase in measured reorientation times. When the ligand is
coordinating the ammonium cation, the decrease of the dipole
moment will result in a decrease of the volume (and mass) of the
solvated shell in both the ground and excited states which results
in faster reorientation of the complex.

0.1

0.01

Fluorescence intensity (a.u.)

0.001 4 (E)-1TH"

0 50 100 150 200
Time delay (ps)

Fig.3 Fluorescence decay kinetics for (E)-1 and its complexes with NH,*
and H* in MeCN, C, =5x 10~ mol 17!,

In the "H NMR spectra the addition of amino acids to a solution
of ligand (E)-1 in CD;CN causes changes in the chemical shifts
of all protons (Table 2). The downfield shifts of the methylene
resonances of the crown ether moiety indicate the formation of
a hydrogen bond between oxygen macrocyclic atoms and protons
of the ammonium group. The analysis of the coordination of the
ammonium group in the crown ether moiety in complexes [(E)-
1]-A2 and [(E)-1]-A10 by use of COSY and NOESY spectroscopy
as well as geometry optimization calculations with the Chem 3D
program using the MM2 force field showed the same disposition
of the ammonium group in the macrocycles of both complexes
(Scheme 4). In NOESY spectra of both complexes, an interaction
between H” and the protons of the CH,NH;* group was found
(Scheme 4).

The changes of the proton signals of the heterocyclic part
are small for complex [(E)-1]-A2 (Ad = 0.01). In the case of
complex [(E)-1]-A10, the heterocyclic proton signal changes are
more pronounced (Ad = 0.06-0.09). This fact is accounted for by
complex [(E)-1]-A10 possessing structure II (Scheme 4), in which
the interaction of the heterocyclic N atom with the carboxylic
group results in the substantial changes of the heterocyclic proton
chemical shifts in the NMR spectrum (Table 2). In complex [(E)-
1]-A10, the amino acid chain displays along the chromophore
system. The methylene protons are affected by the chromophore
system (the anisotropic effect) which should cause a shift of the
amino acid proton signals to the upfield region in the NMR
spectra. In our experiments, we found that the positions of the
A10 alkyl chain proton signals are shifted to the upfield region in
the NMR spectra (Table 2). This is the additional argument that
complex [(E)-1]-A10 can be represented as having structure II.
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7.11

0.92

A10

1.50, 1.40
—0.09, —0.19

3.68
0.11
3.67
0.10

3.71
0.12
3.70

0.11

3.75
0.12
3.74

3.91
0.12

4.28

7.66 749 740 7.34 7.09 4.33

798 7.58 7.49

8.03

[(E)-1]-A10

Ady

0.10 0.07 0.07

0.07 0.09 0.11

0.04 0.02 0.06 0.06 0.08
798 792 755 745

0.02 0.01

1.26
0.15
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0.86
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[(2)-1]-A10

Ady

0.09 0.09 0.10 0.11,0.14 0.11

0.04 005 0.17 0.11

0.05

0.05

As was found earlier, the free ligand 1 in acetonitrile solution
exists as a mixture of syn- and anti-isomers (Scheme 5).2¢ The
analysis of the NOESY and COSY spectra of complexes [(E)-1]-A2
and [(E)-1]-A10 showed that in complex [(E)-1]-A2 the ligand (E)-
1 exists as the same mixture of syn- and anti-isomers. Thus, in the
NOESY spectra, the interactions between H* <~ H¥, H® < H?,
H* <+ H* and H® < H* belonging to both isomers were found.
In the NOESY spectra of complex [(E)-1]-A10, only H* <> H,
H® <+ H* were observed which means that in complex [(E)-1]-A10
the ligand (E)-1 exists as the anti-isomer. Probably, this result can
be explained by the fact that the relative orientation of the two
binding moieties in the anti-isomer of (E)-1 is more appropriate
for ditopic coordination with A10 in comparison with the situation
in the syn-isomer.

The irradiation of an acetonitrile solution of (E)-1 with light
at 365 nm causes the reversible E~Z isomerization reaction.*
According to the NMR data after 45 min irradiation of (E)-
1, a photostationary mixture contains isomers £ : Zina 2 : 1
ratio. Under the same conditions, complex [(E)-1]-A2 forms the
photostationary mixture with an E : Z isomer ratio of 1.8 : 1. The
monotopic complexation in [(E)-1]-A2 with participation of the
crown ether does not substantially influence the photoisomeriza-
tion reaction. After irradiation of [(E)-1]-A10, an E : Z isomer
ratio equal to 0.7 : 1 was found. The ditopic complex [(E£)-1]-A10
possesses the more rigid structure which prevents the occurrence
of the E-Z isomerization reaction.

The chemical shifts of the proton signals in the NMR spectra
of complexes [(Z)-1]-A2 and [(Z£)-1]-A10 are presented in Table 2.
We found similar magnitudes of all proton signal shifts for both
complexes. The situation is different in comparison with that found
for complexes [(E)-1]-A2 and [(E)-1]-A10. The phenomenon could
be connected with the fact that E-Z isomerization leads to the
destruction of coordination between the carboxy group and the
heterocyclic residue in complex [(E)-1]-A10. The structure of the
formed complex [(Z)-1]-A10 becomes similar to the structure of
complex [(Z)-1]-A2 (Scheme 6).

Conclusion

The data obtained from UV, NMR spectroscopy, time-resolved
data and quantum-chemical calculations showed that complex
formation of the crown-containing 2-styrylbenzothiazole with
amino acids containing 2 or 10 methylene groups between the
ammonium and carboxylic fragments occurs through mono- and
ditopic coordination. The coordination of the ammonium group
with the crown ether moiety is stronger in comparison with binding
of the proton of the carboxylic group with the N atom of the
heterocyclic residue. The ditopic complex formation prevents the
photoinduced reaction of E-Z isomerization. The isomerization
leads to the destruction of the hydrogen bond between the
carboxylic proton and the heterocyclic residue.

Knowledge concerning the interactions between synthetic
molecules with amino acids, polypeptides and nucleic acids is
important for the construction of optical sensors, markers and
especially in the design and development of nucleic acid binding
and cleaving agents, which may be used as structural probes or
therapeutic agents.
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Experimental Synthesis and characterization
Materials NMR study. 'H NMR spectra were recorded on a Bruker

2-[(E)-2-(2,3,5,6,8,9,11,12,14,15-Decahydro-1,4,7,10,13,16-benzo-
hexaoxa-cyclooctadecan-18-yl)ethenyl]-1,3-benzothiazole (1) was
synthesized according to a known procedure.?”*

B-Alanine and 1l-aminoundecanoic acid are commercially
available. For synthesis of amino acid perchlorates HCIO, was
added to the suspension of B-alanine or 11-aminoundecanoic
acid in CH;CN in the ratio HCIO, : amino acid = 0.5 : 1.
Insoluble excess of amino acid was filtered off, the remaining
solvent containing amino acid perchlorates was evaporated to
dryness.

DRX500 instrument (500.13 MHz) and a Bruker DPX400 in-
strument (400.16 MHz) by means of a 5 mm direct QNP 1H/X
probe with gradient capabilities. The NMR samples were prepared
in CD;CN, this solvent being used as the internal reference at
1.96 ppm for 'H; 2D homonuclear NOESY (mixing time 500 ms)
spectra were used to assign the proton signals.

Synthesis of the complex of (E)-1 with perchlorates of amino
acids A2, A10. (E)-1 (2.4 mg, 0.005 mmol) and perchlorate of
B-alanine (A2) (0.9 mg, 0.005 mmol) or 11-aminoundecanoic acid
(A10) (1.5 mg, 0.005 mmol) were dissolved in 0.6 ml CD;CN under
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red light. The resulting [(E)-1]-A2 and [(E)-1]-A10 were used for
NMR investigation (see Table 2).

The irradiation of (E)-1 and its complexes with amino acids. The
solution of (E)-1 (2.4 mg, 0.005 mmol) or [(E)-1]-A2, [(E)-1]-A10in
0.6 ml CD;CN was irradiated with 365 nm light during 45 min. The
resulting mixture was used for NMR investigation (see Table 2).

Spectroscopic measurements

UV-Vis spectra. Preparation of solutions and all experiments
were carried out under red light. The absorption spectrum
measurements were provided using Varian-Cary (Fig. 1, 2) or
Specord-M40 (titration experiments) spectrophotometers.

Equilibrium constant determination. Complex formation of
(E)-1 with A2, A10, HCIO, or NH,CIO, in acetonitrile at 20 £+
1 °C was studied by spectrophotometric titration. The ratio of 1
to A2, A10, HCIO, or NH,ClO, was varied by adding aliquots of
a solution containing known (0.00004 M) concentrations of 1 and
of the corresponding salt or acid to a solution of 1 alone of the
same concentration. The absorption spectrum of each solution
was recorded with a Specord-M40 spectrophotometer and the
stability constants of the complexes were determined using the
“Hyperquad” program,*' designed for use in connection with
studies of chemical equilibrium in solution from data obtained
on potentiometric and/or spectrophotometric titrations. The
program uses a least-squares approach. The following equilibrium
was studied:

L+ M =LM{K, = [LM]/([LIM]D)}
where M = A2, A10, H* or NH,*.

Time resolved fluorescence studies. The fluorescence excitation
light pulses were obtained by frequency doubling and tripling of a
Ti : sapphire femtosecond laser system (Femtopower Compact
Pro) output. All excited state lifetimes were obtained using
depolarized excitation light. The highest pulse energies used to
excite fluorescence did not exceed 100 nJ and the average power
of excitation beam was 0.1 mW at a pulse repetition rate of 1 kHz
focussed into a spot with a diameter of 0.1 mm in the 10 mm
long fused silica cell. The fluorescence emitted in the forward
direction was collected by reflective optics and focussed with a
spherical mirror onto the input slit of a spectrograph (Chromex
250) coupled to a streak camera (Hamamatsu 5680 equipped with
a fast single sweep unit M5676, temporal resolution 2 ps). The
convolution of a rectangular streak camera slit in the sweep range
of 250 ps with an electronic jitter of the streak camera trigger
pulse provided a Gaussian (over 4 decades) temporal apparatus
function with a FWHM of ~20 ps. The fluorescence kinetics
were later fitted by using the Levenberg-Marquardt least-squares
curve-fitting method using a solution of the differential equation
describing the evolution in time of a single excited state and
neglecting depopulation of the ground state:

di(r) 1(r)

=G 10, At, A) — —=
a auss ( ) .

where 1(¢) is the fluorescence intensity, Gauss is the Gaussian
profile of the excitation pulse, where 70 stands for the excitation
pulse arrival delay, Az is the excitation pulse width, and A4 is
the amplitude. The parameter 7 represents the lifetime of the

excited state. The initial condition for the equation is /(—o0) = 0.
Typically, the fit shows a y* value better than 10~* and a correlation
coefficient R > 0.999. The uncertainty of the lifetime was better
than 0.1 ps. Routinely, the fluorescence accumulation time in our
measurements did not exceed 90 s.

The fluorescence anisotropy was measured using a linearly
polarized excitation pulse. The fluorescence polarization, before
sending to the spectrograph, was analysed using a thin film
polarizer. The fluorescence anisotropy decay was obtained using
the following formula:

_ Ipar(t) - Iperp(t)
"= DT 2()

where 1,,.(?) is the fluorescence decay in parallel polarization with
respect to the excitation and /.., (?) is the fluorescence decay in
perpendicular polarization. The high dynamic range of fluores-
cence intensity measurements made possible the determination
of molecular reorientation times up to 350 ps for the studied
molecular systems. The uncertainty of these measurements was
better than 3 ps for the fastest reorientation time of 47 ps and
10 ps for the slower ones.
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We propose a simple and a powerful method to enhance the enantioselectivity for lipase-catalysed
transformations in organic solvents by an addition of metal ion-containing water to the reaction
mixture. In this paper, various metal ions such as LiCl or MgCl, are tested to improve the
enantioselectivity for the model reactions. The enantioselectivities obtained are dramatically enhanced,

the E values of which are about 100-fold as compared with the ordinary conditions without a metal ion,

for example, £ = 200 by addition of LiCl. Furthermore, lowering the reaction temperature led to an

almost perfect enantioselectivity of lipase in the presence of a metal ion, for example, E = 1300 by
addition of LiCl. Also, a mechanism for the drastic enhancement by metal ions is discussed briefly on
the basis of the EPR spectroscopic study and the initial rate for each enantiomer of the substrate.

Introduction

Since the basic discovery showing enzymatic activity even in
organic solvents,! a number of applications of enzyme-catalysed
enantioselective transformations have appeared in the field of
organic synthesis to obtain useful chiral compounds.? For the
enzymatic reactions, their catalysis in organic solvents has several
potential advantages compared with aqueous media, such as
the increased solubility of substrates, the suppression of unde-
sirable side reactions, and an increased stability of the enzyme
to thermal denaturation. Also, among these enzymes applied
to organic synthesis, lipases have been used most frequently,
because they accept rather broad substrate specificities with
high enantioselectivities.* In these enzymatic reactions in organic
solvents, however, controlling the enantioselectivity toward a given
substrate by the reaction conditions still remains a major problem
for organic chemists and enzymologists.

Therefore, several approaches to improve the enantioselectivity
for the lipase-catalysed reactions have been proposed: for example,
optimization of the nature of the solvent* and of the water
content,’ chemical and non-covalent modifications of enzymes,*
temperature’ and additive effects,>® and protein engineering.” In
these approaches, the method of additives seems to be attractive
in view of its simplicity of use. Indeed, various types of additives
are known to control the enantioselectivity of the lipases.® Most
of them, however, are focused on the lipase-catalysed hydrolysis in
aqueous media.

Here, we wish to report that the enantioselectivity for lipase-
catalysed esterification of 2-(4-substituted phenoxy) propionic
acids la—1f as a model reaction (Scheme 1) is improved dra-
matically by the addition of aqueous solutions of alkaline metal
ions (e.g. LiCl) and alkaline earth metal ions (e.g. MgCl,) directly
to the isopropyl ether of the reaction medium.’ Furthermore,
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Scheme 1

the mechanism of the enhanced enantio-recognitions induced by
the metal ions will be discussed briefly on the basis of the initial
rate obtained for each enantiomer of 1a and the behaviour of the
flexibility of lipase estimated by EPR measurements.

Results and discussion

Metal ions enhance the enantioselectivity for lipase-catalysed
esterification in an organic solvent

We investigated the lipase MY- or AY-catalysed esterfication of
the substrates 1a—1f having various substituents with n-butanol
in dry isopropyl ether as the model reaction (Scheme 1). Lipase
MY differs from lipase AY in its catalytic features,'" although they
are originated from the same micro-organism, Candida rugosa.
For the model reaction (Scheme 1), the R enantiomer of the
butyl esters was preferentially produced for all of the substrates.
The enantiomeric ratio (E value) was calculated from the enan-
tiomeric excess (ee) for the butyl ester produced, according to the
literature.”? 2-Phenoxypropionic acids are well-known herbicides
and also have other biological activities.”* The R enantiomers are
known to be active in these cases.

As shown in Table 1, under no-additive conditions (condition
A), all of the substrates 1a—1f show low enantioselectivities (£
values) for both lipases, except for substrate la with lipase
AY. This result is consistent with the observations that the
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Table 1 Enantioselectivity for lipase M Y- or AY-catalysed esterification of 2-(4-substituted phenoxy) propionic acids 1a—1f under various conditions

X Lipase Additive” t/h Conv. (%) Ee (%) E value
la Et MY A 120 25.0 52.3 3.8
B 6 41.7 90.9 41
C 16.5 39.5 98.1 200
D 9 39.2 98.6 270
1b Pr MY A 240 67.4 30.7 34
B 12 43.5 84.1 22
C 48 30.9 97.9 150
D 24 40.7 98.7 310
1c OMe MY A 168 6.65 17.8 1.5
B 16 43.6 82.1 20
C 168 339 92.8 43
D 24 29.7 97.7 130
1d Cl MY A 168 8.82 15.1 14
B 24 38.1 61.4 6.0
C 168 9.75 87.7 17
D 96 34.0 98.7 29
le Me MY A 168 17.4 20.4 1.6
B 9.5 40.4 84.8 22
C 72 34.3 94.1 53
D 24 37.0 97.5 140
1f CF, MY A 168 12.6 10.6 1.3
B 24 40.8 74.6 11
C 168 19.7 90.9 26
D 168 38.6 94.7 67
la Et AY A 120 19.1 84.9 15
B 24 43.9 84.7 24
C 48 34.8 96.4 90
D 38 41.8 97.6 170
1b Pr AY A 200 5.5 53.8 34
B 12 39.7 94.8 71
C 120 37.1 97.9 170
D 48 404 96.6 110
1c OMe AY A 168 2.56 35.5 2.1
B 62 48.8 82.7 25
C 122 40.4 92.6 49
D 48 35.2 93.6 51
1d Cl AY A 168 2.89 17.9 14
B 62 38.0 80.3 15
C 168 339 87.1 23
D 96 33 90.6 32
le Me AY A 168 3.43 44.0 2.6
B 24 40.7 93.0 54
C 62 38.4 96.6 110
D 48 40.4 96.7 120
1f CF, AY A 168 1.93 11.6 1.3
B 62 39.0 90.1 34
C 168 26.3 95.0 56
D 168 37.7 92.2 43

“ A: no additive; B: 0.5 vol% water; C: 0.5 vol% aq. LiCl (2.4 M); D: 0.5 vol% aq. MgCl, (1.2 M).

lipase-catalysed asymmetric transformations, the esterification of
2-aryloxypropionic acids and the hydrolysis of the corresponding
methyl esters generally resulted in low enantioselectivities.'*

To improve the enantioselectivity of lipase in organic solvents,
we first added a small amount of water to our model reaction,
because the addition of a small amount of water is known to
improve the enantioselectivity of the lipase-catalysed reaction in
organic solvent.’ As seen in comparison of the enantioselectivity
values obtained for the no-additive conditions (condition A)
and water-additive conditions (condition B) listed in Table 1, a
small amount of the water allowed the enantioselectivities to be
boosted by several times for lipase MY- or lipase AY-catalysed
esterification of all the substrates 1la—1f. The E value brought

about by the water addition, however, would not be sufficient for
an effective resolution.

Next, a new approach employing aqueous solutions containing
a small amount of metal ions (2.4 M for LiCl, NaCl or KCI, and
1.2 M for MgCl,, CaCl, or BaCl,) as additive, instead of water
alone, was tested for our model reaction. Fig. 1 and Fig. 2 show the
variation of the E value for the lipase M'Y-catalysed esterification
of 1a at ca. 40% conversion as a function of the amount of metal
ion-containing water. Interestingly, the presence of a small amount
of the metal ion is found to cause a drastic enhancement of the
enantioselectivity at around 0.5 vol% of each additive, the effect of
which is much superior to the known procedure of a small amount
of the water alone. In particular, upon the addition of 0.5 vol% of
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Fig. 1 Variation of the E value for the lipase M Y-catalysed esterification
of 1a at ca. 40% conversion as a function of the amount of each additive:
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Fig.2 Variation of the E value for the lipase M Y-catalysed esterification
of 1a at ca. 40% conversion as a function of the amount of each additive:

(E) MgCl, (F) CaCl,, (G) BaCl,, (D) water.

MgCl,-containing water, lipase MY displays the highest E value
(ca. 270) for the esterification of 1a, the value of which is about 70 x
and 7x larger than the no-additive conditions (condition A) and
the water-additive conditions (condition B), respectively. In order
to investigate the scope of the enantioselectivity enhancement
brought about by the metal ions, the other substrates 1b—1f with
a wide variety of substituents and the other lipase AY were
submitted to the model reaction in the presence of 0.5 vol%
(optimum amount conditions) of 2.4 M LiCl or 1.2 M MgCl,

aqueous solution. Table 1 also summarises the enantioselectivity
of these esterifications (see condition C and condition D). Thus,

it is found from the data listed in Table 1 that the metal ion as

a new additive dramatically increases the enantioselectivity for
all the substrates and for both lipases MY and AY. This is the

first example of an alkaline metal ion or alkaline earth metal ion

enhancing the enantioselectivity of lipase in an organic solvent.
As shown in Fig. 1 and Fig. 2, the enhancement of the

enantioselectivity is likely to depend on the species of the metal

ion: the increased order of the E value is LiCl > NaCl > KCl for the
alkaline metal ions and MgCl, > CaCl, > BaCl, for the alkaline
earth metal ions, respectively. Furthermore, there was an optimum
concentration of LiCl to give the maximum E value toward la
(Fig. 3). Above 2.4 M of the optimum concentration of LiCl,
the enantioselectivity was decreased with a marked inhibition of
the activity. The decrease of the E value may be attributed to a
conformational change of the lipase arising from an excess amount
of metal ions; under the conditions of 0.5 vol% of 4.8 M LiCl in

isopropyl ether, only 5.7% of the butyl ester of 1a was produced

within 96 h with a lower enantioselectivity (E = 25) compared
with the water-additive conditions (E = 41).

250
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Fig. 3 Variation of E value for the lipase-catalysed esterification of 1a as
a function of the concentration of LiCl-containing water (0.5 vol%).

Metal ions enhance the enantioselectivity for lipase-catalysed
hydrolysis in an organic solvent

The drop in E value which can be seen from the bell-shaped plots in
Fig. 1 and Fig. 2 was produced by the addition of above 0.5 vol% of
metal ion-containing water or water to isopropyl ether. This can be
explained by assuming that an excess of water molecules hydrated
to the metal ion should cause the hydrolysis (the reverse reaction)
of the corresponding ester 2a, thus leading to the reduction in the £
value, probably because the sites of the lipase molecule associated
with the water molecule are restricted. In fact, the addition of 0.75
vol% of 2.4 M LiCl or 1.2 M MgCl, solutions was found to cause
highly enantioselective hydrolysis of 2a-2d catalysed by lipase MY
or AY in isopropyl ether (Scheme 2 and Table 2). In particular, by
the use of 1.2 M MgCl, with lipase MY (condition H), the excellent

C|3H3 H CHs
c
oScoosu 0~ ">COOH
Lipase
+H,0 water +BuOH
CzHs or C2Hs  R- preference
Pr',0 containing small amount
2a of aq.LiCl, aq.MgCl, or water 1a
Scheme 2
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Table 2 Enantioselectivity for lipase MY- or AY-catalysed hydrolysis
of butyl 2-(4-substituted phenoxy) propionates 2a-2d under the various
conditions

X Lipase Additive* ¢/h  Conv. (%) Ee (%) FE value

2a Et MY E 0.5 51.2 23.1 2.0
F 4 42.2 93.9 64

G 4 41.6 99.3 610

H 4 40.7 99.4 680

AY E 0.5 49.7 74.1 15

F 2.2 30.7 98.2 170

G 22 334 98.6 240

H 22 337 98.9 300

2b Pr MY E 0.5 525 50.5 5.2
F 4 36.9 93.3 50

G 4 32.3 99.0 330

H 4 34.9 99.4 590

2c OMe MY E 0.5 46.2 17.5 1.6
F 6 37.2 94.1 57

G 6 34.7 99.4 610

H 6 34.7 99.0 320

2d Cl MY E 1 47.3 14.2 1.5
F 6 35.1 79.1 13

G 6 23.9 98.8 230

H 6 28.0 97.8 130

“ E: aqueous solution; F: isopropyl ether containing 0.75 vol% water; G:
isopropyl ether containing 0.75 vol% aq. LiCl (2.4 M); H: isopropyl ether
containing 0.75 vol% aq. MgCl, (1.2 M).

E value toward 2a was obtained, the value of which was increased
by 340-fold as compared with the hydrolysis in water (condition
E). This technique also proves to be one of the useful tools for
improving the enantioselectivity of lipase-catalysed hydrolysis.

Initial rate for each enantiomer of the subustrate catalysed by
lipase MY in an organic solvent

To find the reason for the remarkable enhancement of lipase’s
enantioselectivity brought about by the action of metal ions, we
first investigated the initial rate for each enantiomer of la for
lipase MY-catalysed esterification under three additive conditions
in n-hexane: no additive, water additive (0.5 vol%) and 2.4 M LiCl-
containing water additive (0.5 vol%) (Table 3). As can be seen from
the data listed in Table 3, there was a marked difference between the
behaviour of the initial rate for the addition of water alone and that
for the addition of aqueous LiCl. Thus, for the former additive,
the initial rates for both R and S enantiomers are accelerated, and
its acceleration for the R enantiomer (correctly binding substrate)

Table 3 Initial rate (V, V) for semi-purified lipase MY-catalysed
esterification of each enantiomer of la under three additive conditions
in n-hexane

Water aq. LiCl*

Additive® Vi Ve Ve/Vs Vi Ve V/Vs
0 (None) 0.014  0.011 1.2 0.014  0.011 1.2
0.1 0.16 0.062 2.5 0.21 0.0027 78
0.2 0.87 0.23 3.7 1.4 0.0022 670
0.3 1.1 0.21 5.2 1.4 0.0072 190
0.4 1.3 0.19 6.6 1.2 0.011 120
0.5 1.4 0.19 7.0 1.3 0.010 120

“ Additive concentration: 2.4 M. ? Units: vol%. ¢ V' and Vs denote the
initial rates for the R and S enantiomers, respectively, in pmol min~' mg~"'.

is more pronounced than that for the S enantiomer (incorrectly
binding substrate) as compared with the no-additive conditions. In
contrast, for the latter additive, the initial rate for the R enantiomer
is accelerated, whereas that for the S enantiomer is totally
suppressed. Therefore, the larger value of the quotient (V/ V),
arising from the opposite trend of each initial rate, is responsible
for the significant enhancement of lipase’s enantioselectivity.

Correlation between the flexibility of lipase estimated by EPR
measurements and its enantioselectivity

Next, to investigate a relationship between the flexibility of
lipase and its enantioselectivity, we measured the EPR spectra
of lipase in n-hexanet in the absence and the presence of the
additive. The active site (serine) of the semi-purified lipase MY
was spin-labelled with 1-oxy-2,2,6,6,-tetramethyl-4-piperidinyl-
ethoxyphosphoro-fluoridate (TEMPO-4-EPF)." Fig. 4 shows the
typical EPR spectra of the spin-labelled lipase suspended in n-
hexane under three additive conditions. Upon the addition of

10G Ha
- none
Hi
10G
—_ Ha Hi 0.5vol% water
10G
- Ha

¢Hi 0.5vol% aq.LiCl

Fig.4 Typical EPR spectra of the spin-labelled lipase under three additive
conditions: no water additive (0 vol%), water additive (0.5 vol%), and 2.4 M
LiCl-containing water additive (0.5 vol%).

1 Inisopropyl ether containing a small amount of water, a marked decrease
in the Q value was observed, resulting in the poor reproducibility of the
spectrum. For this reason, the solvent used in the EPR measurements and
the initial rate was changed to n-hexane.
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Table 4 Secondary structure of lyophilized lipase MY suspended in 7-
hexane under the two additive conditions

Additive o-Helix (%)  P-Sheet (%)
Water (0.5 vol%) 28.5 38.6
Aq. LiCl (0.5vol%)  25.8 37.6

“ Additive concentration: 2.4 M.

water (0.5 vol%), a new isotropic signal was found to arise and the
spectral lines narrowed in width as compared with the no-additive
conditions. As for the LiCl-containing water-additive conditions
(0.5 vol%), the isotropic signal also arose and the spectral lines
narrowed, the extent of which seems to be smaller as compared
with the water-additive conditions (0.5 vol%). This change of the
EPR spectrum signifies an increase in the average motion of the
TEMPO ring with respect to its environment, suggesting that the
conformation of lipase’s active site surrounding the TEMPO ring
becomes flexible. This spectral result is similar to that observed
for the EPR spectrum of the spin-labelled subtilisin Carlsberg
suspended in tetrahydrofuran.'® Additionally, as to the effects of
LiCl on the structure of lipase, FT-IR measurement was carried
out. All the IR spectra in the amide III region of lipase MY in n-
hexane with 0.5 vol% of water and 0.5 vol% of aqueous LiCl were
deconvoluted and assigned to the individual secondary structure
elements according to the literature'’” (Table 4). It was found from
the comparison of the data in Table 4 that the native secondary
structure of the lipase is held even in the presence of LiCl.

Then, the degree of the lipase’s flexibility can be monitored
by the change in the ratio of H; to (H; + H,), where H; and H,
represent the peak height of the isotropic signal and the anisotropic
signal of the spin-label, respectively (Fig. 4)."® As judged from
Fig. 5, for both additives the H,/(H; + H,) value as a measure of
the lipase’s flexibility increased smoothly with an increase of the
amount of the additive. The presence of an ion, however, reduced
the H;/(H, + H,) value as compared with water alone.

0.6 -

osF e
0.4
03 - o’ (B) veneb

Hi / (Hi+Ha)

02 .° -
o @”

(0] 0.1 0.2 0.3 0.4 0.5
additive / vol%

Fig. 5 Plot of lipase flexibility [H;/(H; + H,) value] against the amount
of each additive: (A) water, (B) LiCl.

To obtain an insight into the mechanism of the lipase’s enantio-
recognition based on its flexibility observed, the initial rate for
each enantiomer of 1a (Table 3) was plotted as a function of the
H,/(H; + H,) value (Fig. 6 and Fig. 7). The increase in the lipase’s
flexibility shows a great beneficial effect on the initial rate for the
R enantiomer (correctly binding substrate) in both additives. In

1.5 .
) A P
Ly
o
1+ . |,
O
: i
0.5+ .-.- I
(B) __,
T MNCLLEC L LT EER o
Q_E:-Ill=:=|::::..--|ﬂ- . | | 0
0.1 0.2 0.3 0.4 0.5 0.6
Hi / (Hi+Ha)

Fig. 6 Initial rate (Vz, V) for each enantiomer of 1a as a function of
lipase flexibility [H;/(H; + H,) value] under the water-additive conditions:
(A) Vi, (B) Vs.

15 o 215
«— 0 (A
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S >
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0 lEggt -Beeaag ' G
0.1 0.2 03 0.4 0.5 0.6
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Fig. 7 Initial rate (Vx, V) for each enantiomer of 1la as a function of
lipase flexibility [H,/(H; + H,) value] under the LiCl-containing water
additive conditions: (A) Vg, (B) V.

sharp contrast, the initial rate for the S enantiomer (incorrectly
binding substrate) in the presence of LiCl cannot accept the
benefit of lipase’s flexibility, thus resulting in the almost complete
suppression of the Vg value. Some conformational change of
lipase caused by the metal ion may prevent its active site from
accepting the S enantiomer, the incorrect binding substrate. The
addition of the metal ion would partially neutralise the charges
on the lipase’s surface. This may alter the lipase conformation
coupled with its flexibility, because enzyme conformation is based
on a subtle balance of its net charge due to hydrogen bondings,
electrostatic attractions, hydrophobic forces, etc.

Combined effects of metal ion and lowering reaction temperature
on lipase-catalysed esterification in an organic solvent

To improve further the enantioselectivity of lipase M Y-catalysed
esterifications in isopropyl ether, we used a combination of the
metal ion as an additive and low reaction temperature (Table 5).
This is because the low temperature may increase the strength of
the association between the metal ion and the surface charges of
the lipase. In fact, it was found from the E values listed in Table 5
that the enantioselectivity for LiCl is quickly enhanced with the
lowering of the reaction temperature from 50 to 10 °C, whereas
for the addition of water alone the E value is not affected with the
change of temperature. When the reaction temperature is lowered
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Table 5 Enantioselectivity for the lipase MY-catalysed esterification of
1a at various temperatures

T/°C Lipase Additive® t/h Conv. (%) Ee(%) E value
10 MY A 24 2.1 81.0 10
B 24 39.4 93.4 55
C 48 38.5 99.7 1300
20 MY A 24 4.0 71.5 6.2
B 15 40.2 92.0 49
C 24 37.8 99.1 400
37 MY A 120 25.0 52.3 3.8
B 6 41.7 90.9 41
C 16.5 39.5 98.1 200
50 MY A 48 7.3 10.6 1.3
B 4 39.9 91.6 43
C 48 11.1 83.0 12

“ A: none; B: 0.5 vol% water; C: 0.5 vol% aq. LiCl (2.4 M).

to 10 °C, lipase MY with metal ions (condition C) displays an
almost perfect enantioselectivity (£ = 1300), the value of which
is 130 x larger when compared with the no-additive conditions
(condition A).

Conclusions

We have developed a simple and a powerful method based on the
addition of a small amount of an aqueous metal ion-containing
solution to the organic solvent as the reaction medium to achieve
a remarkably enhanced enantioselectivity for lipase-catalysed
transformations. Furthermore, the addition of metal ions and
lowering the reaction temperature synergetically enhanced the
enantioselecitivity of lipase and led to an almost perfect enan-
tioselectivity (E = 1300). On the basis of the EPR measurements
and the initial rate for each enantiomer of the substrate, the
enantioselectivity enhancement brought about by the metal ions
was found to be attributed to the opposite trend for the initial rate:
acceleration for the correctly binding R enantiomer and serious
deceleration for the incorrectly binding .S enantiomer. Our method
of metal ion addition will form a useful tool to obtain optically
pure compounds.

Materials and methods
Materials

Lipases MY and AY originated from Candida rugosa were supplied
from Meito Sangyo Co., Ltd., Japan and Amano Pharmaceutical
Industries, Ltd., Japan, respectively. Solvents used in the reaction
were purchased from Wako Pure Industries, Ltd., Japan and were
dried prior to use by molecular sieves. 1-Oxy-2,2,6,6,-tetramethyl-
4-piperidinyl-ethoxyphosphoro-fluoridate (TEMPO-4-EPF) was
purchased from SIGMA. Semi-purified lipase MY was prepared
by dialysing and lyophilizing from crude lipase MY.

Preparation of substrates

According to the known method,'® substrates 1a—1f were pre-
pared from the corresponding 4-substituted phenols and ethyl 2-
bromopropionate, followed by the hydrolysis of the esters, and 2a—
2d were prepared from the corresponding 4-substituted phenols
and butyl 2-bromopropionate. All of the products were purified

by silica gel column chromatography (n-hexane—ethyl acetate =
10 : 1). Furthermore, the acids 1a—1f obtained were recrystallised
from n-hexane. The R or S enantiomer of 1a (ca. 99% ce) was
prepared from our method.'™

Lipase-catalysed esterification of 1a—1f

For the esterification, the racemic 2-(4-substituted phenoxy) pro-
pionic acid (0.36mmol) and 3-fold molar excess of 1-butanol (1.08
mmol) were dissolved in 2 ml of isopropyl ether. To the solution,
a small amount of water (0-0.75 vol%) or (0.6-6 M) metal ion-
containing water (0-0.75 vol%) was added followed by ultrasonic
dispersion, and then powdered lipase MY or AY, originated from
Candida rugosa (30 mg), was added. The suspension was shaken
(170-200 strokes min~"') at 10-50 °C until 40% of the substrate had
reacted to the corresponding butyl ester. The enantiomeric ratio
(E value) was calculated from the enantiomeric excess (ee) for the
butyl ester produced, according to the literature.”” The reaction
was monitored by HPLC (using n-hexane—-isopropanol = 97 : 3
as an eluent with the addition of 0.1 vol% trifluoroacetic acid)
on a Chiralcel OK column (Daicel Chemical Industries Co.Ltd.,
Japan). The ee value for the product was also determined with
HPLC on a Chiralcel OK column.

Lipase-catalysed hydrolysis of 2a—2d in organic solvent or aqueous
solution

The racemic butyl 2-(4-ethylphenoxy) propionate (0.036mmol)
was dissolved in water or isopropyl ether followed by ultrasonic
dispersion and then powdered lipase MY or AY (30 mg) was
added. The suspension was shaken (170-200 strokes min~') at
37 °C until 40% of the substrates 2a-2d had reacted to the
corresponding acids 1la-1d.

Initial rate for lipase MY-catalysed esterification of 1a

R- or S-2-(4-Ethylphenoxy)propionic acid (0.036mmol) and a 30-
fold molar excess of 1-butanol (1.08 mmol) were dissolved in
2 ml of n-hexane. To the solution, a small amount of 2.4 M
LiCl-containing water (0-0.5 vol%) or water (0-0.5 vol%) was
added followed by ultrasonic dispersion, and then powdered semi-
purified lipase MY (2 mg) was added. The suspension was shaken
(170-200 strokes min~") at 37 °C.

Spin-labelling to the lipase active site and EPR measurements

The active site (serine) of the semi-purified lipase was spin-labelled
with 1-oxy-2,2,6,6,-tetramethyl-4-piperidinyl-ethoxyphosphoro-
fluoridate (TEMPO-4-EPF) purchased from SIGMA, according
to the procedure reported by Morrisett and Broomfield.”> The
extent of labelling was calculated from the residual activity for
the esterification of 1a. Typically, about 66% of the active site was
labelled. All of the EPR measurements were carried out at room
temperature (ca. 25 °C) on a Bruker EM X081 spectrometer at X-
band frequency under the water-additive conditions ranging from
0 to 0.5 vol%, because an excess of the water addition leads to a
marked decrease in the Q value.
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FT-IR measurements of lipase MY suspended in n-hexane and
secondary structure analysis

All the FT-IR measurements were carried out at room temperature
(ca. 25°C) on a Horiba FT-720 spectrometer, equipped with KRS-
5 attenuated total reflectance (ATR) accessory. The spectrometer
was purged with dry N, air and was operated at a resolution
of 2 cm™'. The spectral data obtained were converted into
ASCII format and identification of band position was carried
out by second-order derivatisation of the FT-IR absorption
spectra with the use of Microcal ORIGIN 5.0. The spectra were
deconvoluted by the use of the ORIGIN 5.0 peak-fitting module.
A half-bandwidth of 20 cm™ was used to obtain the spectral
deconvolution. The band assignment in the amide III region was
performed as described in the literature:"” a-helix, 1328-1289 cm™!;
unordered, 1288-1256 cm™'; B-sheets, 1255-1224 cm™'.
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The binding modes of a set of known ionotropic glutamate receptor antagonist-ligands have been
studied using homology modeling, molecular docking, molecular dynamics (MD) simulations and ab
initio quantum mechanical calculations. The core structure of the studied ligands is the decahydroiso-
quinoline ring, which has a carboxylic acid group at position three and different negatively-charged
substituents (R) at position six. The binding affinities of these molecules have been reported earlier.
From the current study, the carboxylate group of the decahydroisoquinoline ring hydrogen bonds with
Argd85, the amino group with Pro478 and Thr480, and the negatively charged substituent R interacts
with the positively charged N-terminus of helix-F. The subtype selectivity of these ligands seems to be
strongly dependent on the amino acid at position 650 (GluR2: leucine, GluR5: valine), which affects the
conformation of the ligand and ligand-receptor interactions, but depends considerably on the size of
the R-group of the ligand. In addition, the MD simulations also revealed that the relative positions of
the S1 and S2 domains can alter significantly showing different “closure” and “rotational movements”
depending on the antagonist-ligand that is bound. Accordingly, molecular docking of antagonist
ligands into static crystal structures cannot sufficiently explain ligand binding and subtype selectivity.

Introduction

The ionotropic glutamate receptors (iIGluRs) can be divided, based
on agonist binding affinities, into three subclasses: N-methyl-
D-aspartic acid (NMDA; NR1-3 subunits), (S)-2-amino-3-(3-
hydroxy-5-methyl-4-isoxazolyl)propionic acid (AMPA; GluR1-4)
and kainic acid (KA; GluR5-7 and KA1-2) receptors. These re-
ceptors play an important pharmacological role in many processes
and when over-activated they cause neuronal degeneration.’? As
different glutamate receptors have different functions and roles
in disease processes,*® the development of effective antagonist-
ligands, which can discriminate between different glutamate
receptors, has been the focus of extensive research. Derivatives
of decahydroisoquinoline comprise one set of antagonist-ligands
that are subtype-selective for different iGluRs.”** Compounds
from the decahydroisoquinoline series have also been reported
to have potential in the treatment of several diseases; for exam-
ple, some GluR2-selective decahydroisoquinoline derivates are
neuroprotective and, therefore, may have use in the treatment
of ischemic conditions,”® and GluR5-selective molecules have,
in turn, demonstrated efficacy towards epilepsy® and migraine.'
In contrast to several other antagonists, decahydroisoquinoline
derivatives have good water solubility, which would help in their
clinical use.” However, the binding mode of these ligands into
iGluRs is not known.

Three-dimensional structures of an iGluR with a bound
antagonist ligand have been published only for the ligand

“Department of Biochemistry and Pharmacy, Abo Akademi University,
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*Department of Chemistry, University of Turku, Vatselankatu 2, FIN-20014,
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binding domain (LBD) of GluR2 with bound 6,7-dinitro-2,3-
dihydroxyquinoxaline (DNQX)" and 2-amino-3-[5-tert-butyl-3-
(phosphonomethoxy)-4-isoxazolyl]propionic acid (ATPO)"? and
for the LBD of NR1 with bound 5,7-dichlorokynurenic acid
(DCKA).® Each of these structures shows a high degree of
opening of domain S1 versus S2 in comparison to agonist-
bound structures.'™* In addition, based on various experimental
studies [X-ray crystallography,*™'*!* solution X-ray scattering,'®"’
nuclear magnetic resonance (NMR)'*'*22 and using other spectro-
scopic methods?*2%] and on modeling studies [molecular dynamics
(MD)*** and structural comparison,* antagonist-bound struc-
tures have displayed different degrees of S1-S2 domain opening.
The interactions between an antagonist ligand and receptor are
strongly dependent on the three dimensional shape of the ligand:
ATPO forms strong electrostatic interactions with the N-terminus
of helix-F (helix-F: Gly653-Ser662), Arg485 and Glu705 (Fig. 1),
whereas DNQX and DCKA, which are both fairly planar ligands,

w6
Thri07

Serd03
G40z w7
Tyr405 ®
Mei708
ThrE86

Fig. 1 Key interactions (hydrogen bonds, orange dotted lines) at the
binding site of the GluR2-ATPO crystal structure (in stereo). The silver
spiral highlights the N-terminus of helix-F. In addition, the important
water molecules (w1-w5) are shown.
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Table 1 The ligand binding affinities (K;/nM) for GluR2 and GluRS for
the studied ligands

Ligand GluR2 GIuRS
I 3200¢ 4200
3250° 4880°
I 820° 3410°
11 6250° 3700
v 117000 156¢
A% 37120° 1010°
VI 36400° 2620°

“ Data taken from ref. 10 ® Data taken from ref. 7

lack the interaction with the N-terminus of helix-F and, thus,
interactions with the receptors are quite different from those of
ATPO. Water molecules also have critical roles in ligand binding
(Fig. 1). Notably, water molecules w1l and w2 (Fig. 1) are seen in
all published crystal structures (see e.g. ref. 11). Water molecule
w4 interacts with the main-chain amino group of Glu705 and the
bound ligand (e.g., ATPO), and can be replaced by the ligand
when a ligand can directly accept a hydrogen bond from the main-
chain amino group of Glu705 (e.g., AMPA). Water w5, accepting
a hydrogen bond from the hydroxyl group of Thr655, is observed
less often since ligands usually occupy that space.

In the present work, the binding of a set of decahydroiso-
quinoline molecules (Fig. 2), which are known to be selective
antagonists for GluR2 or GIluR5™" (Table 1) and potential
antagonist molecules for the treatment of several diseases, has

oSN I LY 203558: (38.4aR.6R.8aR}-6-12-(1 H-tetrazol-S-y }-cthyl]-
_ YA % : LY 293558: (38.4aR.6R.8aR )-6-[2-(1 H-tetrazol-5-yl)-ethyl]
R ,/\< ' '11 decahydroisoquinoline-3-carboxylic acid
S
N~
v
(o] (o]
VS
/S\ oo~ N 11: LY 302679: (3S,4aR.65,8aR)-6-( 1 H-tetrazol-5-sulfonylmethy1)-
H :i decahydroisoquinoline-3-carboxylic acid
“-}N
N\N
P I LY 292025: (38 4aR.65.8aR )-6-[2-(1 H-tetrazol-5-ylthio)ethyl]-
/\ / 0 '-i decahydroisoquinoline-3-carboxylic acid
* N N
1V: (38.4aR.68.8aR)-6-[(4-carboxy- 1 H-imidazol-1-
ylymethyl|-decahydroisogquinoline-3-carboxylic acid

dibydrochloride

V: LY 307190: (38.4aR.685.8aR )-6-(3-carboxy-phenyl)-
decahydroisoquinoline-3-carboxylic acid

N N VI: LY377770: (38 4aR 6S.8aR)-6-[2-( 1 H-tetrazol-5-
yhimethoxymethyl]-decahydroisoquinoline-3-carboxylic

/\/ ‘_I_.: ! aci
\N/N acid

Fig. 2 The structures, [IUPAC names and LY-numbers of the decahy-
droisoquinoline molecules (I-V) studied. Compound VI is shown for
reference.

been studied by the means of homology modeling, molecular
docking, MD simulations and quantum mechanical calculations.
The experimental binding affinities for these molecules on /o-
momeric iGluRs (Table 1) have been reported earlier.™'* We
have constructed binding motifs (relative positioning of a ligand
in the ligand-binding site and the physicochemical interactions
that take place) for these antagonist-ligands and found plausible
explanations for ligand-binding selectivity among the different
iGluRs. An analysis of this kind should yield information that
would facilitate the design of new, more effective subclass- and
subunit-selective antagonist-ligands for iGluRs.

Results and discussion
Ligands studied

The antagonist ligands I-V, whose modes of binding to the GluR2
and GIuRS5 receptors were studied, are shown in Fig. 2, and their
experimentally determined binding affinities obtained from the
literature are listed in Table 1. All ligands consist of a decahy-
droisoquinoline bicyclical ring having a carboxylic acid group at
position three and a substituent R at the position six (Fig. 2). The
substituent R at position six of the decahydroisoquinoline ring
differs for all of the ligands. Ligands I-III have a tetrazole group
attached via a linker to the decahydroisoquinoline ring. I has a
CH,—CH,-linker, whereas in II the CH,-group next to the decahy-
droisoquinoline ring has been replaced with a sulfonyl group. The
linker of I is longer than those in I and II, having two CH,-groups
and a sulfur atom next to the decahydroisoquinoline ring. Ligand
IV has 4-carboxy-1H-imidazole attached via one CH,-group to the
decahydroisoquinoline ring, and V has a 3-carboxy-phenyl group
directly attached to the decahydroisoquinoline core ring.

The binding affinities of ligands I-V to GluR2 and GluRS5
(Table 1) have been determined at pH 7.5. Therefore, all carboxyl-
groups and amino groups were modeled in the ionic forms. All
tetrazole groups were assumed to be negatively charged under
experimental conditions, since the pK, value for tetrazole is 4.9.%
Similarly, the 3’ nitrogen in the imidazole ring of IV (Fig. 2) was
assumed to be unprotonated at pH 7.5, since the pK, value of
the nitrogen atom of a similar structure (1-methylimidazole-4-
carboxylic acid) is 5.7.%

Protein models

The crystal structure of the ligand binding domain of GIluR2 in
complex with the antagonist ligand ATPO (PDB code: 1n0t'"?)
was used as a starting structure for GluR2-ligand complexes
and as a template structure to build protein models of different
extracellular domains of the AMPA/KA receptors. This X-ray
structure was chosen since the binding characteristics of the
decahydroisoquinolines were expected to be more similar to those
of ATPO than those of DNQX. Model structures for all of the
other AMPA /KA receptors were built with Homodge in the Bodil
Modeling Environment*® using the multiple sequence alignment
of the AMPA /KA receptors made with Malign in Bodil (Fig. 3).
The sequence identity varies from approximately 90% (among the
AMPA receptors: GluR1-4) to about 50% (between GluR2 and
the KA receptors: GluR5-7 and KA1-2), thus, the quality of the
sequence alignment is high enough to produce reliable homology
models. The recently published crystal structures of GluRS with
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Fig. 3 Sequence alignment of the LBDs of rat AMPA (GluR1-4) and KA receptors (GluR5-7 and KA1-2) (triangle indicates the S1-S2 junction).
Residues within the ligand-binding pocket are boxed; conserved residues are shown in bold type; the secondary structure and residue numbering are from

the GIuR2 crystal structure (PDB code: 1n0t*?).

bound agonist ligands**** cannot be used in studies of antagonist
ligands I-V, because of different closure state of S1-S2 domains.
However, as the amino acid side chain conformations are highly
similar for GluR2 with bound agonist and antagonist ligands, it
can be assumed that also the amino acid conformations of GluRS5
would be highly similar in both agonist and antagonist ligand
bound conformations. Because our GluRS5 model structure has
similar side chain conformations as seen in the published crystal
structures of GIluR5 with bound agonist ligands,*** it can be
assumed that the quality of the model structure is high enough
to be used in the antagonist ligand binding studies. For clarity, we
have used GluR2 numbering throughout the text.

Binding mode of the decahydroisoquinoline-3-carboxylic acid core
structure in GluR2 and GluRS

The conformations of ligands I-V were optimized quantum
mechanically, first in vacuo and then using a continuum solvent
model (¢ = 80, water). The bicyclical ring in all compounds was ob-
served to adopt a chair—chair conformation. In order to compare
the theoretically calculated conformation of the decahydroiso-
quinoline structure to those determined experimentally, similar
(sub)structures to decahydroisoquinoline-3-carboxylic acid having
a substituent at position six were identified within the Cambridge
Structural Database (CSD).3* The majority of such structures

display a similar chair—chair conformation as obtained from quan-
tum mechanical calculations. The same chair—chair conformation
was also seen in the structure of decahydroisoquinoline-3(S)-
carboxylic acid determined using nuclear magnetic resonance.’’
Accordingly, the chair—chair conformation seems to be the lowest
energy conformation of the decahydroisoquinoline ring. However,
the bioactive conformation is not necessarily at the global energy
minimum, and therefore several bicyclical ring conformations were
built with Corina,*®? and they were docked into GluR2.

The docking of decahydroisoquinoline structures with different
ring conformations revealed that in the chair-chair conformation
the decahydroisoquinoline can form more strong interactions than
with other ring-ring conformations. The interactions that are
seen for docked decahydroisoquinoline chair—chair conformation
are (i) the carboxylate group at position three interacts with the
guanidinium group of Arg485, and (ii) the amino group at position
two interacts with both the main-chain carbonyl oxygen atom
of Pro478 and the side-chain hydroxyl-group of Thr480 (Fig. 4).
The interaction of the ligand carboxylate with Arg485 is seen in
all crystal structures of GluR2 with bound ligand.! The amino
group interactions with the modeled structures are also found in
the crystal structures of iGluRs with bound ligands: the secondary
amine found in KA (bound into GluR2)"* and in domoic acid
(bound into GluR6)* interacts with the carbonyl oxygen atom of
Pro478 and the carboxyl-group of Glu705, whereas the primary
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Fig. 4 Essential interactions of the core structure of decahydroisoquino-
line in the binding pocket of GluR2 (in stereo). The hydrogen bonds
established by the carboxylate and amino groups are shown with orange
dotted lines. The star indicates the position where substituents of the
studied ligands are attached (see Fig. 2).

amine (e.g., GluR2-GLU," GluR2-ATPO") forms an additional
interaction with the hydroxyl-group of Thr480. Accordingly,
based on the experimentally observed interactions seen in the
X-ray structures and conformations of similar structures in the
literature,*’ it can be assumed that the decahydroisoquinoline-
3-carboxylate binds to iGluRs in a chair—chair conformation
forming polar interactions with Arg485, Pro478 and Thr480.

Binding mode of ligands I-V in GluR2 and GluRS

Quantum mechanically optimized structures of ligands I-V were
docked into the crystal structure of GluR2 and into the model
structure of GluRS. Several side chain conformations for various
amino acids at the ligand binding site were tested, especially
for those amino acids that differ between GluR2 and GluR5.
In all cases, the decahydroisoquinoline ring adopted the chair—
chair conformation and the 3-carboxylate and 2-amino groups
form similar interactions as observed in the docking of 3-carboxy-
decahydroisoquinoline. In contrast to our previous study of
agonist ligand binding and subtype selectivity,® where homology
modeling and docking were able to produce receptor-ligand
complexes that explain the subtype selectivity, in this study the
antagonist ligand conformations achieved from docking were not
able to explain the experimentally observed differences in the
binding affinities. Therefore, MD simulations were performed on
all of the modeled complexes. The best ligand conformation from
docking simulations was selected as a starting structure for MD
simulation. This selection was based on the following criteria:
(a) 3-carboxylate group of ligands has to be in close proximity to
Arg485, (b) 2-amino group of ligands has to be in close proximity
to main chain carbonyl oxygen atom of Pro478 and hydroxyl group
of Thr480, (c) the R-group of ligands has to be positioned in such
way that it has at least some favorable polar interactions with the
receptor, in practice either with main chain amino group of Glu705
or with main chain amino group and side chain hydroxyl group of
Thr655, and (iv) the fitness values given by Gold. However, with
ligand IT in complex with GIuR 5, a different starting conformation
was selected (see below), in order to investigate the effect of the
starting structure on the result of MD simulation. The stability of
protein structures during the MD simulations was examined by
measuring the time evolution of the root mean square deviation
(RMSD) of the C* atoms. According to RMSD curves, stable
trajectories are obtained, where the RMSD varies between 1.5—

Table 2 Differences in the internal energies (kcal mol™) for ligand
conformations obtained from the MD simulations

Ligand I I I v v

AE; e (GluR2-GluRS) -3.0 —-3.8 9.0 -1.0 4.2

The internal energies for each ligand are calculated as average energies
for 27 structures with 15 ps time intervals during the last 450 ps of
total simulation time. Internal energies are calculated with B3LYP/6-31 +
G*. AEjena(GluR2-GluRS) = Ejru(GluR2)-E, 1 (GluRS). Standard
deviation for internal energies for each ligand was less than 1%.

2.5 A (data not shown). Since water molecules play an important
role in ligand binding, methods such as MM-PBSA,** which uses
a continuum solvent model, cannot be applied for binding energy
estimations. Similarly, the empirical scoring functions cannot be
used because they do not take into account the solvent molecules
and they cannot reliably evaluate the internal energy of ligand and
receptor. Therefore, the binding mode of each ligand was analyzed
by comparing experimentally determined K;-values to observed
interactions in the modeled complexes (Figs. 5-9; Table 1) and
internal energies of ligands calculated with density functional
theory (Table 2).

Ligand I

The binding mode obtained from docking of Tinto GluR2 is shown
in Fig. 5a. A very similar conformation for I was also obtained in
the GluR5-1I complex (not shown). In both cases, the 1’ nitrogen
atom forms a hydrogen bond with the hydroxyl group of Thr655
and the 2’ nitrogen atom with the main-chain amino group of the
same residue (Fig. 5a).

During the MD simulation, I as a complex with GluR2 adopts
a more extended conformation when compared to the starting
structure of the complex (Fig. 5b). This extended conformation
becomes possible due to rotation of the S2 domain such that helix-
F and helix-H (helix-H: Thr685-Ser696) move with respect to the
S1 domain (see Fig. 5c). Consequently, the distance between the
domains increases from 9 A to 10 A (measured as the distance
between the C*-atom of Ser654 and the C°-atom of Arg485). The
resulting conformation of the receptor closely resembles that of
the NR1 receptor with bound DCKA (PDB access code: 1pbg"®),
instead of GluR2 receptor with ATPO that was used as a starting
structure (Fig. 5d).

In the extended conformation obtained from the MD simula-
tion (Fig. 5b), the tetrazole ring is stabilized from one side by
electrostatic interactions with the hydroxyl and main-chain amino
group of Thr655 and from the other side by the main-chain
amino group of Glu705 (Table 3). None of these interactions can
be considered as strong hydrogen bonds since the angles between
the acceptors and donors are not optimal for hydrogen bonding
(Table 3). However, the alkyl linker is very flexible, allowing for
alternative orientations of the tetrazole ring, which, in turn, can
enforce strong interactions to either Thr655 or Glu705, but not
both of them at the same time. In Fig. 5b is shown the average
structure (over the last 450 ps of the total simulation time),
which is, in addition to hydrogen bonds, stabilized by the packing
of Leu650 against the planar face of the tetrazole ring. This
hydrophobic packing is also seen in those ligand conformations
where tetrazole ring position is stabilized by the main chain amino
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Fig. 5 The binding conformation of I as well as the changes in
receptor conformation during the MD simulation. While (a) the docked
conformation of I (orange carbon atoms) into GIluR2 is bent, the
(b) conformation of I after MD simulation (green carbon atoms) is in
a more relaxed form. The essential hydrogen bonds are shown with orange
dotted lines. In (c) the relative movement of domain S2 and the change in
the ligand conformation are shown (starting structure: orange trace and
orange carbon atoms; simulated structure: green trace and green carbon
atoms). (d) The receptor conformation after MD simulation (green trace
and green atoms) is highly similar to that of the crystal structure of NR1
in complex with DCKA (blue trace and blue carbon atoms). The protein
structures in (c) and (d) are superimposed over C* atoms of the S1 domain
and helices F and H are indicated with arrows.

group of Glu705 or the side-chain hydroxyl and main-chain amino
group of Thr655 (data not shown). In addition, water molecules
wl and w2 hydrogen bond with the tetrazole ring regardless of
the changes in the conformation of the ligand (Table 3; Fig. 5b).

Fig.6 Docking of I (orange carbon atoms) into (a) GluR2 and (c) GluR 5
resulted in conformations where the interaction with helix-F was absent.
However, during the MD simulation the ligand takes on a conformation
highly similar to that seen with I (see Fig. 5). Even though the interactions
of II (green carbons) are highly similar with (b) GIuR2 and (d) GluRS, the
packing with the receptor is different. The essential hydrogen bonds are
shown with orange dotted lines.

The starting structure of I in complex with GIuRS is similar to
that in the complex with GluR2. When compared to the starting
structure, during the MD simulation the receptor-ligand complex
undergoes a smaller conformational change than was seen for the
GluR2-I complex. Both the degree of rotation and the distance
between the S1 and S2 domains are smaller than with GluR2.
Therefore, the shape of the ligand binding pocket is different and
the ligand consequently must adopt a less extended conformation
than with GluR2. In addition, the tetrazole ring is in different
orientations in GluR2 and GIuRS; in GluR2 the plane of the
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Fig. 7 Docking of III into both GluR2 (not shown) and (a) GluRS
results in highly similar conformations. During the MD simulation both
the receptor and ligand conformations remained quite similar as in the
starting structure, however, (b) Leu650 of GluR2 forces the ligand to
have an unfavorable intramolecular conformation in contrast to (¢c) GluR5
where valine is seen at position 650. The essential hydrogen bonds are
shown with orange dotted lines.

tetrazole ring is parallel with the plane of decahydroisoquinoline,
whereas in GluRS5 the tetrazole ring is oriented perpendicular
to the decahydroisoquinoline ring. These differences are also
reflected in the internal energy of the ligand, which is 3.0 kcal mol ™"
(Table 2) more unfavorable with GluR5 than with GluR2. The
interactions between the ligand and GluRS also differ from those
seen with GluR2. With GluRS5 the tetrazole ring forms only one,
but strong, hydrogen bond with the receptor (from N2’ to the OH
of Thr655; Table 3), while the other interactions seen with GluR2
are not present. In addition, the favorable packing of Leu650 is
not seen with GluR5 since leucine is replaced by smaller valine.
In summary, the conformation of I differs for GluR2 and
GluRS5 and I does not seem to form very strong interactions
with either of the receptors: with GluR2 there are several weak
interactions, whereas with GIuRS5 one strong hydrogen bond is
formed. In addition to the explained effect of Leu — Val at
position 650 (GluR2 — GIluRS5) difference at the binding site,
the other sequence differences between the receptors can explain
partially the observed differences in experimental ligand binding
affinities. The methionine side chain at position 708 at GluR2

Fig. 8 Docking of IV to GluR2 (a) and GIuRS (b) results in highly
similar conformations. However, in GluR2 (a) Leu650 forms unfavorable
interactions with both Tyr702 and the bound ligand; thus, (c) during the
MD simulation both the ligand and the receptor alter their conformation
but cannot form good mutual interactions. (d) In contrast, all possible
interactions of IV with GIuR 5 are optimized. The essential hydrogen bonds
are shown with orange dotted lines.

can pack against the core of the ligand (Fig. 5b), while serine
that is seen in the equivalent position in GluRS could not do
this. The other differences, Thr686Ser, Tyr702Leu and Leu704Met
(GluR2 — GluRY), do not clearly affect the ligand binding, even
though that the Tyr702 in GluR2 might help on stabilization of
water w2 position (Fig. 5b). These observations are consistent
with the experimental binding affinities (Table 1), which show that
binding of I is weak into both receptors, but slightly favors GluR2.
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Fig. 9 Docking of V to GluR2 (not shown) and GluRS (a) results in
highly similar binding conformations. The conformation are not favorable,
and thus, during the MD simulation the phenyl ring tries to change its
conformation from the perpendicular to the diagonal orientation with
respect to the bicyclic ring. In (b) GluR2 this rotation cannot take place
due to the presence of Leu650, while in GluRS (c) it can because position
650 is occupied by smaller valine. The essential hydrogen bonds are shown
with orange dotted lines.

Ligand II

Molecule II is the most GluR2-selective ligand among the
compounds studied, although the selectivity is rather modest,
GluR2 binding is only approximately 4-fold better than to GluR5
(Table 1). IT also has the highest affinity for GluR2 among the
compounds studied; II binds e.g. four times stronger to GluR2
than I does. Docking of I into GluR2 resulted in the conformation
shown in Fig. 6a. In this conformation, two hydrogen bonds
between II and GIuR2 are observed: from the 2’ nitrogen atom of
the tetrazole ring to the hydroxyl group of Thr655 and from the sul-
fonyl group and the hydroxyl group of Thr686. The water molecule,
w2, stabilizes the docked conformation. Leu650 also packs
favorably with the planar, hydrophobic face of the tetrazole group.
However, the conformation is not optimal, because the negatively
charged tetrazole ring is positioned very close to the oxygen atom
of the hydroxyl group of Tyr702. In addition, the polar sulfonyl
group is only partially solvated, where only one of two oxygen

atoms is oriented towards the solvent and the other is buried by
the surrounding amino acid residues (Thr686 and Met708).

During the MD simulation of the GluR2-II complex, similar
conformational changes were seen for both the receptor and the
ligand (Fig. 6b) as for the GluR2-I complex (Fig. 5b). This is ex-
pected since both of these ligands have an equal length linker. The
conformation of GluR2-II complex obtained from the MD simu-
lation (Fig. 6b) allows the formation of more favorable interactions
than are seen in the starting structure (Fig. 6a), bringing the nega-
tively charged tetrazole ring into close proximity of the positively
charged end of helix-F. In addition to the hydrogen bond between
atom N3’ of the tetrazole ring and the hydroxyl group of Thr655
seen in the starting structure, atom N4’ hydrogen bonds with the
main-chain amino group of the same residue, and a weak hydrogen
bond forms between atom N2’ and the main-chain NH group of
Glu705 (Table 3). The water molecules w1l and w2 stabilize the lig-
and conformation. The orientation of the linker also changes, such
that the sulfonyl group turns towards helix-F forming a hydrogen
bond with the main-chain amino group of Ser654 as opposed to
the hydroxyl group of Thr686 in the starting structure. As a conse-
quence of the linker orientation, both oxygen atoms of the sulfonyl
group are exposed to solvent, which has a favorable contribution
to the ligand binding energy. In addition, in the structure obtained
from the MD simulation, hydrophobic interactions between the
side chain of Leu650 and the hydrophobic planar face of the
tetrazole-ring, contributes favorably towards the binding energy.

The conformations obtained from the MD simulation of
GluR2-1 and GIuR2-II are consistent with the observed K;-
values, which show that II binds four times stronger to GluR2
than I does (Table 1). The tetrazole ring of II forms two hydrogen
bonds and electrostatic interaction with the receptor and also the
sulfonyl group hydrogen bonds with the receptor, whereas with
I the tetrazole ring is only stabilized by electrostatic interactions,
not optimal hydrogen bonds (Table 3). The interactions with water
molecules are highly similar with both I and II. For II the solvation
of the sulfonyl group adds an additional favorable impact for the
ligand binding.

With GluR5, the starting conformation of II was selected in
a way that the sulfonyl group interacts with Ser686 and Ser708
(Fig. 6¢). This was done in order to study whether these residues
could stabilize a ligand conformation in a different way from
that seen with GluR2. However, during the MD simulation the
conformation of Il in complex with GIuR 5 changes (Fig. 6d) and
closely resembles the conformation seen with GluR2 (Fig. 6b).
Like for GluR2, the sulfonyl group forms a hydrogen bond with
the main-chain amino group of Ser654 of helix-F, and also the
tetrazole ring interacts with helix-F. However, the interactions
between receptor and the tetrazole ring are different with GluR2
and GluRS (Table 3). With GluR2, the tetrazole ring forms
two hydrogen bonds with helix-F, whereas with GluR5 only one
hydrogen bond is formed between atom N3’ and the hydroxyl
group of Thr655 (Table 3). In addition, with GluR2, the tetrazole
ring also interacts with the main-chain amino group of Glu705,
which is not present with GluR 5. The absence of these interactions
with GluRS5 can be explained by the presence of the smaller
valine side chain (residue 650) as opposed to leucine in GluR2.
Accordingly, in GluR5 there is more space in the cavity between
helix-F and helix-H, and the tetrazole group of II can extend
deeper into the cavity, and interactions similar to those seen with
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GluR2 are not possible. Furthermore, in GluR2, bulkier leucine
at position 650 packs better with the hydrophobic face of tetrazole
than smaller valine in GIuRS, the former giving a favorable
contribution to the total binding energy. The internal energy of
conformation of Il in GluR2 is 3.8 kcal mol~' more favorable than
in GluRS5 (Table 2). The experimentally observed difference in the
binding affinity between GluR2 and GluR 5, approximately 4-fold,
seems to be due to the sequence difference at position 650, which
leads to different interactions and conformations of the ligand. In
addition, Tyr 702 in GluR2 can stabilize the water molecule w3
together with the side chain hydroxyl-group of Thr686 (serine in
GluR5) and might thus, affect favorably the enthropy contribution
of ligand binding, while leucine in equivalent position in GluRS5
cannot do this. The structures obtained from MD simulation are
consistent with the experimental observation that I and II bind
equally well to GluRS5, since the R-groups of both ligands form
two hydrogen bonds with receptor.

Ligand I1I

III binds selectively to GluRS5, binding being 17-fold better than
for GluR2 (Table 1). Structurally, III differs from the other
decahydroisoquinoline compounds by having the longest linker,
—CH,-CH,-S-, among the compounds studied. The docking of
IIT to GluR2 and GIuRS5 resulted in similar conformations for the
resulting complexes (the GluR 5-III complex is shown in Fig. 7a).
In this conformation, the sulfur atom accepts a hydrogen bond
from the main-chain amino group of Glu705, and the N2’ of the
tetrazole group interacts with the hydroxyl group of Thr655. In
addition, water molecule w1 stabilizes the ligand binding confor-
mation. The observed interaction between the sulfur atom and the
amino group can be verified with ligand VI (Fig. 2). VIis otherwise
similar to III, but instead of a -CH,—CH,-S-linker, VI contains a —
CH,-CH,—CH,-linker. The binding affinity of VI is ~7-fold lower
than that of III (Table 1), supporting the presence of the hydrogen
bond between the sulfur atom and the main-chain amino group
of Glu705. Docking to both GluR2 and the model of GluRS does
not explain the GluR 5-selectivity of III, as the ligand binding con-
formations and interactions with both receptors are highly similar.

During the MD simulation of GluR2-1III, the receptor confor-
mation does not change as much as was seen for the GluR2-1
and GluR2-1I complexes, only a slight rotation of S2 against S1
is seen. This rotation together with the change of the tetrazole
ring orientation, due to the packing of Leu650 against planar face
of tetrazole, allows the formation of one new weak electrostatic
interaction (not an optimal hydrogen bond) between N3’ of the
tetrazole ring and the main-chain amino group of Thr655 (Fig. 7b).
At the same time, the interaction with the hydroxyl group of
Thr655 weakens (Table 3). All other interactions remained the
same as for the starting structure.

The MD simulation of GIluR5-III (Fig. 7c) resulted in a
conformation similar to GluR2 (Fig. 7b) except that the linker
and the tetrazole ring are not as strongly bent towards helix-F as
with GluR2 and the orientation of the tetrazole ring is different
than with GluR2 (see Figs. 7b and 7c). This extended orientation
of the linker is possible because of the smaller valine at position
650 in GluRS5 instead of the bulkier leucine in GluR2. Valine in
GluR 5 allows the ligand to penetrate deeper into the cavity formed
by helix-F and helix-H. Despite the more extended conformation

of III in GluRS5 than with GluR2 and in the starting structure,
during the MD simulation the interactions remain similar as at
the beginning of the simulation, but the extended conformation
is energetically more favorable than that resulted from docking
or MD simulation with GluR2. The calculated internal energy
for ligand HI in the conformation seen in the complex with
GIuRS5 is 9.0 kcal mol™" more favorable than the conformation
seen with GluR2 (Table 2). Accordingly, it seems that the 17-
fold difference in binding affinity between GIluR2 and GluRS
results mainly from the internal energy of the ligand. Also the
differences in other sequence positions of GluR2 and GluRS
might affect slightly into the differences in ligand binding affinities:
(1) similarly as for ligand I the Met708 in GluR2 packs against the
core of the ligand (Fig. 7b), while Ser708 in GluRS cannot do this,
(ii) similarly as in the case of GluR2-II, Tyr702 in GluR2
stabilizes the water w3 position and might contribute favorably
to the enthropy contribution of ligand binding, while leucine in
equivalent position in GluRS cannot do this.

Ligand 1V

Ligand IV has the highest selectivity among the studied ligands.
The K; for GluRS is 156 nM versus 117 uM for GluR2, which
means that IV binds 750 times stronger to GluRS than to GluR2
(Table 1). In contrast to I-III, an imidazole group is found in
IV instead of the tetrazole group (Fig. 2). The docking of IV
into GluR2 resulted in a conformation where the 3’ nitrogen of
the imidazole ring interacts with the main-chain amino group of
Glu705, and the carboxylate substituent of the imidazole ring
interacts with the hydroxyl group of Thr655 (Fig. 8a). In addition,
water molecule w1 stabilizes the ligand conformation. In this con-
formation, however, the hydrophobic side chain of Leu650 forms
unfavorable interactions with the negatively charged carboxylate
group. Docking of IV into GluR5 resulted in a similar conforma-
tion as seen with GluR2 except that the unfavorable interaction
between the hydrophobic side chain and the carboxylate group
does not exist, again due to the presence of the smaller valine (650)
in GluR5 as opposed to the bulkier leucine of GluR2 (Fig. 8b).

During the MD simulation of the GluR2-IV complex, the
imidazole ring of the ligand rotates such that the hydrophobic face
of the imidazole ring is positioned towards leucine, in contrast
to the situation at the beginning of the simulation where the
negatively charged carboxylate group pointed towards leucine
(Figs. 8a and 8c). At the same time, the side chain of leucine moves
away giving more space for the imidazole ring. Due to the change
in the orientation of the imidazole ring, the interaction of the 3’
nitrogen atom with the main-chain amino group of Glu705 is lost
and optimal interactions between carboxylate substituent and the
N-terminus of helix-F cannot be formed (Table 3). Accordingly,
based on the conformations obtained from docking and MD
simulation, it seems that IV does not find a conformation which
would fit into GluR2, nor can the receptor adjust its conformation
to fit the ligand. This observation is consistent with experimentally
observed very poor binding of IV to GluR2 (Table 1).

In contrast to that what is seen with GluR2 (Fig. 8c), in the MD
simulation of the GluR5-IV complex the ligand remains in the
same orientation as the starting structure (Fig. 8D). This orienta-
tion of the imidazole ring is possible because of the leucine/valine
sequence difference at sequence position 650. In the GluR5-1V
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complex, the receptor conformation changes from that of the start-
ing structure, in which helix-F moves towards helix-H. This move-
ment is not seen with the GluR2-1V complex, possibly due to the
very different ligand conformation for molecule IV. The movement
of helix-F towards helix-H allows the carboxylate group of the im-
idazole ring to form hydrogen bonds with the amino and hydroxyl
groups of both Ser654 and Thr655 (Fig. 8d; Table 3). In addition,
the 3’ nitrogen of the imidazole ring can form an ideal hydrogen
bond with the main-chain amino group of Glu705 (Table 3). Thus,
and in contrast to GIuR2, IV fits very nicely into the ligand binding
pocket of GluRS, forming five optimal hydrogen bonds (Table 3).

The intramolecular energies for ligand IV are practically same in
both complexes (Table 2). Therefore the differences in the ligand
binding energies (Table 1) must result from the intramolecular
energy of the protein and/or from the differences in the protein—
ligand interactions. As the interactions for GluR5-1V are better,
it can be assumed that in this case the differences in the protein—
ligand interactions between these two receptors are mainly respon-
sible for the difference seen in the ligand binding affinities (Table 1).
In addition to the effect of the Leu — Val (GluR2 — GIuRY)
difference, the differences at sequence positions 702 (GluR2:
tyrosine; GluRS: leucine) and 708 (GluR2: methionine; GluRS:
serine) might affect the ligand binding energies. The effect of
position 708 is similar to those explained for ligands I and III:
methionine in GluR2 packs against the core of the ligand (Fig. 8c),
while serine in GluRS5 cannot do that. Tyr702 in GIuR2 has
unfavorable interaction with the 2° CH-group of imidazole-ring
of IV, while Leu702 in GluR 5 does not have this problem.

Ligand V

Ligand V has a 3'-carboxy-phenyl substituent directly attached to
the decahydroisoquinoline ring. Ligand V binds very poorly to
GluR2 and with moderate affinity to GluRS5. The docking of V
into GluR2 and GIluRS resulted in very similar conformations;
the GluR5-V complex is shown in Fig. 9a. In this conformation,
the carboxylate group forms a hydrogen bond with the hydroxyl
group of Thr655 but the hydrophophic face of the phenyl ring
is positioned towards the main-chain amino group of Glu705,
forming an unfavorable interaction. In addition, in GluR2 the
hydroxyl group of Thr686 points directly towards the phenyl
ring, but this unfavorable interaction is not present in GluR5
where threonine is replaced by serine. However, the absence of
one unfavorable interaction is not enough to explain the observed
37-fold difference in binding of V to GluR2 and GluRS.

During the MD simulations of the GluR2 and GluR 5 complexes
with V, helix-F moves closer to helix-H in the same way as seen
with the GluR5-1V complex. Due to the movement of helix-F,
the carboxylate group on the phenyl ring can form two hydrogen
bonds and two weak interactions with receptor (Figs. 9b and
9¢): with the hydroxyl group and the main-chain amino group
of Thr655, and with the hydroxyl group and main-chain amino
group of Ser654 (Table 3). In addition, water molecules wl
and w2 stabilize the ligand conformations. The ligand adopts a
different conformation in GluR 5 and GluR2. In GluRS5, the plane
of the phenyl ring of the ligand turns from the perpendicular
orientation to the diagonal orientation relative to the plane of
the decahydroisoquinoline ring (Fig. 9c). In GluR2, the plane
of the phenyl ring, in turn, remains perpendicular to the plane of

the bicyclical ring as in the starting structure (Fig. 9b). The
different orientations of the phenyl ring can be attributed to the
leucine/valine sequence difference at position 650. In GluR2, the
side chain of leucine blocks the diagonal orientation of the phenyl
ring, which is accessible to GluR5 with the smaller valine side
chain- the side chain packs nicely against the phenyl ring. Due to
the diagonal orientation of the phenyl ring in GluRS, the polar
amino group of Glu705 no longer points towards the hydrophobic
phenyl ring, whereas in GluR2 this unfavorable interaction re-
mains. In addition, two other unfavorable interactions are present
in GluR2, because the hydroxyl groups of Tyr702 and Thr686
point towards the phenyl ring. Furthermore, in GIuRS5 the space
between the ligand and Glu705 is occupied by Met704, unlike for
GluR2 where leucine is found (Figs. 9b and 9c). The side chain of
Val650 also packs nicely against the side of phenyl ring.

Accordingly, with both receptors, the 3’ carboxylate group forms
nearly the same interactions with helix-F but the ligand fits better
into GIluRS: Met704 fills the empty space between the phenyl
ring and Glu705 and the diagonal orientation of the phenyl ring
removes the unfavorable interaction with Glu705, and Val650
packs against the phenyl ring. The sequence difference at position
708 (GluR2: methionine; GluRS5: serine) does not have significant
role in ligand binding selectivity. The diagonal orientation of the
ligand seen with GIuR5 is 4.2 kcal mol~' more favorable than the
perpendicular conformation in GluR2 (Table 2). However, ligand
V does not fit as nicely to GluR5 as ligand IV does, and V lacks the
interaction with the main-chain amino group of Glu705. Based on
this, the difference in the experimental binding affinities, 156 nM
for IV and 1010 nM for V, can be understood.

Molecular dynamics simulation of ligand-free GluR2

To verify that the observed receptor movements are possible,
MD-simulation for ligand-free GluR2 was done for antagonist
receptor complex without an antagonist ligand (i.e. GluR2-
ATPO crystal structure without ATPO). During the simulation,
the receptor conformation varies between the starting structure,
which is from the GluR2-ATPO complex (Fig. 10: orange trace)
to conformation, which is highly similar to that of the crystal
structure of NR1 with bound antagonist ligand DCKA (Fig. 10:
blue trace). The receptor conformations seen in the simulated

Fig. 10 During the MD simulation of ligand-free GluR2, the receptor
conformation changes between the starting structure (GluR2 X-ray
structure; orange trace) and conformation similar to that of X-ray structure
of NR1 (blue trace), e.g. after 310 ps (yellow trace) receptor resembles the
conformation of NR1, while after 810 ps (green trace) and 2150 ps (red
trace) receptor conformation is between the starting structure and that of
NRI. Figure was prepared by using coil-drawing option in Molscript.*’
This option was used for clarity.
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Table 3 Polar interactions between the R-groups of the ligands and receptor during MD-simulation

Ligand Thr655NH Thr6550H Glu705NH Ser654NH Ser6540H Wi W2
GluR2

I N4, w/— N3, w/— NI, —/w — — N3 N2
I N4 N3 N2, w SO2 — N3 N3
III N3, w N2, w S — — N2 —

v Ol,w Ol,w — — — 0O1 N3
A% O1 Ol,w — 02 02, w 0Ol ()1

GIuRS

I — N3 — — — N3 N2
I — N3 — SO2 — N3 N3
I N2, w NI S — — N2, w —

v 0Ol (0) N3 02 02 — —

A% (] 01 — 02 02 0Ol 01

Mean interactions of 44 structures during the last 1 ns of the whole simulation time (time intervals of 22.5 ps). The standard deviations of interaction

distances and angles were 0.1-0.3

A and 10-25°, respectively. The hydrogen bonds are considered to be strong, when the distance between heavy atoms

<3.3 A and the hydrogen bond angle (X) —45° < X < +45° between D-H-A. w indicates weak polar interaction (distance between heavy atoms
3.3 A—4.5 A or the hydrogen bond angle does not fulfill criteria set to the strong hydrogen bond). The position of the tetrazole ring easily changes
due to the flexible linker effect on the interactions; i.e. when interactions Thr655NH-N4" and Thr6550H-N3’ are enforced, Glu705NH-NT1’ is, in turn,

weakened and vice versa.

receptor—ligand complexes were observed in the simulation of the
ligand-free GluR2 (compare Figs. 5c-d and Figure 10). Ac-
cordingly, the conformational changes observed for the receptor
suggest that the “open” i.e. antagonist bound form of the iGluR
receptors are inherently flexible.

Binding of ligands to GluR1,3,4

The binding data for I and IV are available for all AMPA
receptors.’® Both of these ligands have a slightly higher affinity for
GluR1 and GIuR2 than for GluR3 and GluR4." This difference
can be ascribed to position 702 where GluR1 and GluR2 have
tyrosine and GluR3 and GluR4 have phenylalanine (Fig. 3):
Tyr702 can stabilize ligand binding either via a direct hydrogen
bond or through an intervening water molecule (data not shown).

Binding of ligands to GluR6 and GluR7

Even though GluR7 has a binding site nearly identical to that
of GluRS5, none of the decahydroisoquinoline derivatives binds
well to GluR7 and none of the ligands binds to GluR6.>'** This
binding difference can be attributed to the sequence difference
at position 686. Both GluR6 and GluR7 have asparagine at 686,
which blocks the binding of the decahydroisoquinoline in a similar
way as we described previously for several agonist molecules.* In
addition, GluR6 has alanine at the position 480 and since the
NH,* group of the decahydroisoquinolines is predicted to donate
hydrogen bonds to the main-chain oxygen atom of Pro478 and
the side-chain hydroxyl group of Thr480, the binding affinity for
GluR6 is expected to be lower than for GluR7, which is in good
agreement with the experimental binding data reported for the
decahydroisoquinoline derivatives.*!*4

Binding of ligands to KA2 (and KA1)

A common feature of the decahydroisoquinoline derivatives is that
they do not bind to the KA2 receptor (X is always >100000 nM),
unfortunately these data are available only for small number of
molecules.”** The sequence difference at the position 478 (Fig. 3)
most likely alters the backbone conformation of the preceding
Ala477, exposing an additional main-chain oxygen atom towards

the ligand binding site and thus towards the hydrophobic dec-
ahydroisoquinoline. This altered backbone conformation affects
the conformation of Tyr450 as well, thus affecting the packing of
the decahydroisoquinoline moiety of the ligands against the S1
domain.* In addition, the sequence difference at position 650 can
have a drastic effect on ligand binding: while AMPA receptors
have leucine and GluR5-7 have valine, KA1-2 have isoleucine
at this position. As already shown the leucine/valine difference
at position 650 is highly important for subtype selective ligand
binding and it is logical to expect that the isoleucine at that position
has clear impact for binding.

Methods

Structural modeling

The three-dimensional structure of the GluR2 S1S2 construct
in complex with ATPO (PDB access code: 1n0t'?), was ob-
tained from the Protein Data Bank.* The sequence alignment
of human GluR1-4 (AMPA-receptors), GluR5-7 and KA1-2
(KA-receptors) was made using Malign* in the Bodil Modeling
Environment*®* using a structure-based sequence comparison
matrix* with a gap formation penalty of 40. Malign constructs a
multiple-sequence alignment from pairwise alignments according
to a tree relating the sequences being matched.

The program Homodge in Bodil was used to construct 3D model
structures for each receptor LBD (except GluR2 where the X-ray
structure was used) by keeping the side-chain conformations of
all identical residues fixed and by maintaining the corresponding
torsion angles of similar residues in the alignment. Here, the
sequence identity varies from approximately 90% (among the
AMPA receptors) to about 50% (between GluR2 and the KA
receptors). The intramolecular interactions of the amino acids
in the vicinity of the ligand binding site that are different
from those in the template structure were optimized by using
the amino acid side-chain rotamer library* incorporated within
BODIL. Hydrogen atoms for all protein structures and models
were added using the program Reduce.*
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Ligand structures

Ligand structures were optimized quantum mechanically with
Gaussian03°! at the HF/6-31 + G** level, first in vacuo and then
using a continuum solvent model (water, using the PCM model of
Gaussian03).

Possible low-energy conformations for the ring-system of the
decahydroisoquinolines were produced with the 2D-3D conver-
sion program Corina,*?* using an energy window of 60 kcal mol~'.

Hybridization and protonization of the ligands were confirmed
by examining the available pK, values and similar (sub)structures
using Beilstein (MDL Information. Systems, Inc).

Ligand docking

Ligands were docked flexibly into the AMPA/KA receptors with
Gold 2.1.52% The search area was limited to a 15 A radius sphere
centered at the binding site.

Molecular dynamics

The ligand-receptor complex structures obtained from the dock-
ing studies were used as starting structures for the ligand-receptor
MD simulations. For ligand-free simulation, the receptor structure
of GluR2-ATPO complex, without bound ATPO, was used as a
starting structure.’> Water molecules within a 4.0 A distance of
the ligand in the X-ray structure of GluR2 with bound ATPO
were included in starting structures (water molecules with similar
positions were also included in the GluR5-ligand complexes).
The force field parameters for the protein were taken from the
parm99 parameter set> of Amber 8% and for the ligands from
the gaff parameter set.*® Missing parameters and atom types of
the ligands were generated using the Antechamber module of
Amber 8. The quantum mechanically optimized structures of the
ligands were used. The electrostatic potentials of the ligands were
obtained from ab initio quantum mechanical single point energy
calculations (HF/6-31 + G* with Gaussian03%') performed for the
structure obtained from the solution optimization. Atom-centered
point charges for corresponding atoms were generated from
the electrostatic potential using the RESP methodology.™>® The
charges of chemically equivalent atoms were set to equal values.

The ligand-receptor complexes were solvated with a rectangular
box of TIP3P waters extending 13 A in all dimensions around
the solute using the Leap® module of Amber 8. The number
of water molecules in simulations were GluR2: 14387; GluR2—-
I: 14383; GluR2-1I: 14385; GluR2-11II: 14383; GluR2-1V: 14387,
GIuR2-V: 14386; GluR5-1: 13500; GluR5-1I: 13522; GluR 5-1II:
13500; GluR5-1V: 13512; GluR5-V: 13556. The system was then
neutralized by adding the appropriate number of counter ions
(GluR2 apo: four chlorides; GluR2-I ligand complexes: three
chlorides; GluR 5-ligand complexes: one sodium).

Energy minimizations and molecular dynamics simulations
were performed using the PMEMD module of Amber 8. Equi-
libration was performed using the following procedure. In the first
step, the hydrogen atoms in the system were minimized using the
steepest decent algorithm (1000 steps) keeping the rest of the sys-
tem fixed, followed by a similar relaxation of the water molecules.
In the MD run, the system was heated from an initial temperature
of 100 K to 300 K in 30 ps, and thereafter the temperature was
maintained at 300 K. After relaxation, the system was energy min-
imized for 1000 steps. Finally, unrestrained molecular dynamics

simulation of the whole system was started by heating up the whole
system as done in the equilibration MD simulation of the water
molecules. After that, the production simulations of 2.1-3.5 ns at
constant temperature (300 K) and pressure (1 atm) were started.
For GluR2-I complex a longer simulation (3.5 ns) was performed
in order to see if longer simulations would be required. Since the
trajectories were stable and no significant conformational changes
were not seen during the extension of the simulation, 2.1 ns simula-
tion time were considered to be long enough. All simulations were
run using a 1.5 fs step time. A cutoff of 8.0 A was used for van der
Waals interactions and the long-range electrostatic interactions
were treated using the particle mesh Ewald summation method®-*
with a charge grid spacing of ~1.0 A. Bonds containing hydrogen
atoms were constrained using the SHAKE algorithm.%

Trajectory analyses

Trajectories obtained from the MD simulations were analyzed
with the ptraj module of Amber 8.

Internal energies of ligands

For each compound, 27 snapshot structures, containing only
ligand coordinates, were collected at 15 ps intervals over the
final 400 ps of the simulation. Single-point energies for these
ligand conformations were calculated quantum mechanically at
the B3LYP/6-31 + G* level with Gaussian03.*

Ligand binding data

The ligand binding data for enantiomerically pure decahydroiso-
quinolines, measured on homomeric iGluRs, were taken from the
literature.”!°

Figures

Fig. 3 was prepared by using Alscript® and figures 1, 4-10 by using
Bodil,** Molscript®” and Raster3D.®

Conclusions

With regard to receptor binding, the studied ligands have several
features in common. The decahydroisoquinoline moiety forms
similar interactions in all cases. In addition, all negatively charged
R-groups: tetrazole (I-III), carboxylate groups (IV-V) and the
oxygen atoms of the sulfonyl group (II) interact with the positively
charged N-terminus of helix-F. These results are consistent with
the crystal structures of GluR2 with other types of bound ligands
(with the exception of DNQX), where negatively charged groups
are observed to interact with the helix-F.!! Another important
interaction that is observed is with the main-chain amino group
of Glu705. This interaction is seen in the GluR2-11I, GluR5-111
and GluR5-1V complexes and is quite often seen in the crystal
structures too (e.g. GluR2-AMPA"). However, in the complexes
with I, II and V water molecules occupy this interaction site
in a similar way as w4 in the crystal structure of GluR2 with
bound ATPO (see Fig. 1). Water molecules wl and w2 seen in
the crystal structures (e.g. GluR2-ATPO; Fig. 1) are observed in
all of the ligand-receptor complex structures obtained from MD
simulations (Figs. 5-9). The other water molecules seen in crystal
structures, w3 and w5 (Fig. 1), are, in turn, replaced by some of
the ligands.
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The ligand conformations are strongly dependent on the
sequence differences between GluR2 and GluRS5. Especially, the
leucine (in GluR2)-valine (in GluRS5) difference at position 650
has a strong influence on the ligand conformation and in this way
also on selective ligand binding to the receptors, depending on the
length of the linker. The ligand with the longest linker (III) has the
highest sensitivity to the size of the side chain at this position. The
smaller valine in GluR 5 allows the linker to adopt a more extended
conformation than the bulkier leucine in GluR2, contributing
9.0 kcal mol ™' to the stability of the complex in GIuR 5 (Table 2). In
contrast, with linkers of two connecting atoms (I-II), the influence
of valine is the opposite: the tetrazole ring can penetrate deeper
into the cavity formed by helices F and H in GluRS because
of smaller valine, and these results in a loss of interactions. In
addition, the larger side chain of leucine (GIluR?2) packs better on
the top of the tetrazole ring than the smaller side chain of valine
(GluRY); in the case of I, having accordingly a positive impact on
the total ligand binding energy. With the smaller ligands, IV and V,
leucine prevents the imidazole (IV) or phenyl (V) ring adopting ori-
entations that would allow the best possible interactions with the
receptor, whereas valine allows favorable conformations. With IV,
the observed binding conformation from the MD simulations have
similar internal energies, but with V the conformation in GluRS5 is
4.2 kcal mol~' more favorable than that in GluR2 (Table 2). The
observation of the importance of the leucine/valine difference on
the ligand binding conformation is not new. For example, this se-
quence position has been shown to be responsible for the pharma-
cological differences of the ligand kainate towards the AMPA and
KA receptors® and also for agonist ligand binding selectivity.”*"

During the MD simulations, the receptor structures alter their
conformations, however, the magnitude and manner of the confor-
mational change depends on the bound ligand and the receptor
type (GluR2 or GluRY). During the simulation of GluR2 with
bound molecules I and I, the receptor changes its conformation to
resemble that of the NR1 receptor (Figs. 5c and 5d), while GluR5
alters its conformation to a much lesser extent. The greater degree
of conformational change in GluR2 allows I and I to adopt a more
favorable conformation in contrast to GluRS5. With the largest
ligand, III, neither of receptors changes conformation. Ligands
IV and V are much smaller than I-III. With these ligands, the
movement of the receptors differs from that of the larger ligands.
In comparison to the X-ray structure of GluR2-ATPO complex,
helix-F moves towards helix-H in the GluR5-1V, GluR2-V and
GluR5-V complexes. With GluR2-1V, this kind of movement is
not seen due to the different ligand conformation. The changes in
the receptor conformation that are dependent on bound ligand,
which are seen in this study, are not seen in the currently available
X-ray structures of AMPA /KA receptors.

Although, the results described here are based on single trajec-
tories for each protein-ligand complexes, the results obtained can
be assumed to be reliable because of the following reasons. (1) The
ligands I and II have the same core structure and the length of
R-groups are similar (Fig. 2). When these ligands are bound to
GluR2 and GIuR3, similar changes in the receptor conformations
are seen during the MD simulations. Accordingly, similar results
were obtained from four independent trajectories. (2) For ligand
IL, two distinct starting conformations were used with GluR2 and
GluR5 (Fig. 6a and 6¢). However, during the MD simulation both
starting conformations ended up to highly similar conformation

(Fig. 6b and 6d). (3) The simulation of ligand-free antagonist
form of GluR2 varies between conformations seen for the crystal
structures of GluR2 with bound ATPO and NR1 with bound
DCKA (Fig. 10). In addition, those receptor conformations, which
were seen in the receptor-ligand simulations, were also observed
in the ligand-free simulation. Accordingly, the observed dynamics
of the ligand-free antagonist form of the receptor suggests that
the receptor is inherently flexible. In order to investigate if the
receptor starting conformations effect on the behaviour of the
receptor during MD simulations, several starting conformations
for the receptor should have been used. However, in the case of
GluR-antagonist complexes, it is very difficult to use any other
sensible starting conformation for the receptor beside those used,
since the only available crystal structures for GluR2 and GluR5
with bound antagonist ligands are the complexes of GluR2 with
bound ATPO and DNQX that are highly similar to each others.
The usage of agonist ligand complexes that are numerous and
available for both GluR2 and GIuRS cannot be used as the
receptor structures are more “closed”, which reflects the size of
the binding cavity, and thus, the positioning of studied antagonist
ligands into the binding cavity is impossible. Accordingly, since
several independent trajectories gave consistent results in the
respect of the receptor movement and similar conformations are
also seen in the X-ray structures of iGluRs, our hypothesis that
the “open” (i.e. antagonist) forms of iGIuR receptors are flexible
and the receptor conformation may change upon the shape and
size the ligand bound can be assumed to be reasonable.

In summary, the binding mode of decahydroisoquinoline deriva-
tives is a complex problem, affected by many different factors. The
results obtained here show reasonable binding modes for these lig-
ands, which are consistent with the experimentally observed bind-
ing affinities. In addition, the changes in the receptor conformation
depending on the bound ligand give new information about re-
ceptor flexibility upon antagonist ligand binding. Thus, this study
provides a basis for understanding receptor-ligand selectivity and
yields insight applicable to the design of novel selective ligands.
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Although for a long time carbohydrate binding property has been used as the defining feature of lectins,
studies carried out mostly during the last two decades or so demonstrate that many plant lectins exhibit

specific interactions with small molecules that are predominantly hydrophobic in nature. Such
interactions, in most cases, appear to be at specific sites that do not interfere with the ability of the
lectins to recognise and bind carbohydrates. Further, several of these ligands have binding affinities
comparable to those for the binding of specific carbohydrates to the lectins. Given the ability of lectins
to specifically recognise the glycocode (carbohydrate code) on different cell surfaces and distinguish

between diseased and normal tissues, these additional sites may be viewed as potential drug carrying
sites that could be exploited for targeted delivery to sites of choice. Porphyrin—lectin complexes are
especially suited for such targeting since porphyrins are already under investigation in photodynamic
therapy for cancer. This review will provide an update on the interactions of plant lectins with

non-carbohydrate ligands, with particular emphasis on porphyrin ligands. The implications and

potential applications of such studies will also be discussed.

1. Introduction

The specific recognition of carbohydrates by lectins is so strik-
ing that they are commonly defined as carbohydrate binding
proteins (other than enzymes or antibodies) capable of specific
and reversible interaction with these ligands."* There have been
excellent reviews from time to time that captured the various
aspects of developments in the field,® summarized the impor-
tance of carbohydrates and lectins in immunology, oncology or
medicine,>*” discussed various methods of lectin classification®%1°
or gave detailed accounts of specific lectins and their properties.
There have also been two excellent books on lectins with a wealth
of information on various aspects of lectins, especially regarding
their occurrence and carbohydrate binding specificity, structural
features and applications.'"**® This review does not therefore
attempt to repeat what has already been so ably achieved by
others in the field. We instead intend to focus on non-carbohydrate
ligands that have been reported to interact with lectins and the
possible implications that this could have on the directions of
research in this field, with specific focus on porphyrin binding by
plant lectins, a subject of detailed investigations in our laboratory
during the last decade. These aspects have not been the main
subject of any review so far, although a brief mention has been
made in the recent book by Sharon and Lis."

11-13

2. Lectin research: origins and developments

Although it seems apparent now that Weir Mitchell had already
observed lectin activity in rattle snake venom before 1860," it
wasn’t until at least six years later, when Stillmark reported
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the dramatic action of ricin on red blood cells and then Helin
followed it up by a similar report on abrin, that agglutinins
caught the attention of the medical community. Reports of
hemagglutinins from a wide variety of sources were quick to follow.
Besides plants, agglutinins were discovered in fungi, bacteria,
viruses, invertebrates and vertebrates. Although this early period
established, beyond any doubt, the proteinaceous nature of lectins
and their cell-agglutination and precipitation capabilities, lectin
research thereafter was beset with problems and difficulties for the
next quarter of a century or so.'

Studies, by Sugishita, Jonsson, Boyd and Renkonen, provided
the proverbial ‘shot in the arm’ for research on lectins by identify-
ing lectins as cell-recognition molecules that could have practical
applications.’® Reports of blood-group specificity, mitogenicity
and tumour cell-binding of lectins followed almost immediately.
The number of known properties and possible applications of
lectins grew rapidly. Concanavalin A (Con A), a lectin from jack
beans, became the first lectin to be crystallized and then extensively
characterized by Sumner and Howell who also showed for the first
time that sucrose could inhibit its agglutination activity."” Two
other major discoveries set the tone of the research that was to
follow. Funatsu and his collaborators isolated the first non-toxic
lectin from Ricinus communis, shattering the prevalent notion at
that time that lectins were necessarily toxic proteins.®*2° Secondly,
it was shown that several of these lectins, such as that from
soybean, were glycoproteins.?® Lectin research had progressed
beyond the serological level and it was but a matter of time before
molecular level analysis of lectin activity would begin in earnest.

However, it may be useful to emphasise here that the trajectories
of research in the field have been neither smooth nor unidirec-
tional. The field of plant and animal lectins grew from the very
different interests and concerns of researchers working on them.
While it is certainly undeniable that reports on plant lectins far
outnumbered those from microbial or animal sources, owing as
much perhaps to their relative ease of availability as to their
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ease of purification, yet to a new entrant in the field it would
be more than a little puzzling that much less is known about the
in vivo function of the former than the latter. Interest in studying
microbial and animal lectins grew directly from interest in the
biological functions of these proteins, with lectin activity being
discovered subsequently, or almost coincidentally, in many cases.
On the other hand, the effect of plant lectins on different cell types
had already set the agenda for early research on them, leading to
an extensive search for lectins in plant extracts and identification
of a large number of lectins with practical applications. Such an
objective did not require identification of the biological function
of the protein per se. Indeed, in several cases where biological
functions have been hypothesised or proven, the effect of the
plant lectins on microbial or animal cells has provided clues to
their putative function in vivo. Research on the endogenous roles
of plant lectins has therefore been a late starter although some
progress has been made in this direction in recent years.”>** Despite
this, interest in studying plant lectins has been sustained owing to
the fact that their natural abundance makes their applications in
a large number of areas much more feasible.'>**

3. Lectin—carbohydrate interaction

Glycosylation is the key step in a number of processes at the cellular
level. Cell-surface oligosaccharides get altered in various kinds
of pathological conditions including malignant transformations.”
With developments in the closely-related field of glycobiology,
it has now become evident that oligosaccharide-mediated recog-
nition plays a very important role in a variety of biological
processes such as fertilization, immune defence, viral replication,
parasitic infection, cell-matrix interaction, cell-cell adhesion and
enzymatic activity. Lectins have been implicated in most, if not
all of these recognition events.'>*® The strict selectivity that this
kind of recognition requires, imposes a stringent geometry upon
both the ligand and the corresponding receptor, thus conferring
unique sugar-specificities upon lectins.’*?-33 Carbohydrates can
interact with lectins via hydrogen bonds, metal coordination bonds
and van der Waal’s and hydrophobic interactions. Selectivity
results from specific hydrogen bonding and/or metal coordination
bonds with key hydroxyls of the carbohydrates which can act as
both acceptors and donors of hydrogen bonds. Water molecules
often act as bridges in these interactions. The hydroxyl at the
C4 position, in particular seems to be a decisive player in these
events. Steric exclusions minimise unwanted recognition, further
fine-tuning the saccharide specificity of the lectin. Subsite binding
and subunit multivalency, where possible, increase the binding
selectivity manifold.** In subsite binding, the primary binding
site appears critical for carbohydrate recognition, but secondary
binding sites contribute to enhanced affinity of the lectin towards
specific oligosaccharides. For example, the legume lectins Lathyrus
ochrus isolectin IT (LOL IT) and Con A are both Man/Glc specific
lectins, but their oligosaccharide preferences are very different.
LOL II has several-fold higher affinity for oligosaccharides that
have additional a(1-6)-linked fucose residues while Con A does
not (for reviews see?®!). In subunit multivalency, several subunits
of the same lectin contribute to the binding by recognising different
extensions of the carbohydrate or different chains of a branched
oligosaccharide. This kind of binding is exhibited, among others,
by the asialoglycoprotein receptor, the mannose binding protein

(MBP) from the serum, the chicken hepatic lectin and the cholera
toxin. 2%

It appears that the monosaccharide specificity of a lectin,
although useful, need not necessarily tell the complete story. It
has become evident in a large number of cases, particularly in the
case of those lectins with proven or putative biological functions,
that multivalency of the receptor is a prerequisite for recognition.
Thus the MBP, for example, binds to monomeric mannose units
and simply releases them but, when it binds to the oligomannosides
on a pathogen that has the same spacing as the trimers of MBP,
it triggers off a biological response that results in complement
fixation.?*36

4. Definition of lectins and their classification:
the ongoing debate

As a group of proteins, lectins exhibit considerable specificity
in binding oligosaccharides and yet possess enormous structural
diversity."** For a group so varied both in structure and function,
arriving at a common definition that suitably describes all their
characteristics is obviously not easy. The initial definition of
lectins as synonymous with agglutinins®*’ made way for a newer
and more general definition of lectins: proteins that possess at
least one non-catalytic domain, which binds reversibly to specific
carbohydrates.’®* By this definition, agglutination no longer re-
mained the pivotal property by which a lectin is defined, although
in practice it continued to be a useful marker. Carbohydrate
binding and specificity became the new criteria for the definition
of a lectin. A useful and popular method of classifying lectins, par-
ticularly from plant sources, is based on the mono- or disaccharide
specificities of the lectins, although as mentioned earlier, amongst
lectins where subsite binding is important, the oligosaccharide
specificities may be very different despite similar monosaccharide
specificities.?®3 Yet perhaps due to both historical and practical
reasons, this method of classification has continued to be popular.
However, it is difficult to apply such a classification universally.
For example, using such a framework it would simply not be
possible to classify a lectin like galectin-10, whose soluble form
apparently binds galactose but the crystalline state recognises
mannose instead.* Similarly, there has been mounting evidence
to suggest that jacalin, the T-antigen binding lectin from jackfruit
seeds, is capable of binding both galactose and mannose sugars.*!
Research work from a number of groups, carried out mostly during
the eighties and early nineties,** also shows that plant and animal
lectins could have one or more hydrophobic binding sites different
from their carbohydrate binding site(s) and these could play a role
in protein—protein interactions. A number of new questions arise
from these studies. Are lectins multi-functional proteins invested
with the power to trigger biological activity by using additional
binding sites to their carbohydrate binding ones? What functions
do these recognitions confer upon lectins and how important were
they to the role of these proteins in biological systems?
Moreover, there are also proteins that have single or weak
carbohydrate recognition domains (CRDs). The aggrecans and
versicans are, for example, two groups of proteoglycans whose
primary sequence was used to predict the presence of carbohydrate
recognition domains in them.? It was shown that these macro-
molecules have weak saccharide binding, although the endogenous
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functions of such a binding, if any, have not been identified yet.
Similarly, interleukin-1 (IL-1), IL-2, IL-3, IL-4, IL-6, IL-7, IL-
12 and the tumour necrosis factor o are all reported to exert
their activity by lectin-like interactions with the substrate.**>* One
study has shown that the receptor for insulin-like growth factor-
II is a multifunctional binding protein,* and another has shown
that the receptor binds to the growth factor at the same site at
which it binds mannose-6-phosphate implying that the receptor
exhibits lectin-like behaviour.®® The envelope glycoprotein of
human immunodeficiency virus type-1 also has an N-acetyl--
D-galactosamine binding site that is able to clearly distinguish
between glycoproteins carrying this oligosaccharide and others
that don’t.*

Yet another group of proteins which could lay claims to
being classified along with lectins are those that appear to share
extensive primary sequence homology with certain lectins despite
not exhibiting any marked saccharide binding ability. For example,
curculin, a sweet-tasting and taste modifying protein has a primary
sequence very similar to that of the mannose binding lectin (GNA)
from the snow drop bulb (Galanthus nivalis). Three-dimensional
modelling of the structure of curculin using data available on GNA
suggested that none of the three putative mannose binding pockets
could bind a mannose unit.*’

Of course one way to work around this problem would be to use
topological similarities rather than carbohydrate-recognition or
primary sequence homology in order to classify lectins. Although
carbohydrate binding specificity is no longer pivotal for the
classification, the property of carbohydrate binding would still be
anecessary feature to include any protein in the category of lectins.
Thus based primarily on topological features, some scientists
have preferred to classify carbohydrate-binding proteins into two
groups. Group-I, comprising enzymes and periplasmic binding
proteins, have proteins that possess deep binding pockets in which
the carbohydrates are completely engulfed while group-II contains
proteins that are neither enzymes nor antibodies and which have
shallow/superficial binding sites. The term lectin is associated by
these researchers only with the second group of carbohydrate-
binding proteins.***! Some completely unrelated lectins, such as
the pea lectin and galectin-2, show striking topological similarities
despite sharing no significant sequence homology or carbohydrate
specificity.®! Similarly, some Type-II antifreeze proteins have a
global fold homologous to the carbohydrate binding domain of C-
type lectins.®®* Should these proteins be grouped together and if
so, what advantage does such a classification afford us in terms of
our understanding of the structure and function of these proteins?

Lis and Sharon'? proposed a method of classification based on
structural features of the proteins of interest. Thus they classified
lectins into three groups: simple, mosaic and macromolecular
assemblies. Within each group there could be further classifications
based on sequence similarities and structural properties. Simple
lectins in this method of classification have a small number of
subunits, each with a carbohydrate recognition domain (CRD)
with possible additional domains for other types of ligands. Most
plant lectins would be treated as simple lectins. Mosaic proteins
have more diverse sources of origin, have multi-functional domains
and only one CRD. Viral hemagglutinins and animal C-, P- and I-
type would all belong to this category. Macromolecular assemblies
consist of filamentous proteins, mostly of bacterial origin, that
have several different subunits assembled together in a defined

order. Only one of the subunits, usually a minor component is
associated with carbohydrate recognition. The emphasis appears
to be on a combination of structure and carbohydrate recognition.

However, not all carbohydrate binding proteins are accom-
modated in this categorization. For example, toxins have been
excluded although historically some of the earliest ‘lectins’ to be
studied were toxins. Further, carbohydrate binding receptors with
CRDs that are buried in the interiors of the proteins or proteins
with lectin-like structural organization but with no proven CRD
are not included in this classification.

As new terrains are explored, new questions come up too.
Should lectins be classified based on their carbohydrate specifici-
ties, or by comparing with other lectin-like proteins which share
sequence homology with them, or with those with whom they
share a common fold? Or should it be a judicious combination of
the three? Or should the most significant biological function of the
protein be the ultimate consideration? These questions need to be
addressed in order to arrive at a classification that can be followed
by all workers in this field.

5. Multifunctionality in plant lectins

While a number of animal lectins have clearly been shown to
be bifunctional,* similar correlations between biological function
and non-carbohydrate ligand binding have been harder to come
by for plant lectins. To begin with, despite much work done aimed
at elucidating their functions in native tissues, the actual roles
of lectins in plants are still a matter of much speculation, and
wherever such roles have been proposed the evidence available is
much less certain than in the case of animal lectins. Secondly,
in most cases where biological roles have been inferred, the
targets of study have been the carbohydrate binding domains of
lectins. Several excellent reviews have highlighted the probable
endogenous roles of plant lectins.'>**2

Since a number of lectins have been isolated from storage tissues
in plants (seeds or vegetative storage tissues) where they make
for a very large proportion of the total protein content in the
tissue, it has been speculated that lectins might serve as plant
storage proteins. Many of these lectins have been shown to also
exhibit behaviour similar to other storage proteins. For example,
they are developmentally regulated in a manner very similar to
other storage proteins and, during germination some of these
are degraded and appear to be important sources of nitrogen for
the development process.®**' What is not known is whether these
lectins are merely storage proteins with lectin-like behaviour or
whether they serve more than one purpose in the storage tissue.
Direct evidence for the binding of auxins, gibberlins or other plant
growth factors to lectins in vivo, which can be correlated to their
role in plant development, is still lacking.

However, one question that is often raised is why such storage
proteins exhibit exquisite specificity for carbohydrates that do not
appear to be present within the plant itself? This has led to the
speculation that these lectins may double up as defence proteins
against pathogenic invasion, if such a situation arose.'>?*3%62
Defence against pathogens and predators in plants could occur
either via a passive defence mechanism or an active one.

Passive defence in plants include physical barriers, biochemical
adaptations and morphological adaptations. Biochemical adap-
tations in turn include accumulation of toxic low molecular
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weight compounds in the whole plant or susceptible tissues.®
Toxins could also be lectins, lectin-like proteins or ribosome
inactivating proteins (RIPs) whose target may even be a specific
group of organisms.?*¥6366 Tt is not known, however, whether
lectins interact with phytoalexins or other toxic low molecular
weight compounds and therefore enhance the plant’s defence
capabilities. An active defence system is one in which cells in the
vicinity of the affected area are triggered to synthesise specific
pathogenesis-related proteins or low molecular weight compounds
like phytoalexins which have antibiotic activity. Lectins too
could perhaps get triggered in such an active defence system.
For instance, it was shown that barley lectin and wheat germ
agglutinin preferentially accumulate in nematode-infested roots
of these plants.” In healthy roots their levels drop three days
after germination while in infested roots their levels fall-off much
less rapidly. Lectins were found at the nematode feeding site and,
interestingly, did not accumulate if the plant was inoculated with
a nematode not specific for it. There are also reports of induction
of lectins in response to abiotic stress in plants. For example, it
has been shown that the SalT gene product in rice is a mannose
binding lectin which may be induced by different kinds of stress
inducing agents including high salt.®7

Lectins have also been implicated in rhizobium-plant root
nodule interaction. Rhizobia can bind to both host and non-host
tissues but, apparently, the specificity of the binding determines
the symbiotic nature of the interaction between the bacteria and
the host plant. When specific binding occurs, lectins from the
bacteria as well as from the plant roots are involved, resulting in
close proximity that can promote physiological and biochemical
responses.'>**7-7 Lectins also appear to be involved in the produc-
tion of lipochitooligosaccharides or nodulation (Nod) factors by
the bacteria in response to flavanoids produced by the plant.”>™

Some galactose specific lectins in plants have been correlated
with cryoprotective properties in the tissues that they accumulate
in.”>" For example, the leaves of mistletoe (Viscum album L.)
contain three Gal/GalNAc specific lectins, two of which show
strong cryoprotectivity during freezing and thawing of isolated
spinach thylakoid membranes.” It has also been shown that the
accumulation of these lectins in mistletoe leaves is seasonally regu-
lated. Further, these cryoprotective lectins bind to the head groups
of digalactolipids in thylakoid membranes and the efficiency of this
binding depends primarily upon hydrophobicity.”

6. Non-carbohydrate and hydrophobic ligands for
plant lectins

6.1 Hydrophobic sites in carbohydrate binding domains

It has not escaped the notice of most researchers in the field that
the highly specific saccharide recognition sites of many lectins
bind to sugar derivatives containing large hydrophobic or aromatic
rings much better than they do to simple mono- or disaccharides.
Fluorescently labelled sugars with either a methylumbelliferyl
moiety or a dansyl group as the reporter have proved to be
extremely useful for studying lectin—carbohydrate interactions.
Thermodynamic studies on carbohydrate binding have suggested
that in general, many lectins have enthalpically driven associations
with carbohydrates. In many cases, the presence of hydrophobic
substituents enhance the binding of the carbohydrate to the lectin,

indicating either that the binding pocket itself is hydrophobic or
additional hydrophobic sites exist close to the primary carbohy-
drate binding site. For example, for Con A as well as pea lectin
(PSL), it has been shown from single crystal X-ray diffraction data
of the carbohydrate-lectin complexes in the presence of Ca** and
Mn?* that not only conserved Asp, Asn and Gly are involved in the
carbohydrate binding sites of the lectins but stacking interactions
of the sugar with a conserved Tyr is important for the stability of
this interaction.?*™

6.2 Peptides as carbohydrate mimetics

An exciting new dimension was added to the lectin-ligand inter-
actions by reports from two groups that explored the possibilities
of highly selective peptide binding to lectins that act as sugar-
mimics for them.”® These studies suggest the possibility of
using peptides to study the topological relationships that are
shared by the peptides and the carbohydrates specific for a given
lectin. Using phage-display libraries of hexapeptides, Goldstein’s
group identified the consensus hexameric peptide containing the
sequence YPY capable of highly specific interaction with Con A as
compared to other mannose binding lectins, with affinity constants
comparable to that of the lectin for methyl a-D-glucopyranoside.”
It had already been shown that Con A binds to phenyl o-D-
mannopyranoside with much greater affinity than methyl o-D-
mannopyranoside (MeaMan), suggesting the presence of amino
acids capable of hydrophobic interactions within or very close
to the sugar-binding site, a hypothesis that was well supported
by subsequent studies on the crystal structure of the lectin—
carbohydrate complex as well. The possibility therefore that the
peptide might just bind, via hydrophobic interactions, close to
the sugar binding site and sterically inhibit saccharide binding
to the lectin could not have been ruled out conclusively in this
study. But Salunke’s group showed that polyclonal anti-o-D-
mannopyranoside recognised various peptide ligands of Con A
and polyclonal antibodies generated against the specific 12-mer
peptide recognised Con A-specific carbohydrates, thus settling the
debate on whether indeed the peptides bind to the same site as
the carbohydrates.® While these studies do not suggest that such
recognitions are significant biologically, it would be an interesting
hypothesis. Could it be, for example, that conserved lectin-like
domains perform a function analogous to carbohydrate-binding?
Are there small peptides in vivo that regulate the function of
lectins, as are known to exist for many enzymes? When Con A
was co-crystallised with the peptide DVFYPYPYASGS in the
presence of Mn** and Ca*" it was observed that two kinds of
binding site were generated for the peptide as a result of crystal
packing.®! The primary binding site was in fact one that was
independent of the sugar binding site in which the peptide bound
to the lectin in a shallow crevice on the monomeric subunit with
one side largely exposed to solvent. In the secondary binding
mode, the peptide was located in a site between the mannose
binding site and the primary peptide binding site and interacted
with the lectin through predominantly hydrophobic interactions
(Fig. 1). Further, these hydrophobic sites did not correspond to
the ones identified by Hardman and Ainsworth* for hydrophobic
binding to Con A. The tyrosine residues in the conserved YPY
motif appear to be important for maintaining the hairpin bend
in the peptide structure while only the second tyrosine seems
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Fig.1 Crystalstructure of a peptide—Con A complex. A stereoview of the
surface representation of a Con A subunit is shown with the bound peptide
in the primary peptide binding site (PPBS) and the symmetry-related
peptide in the secondary peptide binding site (SPBS). Comparison of the
two sites has been made with respect to the trisaccharide binding site
(TSBS) on Con A. The peptide molecules at the primary site (orange)
and at the secondary site (pink) and trimannose (blue) are shown as stick
drawings. Reproduced from.®! (Copyright (2000) American Society for
Biochemistry and Molecular Biology, Inc.).

to be involved in direct interaction with the lectin. While the
peptide binding site does not seem to in any way overlap with
the carbohydrate binding site, it appears that the former is in
close proximity to the mannose and trimannose binding site.
Interestingly, the mitogenicity of the lectin, which has been
attributed to its carbohydrate recognition of the glycoproteins
on the cell surface, was found to be inhibited by this 12-mer
peptide. The YPY motif apparently plays an important role in this
inhibition. While a conservative replacement of either of the two
tyrosine residues with a phenylalanine showed only a marginal
alteration in the inhibition of mitogenicity, a mutation to Ser
resulted in drastic reduction in such inhibition. The recognition of
the peptides by polyclonal anti-o-D-mannopyranoside antibodies
was likewise affected.

One possible argument for rationalizing these rather contra-
dictory results is to begin with the assumption that the peptide
mimics the carbohydrate only under certain specific conditions.
The interaction observed in the solid state and that in solution
might be two completely unrelated phenomena. Peptides have
often been shown to bind to receptor sites via an induced-fit
mechanism. Thus a peptide with the consensus YPY motif, first
identified by its specificity for Con A, would be expected to bind
to the lectin in solution as was indeed reported by Goldstein’s
group.” Their observation that the carbohydrate binding ability
of the lectin could be inhibited by the peptide was corroborated
by the initial report from Salunke’s group.®* Indeed, the studies
on effect of the peptide on the mitogenicity of the lectin too were
carried out in solution state and must therefore be indicative of
the same kind of interaction.?' Taken together, their results seem
to indicate that in solution the peptide binds to the lectin at or
close to the carbohydrate binding site.

The crystal structure presents a very different picture. It must
be kept in mind that the concentrations of lectin and ligand used
for obtaining single crystals are extremely high when compared to
studies carried out in the solution state. Not only are peptides
less likely to remain soluble at such concentrations but the
likelihood of their aggregation and therefore adopting ‘non-
native’ conformations significantly increases. The very fact that

the peptide ‘fits’ into both the primary and secondary binding
sites of the lectin (see Fig. 1) could be a manifestation of such
an effect. Thus the remarkable specificity of the peptide for the
lectin that was observed in solution state appears compromised as
a result of the crystallisation conditions. The fact that the peptide
binds at the secondary binding site to a crystallographic equivalent
of the primary binding site using a completely different set of
contacts and mode of interactions, could be a reflection of this
fact. Extending this argument further it would be interesting to
speculate that the tyrosines in the conserved YPY motif might
not play as significant a role in the solid-state binding of peptide
to the lectin as was observed in the solution state, as long as the
hairpin bend is preserved. However relevant such a picture might
appear from the point of view of physiological function, the very
fact that such interactions can occur under appropriate conditions
is nonetheless significant.

6.3 Binding of ANS and TNS at hydrophobic sites in lectins

In a series of very interesting papers, some groups have explored
the possibility that carbohydrate-independent hydrophobic sites
for specific ligands could also exist in plant lectins. Using known
hydrophobic fluorescent probes such as 1,8-anilinonaphthalene-
sulfonic acid (ANS) and 2,6-toludinylnaphthalenesulfonic acid
(TNS), whose fluorescence quantum yields show marked enhance-
ment upon binding to a hydrophobic site as compared to their
fluorescence in aqueous solution, they showed that ANS and
TNS bind to a large number of legume lectins as well as some
non-legume lectins®*># Roberts and Goldstein®® showed that
most legume lectins also have a conserved specific hydrophobic
binding site for ANS and this site was completely independent
of the carbohydrate binding site. Further, both ANS and TNS
bind to proteins at sites that recognise cofactors or hormones.
Association constants reported in literature for the interaction of
various lectins with ANS and TNS are listed in Table 1.

6.4 Binding of adenine and phytohormones to lectins

In 1971 Jaffe and Palozzo reported the isolation of nonpolar
substances (most likely steroids) from Con A preparations using
non-polar solvents (as mentioned in**). Hardman and Ainsworth*
reported the binding of non-polar molecules to crystalline Con
A and postulated that the lectin might function in regulation of
cell-division or germination by binding some non-polar molecules
such as growth factors or cytokinins. Edelman and Wang showed
that the phytohormone indoleacetic acid bound to Con A very
weakly.®*® With the assumption that other plant hormones and
growth factors might also bind to legume lectins and this binding
might occur at the ANS or TNS binding sites, Roberts and
Goldstein further examined the binding of several lectins by
adenine derivatives, cytokinins, and other naturally occurring
hydrophobic plant molecules.* They concluded that the lectins
from lima bean (LBL), Dolichos biflorus, kidney bean and soybean
had adenine binding sites of varying affinities. LBL bound
to cytokinins besides adenine. Adenine derivatives possessing
hydrophobic substituents bound to LBL with better affinities
and this binding was in all probability mediated by the high-
affinity TNS binding site of the lectin. When the same group
probed the adenine binding site of the lectins from lima bean
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Table 1 Association constants for the interaction of ANS, TNS and other hydrophobic probes with different lectins

Lectin Ligand K, x 107*(M™) Reference
Concanavalin A TNS 1.9¢ 82
ANS 0.28 £ 0.04 48
Dolichos biflorus CRM ANS 0.11 £0.02 48
TNS 2.8 £0.08
Dolichos biflorus ANS 0.45 £ 0.02 48
TNS 1.9 +0.02
Griffonia simplicifolia 1-A, ANS 0.74 £+ 0.06 48
TNS 6.7+1.5
G. simplicifolia 11 ANS 0.51 48
G. simplicifolia 111 ANS 0.14 £ 0.01 48
G. simplicifolia IV ANS 0.61 £0.12 48
Lentil lectin ANS 0.39 £ 0.02 48
TNS 12.0 £ 3.0
Lima bean lectin ANS 0.45 £ 0.01 47
0.39%
0.365¢
TNS 79+ 12and2.2+0.8
N-phenyl-1-naphthylamine 6.0
Rose bengal 60.0¢
80.0°
Lotus tetragonolobus lectin ANS 0.55+0.05 48
Pea lectin ANS 0.31 £0.02 48
TNS 2.3+0.7
Peanut agglutinin ANS 0.77 £ 0.02 48
Phaseolus vulgaris E, ANS +cooperative 48
TNS 22+0.6
P, vulgaris E;L, ANS +cooperative 48
P, vulgaris E,L, ANS 0.46 + 0.01 48
P, vulgaris E,L3 ANS 0.59 £ 0.01 48
P, vulgaris L, ANS 0.52 £ 0.01 48
TNS 85+23
Soybean agglutinin ANS 0.45 £ 0.01 48
TNS 47+04
R. communis agglutinin 1 ANS 0.16 + 0.01 48
TNS 7.0+£0.3
Potato lectin ANS 0.43 +£0.06 48
Wheat germ agglutinin ANS 0.52+0.2 84
TNS 7.0+£0.3
833+ 1.38
Pseudomonas aeruginnosa PA-1 lectin TNS 114+1.6 85

“ Calculated from the K, value of 5.2 x 10> M. ® Determined by monitoring fluorescence enhancement of the probe. ¢ Determined by equilibrium dialysis.
4 Calculated from enhancement of ligand fluorescence intensity. ¢ Calculated from protein fluorescence quenching.

and kidney bean by using photoaffinity labelling,* they came
up with very interesting results suggesting that adenine perhaps
binds at a site that is sandwiched between two Con A dimers
and not in a hydrophobic cavity of a Con A monomer. This is
similar to that observed in the pea lectin as well, although in
the pea lectin it does not make inter-molecular contacts. Since
the binding of 2,3-diphosphoglycerate to haemoglobin is in a
similar site between the B, and B, subunits and is responsible
for the allosteric regulation of oxygen binding to haemoglobin,
they raised the speculation that adenine or cytokinins could serve
a similar purpose with respect to hydrophobic binding in lectins.
Using detailed characterisation of the adenine binding sites of the
Dolichos biflorus lectins Marilyn Etzler’s group** too suggested
that perhaps these could act as physiologically relevant ligands for
lectins in plants. The crystal structure of DBL—adenine complex
was subsequently determined,¥” which clearly showed that a total
of four adenine molecules bind to the DBL tetramer (Fig. 2);
however, the adenine binding sites are distinctly different from the
carbohydrate binding sites.*” In a recent study the interaction of
TNS, adenine and phytohormones with WGA was investigated

and it has been shown that the lectin has two types of binding
sites for TNS, a high-affinity site and a low-affinity site. Adenine
and adenine-related phytohormones such as zeatin, kinetin, as
well as abscissic and gibberillic acid bind to WGA with affinities
in the range of K, = 1.6-2.3 x 10° M, which are higher than
the affinity exhibited by this lectin towards different saccharides.®*
WGA is the first cereal lectin that has been shown to bind adenine
and other plant growth hormones. The association constants for
the interaction of adenine, its derivatives and various plant growth
hormones are listed in Table 2.

6.5 Porphyrin binding by lectins

Porphyrins are primarily hydrophobic molecules normally present
in biological systems bound to polypeptide chains, as in the case
of hemoglobin, myoglobin or chlorophyll. Of the several uses that
porphyrins have been put to clinically, photodynamic therapy has
been particularly attractive (for reviews, see ref. 95). There have
been numerous reports and studies on the binding of porphyrins
to proteins, lipids and other components of tissue.”*” Porphyrins
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Table 2 Association constants, K, for the interaction of adenine, phytohormones and related compounds with different lectins

Lectin Ligand K, x 1074(M™) Reference
Dolichos biflorus Adenine 50.0* 49
Adenine 70.3 £ 6.4 43
Kinetin 18.1+£1.0
Isopentyladenine 11.5+1.2
Benzyltetrahydropyranyl-adenine 8.38 £0.52
Zeatin 7.36 + 0.46
Benzyladenine 7.09 £ 0.49
Dihydrozeatin 4.90 £ 1.22
Benzoyladenine 2.94 £+ 0.64
Adenosine 0.865 +0.189
Xanthine 0.451 +0.327
Hypoxanthine 0.251 +£0.179
Ferulic acid 0.180 +0.103
Diphenyl urea 0.153 £ 0.011
Guanine 0.129 4+ 0.022
N¢-2,2,6,6 tetra-methyl 50 88
1-oxypiperi-dine 4-yl adenine
DBS58 (Dolichos biflorus stem and leaf lectin) Adenine 156 + 20 43
Kinetin 19.6 £ 4.5
Isopentyladenine 20.3+4.6
Zeatin 11.1+£1.0
Adenosine 2.25+1.63
Xanthine 0.962 + 0.064
Lima bean lectin Adenine 8.33 £ 0.69* 49
N¢-Benzyladenine 4.17+£0.17*
Zeatin 1.10 £9.0*
Hypoxanthine 0.83 +£0.2¢
8-Azidoadenine 4.7 46
N°¢-2,2,6,6 tetra-methyl 3.1 88
1-oxypiperi-dine 4-yl adenine
Phytoheamagglutinin-E, Adenine 11.63¢ 49
8-Azidoadenine 1.7 45
N¢-2,2,6,6 tetra-methyl 2 88
1-oxypiperi-dine 4-yl adenine
PHA-L, 0.52 88
Soybean agglutinin Adenine 7.69° 49
Winged bean basic lectin Adenine 1.50 89
Winged bean acidic lectin Adenine 42.0 90
Adenosine 0.15
concanavalin A Indole acetic acid 0.07 86
Peanut agglutinin N6-benzylaminopurine n.d.? 91
Hog peanut lectin (Amphicarpaea bracteata) Adenine 130 92
Wheat germ agglutinin Adenine ~166.7* 84
Kinetin ~166.7*
Isopentyladenine 232.5+11.6
Zeatin 232.5+11.6
Abscisic acid 227.3 £20.7
Gibberellic acid 153.8 £47.3
Pseudomonas aeruginosa PA-1 lectin Adenine 27+ 6.6 85
2.3+0.83
Ricin A chain Adenine (at pH 4.5) 1.79 93
(at pH 7.3) 0.29
Adenine 0.1 94

@ Calculated from the reported K, values, ? Crystallization of PNA-N6-benzylaminopurine is reported. The K, value was not determined.

have also been in the news in recent times for their use as
therapeutic agents to slow down the progression of transmitted
bovine spongiform encephalopathy due to their ability to bind
to normal protease sensitive prion proteins as opposed to the
protease resistant rogue ones in tissue culture studies.”® Porphyrins
are also being investigated as possible anti-microbial agents due
to their potential to inhibit microbial growth in cell cultures.®*'*®
In patients suffering from porphyrias, a genetic disorder involving
biosynthesis of porphyrins, accumulation of porphyrin and/or
its precursors occurs in the liver and other organs. Some studies

have been aimed at understanding these phenomena and finding
suitable ways of effectively transporting drugs to such tissues. In
view of the fact that some lectins are already under investigation
for the targeted delivery of drugs, finding lectins with high
affinity for porphyrins can expand the scope of lectin-mediated
drug delivery.®** Whether porphyrins are physiologically relevant
ligands for lectins is as yet unknown.

6.5.1 Binding of porphyrins to concanavalin A and pea lectin.
In the first report of its kind, we showed that Con A and pea (Pisum
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Fig. 2 Structure of the Dolichos biflorus lectin tetramer complexed with
adenine, determined by single-crystal X-ray diffraction studies.*” Each
subunit is shown in a different color. The four observed adenine molecules
are shown as space-filling models in green and blue. The two types of
dimer—dimer interfaces are indicated as aff and pp. Ca** and Mn** ions
are shown as large and small gray spheres, respectively. The locations of
the four sugar-binding sites are indicated with an asterisk (*). Reproduced
from.?” (Copyright (1999) Academic Press).

sativum) lectins bind to porphyrins with considerable affinity.'!

As stated earlier, Con A and pea lectin are two of the most well
characterised plant lectins that specifically recognise mannose and
glucose, as well as some of their derivatives. They share extensive
sequence homology and single crystal X-ray diffraction studies
have shown their 3-dimensional structures to be very similar.”
Biochemical evidence as well as data obtained from solving the
crystal structures of these lectins bound to their specific sugars
suggested that a conserved Asp, Asn, and Gly are directly involved
in carbohydrate binding by the lectins. Hydrophobic stacking
interactions of the carbohydrate with a conserved Tyr further
enhance the stability of this interaction.’*™ X-ray diffraction
studies have revealed that o-iodophenyl-B-D-glucopyranoside and

o-iodophenyl-B-D-galactopyranoside bind to Con A in a non-
polar binding site that is adjacent to the saccharide binding site.*
Binding of hydrophobic ligands to the two lectins have already
been described in the previous section although, to the best of our
knowledge, no crystallisation studies of these lectins with such
hydrophobic ligands have been reported.

We investigated the interaction of a free base porphyrin, meso-
tetrasulfonatophenyl-porphyrin (H,TPPS) and the correspond-
ing metal derivative, meso-tetra(4-sulfonatophenyl)porphyrinato-
zinc(IT) (ZnTPPS) to these lectins.’®* Structures of these and other
porphyrins investigated for lectin binding are given in Fig. 3.
Each lectin subunit was found to bind one porphyrin molecule
and the association constant, K, (in the range of 1.2 x 10* M™!
to 6.3 x 10* M), estimated from absorption and fluorescence
titrations were in the same range as that for ANS or TNS
binding to these lectins or that for porphyrin interactions with
serum albumins.***°7 Both free lectin and lectin saturated with
the specific saccharide were found to bind the porphyrin with
comparable binding strength indicating that porphyrin binding
takes place at a site different from the sugar binding site. A
representative double logarithmic plot depicting the analysis of
porphyrin binding to Con A is shown in Fig. 4. The K, values
obtained for the interaction of cationic and anionic porphyrins
with different lectins are given in Table 3.

As in the case of peptide ligands for Con A, the crystal structure
of Con A bound to H,TPPS at 1.9 A resolution presented a
very different story from that in solution state.!”® Unexpectedly,
when the lectin was co-crystallised along with the porphyrin,
the sulfanatophenyl group of H,TPPS occupied the same site
in the lectin as methyl a-D-mannopyranoside in the lectin—sugar
complex (Fig. 5). Besides, a pair of stacked porphyrins cross-
linked together molecules of Con A using two of their side groups
each, resulting in a pattern not very different from that observed
during agglutination of cells by lectins. The sulfanatophenyl group
mimics seven of the eight hydrogen bonds that are involved in
the interaction between Con A and MeoaMan. The hydrogen
bonds involving the C4 hydroxyl of the sugar are replaced by
those involving a molecule of water. Although n—7 stacking is
common for porphyrins, it has not been observed before in the

H,TPPS

CuTMPyP

ZnTCPP

Fig.3 Structures of porphyrins used in lectin binding studies. The structures shown are: H,TPPS (meso-tetra-(4-sulfonatophenyl)porphyrin), Ca TMPyP
(meso-tetra-(4-methylpyridinium)porphyrinato copper (11)) and ZnTCPP (meso-tetra-(4-carboxyphenyl)porphyrinato zinc(11). Replacing the two hydrogen
atoms in H,TPPS with divalent cations Cu** or Zn** would give the corresponding metal derivatives, CuTPPS and ZnTPPS. Similarly replacement of
the metal ions in the porphin core of CutTMPyP and ZnTCPP with Zn** and Cu**, respectively will give the corresponding metal derivatives, whereas
replacing them with two hydrogen atoms will give the corresponding free base porphyrins, H, TMPyP and H, TCPP, respectively.
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Table 3 Association constants, K, for lectin—porphyrin interaction

Lectin Porphyrin K, x 10*(M™) Reference
Concanavalin A H,TPPS 1.22 101
ZnTPPS 5.64
Pea lectin H,TPPS 2.96 101
ZnTPPS 2.58
Jacalin CuTPPS 3.98 (£1.46) 102
CuTCPP 1.34 (£0.41)
CuTMPyP 6.80 (£0.27)
H,TPPS 0.65 (£0.05)
ZnTPPS 0.65 (£0.14)
H, TCPP 0.41 (£0.05)
ZnTCPP 2.10 (£0.20)
H,TMPyP 7.30 (£0.33)
Snake gourd seed lectin CuTPPS 50.0 (£13.0) 103
CuTCPP 2.19 (£0.04)
CuTMPyP 5.02 (£0.51)
ZnTPPS 4.28 (£0.78)
ZnTCPP 3.85(£0.13)
Trichosanthes cucumerina seed lectin CuTPPS 12.11 (£6.23) 104
ZnTPPS 1.90 (£1.086)
CuTCPP 0.22 (£1.5)
ZnTCPP 0.58 (£0.3)
CuTMPyP 6.11 (£0.5)
ZnTMPyP 46.8
Momordica charantia seed lectin CuTMPyP 6.36 105
H,TMPyP 4.49
CuTCPP 2.97
H,TCPP 2.84
ZnTPPS 1.10
H,TPPS 0.58
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Fig. 4 Binding curve for Con A-H,TPPS interaction. The change in the
fluorescence intensity of H,TPPS was plotted as a function of Con A
concentration. The inset shows determination of the association constant,
K, from the binding data. The X-intercept yields the pK, of the binding
equilibrium. Reproduced from.'"! (Copyright (1997) Indian Academy of
Sciences).

crystal structure of proteins containing porphyrins. The fact that
the porphyrin is not covalently bound to a polypeptide chain
could encourage such stacking to occur much more readily in

B

Fig.5 Crystal structure of Con A-H,TPPS complex. A superimposition
of the ligand binding region of the complexes of the lectin with bound
H,TPPS and methyl-o-D-mannopyranoside is shown. Molecular surface
of Con A is decorated with color to indicate charge distribution (red,
negative; blue, positive). The structure shown clearly indicates H, TPPS
binds to Con A through the sulfonatophenyl group in a groove in which
methyl-a-D-mannopyranoside is known to bind. Reproduced from.'*
(Copyright (2001) American Society for Biochemistry and Molecular
Biology, Inc.).

this case. What is really noteworthy is the fact that despite sharing
no obvious similarities with MeaMan, H,TPPS is able to mimic

This journal is © The Royal Society of Chemistry 2006

Org. Biomol. Chem., 2006, 4, 973-988 | 981





the role of the sugar molecule with the aid of water molecules to
cement such an interaction.

There are, however, many larger issues that could be raised in
this context too as in the case of lectin—peptide complexes. The
results from solid state structural analysis clearly do not add up
to those obtained from solution state studies. The structure of
Con A in the crystal structure was unaltered when compared to
the lectin-MeaMan complex. It is well known that interactions of
Con A withits ligands can influence the crystal packing.®1*%1% But
this does not seem to have occurred in either its complex with the
peptide or with the porphyrin as compared to its crystal packing
in the presence of the sugar.

One possible explanation of the crystallographic data is that
both these ligands do indeed closely mimic the interaction of
MeaMan with Con A.' The other reasoning would be to suggest
that these ligands under the experimental conditions are unable
to strongly influence the packing of the lectin in the crystal.
Porphyrins, unlike many carbohydrates, are not highly soluble
in aqueous solutions and are known to readily aggregate in
aqueous solutions. At the much higher concentrations required
for crystallisation as compared to that used in the solution state
studies, it is not inconceivable that the porphyrins are already
stacked together and therefore interact with the lectin as dimers
rather than as monomers. The hydrogen bonds involving the
hydroxyl at the C4 position of the sugar which is so critical
to the specificity of the lectin’s carbohydrate interactions get
replaced by those from a water molecule, implying thereby that
the discrimination that the lectin is capable of in solution might
not exist in the crystallised state with respect to porphyrin binding.
Nevertheless, that porphyrins in the aggregated state could mimic
carbohydrate structure is a remarkable observation. It would be
extremely interesting to see what kind of a binding would occur if
the lectin was co-crystallised in the presence of the specific sugar
along with the peptide or porphyrin.

6.5.2 Porphyrin binding to peanut agglutinin. Peanut agglu-
tinin (PNA) is a galactose-specific, nonglycosylated homote-
trameric protein of M,110 kDa. Each subunit of this lectin has
one carbohydrate binding site that specifically recognizes the
tumor-associated T-antigen.'” The three dimensional structure
of PNA has been solved without any ligand'® as well as upon
complexation with a variety of bound sugars such as methyl-
B-D-galactopyranoside, lactose, N-acetyllactosamine and the T-
antigenic disaccharide, Galp1-3GalNAc.!""""* The ability of PNA
to specifically recognise the T-antigen and to distinguish it
from the more abundant cryptic T-and Tn antigens makes it a
useful diagnostic tool.'*!'¢ The quaternary structure of PNA is
rather unusual in that the four subunits of this homotetramer
are not related to each other by a conventional 222 or 4-fold
symmetry, although they have similar tertiary structures and
contain equivalent sugar-binding sites."® This unusual ‘open’
quaternary structure results in the exposure of a hydrophobic
region on the surface of the protein, which is probably why PNA
aggregates in solution, especially at low temperatures.'"’

Solution studies on the interaction of porphyrins with PNA re-
vealed that the lectin binds both cationic (CuTMPyP) and anionic
(CuTPPS and CuTCPP) porphyrins with affinities in the range
of ~10°-10° M~! (R. S. Damai and M. J. Swamy, unpublished
observations). The binding affinities were not significantly affected

by the presence of 0.1 M lactose, the disaccharide that is specifically
recognized by PNA. Very recently the structures of the complex
of H,TPPS with PNA as well as the ternary complex of PNA with
lactose and H,TPPS were published.'® These structures reveal
that unlike Con A even in the crystalline state the porphyrin does
not associate with the protein at the carbohydrate recognition
site. In both H,TPPS-PNA binary complex and H,TPPS-PNA-
lactose ternary complex four porphyrin dimers and one porphyrin
trimer bind to the PNA tetramer at sites that are different from the
carbohydrate binding sites (Fig. 6). Two of the porphyrin dimers
bind at equivalent sites on subunits A and B, and the other two
porphyrin pairs also bind at equivalent sites on subunits C and
D. However, the binding sites on subunits A and D (or B and
D) are not equivalent. This is in contrast to the crystal structures
of Con A-H,TPPS and jacalin-H,TPPS complexes, where the
porphyrin dimers bind at equivalent sites on all four subunits of the
lectin tetramer.'® The unusual ‘open’ quaternary structure of PNA
also plays a role in the interaction of porphyrins with PNA. The
porphyrin trimer binds to the A and B subunits of PNA via the
exposed hydrophobic site, the equivalent site of which is involved
in intersubunit interaction in other legume lectins. In addition, two
amino acid residues belonging to an exposed hydrophobic site in
subunits C and D are involved in the interaction of the porphyrin
dimers with the protein surface.
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Fig. 6 Crystal structures of H,TPPS-PNA binary complex (a) and
H, TPPS-PNA-lactose ternary complex (b). The stereo drawings depict
PNA molecules in gray and H,TPPS molecules in black. Lactose (black)
occupies the carbohydrate-binding site in subunits C and D of the PNA
ternary complex but not in subunits A and B. Reproduced from.'®
(Copyright (2005) American Chemical Society).

The binding of porphyrin to PNA at sites that are distinctly
outside the carbohydrate binding site in at least two of the subunits,
thereby not affecting the carbohydrate binding ability of the
lectin is of considerable interest in photodynamic therapy (PDT),
which is a relatively new approach for the treatment of cancer.
Due to its specific recognition of the tumor-associated Thomsen—
Friedenreich antigen,'® PNA appears to be an appropriate choice
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for targeting porphyrins to tumor cells. Indeed, the structure
of the H,TPPS-PNA-lactose ternary complex clearly shows that
the carbohydrate-binding ability of the lectin is not affected by
the porphyrin binding and suggests that this lectin can potentially
be employed for the targeting of the porphyrin photosensitizer
to tumor cells."® Further studies with cultured tumor cells and
animal models are required to explore this exciting possibility
further.

6.5.3 Porphyrin binding to jacalin. Jacalin is a galactose-
specific, homotetrameric lectin purified from Artocarpus integri-
folia (Moraceae family) with an M, 66 kDa and subunit mass
of 16.5 kDa.”?"?' The lectin has one carbohydrate-binding site
per subunit that recognises the o-anomer of galactose.'?* Jacalin
has attracted a great deal of attention due to its ability to
selectively stimulate T and B lymphocytes of human origin,'
as well as its specific recognition of the T-antigenic disaccharide,
GalB13GalNAca.'?*!?* Solution state studies on the carbohydrate
binding properties of this lectin have shown that it binds better
to sugars that are derivatized by attaching a hydrophobic moiety
such as 4-methylumbelliferyl glycosides of galactose as compared
to simple methyl galactosides.’* These observations suggest that
there might be a hydrophobic region on the lectin surface that
is presumably in the vicinity of the saccharide binding site. The
three dimensional structure of this lectin complexed with the
ligand, MeoGal, has also been solved by single-crystal X-ray
diffraction," thus giving us a clue regarding the amino acids
that play a crucial role in the lectin—sugar interaction. Aromatic
amino acids Phe47, Tyr78, Tyr122 and Trp123 form part of the
binding pocket, in agreement with the solution state studies that
indicated that the carbohydrate binding site might involve side
chains of hydrophobic residues.'**!?” The carbohydrate forms two
hydrogen bonds with Glyl of the a chain of the lectin. The
side chain of Aspl25 also interacts with the C4 hydroxyl of the
carbohydrate. Model building studies have indicated that even
if the hydroxyl at the C4 position were equatorial, as it is in
glucose or mannose, it would continue to interact with Asp125, but
not with Glyl. Thus unusually, jacalin is a lectin whose terminal
amino acid group is critical for its specificity determination.'>!*
Crystal structure of jacalin—T-antigen complex has also been
solved at 1.62 A resolution. The predominant interactions in this
case are through the GalNAc moiety with Gal only interacting
via water molecules. It includes hydrogen bonding between
anomeric hydroxyl of GalNAc with the pi electrons of an aromatic
residue.'?®

Of late there has been mounting evidence pointing to the plas-
ticity of the carbohydrate binding site of jacalin, and its saccharide
specificity does not appear to require stringent recognition of
the axial C4 hydroxyl. Derivatives of galactose that have the
crucial C4 hydroxyl altered as in 4-methoxygalactose are also well
accommodated by the binding site of the lectin.*® Further, bio-
chemical analyses based on surface-plasmon-resonance measure-
ments, combined with the X-ray-crystallographic determination of
the structure of a jacalin—methyl-o-D-mannopyranoside complex
at 2 A resolution, demonstrated that jacalin is fully capable
of binding mannose and oligomannosides albeit with weaker
affinities. Apparently the relatively large size of the carbohydrate-
binding site enables jacalin to accommodate monosaccharides
with different hydroxyl configurations.*!

Solution state binding studies using various free base and
metalloporphyrins demonstrated that the lectin bound to por-
phyrins in a carbohydrate-independent manner. The interaction
of the porphyrin with the lectin appeared to be hydrophobic since
charged as well as uncharged porphyrins bound to the lectin
with comparable affinities. The K, values estimated from both
absorption as well as fluorescence spectroscopic titrations at room
temperature were found to be in the range of 2.4 x 10° M~ to
1.3 x 10° M™', comparable to those obtained for other protein—
porphyrin as well as lectin—porphyrin interactions.'**'*

Once again, crystal structure tells a different story. The crystal
structure of (meso-tetrasulfanatophenylporphyrin)—jacalin com-
plex has been recently reported at 1.8 A resolution.!® Unlike in the
case of Con A-H,TPPS complex where the cross-linking between
four monomers of the lectin was a consequence of interactions
between two stacked porphyrin molecules, in the jacalin—H, TPPS
complex a porphyrin pair is sandwiched between two symmetry
related jacalin monomers leading to the cross-linking of the protein
molecules in the crystal (Fig. 7). Besides stacking interactions
which predominate in the porphyrin-lectin complex, H,TPPS also
forms hydrogen bonds with the protein. Jacalin exhibits no major
backbone conformational change upon binding the porphyrin vis-
a-vis carbohydrate binding. But the side chains of residues involved
in imparting galactose specificity to jacalin are conformationally
altered in order to accommodate the H, TPPS. The reorientation of
a Phed7 appears critical in the ability of the carbohydrate binding
site of jacalin to accommodate the porphyrin. The porphyrin does
not enter the carbohydrate binding site per se. Two of the three
water molecules that are present in the carbohydrate binding site
of jacalin in its ligand free state are retained while the third is
absent in the porphyrin-lectin complex. These water molecules
continue to interact with the lectin while also interacting with
the porphyrin. Perhaps due to these water-mediated contacts, the
interactions of porphyrin to jacalin appear to be relatively weaker
than those observed between galactopyranoside and jacalin.'*

Fig. 7 Crystal structure of jacalin—-H,TPPS complex. The porphyrin
molecule is shown in stick form and the ligand binding region of jacalin is
shown in a molecular surface representation colored according to charge
(red, negative; blue, positive). Reproduced from."” (Copyright (2004)
International Union of Crystallography).

Apart from the question of whether or not one is seeing a
physiologically likely event and whether indeed one is dealing with
the same situation in solution state and solid-state investigations,
there are several interesting questions that these data raise. For
example, does the binding site of the lectin that apparently has
some flexibility in carbohydrate specificity truly accommodate a
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molecule so fundamentally different as a porphyrin? Is this the
flexibility of the lectin’s recognition or is the porphyrin molecule,
that is normally regarded as a hydrophobic ligand, acting as a
carbohydrate mimic? Or is this a hybrid situation where both
ligand and receptor show a certain degree of flexibility? Does
the availability of hydrophobic residues in the carbohydrate recog-
nition pocket make such an interaction far more feasible? In the
jacalin—carbohydrate complex, the three water molecules found in
the binding site of the lectin in its ligand-free state are displaced
by the carbohydrate. While hydrogen bonding involving water
molecules does stabilize the interaction, the primary contacts of
the ligand with the binding site are clearly the ones dictating the
interaction. But in the porphyrin—lectin complex, the interaction
of the ligand is weak and water molecules at the binding site appear
to be playing a vital role in mediating the contact between receptor
and ligand. Such binding imparts flexibility to the interaction
and is unlikely to be highly specific. In the solution state too,
despite porphyrin binding being carbohydrate-independent, there
is nothing to suggest significant variations in binding of various
porphyrins to the lectins, a point that could be interpreted as a
sign of flexibility in the interaction. Could it be that in solution
state the carbohydrate at the binding site mediates interaction
between the lectin and the porphyrin very much in the manner
that water does in the jacalin—-H,TPPS crystal? The other likely
situation is that under conditions of crystallization, porphyrin
molecules at high concentrations tend to aggregate and bury their
hydrophobic surfaces in an aqueous environment, resulting in
a very different presentation of the ligand to the protein. Thus
whether the porphyrin binds the protein as a monomer or a higher
order aggregate will depend on the thermodynamic and kinetic
parameters of self aggregation competing with the binding event
under crystallization conditions. Although H,TPPS is, relatively
speaking, a water-soluble porphyrin that exists as a monomer
in the pH range of 5-12, its aqueous solutions deviate from
Beer-Lambert’s law at concentrations above 1 uM, suggesting
self aggregation. In the event of significant aggregation occurring
under crystallization conditions porphyrin binding would be
different from that seen in solution and the two situations would
not be comparable at all.

6.5.4 Porphyrin binding to Cucurbitaceae lectins. What
makes seed lectins from cucurbits particularly interesting is the
fact that many of them show extensive structural homology
to Type-1I ribosome inactivating proteins (RIPs) yet do not
inactivate ribosomes or do so only weakly."**® Type-IT RIPs like
ricin and abrin use the carbohydrate binding domain of their
B-chain to recognise and bind to the target cell and thereby
promote endocytosis of the A-chain whose N-glycosidase activity
on ribosomal RNA is responsible for their ability to inhibit protein
synthesis in these cells. One strategy for targeting drugs to specific
cells therefore involves using drugs linked up to truncated versions
of the toxin that lack N-glycosidase activity."®'* Cucurbit seed
lectins could perhaps also perform well as drug carriers without
complications resulting from toxicity of the lectins for the target
cells. Porphyrin binding studies with three lectins from this family
have yielded some interesting results.

The snake gourd seed lectin (SGSL) is a B-galactose-specific
glycoprotein of Mr ~60 kDa. It has two non-identical subunits
of M, 32 kDa and 23 kDa respectively linked by disulfide

bridges and has a histidine residue in its sugar-recognition
site. Saccharide binding studies for this lectin have concluded
that the lectin binds sugar derivatives containing a hydrophobic
residue in the B-position of the anomeric carbon bind better
than simple methyl derivatives of galactose suggesting that the
binding pocket of the lectin might involve hydrophobic residues
as well.® Tt was found that the absorption and fluorescence
intensity of free base porphyrins was not altered significantly upon
titration with SGSL.!®* The Cu- and Zn-porphyrins on the other
hand experienced significant decrease in their absorbance and
fluorescence intensities, respectively. The binding of porphyrins
by SGSL also occurs via hydrophobic interactions. The presence
of the specific sugar, lactose, does not significantly alter the extent
of change in the fluorescence intensity or the association constant
for the lectin—porphyrin complex in most cases. Agglutination
activity of the lectin also remains unaffected in the presence
of the porphyrins. Thus the saccharide-binding is distinct from
porphyrin-binding and the one does not appear to interfere
with the other. For CuTCPP a ten-fold increase in binding
affinity in the presence of the carbohydrate is noticed, it is
possible that conformational changes upon saccharide-binding
favourably alters the hydrophobic binding site for this porphyrin.
Interestingly, SGSL binds to both kinds of metallo-porphyrins
investigated, but does not show any apparent interaction with
free base porphyrins. When compared to Concanavalin A, pea
lectin and jacalin, SGSL shows slightly higher binding affinities
for porphyrins. The association constants for the SGSL—porphyrin
complexes seem to be in the same range as that for the lectin—
saccharide complexes. Clearly, the lectin has a very prominent and
distinct site per subunit for these hydrophobic ligands.

The T. cucumerina seed lectin (TCSL) and Momordica charantia
lectin (MCL) are the only lectins whose themodynamics of
porphyrin binding in solution state have been investigated in some
detail.’**'% Like SGSL, TCSL and MCL are B-galactose-specific
glycoproteins from the Cucurbitaceae family'***” TCSL exhibits
immunological cross-reactivity with anti-SGSL antiserum while
MCL does not show immunological cross-reactivity with either
anti-TCSL or anti-SGSL antiserum. 363

Like in the case of other lectins, porphyrin binding to MCL
appeared to be at a site different from the carbohydrate binding site
and appeared to be independent of the charge on the porphyrin,
suggesting mainly a hydrophobic mode of interaction. Such
binding also appeared to not significantly affect the secondary and
tertiary conformation of the protein. Thermodynamic parameters,
derived from van’t Hoff analysis of the association constants
(Fig. 8), suggest a role for polar forces in the interaction, perhaps
via hydrogen-bonding of water molecules in the binding pocket
since significant enthalpy—entropy compensation is observed in
the overall binding process.'®

Absorption spectroscopic studies on the binding of metallo-
porphyrins with TCSL indicated that TCSL also bound negatively
or positively charged porphyrins in a carbohydrate-independent
manner, with affinity constant (K,) values in the same range as for
other lectins and proteins studied.’® Using the spectra obtained
for the porphyrins in the presence of surfactants, it was concluded
that in all probability, besides hydrophobic interactions, polar
interactions via hydrogen bonding may also be involved in the
binding of porphyrins to TCSL (see Fig. 9). Thermodynamic
parameters indicate that unlike saccharide binding to many lectins
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Fig. 8 van’t Hoff plot of MCL-porphyrin binding. (CJ) H,TPPS
(meso-tetra-(4-sulfonatophenyl)porphyrin), (ll) CuTCPP (meso-tetra-(4-
carboxyphenyl)porphyrinato copper(i1)), (®) CuTMPyP (meso-tetra-(4-
methylpyridinium)porphyrinato copper (1)), (O) H,TMPyP (meso-tetra-
(4-methylpyridinium)porphyrin). Reproduced from.'* (Copyright (2004)
Federation of European Biochemical Societies).

that are enthalpically driven, porphyrin binding to TCSL is pri-
marily entropically governed (Table 4). Stopped flow studies have
been carried out to investigate the kinetics of the interaction of
the tetracationic porphyrin CuTMPyP with TCSL. These studies
have indicated that porphyrin binding to TCSL is four times slower
(k. of 1.89 x 10* M~! s7') than a diffusion-controlled process and
probably involves formation of an intermediate. The dissociation
rates obtained were comparable to the slow dissociation also
observed for fluorescently labelled saccharides bound to various
lectins. 314

If porphyrin binding by TCSL is in anyway representative
of porphyrin binding by other lectins as well, it would appear
that in solution state the process is slow and is primarily driven
by entropic considerations despite the likelihood of some polar
hydrogen bonds being involved in the interaction. If this holds
true in principle for solid state interaction as well, it seems
more than likely that porphyrins interact with the lectin in the
crystal as aggregates rather than as monomers and caution
must be exercised in interpreting the two different sets of results
obtained as a result of the very different experimental conditions.
This appears to be particularly pertinent when dealing with
hydrophobic ligands with a tendency for self aggregation in

Table 4 Thermodynamic parameters for porphyrin—lectin interaction

aqueous solutions and must be kept in mind while evaluating the
efficacy of a molecule as a drug candidate.

6.5.5 Potential applications of porphyrin-lectin interaction.
As mentioned before, porphyrins have excited a great deal of inter-
est for their usefulness in photodynamic therapy.”'** Porphyrins
preferentially accumulate in dividing cells and consequently their
concentration in tumour tissue is much higher than in normal
ones."® When excited by irradiation with light, porphyrins can
react with molecular oxygen sending it into its excited singlet
state which in turn causes irreparable tissue damage. However, the
selectivity of these sensitizers towards tumour cells is not always
sufficient for PDT to be efficient. Although in vitro studies and
some animal studies have shown that these levels are eight to
nine times higher in tumour tissues than in surrounding normal
tissues, in most of the cases the concentration of the photoactive
drug in tumour tissues is only about two times higher as compared
to that in the surrounding tissues.'** Invariably, therefore, killing
tumour cells also implies damage to normal tissues. Hence, it
is necessary to improve the ability of PDT agents to interact
specifically with tumour tissues by coupling another agent that
can preferentially interact with malignant cells. Among the many
known cellular recognition agents, lectins seem to be attractive
candidates for coupling with photosensitizers. The likelihood that
lectin binding to porphyrins might further enhance their specific
targeting and partitioning into malignant tissue is an interesting
possibility. Further, several lectins have been previously tested for
application as drug delivery agents, with some of them exhibiting
considerable promise.!3'"13%145146 For example, conjugates of Con
A with daunomycin and the a-chain of diphtheria toxin or
ricin*t13%146 have been prepared and tested for targeting drugs
to tumor cells. Doxorubcin-wheat germ agglutinin and peanut
agglutinin-ricin A-chain conjugates have also been explored in
potential drug delivery applications.’*!*

Owing to their remarkable specificities, plant lectins with
affinities for the carbohydrates on microbial cell surface are already
well characterised. Given the potential of porphyrins to act as
antimicrobials,®'® it is pertinent to ask whether lectins could
be used in vivo to specifically deliver porphyrins into pathogenic
microbial cells, thereby improving the efficacy of the treatment,
reducing the concentration of the drug required to be introduced
into the system and thereby reducing the possible side-effects.
In particular, lectins could be successful oral and mucosal drug-
delivery agents. Not only are a large number of lectins part of
our everyday diet, but also several of them are known to survive
the harsh conditions of human gastro-intestinal tract.’*® Similarly,
attempts have been made to use lectins in ocular drug delivery.#15
Specific hydrophobic binding sites on lectins provide the ideal
opportunity to expand the use of these molecules in targeted
therapy.

Lectin Porphyrin AG° (KJ. mol™) AH® (KJ. mol™) TAS® (KJ. mol™") Reference
Trichosanthes cucumerina seed lectin CuTPPS —29.00 15.06 (+18.41) —13.09 104
CuTMPyP -27.32 —7.53 (£11.72) —20.198
Momordica charantia seed lectin CuTMPyP —27.40 —54.4 —27.06 105
H,TMPyP —26.55 —59.5 —33.02
CuTCPP —25.53 —98.1 —72.69
H,TPPS —21.48 —85.3 —63.98
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Fig. 9 Difference absorption spectra for TCSL—porphyrin interaction (upper panel) and surfactant—porphyrin interaction (lower panel). Upper panel:
(A) CuTMPyP, (B) ZnTPPS, (C) ZnTCPP. The difference spectra were obtained by subtracting the spectrum of the porphyrin alone from the spectra
obtained in the presence of different concentrations of the lectin. The Y-scale on the left relates to A and that on the right corresponds to B and C. Lower
panel: Difference absorption spectra of ZnTPPS in the presence of different surfactants: CTAB, cetyltrimethylammonium bromide; TX-100, triton X-100;
SDS, sodium dodecyl sulfate. Reproduced from ref. 104. (Copyright (2001) Federation of European Biochemical Societies).

7. Future outlook and concluding remarks

For well over a century, plant lectins have been studied with
much interest due to their unique carbohydrate binding property.
Apart from a detailed understanding of the structure—function
relationships as well as evolutionary relationships between lectins,
these studies have also led to the application of lectins in a variety
of fields including cell biology and medicine. Lectins are now rou-
tinely used in the identification and purification of glycoproteins.
Their use in blood typing as well as in clinical diagnostics is well
established. Given their ability to specifically target different cell
types, they have always been looked upon as useful candidates
for targeted drug delivery. That several plant lectins appear to

possess additional binding sites for hydrophobic ligands, including
porphyrins, increases the versatility of these molecules for future
applications. For example, it is possible to envisage porphyrins
or other similar hydrophobic drugs specifically complexed to
mammalian lectins such as selectins or galectins for targeted
treatment at sites of inflammation or malignancy. The easy
availability of molecular biological tools and the crystal structure
information for several lectins, complexed with carbohydrates as
well as non-carbohydrate ligands, makes it possible to envisage
engineering the ligand binding sites for enhanced specificity and
affinity with respect to specific drugs. Although in vitro studies of
hydrophobic ligand interactions with lectins have been discussed
for over two decades and porphyrin-lectin interactions have been
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around for about eight years now, studies using animal models
in this area are as yet lacking. Given the prospect of improved
drug delivery candidates that such investigations could offer to
clinical chemistry, it seems to be only a matter of time before such
experiments will begin in earnest.
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The crystal structures of four protected B-amino acid residues, Boc-(S)-p*-HAla-NHMe (1);
Boc-(R)-B*-HVal-NHMe (2); Boc-(S)-B*-HPhe-NHMe (3); Boc-(S)-B*-HPro-OH (6) and two
B-dipeptides, Boc-(R)-p*-HVal-(R)-p*-HVal-OMe (4); Boc-(R)-p*-HVal-(S)-p*-HVal-OMe (5) have been
determined. Gauche conformations about the CP~C* bonds (0 ~ +60°) are observed for the f*-HPhe
residues in 3 and all four B*-HVal residues in the dipeptides 4 and 5. Trans conformations (6 ~ 180°) are
observed for B*-HAla residues in both independent molecules in 1 and for the *-HVal and B*-HPro
residues in 2 and 6, respectively. In the cases of compounds 1-5, molecules associate in the crystals via
intermolecular backbone hydrogen bonds leading to the formation of sheets. The polar strands formed

by B*-residues aggregate in both parallel (1, 3, 5) and antiparallel (2, 4) fashion. Sheet formation
accommodates both the frans and gauche conformations about the C*~C¢ bonds.

Introduction

Extended polypeptide chains can spontaneously self-assemble to
form sheet like structures, held together by inter-chain hydrogen
bonds between acceptor carbonyl and donor NH groups.! The
B-sheet, first proposed by Pauling and Corey has been widely
found in both globular and fibrous proteins.?> In polypeptides
generated from o-amino acids, both antiparallel and parallel 8-
sheet structures are frequently observed.! Sheet like structures
have been suggested for insoluble polypeptide deposits, termed
amyloids, formed in a variety of pathological conditions.®> The
ability of polypeptides formed from p-amino acids to adopt
well defined structures has stimulated a considerable body of
recent work on the conformation of B-polypeptides*® and hybrid
sequences containing o, B and higher w-amino acids.”*® The
homologation of the backbone in B-residues results in extended
strands in which the NH groups of successive residues lie on
one face, while successive CO groups lie on the other. Sheets
formed by association of extended strands from B-peptides are
therefore “polar”, in contrast to the corresponding structures
derived from a-amino acids, which have a regular alternation of
orientation of amide groups. Fig. 1 illustrates possible modes of
association of two proximal B-peptide strands. In B-residues, the
additional degree of torsional freedom about the C*~C* bond
(0) results in a larger number of conformational possibilities as
compared to peptides of o-residues. For fully extended strands,
0 is approximately 180°. Both antiparallel and parallel sheets
may be formed as illustrated in Fig. 1, which also provides
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examples of experimentally determined crystal structures.**'” The
torsion angle 0 can also adopt gauche conformations (=~ £60°),
which support the formation of folded helical structures.>® A
proposal by Gellman and coworkers' suggests that antiparallel
sheet formation by B-polypeptide strands may also be possible for
B-peptide backbones adopting gauche conformations (Fig. le).
While no example of such a structure has been reported so far,
the crystal structure of a hybrid B-hairpin peptide incorporating
two facing B-residues (Fig. 1f) establishes the possibility of
accommodating a gauche conformation within the framework of
antiparallel orientation of two proximal strands.” Sheets formed
by B-peptides have also been the subject of recent computational
studies, which suggest a considerable degree of cooperativity in hy-
drogen bond formation, driven by electrostatic effects in a ‘polar’
strand arrangement.? In order to probe possible conformational
variability in intermolecular sheet structures formed by pf-amino
acid residues (Fig. 3), we present the crystal structures of a series
of protected B-amino acid derivatives and dipeptides. This report
describes the crystal structure of six model compounds containing
B-residues:

Boc-(S)-p*-HAla-NHMe (1); Boc-(R)-f*-HVal-NHMe (2);
Boc-(S)-p*-HPhe-NHMe  (3); Boc-(R)-p*-HVal-(R)-B*-HVal-
OMe (4); Boc-(R)-p*-HVal-(S)-p*-HVal-OMe (5); Boc-(S)-p*-
HPro-OH (6).

The observed aggregation patterns in crystals exemplify the
modes of sheet formation involving 3 residues.

Results and discussion

Molecular conformation

The solid state conformations of compounds 1-6 are shown in
Fig. 3. The relevant backbone and side chain torsion angles are
given in Table 1. Both independent molecules of derivative 1 and
2 adopt trans conformations about the C*~C* bond (6 ~ 180°). In

1166 | Org. Biomol. Chem., 2006, 4, 1166-1173

This journal is © The Royal Society of Chemistry 2006





gauche

Fig. 1 Schematic representations of two proximal strands of B-peptides:
la and 1b" represent the arrangements of antiparallel B-sheet when the
B-residue adopts the trans conformation (6 ~ 180°). 1c and 1d® show the
parallel association of B-strands formed by B-residues with 0 values ~180°.
le and 1f° represent the antiparallel B-sheet, when 6 values correspond to
the gauche form. In structures 1b, 1d and 1f side chains have been removed
for clarity.

contrast, in Boc-(S)-p*-HPhe-NHMe (3), the dipeptide Boc-(R)-
B*-HVal-(R)-B*-HVal-OMe (4) and the diastereomeric dipeptide
Boc-(R)-p*-HVal-(S)-p*-HVal-OMe (5), all observed 6 values
take gauche (0 ~ 60°) conformations (for BVal the configuration
derived after homologation is opposite to that of the precursor,
Boc-(S)-Val). In peptide 5, the alternating configurations of two
residues results in g* and g~ conformations about the CP-C®
bond. In derivative 6 (Boc-(S)-B’*-HPro-OH), the observed 0
values correspond to a trans orientation about the CP~C* bond.
Intramolecular hydrogen bonds are absent in all cases. Inspection
of the molecular conformation in Fig. 3 reveals that the peptide
backbone is folded in the case of Boc-(R)-p*-HVal-(R)-B*-HVal-
OMe (4), in which successive gauche forms are observed. In the
case of alternating configurations in peptide 5, the backbone
adopts an ‘S’ shaped structure. In the cases of 1 and 2, extended
conformations are observed, while in Boc-(.S)-B*-HPhe-NHMe (3)
the backbone is bent. The local conformation of the (S)-p*-HPhe

o]

(o] H
oW
)t,\r‘b cP eca T/

H H

Y

§3-HAla: R=- CH,
£3-HVal : R=- CH- (CHy),
£3-HPhe : R = - CH,- Ph

2a

8°-HPro
2b

Fig. 2 Chemical structures of f-amino acid residues.
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Fig. 3 Molecular conformations of compounds 1-6 in the solid state. In
1, the two independent molecules are represented as A and B.

This journal is © The Royal Society of Chemistry 2006

Org. Biomol. Chem., 2006, 4, 1166-1173 | 1167





Table 1 Torsion angles (deg) for compounds 1-6*

Residue 0

Compound ¢ W w X X
1 B*-HAla (Mol A) —110.6(4) 168.5(3) 122.4(3) 178.9(4)
3*-HAla (Mol B) —110.3(4) 168.0(3) 123.6(3) 178.3(3)
2 (R)-B*-HVal —115.9(3) 167.3(2) 126.4(3) —179.5(3) 61.9(4), —67.0(3)
3 *-HPhe —135.1(6) 65.8(8) —141.0(6) —176.7(7) —61.8(8) —86.7(7), 90.8(9)
4 (R)-B*-HVal(1) —130.9(3) 66.3(3) —141.3(3) —174.0(3) —60.5(4), 176.5(3)
(R)-B*-HVal(2) —130.5(3) 57.7(4) —116.7(4) 173.7(4) —53.2(4), —177.7(3)
5 (R)-B*-HVal(1) —132.5(6) 59.4(6) —135.8(5) —177.6(5) —52.7(8), —174.2(7)
B*-HVal(2) 127.6(6) —64.0(7) —13.509) 179.9(6) 55.0(8), 176.8(8)
6 3*-HPro® —81.8(4) 173.0(4) 117.6(5) —

“Esd values in parentheses. See Fig. 2 for torsion angle definitions. The torsion angles for rotation about bonds of the amino acid side chains (' x*) as
suggested by the TUPAC-IUB commission on Biochemical Nomenclature.® Where configurations are not indicated the residues are (S). * Ring geometry
for B*-HPro is: y'(N-C*-CP-C") = 26.5(5); y*(C*—CP-C"-C®) = —35.6(6); x*(C*~C'-C*-N) = 29.7(5); y*(C*-C*-N-C*) = —13.5(5) and O(C*-N-C*-CF) =

—7.7(4).
residue (¢ = — 135.1°, w = — 141.0°) corresponds to the ) . 1
value observed in the C,4-helical structure of oligo B-peptides.’ LN AT)‘\'/‘J)'“ 4 vd»N;%ﬂ\Niﬂ
ﬁ» o;l 03i ‘

e e ; 5 osf 06
Molecular association in crystals N i S )N;_‘: INA G ‘j‘\”iﬂ
Fig. 4 shows a view of the intermolecular hydrogen bonding o2 o3b A e
patterns observed in crystals 1-5. The intermolecular hydrogen y os osp
bond_ parameters are summfmzed in Table 2. A notable feature L A;%«T""v)f:“ y, \,ﬁy%ayo
of Fig. 4 is the fact that in all cases the observed hydrogen (S| i A
bonding pattern corresponds to the formation of B-peptide sheets, 1 (Mol B)
all of which are polar. In Boc-(S)-*-HAla-NHMe (1), Boc-(S)- Sl
B*-HPhe-NHMe (3), Boc-(R)-p*-HVal-(S)-p*-HVal-OMe (5), the ) ) Y|
hydrogen bond arrangement corresponds to parallel sheets. In r* %*OA& _JWJI)@,
Boc-(R)-p*-HVal-NHMe (2) and Boc-(R)-B*-HVal-(R)-B*-HVal- o ool
OMe (4), the arrangement is antiparallel. Fig. 5 illustrates . - R oui on;}
the packing observed in crystals of 1-6. In the case of Boc- b :*~-q-)NT-'f A \“W Aot
(S)-p*-HAla-NHMe (1), the two independent molecules in the 4 oob 01! d ] !P
asymmetric unit give rise to the formation of two separate layers ) : i i
of parallel sheets, which are oriented at an angle of ~51°. In o{,’zﬂ,a%-;&y’\{ 1 ol
all cases of derivative and peptides 1-5, the basic repeating unit ¢ $ d b -
possesses two intermolecular hydrogen bonds. Boc-(.S)-p*-HPro- 2
OH (6) lacks an NH group and the molecules in the crystal are 3
held together by a single OH - - - O=C hydrogen bond involving a ™=
the Boc CO group and OH group of the terminal carboxylic l,’w:% 8 1 N
acid. \, doo dos Y Rl . (p
Conclusions W vrﬁv\& ‘*\z{%_, :J

S0 T O A AR A 2 (

The structures of Boc-(S)-B*-HPhe-NHMe (3), Boc-(R)-B*-HVal- i ;e : e
(R)-p*-HVal-OMe (4) and Boc-(R)-B*-HVal-(S)-p*-HVal-OMe (5) Y oog
illustrate the fact that inter-strand hydrogen bond leading to sheet cr—-jzw 5% QA"& o (’
formations can result even when the backbone adopts a gauche e 4 d )y A
conformation about the CP~C* bond of B-residues. For 0 rrans, i

¢ and y values for the B-residues adopt almost precisely those
found for a-residues in B-sheet conformations i.e. ¢ ~ — 120°, y
~ 120°. In these cases, insertion of an additional atom into the
backbone merely extends the length of the residue and switches
the orientation of the neighboring peptide bond as compared to
the o-analogs. When @ is gauche, a significant readjustment of
v is necessary (y ~ —140°) in order to facilitate intermolecular
hydrogen bond to stabilize the sheet formation. The structures

Fig. 4 Intermolecular hydrogen bonding patterns stabilizing sheets in
crystals of 1-5. For the geometrical details of hydrogen bond and symmetry
relationship between molecules see Table 2.

of the model amino acid derivatives and peptides 1-5, establish
that sheet formation, both parallel and antiparallel in B peptides
can accommodate the various rotameric states about the central
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Table 2 Hydrogen bond parameters in compounds 1-6*

Compound  Type Donor (D) Acceptor(A) D---A A H---AA) C=0.--H (deg) C=0O---D(deg) D-H---A (deg)
1 Intermolecular  N(1) 0O(2)° 2.947(3) 2.12 166.7 171.5(2) 162.0
N(@2) 0(3)° 2.977 (4) 2.14 167.3 171.4(2) 165.2
NQ@3) O(5) 2.960 (3) 2.14 165.3 170.9(2) 160.0
N4) O(6)" 2.981 (4) 2.14 168.8 172.6(2) 166.1
2 Intermolecular  N(1) o(1)? 2.921(2) 2.08 169.6 171.2(1) 167.3
N(2) O(0)¢ 2.886(3) 2.03 169.7 170.1(1) 177.8
3 Intermolecular  N(1) O(0) 2.995 (6) 2.25 160.5 169.9(3) 145.2
NQ2) o(1) 3.173(15)  2.32 167.0 168.6(8) 172.8
4 Intermolecular  N(1) oy 2.963 (3) 2.12 152.3 153.4(2) 166.6
N(?2) o0y 2.893(3) 2.06 142.6 147.7(2) 161.9
5 Intermolecular  N(1) O(0)% 3.013 (6) 2.18 170.0 174.8(3) 162.8
N(2) O(1) 2.993 (6) 2.18 163.5 169.8(3) 157.5
6 Intermolecular O(2) 0(0)% 2.673(6) 1.86 170.1 169.0(3) 168.5

“Esd values in parentheses. * Symmetry related by (x + 1, y, z). ¢ Symmetry related by (x — 1, y, z).  Symmetry related by (—x, y — 1/2, —z + 1/2.
¢ Symmetry related by (x, y — 1, z)./ Symmetry related by (x — 1/2, —y + 1/2, —z). ¢ Symmetry related by (x — 1, y, z). * Symmetry related by (x + 1, y +

1, z).

CP—C® bond. While helices invariably require a gauche conforma-
tion about the C*-C* bond, both trans and gauche forms can be
accommodated in extended sheets of B-residues.!#21-%

Experimental
Synthesis of homologated amino acid derivatives

The synthesis of the N-tert-butyloxycarbonyl (Boc) protected
derivatives of B*-amino acids were done by Arndt-Eistert ho-
mologation of the corresponding Boc-a-amino acids using pub-
lished procedures.” Boc-(S)-B*-HPhe, Boc-(R)-p*-HVal, Boc-(S)-
B*-HAla and Boc-(S)-B*-HPro were thus prepared.

N-tert-Butyloxycarbonyl-(S)-p*-homophenylalanyl-/V-
methylamide (Boc-(S)-p*-HPhe-NHMe (3))

Boc-(S)-p*-HPhe-OH (~0.80 g, 2.8 mmol) was dissolved in dry
tetrahydrofuran (THF) and stirred in an ice bath for about 20
minutes. Triethylamine (Et;N) (0.3 ml, 1 equiv.), CICOOC,H;
(0.3 ml, 1 equiv.) were added to this mixture and stirred for about
30 minutes. Dry THF saturated with methylamine gas was added
and stirred for about 2-3 hours. THF was removed under reduced
pressure and the resulting mixture was extracted with ethyl acetate
and sodium carbonate (Na,CO;). The organic layer was washed
with HCI (20 ml) to ensure removal of excess Et;N. Ethyl acetate
was removed under reduced pressure, yielding Boc-(S)-p*-HPhe-
NHMe (3) as a pale brown solid. Single crystals of 3 were obtained
from an ethyl acetate-toluene mixture by slow evaporation. Mp
155-156 °C; 6y (400 MHz, CDCl;) 1.41 [9 H, s, -C(CHs);], 2.27
(1H, dd, -CH,CONHCH;), 2.41 (I H, dd, -CH,CONHCH,),
2.76 (3 H, d, -NHCH,), 2.97 (2 H, dd, -CH,Ph), 4.05 (1 H,
m, -CHCH,CONHCH;), 541 [1 H, d, -NH-Boc], 5.81 (1 H, q,
-NHCH,;), 7.17-7.32 (5 H, m, ArH); m/z (ESI) 293.2 ((M + HJ"),
607.3 ([2M + Na]").

N-tert-Butyloxycarbonyl-(R)-f*-homovalyl-N-methylamide
(Boc-(R)-f*-HVal-NHMe (2))

Boc-(R)-p*-HVal-OH (~0.60 g, 2.5 mmol) was converted to
Boc-(R)-p*-HVal-NHMe (2) following the above procedure. The

product 2 was obtained as a white powder. Single crystals of 2
suitable for X-ray diffraction were obtained from methanol-water
mixture by slow evaporation. Mp 149-150 °C; dy (400 MHz,
CDCl,) 0.85 [6 H, d, -CH(CHj;),], 1.35 [9 H, s, -C(CH,);], 1.75
[1 H, m, -CH(CH;),], 2.31 (1 H, dd, -CH,CONHCH;), 2.40
(1 H, dd, -CH,CONHCH,), 2.71 (3 H, d, -NHCH,), 3.57 (1 H,
m, -CHCH,CONHCH,), 4.92 (1 H, d, -NH-Boc), 6.08 (1 H, q,
-NHCH,;); m/z (ESI) 245.2 (M + H]*), 267.3 ((M + Na]*), 511.4
(I2M + Nal*).

N-tert-Butyloxycarbonyl-(S)-f*-homoalanyl-/N-methylamide
(Boc-(.S)-p*-HAla-NHMe (1))

Boc-(S)-p*-HAla-OH (~0.53 g, 2.6 mmol) was converted to
Boc-(S)-p*-HAla-NHMe following the procedure described for
3. The product was obtained as a greyish white powder and
single crystals suitable for X-ray diffraction were obtained from
a tetrahydrofuran—water mixture by slow evaporation. Mp 113—
114 °C; 6y (400 MHz, CDCl;) 1.16 (3 H, d, -CH,), 1.35[9 H, s,
-C(CH;);], 2.32 (2 H, dd, -CH,CONHCH,;), 2.72 (3 H, d,
-NHCH,;), 3.85 (1 H, m, -CHCH,CONHCH,), 5.10 (I H, d,
-NH-Boc), 5.90 (1 H, q, -NHCH,;); m/z (ESI) 217.2 ((M + HJ"),
455.3 ([2M + Nal*).

N-tert-Butyloxycarbonyl-(.S)-f*-homoprolyl-/V-methylamide
(Boc-(.S)-p*-HPro-NHMe)

Boc-(S)-p*-HPro-OH (~0.56 g, 2.4 mmol) was converted to
Boc-(S)-p*-HPro-NHMe following the procedure employed for
3. The product was obtained as a yellow, viscous substance.
Several attempts to crystallize Boc-(S)-B°-HPro-NHMe did
not yield any crystals, always resulting in a gummy substance.
oy (400 MHz, CDCl;) 147 [9 H, s, -C(CH;);], 1.79-1.98
[4 H, br.,, -CH,-CH,-(ring)], 2.62 (1 H, dd, -CH,CONHCH,),
2.66 (I H, dd, -CH,CONHCH,), 2.77 (3 H, d, -NHCH,),
3.32 [2 H, br, -CH,N (ring)], 4.01 [1 H, br., -CHN (ring)],
6.40 (I H, br, -NHCH;); m/z (ESD) 243.1 (M + HJ%),
265.1 (M + Na]*), 507.4 (2M + Na]*). Diffraction quality
crystals were however obtained from the starting material

This journal is © The Royal Society of Chemistry 2006
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Fig.5 Assembly of molecules 1-6 are stabilized by intermolecular hydrogen bonds in the crystal unit cell
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Boc-(S)-p*-HPro-OH (6) by slow evaporation from methanol-
water mixtures. Mp 88 °C.

N-tert-Butyloxycarbonyl-(R)-p3-homovalyl-
methyl ester (Boc-(R)-f>-HVal-OMe)

Boc-(R)-p*-HVal-OH (2.31 g, 10 mmol) was dissolved in methanol
(5 ml) and diluted with diethyl ether (100 ml). Diazomethane gas
was passed into the solution until it turned yellow. The ether was
evaporated under reduced pressure yielding compound Boc-(R)-
B*-HVal-OMe.

N-tert-Butyloxycarbonyl-(R)-f*-homovalyl-(R)-f*-homovalyl-
methyl ester (Boc-(R)-f*-HVal-(R)-p*-HVal-OMe (4))

3.5 g (14.3 mmol) of Boc-(R)-B*-HVal-OMe was deprotected with
98% formic acid (75 ml) and the deprotection was monitored by
TLC. After 2 hours, the formic acid was evaporated and the residue
was taken in distilled water (15 ml). The pH of the aqueous
layer was adjusted to ~8 by addition of Na,CO; and extracted
with ethyl acetate (3 x 30 ml). The combined organic layer was
washed with brine solution (30 ml) and was concentrated in vacuo
to ~6 ml. The resulting solution was then added to pre-cooled
solution of the Boc-(R)-p*-HVal-OH (3.0 g, 13 mmol) in dry
THF (10 ml), followed by addition of dicyclohexylcarbodiimide
(DCCQ); 2.88 g, 14.0 mmol. The reaction mixture was allowed to
attain room temperature and was stirred for one day. THF was
evaporated, residue taken in ethyl acetate and the precipitated
dicyclohexylurea (DCU) was filtered off. The organic layer was
washed successively with brine (3 x 30 ml), HC1 (2 M, 3 x 30 ml),
brine (1 x 30 ml), Na,CO; (3 x 30 ml) and brine (1 x 30 ml). This
layer was dried over anhydrous sodium sulfate and evaporated in
vacuo, thereby yielding 4 as a white solid. The crude peptide was
purified by medium-pressure liquid chromatography on a reverse-
phase C;; (40-63 p) column using methanol-water mobile phase.
oy (500 MHz, CDCl;) 0.91 [12 H, m, (R)-B*-HVall C°H;, (R)-pB*-
HVal2 C°H;), 1.45[9 H, s, -C(CH5)s], 1.82 [2 H, m, (R)-B*-HVall
C'H, (R)-p*-HVal2 C'H], 1.92, 1.95, 2.37, 2.43 [4 H, m, (R)-p*-
HVall C*H,, (R)-B*-HVal2 C*H,], 3.66[1 H, m, (R)-p*-HVal C*H],
3.67 [3 H, s, -OCH;], 4.07 [1 H, m, (R)-B*-HVal C*H], 5.12 [1 H,
d, (R)-p*-HVall NH), 6.28 [1 H, d, (R)-B*-HVal2 NH]; m/z (ESI)
359.9 (IM + HJ"), 397.2 (IM + KJ*), 739.5 ([2M + Na]*), 755.5
([2M + K]*). Single crystals suitable for X-ray diffraction were
obtained from a methanol-water mixture by slow evaporation.

N-tert-Butyloxycarbonyl-(R)-p3-homovalyl-(S)-p3-homovalyl-
methyl ester (Boc-(R)-$*-HVal-(S)-p*-HVal-OMe (5))

Boc-(R)-B*-HVal-(S)-B*-HVal-OMe was synthesized and purified
following the procedure described above for 3. Boc-(R)-p*-HVal-
OH was coupled to (S)-p’-HVal-OMe. J,; (500 MHz, CDCl;)
0.95 [12 H, m, (R)-p*-HVall C°H,, (S)-p*-HVal2 C°H,], 1.45
[9 H, s, -C(CH;)5], 1.85 [2 H, m, (R)-B*-HVall C'H, (S)-p*-HVal2
C'H], 2.42 [3 H, m, (R)-B*-HVall C*H,, (S)-B*-HVal2 C*H], 2.55
[1H,d, (S)-p*-HVal2 C*H], 3.65[1 H, m, (R)-B*-HVall C*H], 3.69
[3 H, s, -OCH;], 4.11 [1 H, m, (S)-f*-HVal2 C*H], 5.21 [1 H,
d, (R)-p*-HVall NH], 6.32 [1 H, d, (S)-p*-HVal2 NH]; m/z
(ESI) 397.2 (IM + KJ*), 739.5 ([2M + Na]*), 755.5 (2M + KJ").
Single crystals suitable for X-ray diffraction were obtained from

a dimethyformamide—carbon tetrachloride-methanol mixture by
slow evaporation.

X-Ray diffraction

X-Ray intensity data for crystals 1-6, were collected at room tem-
perature on a Bruker AXS SMART APEX CCD diffractometer
using MoKa (1 =0.71073 A) radiation. @ scan type was used. The
structures of 1-6, were determined by direct phase determination
using the program SHELXS-97.77* Refinements of all six structures
were carried out against F?, with a full matrix anisotropic least-
squares method using the program SHELXL-97.%”* In compound
1, the asymmetric unit contained two molecules (Mol A and
Mol B). All the hydrogen atoms of compounds 1-6 were fixed
geometrically in the idealized positions and refined in the final
cycle of refinement as riding over the atoms to which they were
bonded. In these all-light-atom structures with no significant
anomalous scatterers the Friedel pairs were merged before the final
refinement cycles. The relevant crystallographic data collection
parameters and the structure refinement details are summarized in
Table 3. CCDC reference numbers 289146 (1), C289147 (2),289148
(3), 289149 (4), 289150 (5) and 289151 (6). For crystallographic
data in CIF or other electronic format see DOI: 10.1039/b516088;.
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A manganese(111)-mediated reaction between 2-benzoyl-1,4-naphthoquinones and 1,3-dicarbonyl
compounds is described. This reaction provides an effective method for the synthesis of
naphtho[2,3-c]furan-4,9-diones and naphthacene-5,12-diones, and it shows fair to high
chemoselectivity depending on the electronic effect of the benzoyl group substituent on the reactants.
With ethyl benzoylacetate and 1,3-diketones, the novel naphtho[2,3-c]furan-4,9-diones were produced

effectively with high selectivity.

Introduction

Carbon—carbon bond-forming reactions mediated by radicals
have received considerable attention in organic synthesis during
the last two decades.’” Compounds containing the quinone group
represent an important class of biologically active molecules that
are widespread in nature.® Oxidative free-radical reaction mediated
by metal salts has received considerable attention in organic
synthesis for the construction of carbon-carbon bonds. Among
these, manganese(ll1) acetate and cerium(lv) ammonium nitrate
have been used most efficiently.>** The free-radical reaction of 1,4-
naphthoquinones has been reported.®” Previously, we found that
the manganese(111) acetate mediated oxidative free-radical reac-
tion of 2-benzyl-(3-ethoxycarbonylmethyl)-1,4-naphthoquinones
produced naphthacene-5,12-diones effectively. In contrast, with 2-
benzoyl-(3-ethoxycarbonylmethyl)-1,4-naphthoquinones, in addi-
tion to the expected 6-hydroxynaphthacene-5,12-diones, the novel
naphtho[2,3-c]furan-4,9-diones were also produced as the major
products. This is presumably due to the electron deficiency of the
benzoyl group, which disfavours the intramolecular cyclization
of the electrophilic radical intermediate onto the C-C double
bond of the benzoyl group.®® These naphthacene-5,12-diones
can also be generated directly from the intermolecular oxidative
free-radical reaction of 2-benzyl-1,4-naphthoquinones with 1,3-
dicarbonyl compounds.® This report describes our results of the
manganese(I1) acetate mediated reactions between 2-benzoyl-1,4-
naphthoquinones and 1,3-dicarbonyl compounds.

Results and discussion

We first tried the manganese(1i1)-mediated reaction of 2-benzoyl-
1,4-naphthoquinones 1 with B-ketoesters 2 (Scheme 1). When
2-benzoyl-1,4-naphthoquinone (la) was treated with ethyl bu-
tyrylacetate (2a, R* = "PrCO) and manganese(ill) acetate in
acetic acid at 70 °C, in addition to the expected naphthacene
5,12-dione 4a (20%), the novel naphtho[2,3-c]furan-4,9-dione 3a
was also obtained in 46% yield (Table 1, entry 1). Although
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Table 1 Reaction with B-ketoesters

Entry  Quinone B-Ketoester Products (yield (%))

1 la:R'=H,R’=H 2a:R* ="PrCO 3a (46), 4a (20)

2 1b:R'=H,R*=Me 2a:R’="PrCO 3b (41),4b (22)

3 1c:R'=H,R?>=Br 2a: R* ="PrCO 3c (48),4c (3)

4 1d:R'=H,R>*=Cl 2a:R*="PrCO 3d (54),4d (3)

5 le:R'=Me,R2=H 2a:R*="PrCO 3e(51),4e(15)

6 1f: R' = Me, R? =Me 2a: R’ ="PrCO 3f (53), 4f (16)

7 1g:R'=Br,R?=H 2a: R*="PrCO 3g(50), 4g (5)

8 1h:R'=C,R*=H 2a: R* ="PrCO 3h (45), 4h (6)

9 1iR'=CLR*=Cl  2a:R’="PrCO 3i (46), 4i (6)

10 laaR'=H,R*=H 2b: R* ="PrCO  3a(50), 4a (12)
11 I:R'=H,R2=Cl  2b:R*='PrCO  3d (50), 4d (2)
12 la:R'=H,R’=H 2¢: R*=PhCO 3a(54),4a(3)
13 1b: R'=H,R*>=Me 2¢:R*=PhCO 3b(48),4b (3)
14 1¢:R'=H,R?>=Br 2¢: R*=PhCO 3¢ (48),4c(2)
15 1d:R'=H,R*=Cl 2¢: R*=PhCO 3d(52),4d (2)
16 le:R'=Me, R?=H 2c¢:R*=PhCO 3e (68), 4e (6)
17 1f: R' = Me,R* =Me 2¢: R*=PhCO  3f (65), 4f (5)
18 IgR'=BL, R”>=H 2c:R’=PhCO 3g(42),4g (3)
19 1h:R'=CL,R*=H 2¢: R =PhCO 3h(45), 4h (5)

20 1iR'=CLR*=Cl  2¢:R*=PhCO 3i(44), 4i (2)

the mechanistic details of this reaction are unclear, 3a and 4a
may be formed by the reaction route presented in Scheme 1.
Manganese(lll) acetate oxidation of 2a produces radical 5a. This
radical intermediate Sa undergoes intermolecular addition to
the quinone ring followed by oxidation to give 6a,* which was
then oxidized by manganese(111) acetate to generate 7a. Radical
7a undergoes either a six-membered-ring free-radical cyclization
and subsequent aromatization to give 8a, which undergoes a
further retro-Claisen condensation to produce 4a (path a)’ or
oxidation to give 9a (path b). This cation intermediate 9a
undergoes a five-membered-ring cyclization followed by retro-
Claisen condensation to generate 3a.' Analogous results were
obtained with other 2-benzoyl-1,4-naphthoquinones 1, and the
results are summarized in Table 1 (entries 1-9). In all cases,
naphtho[2,3-c]furan-4,9-dione 3 and naphthacene-5,12-dione 4
were obtained in fair yields. Contrary to the reactions of 2-benzyl-
1,4-naphthoquinones with B-ketoesters,* 3 is the major product.
It indicates that the electron deficiency of the benzoyl group
disfavours the intramolecular cyclization of electrophilic radical 7
onto the C—C double bond of benzoyl group (path a). Interestingly,
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the reaction of 1 bearing an additional electron-withdrawing
halogeno group gave the corresponding products 3 and 4 with
an excellent 3/4 ratio (entries 3, 4, 7-9). These results can be
rationalized by considering that the electron deficiency of radical
intermediate 7 makes the rate of six-membered-ring cyclization
to the benzene ring bearing an electron-withdrawing halogeno
group much slower (path a), making the competitive oxidation of
7 the major route (path b). The formation of naphtho[2,3-c]furan-
4.9-diones is interesting, because they are one of the subsets of
natural products containing a c-fused furan ring.* To improve
the chemoselectivity, reaction of 2-benzoyl-1,4-naphthoquinone
1a with other B-ketoesters was next investigated. Reaction of 2-
benzoyl-1,4 naphthoquinone 1a with ethyl isobutyrylacetate (2b,
R?* = 'PrCO) and manganese(111) acetate in acetic acid afforded 3a
and 4a in 50% and 12% yields, respectively (entry 10). The 3a/4a
ratio rose to 54 : 3 when ethyl benzoylacetate (2¢, R* = PhCO)
was employed (entry 12). The selectivity of this reaction increases
as the size of substituents (R*) increases. This can be attributed to
the steric effect exerted by R? group — the cyclization of 7 (path a)
is retarded by the larger R* group and the oxidation of 7 becomes
the major route (path b). On the basis of this finding, by choosing
ethyl benzoylacetate (2¢) as the radical precursor, the generalities
of this reaction were examined with a variety of 2-benzoyl-
1,4-naphthoquinones 1. The results are summarized in Table 1
(entries 12-20). In all cases, 2-benzoyl-1,4-naphthoquinone 1 was
converted to the corresponding product 3 with high selectivity.
Next, we investigated this manganese(i)-mediated reaction
with ethyl hydrogen malonate (2d). Treatment of 2-benzoyl-1,4-

naphthoquinone (1a) with 2d and manganese(111) acetate under
the above conditions led to the formation of 3a and 4a in 19%
and 38% yields, respectively (Table 2, entry 1). These two products
3a and 4a were presumably generated by the decarboxylation of
8d and 10d, respectively. Compounds 8d and 10d were formed by
a route similar to that for 8a and 10a (Scheme 1). The scope
of this reaction is shown in Table 2 (entries 1-9). In contrast
to the reaction between 2-benzoyl-1,4-naphthoquinones 1 and -
ketoesters, this reaction is less selective, particularly for 2-benzoyl-
1,4-naphthoquinones la and 1b, for which naphthacene-5,12-
diones 4a and 4b are the major products (entries 1 and 2). It can
be rationalized that the radical intermediate 7d bearing a weaker
electron-withdrawing CO,H group is less electron-deficient, and
this makes the intramolecular cyclization of 7d (path a) faster than
that of 7a. Similar to the results shown above for ethyl butyry-
lacetate (2a), the presence of an additional electron-withdrawing
halogeno group on the benzoyl group appears to increase the ratio
of 3/4, producing naphtho[2,3-c]furan-4,9-dione 3 as the major
product. In particular, naphtho[2,3-c]furan-4,9-diones 3g—i were
produced with high selectivities from the corresponding quinone
1 bearing an ortho-halogeno group (entries 7-9).

We have continued to study this manganese(ill) mediated
reaction with 1,3-diketones 11 (Eq. 1). When 2-benzoyl-1,4-
naphthoquinone la was treated with pentanedione (11a) and
manganese(ll) acetate, 12a and 13a were obtained in 41%
and 8% yields, respectively (Table 3, entry 1). Other examples
were also summarized in Table 3. In most cases, 2-benzoyl-1,4-
naphthoquinone 1 was converted to the corresponding furan
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Table 2 Reaction with ethyl hydrogen malonate

Entry Quinone Malonate Products (yield (%))
1 laaR'=H,R*=H 2d: R*=CO,H 3a(19),4a (38)

2 1b:R'=H,R*=Me 2d:R*=CO,H 3b(12),4b (39)

3 1:R'=H,R*=Br 2d:R*=CO,H 3¢ (26), 4c (16)

4 1d:R'=H,R*=Cl 2d:R*=CO,H 3d(32),4d (16)

5 leeR'=Me, R*=H 2d:R*=CO,H 3e(30), de (14)

6 1f: R' =Me, R?=Me 2d: R®*=CO,H 3f(34), 4 (19)

7 1g:R'=Br,R*=H 2d: R* =CO,H 3g(50),4g (5)

8 Ih:R'=CLR>=H 2d:R*=CO,H 3h(51), 4h(4)

9 1i: R'=ClL,R*=Cl 2d: R*=CO,H 3i(57),4i(2)

Table 3 Reaction with 1,3-diketones

Entry  Quinone 1,3-Diketone Products (yield (%))
1 laaR'=H,R*=H 11a: R =MeCO 12a(41),13a (8)
2 1b: R'=H,R*=Me 11a:R*=MeCO 12b (42),13b (9)
3 lcR'=H,R*=Br 11a:R’=MeCO 12¢(43)

4 1:R'=H,R>=Cl  11a:R’=MeCO 12d (47)
5 leeR'=Me,R>=H 11a: R’ =MeCO 12e (40), 13¢ (9)
6 1f:R' =Me, R?=Me 11a: R’ =MeCO 12f (47),13d (7)
7 IgR' =B, R®>=H  11a:R’=MeCO 12g(52)
8 Ih:R'=CLR>=H 11a:R*=MeCO 12h(56)
9 li:R'=Cl,R*=Cl 11a: R3 MeCO 12i (65)

10 lazR'=H,R’=H 11b: R* ='PrCO 12§ (47)

11 1b:R' =H,R*=Me 11b: R3 =PrCO 12k (38)

12 1c:R'=H,R?>=Br 11b: R’ ='PrCO 121 (38)

13 lazR'=H,R> = 11¢c: R =PhCO 12m (70)

14 1b:R'=H,R*=Me 11c:R*=PhCO 12n(71)

15 lc: R' =H,R>=Br 11c: R* =PhCO 120 (65)

16 1d:R'=H,R*=Cl 11c: R* =PhCO  12p (70)

17 le:R'=Me, R>=H 1l1c: R’ =PhCO 12q (74)

18 1f:R' =Me, R?=Me 11c: R* =PhCO 12r (70)

19 1g.R'=Br,R>=H 11a: R =PhCO 12s(82)

20 1h:R'=CLR*=H 11a: R =PhCO 12t (74)

21 1li: R' =CL,R*=Cl 11a: R* =PhCO 12u (76)

product 12 in high selectivity. Again, the selectivity of this reaction
increases as the size of 1,3-diketone increases.

(0] (0] R
R3/\R3
oo,
—_—
R2 Mn(OAc)3
o) 1

(M

Conclusions

1,4-Naphthquinone 6, generated by the free-radical addition of
radical intermediate 5 to the C—C double bond of the quinone
ring, undergoes efficient manganese(ii)-mediated cyclization re-
actions. This reaction provides a method for the synthesis
of naphtho[2,3-c]furan-4,9-diones and naphthacene-5,12-diones

from readily available 2-benzoyl-1,4-naphthoquinones and 1,3-
dicarbonyl compounds. The product distributions are highly
dependent on the 1,3-dicarbonyl compounds used and the elec-
tronic effect of the substituents on benzoyl groups. With ethyl
benzoylacetate and 1,3-diketones, the novel naphtho[2,3-c]furan-
4,9-diones were produced effectively in high selectivities.

Experimental
General considerations

Melting points are uncorrected. Infrared spectra were taken with
a Hitachi 260-30 spectrometer. 'H and “C NMR spectra were
recorded on a Bruker AVANCE-300, AMX-400 or AVANCE-
500 spectrometer. Chemical shifts are reported in ppm relative to
TMS as internal reference. Elemental analyses were performed
with Heraeus CHN-Rapid Analyzer. Mass spectra were recorded
on a Jeol IMS-SX 102 A mass spectrometer. Analytical thin-layer
chromatography was performed with precoated silica gel 60 F-254
plates (0.25 mm thick) from EM Laboratories and visualized by
UV. The reaction mixture was purified by column chromatography
over silica gel (70-230 mesh) from EM Laboratories. The starting
2-benzoyl-1,4-naphthoquinones 1 were synthesized by the CAN
oxidative demethylation' of the corresponding 2-benzoyl-1,4-
dimethoxynaphthalenes.'” The spectral data of 3a—h and 4a—f have
been reported.®

Typical experimental procedure for the reaction between
2-benzoyl-1,4-naphthoquinones and p-ketoesters

A mixture of 2-benzoyl-1,4-naphthoquinone (la) (162 mg, 0.62
mmol), ethyl butyrylacetate (2a) (385 mg, 2.43 mmol) and man-
ganese(111) acetate (654 g, 2.44 mmol) in acetic acid (10 cm?) was
heated at 70 °C for 30 min. The reaction mixture was diluted with
ethyl acetate (100 cm?), washed with saturated aqueous sodium
bisulfite (50 cm?®), water (3 x 50 cm?), aqueous saturated sodium
bicarbonate (3 x 50 cm®), dried (Na,SO,), and concentrated in
vacuo. The crude product was purified by column chromatography
over silica gel (20 g) (eluting with 2 : 1 dichloromethane-hexane)
followed by recrystallization (CHCl,—hexane) to give 3a (98 mg,
46%) and 4a (42 mg, 20%).

Typical experimental procedure for the reaction between
2-benzoyl-1,4-naphthoquinones and ethyl hydrogen malonate

A mixture of 2-benzoyl-1,4-naphthoquinone (1a) (153 mg, 0.57
mmol), ethyl hydrogen malonate (2d) (307 mg, 2.32 mmol) and
manganese(111) acetate (614 mg, 2.29 mmol) in acetic acid (10 cm?)
was heated at 70 °C for 1 h, and more ethyl hydrogen malonate
(2d) (153 mg, 1.15 mmol) and manganese(1l) acetate (309 mg,
1.15 mmol) was then added. After being stirred for 1 h, the
reaction mixture was worked up as described above and the crude
product was purified by column chromatography over silica gel
(20 g) (eluting with 2 : 1 dichloromethane—hexane) followed by
recrystallization (CHCl;—hexane) to give 3a (39 mg, 19%) and 4a
(76 mg, 38%).

3-(2,4-Dichlorophenyl)-4,9- dioxo-4,9 -dihydronaphtho|2,3- c]-
furan-1-carboxylic acid ethyl ester 3i. Yellow needles; mp 179-
180 °C (from CHCls—hexane); (Found: C, 60.78; H, 2.96.
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C, H,,C1,0; requires C, 60.74; H, 2.91%); v, (CHCI;)/cm™" 3020,
1730, 1685, 1585 and 1285; 6,(400 MHz; CDCl;; Me,Si) 1.49 (3H,
t,J 7.1,CH;),4.54 2H, q,J 7.1, OCH,), 7.43 (1 H, dd, J 8.3 and
1.9, ArH), 7.60 (1 H, d, J 1.9, ArH), 7.65 (1 H, d, J 8.3, ArH),
7.77-7.85 (2 H, m, ArH), 8.20-8.26 (1 H, m, ArH) and 8.31-8.37
(1 H, m, ArH); 6.(100.6 MHz; CDCl;; Me,Si) 14.2 (q), 62.6 (t),
120.9 (s), 124.7 (s), 125.6 (s), 127.11 (d), 127.16 (d), 128.0 (d), 130.2
(d), 133.0 (d), 134.2 (d), 134.4 (d), 134.6 (s), 135.5 (s), 135.6 (s),
138.0 (s), 144.0 (s), 154.5 (s), 157.2 (s), 177.5 (s) and 178.6 (s).

1-Bromo-12-hydroxy-6,11-dioxo-6,11-dihydronaphthacene-5-
carboxylic acid ethyl ester 4g. Orange crystals; mp 246-247 °C
(from CHCl;-hexane); v,,.(CHCl;)/cm™" 3420, 1715, 1670, 1560,
1250 cm™; 64 (400 MHz; CDCl;; Me,Si) 1.49 3 H, t, J 7.1, CH,),
466 (2H,q,J 7.1, OCH,), 7.54 (1 H, t, J 7.8, ArH), 7.81-7.89
(3H,m, ArH),8.03(1 H, d, J 7.8, ArH), 8.30-8.35 (1 H, m, ArH),
8.40-8.45 (1 H, m, ArH) and 16.05 (1 H, s, OH); 6(100.6 MHz;
CDCl;; Me,Si) 14.1 (q), 62.4 (1), 109.0 (s), 120.9 (s), 125.3 (s), 125.5
(s), 127.0 (d), 127.20 (d), 127.27 (s), 127.8 (d), 131.7 (d), 133.5 (s),
133.8 (s), 134.6 (d), 134.8 (d), 136.0 (s), 137.0 (d), 166.0 (s), 169.0
(s), 181.5 (s) and 187.8 (s); m/z (EI) 423.9950 (M*. C,,H,;BrO;
requires 423.9946), 381 (100%), 379 (99), 354 (36), 352 (38), 346
(16), 325 (21) and 323 (19).

1-Chloro-12-hydroxy-6,11-dioxo-6,11-dihydronaphthacene-5-
carboxylic acid ethyl ester 4h. Orange crystals; mp 250-251 °C
(from CHCl,-hexane); v,,.(CHCL;)/cm™" 2980, 1715, 1665, 1390,
1280 and 1250; 6,(400 MHz; CDCl;; Me,Si) 1.49 3 H, t, J 7.2,
CH;), 4.66 2 H, q,J 7.2, OCH,), 7.64 (1 H, t, J 8.0, ArH), 7.75
(1 H,d,J8.0, ArH), 7.79 (1 H, d, J 8.0, ArH), 7.80-7.89 (2 H,
m, ArH), 8.27-8.34 (1 H, m, ArH), 8.37-8.44 (1 H, m, ArH) and
16.01 (1 H, s, OH); 6-(100.6 MHz; CDCl;; Me,Si) 14.1 (q), 62.4
(1), 109.1 (s), 124.6 (s), 125.3 (s), 126.4 (d), 127.17 (d), 127.25 (s),
127.8 (d), 131.5 (d), 132.9 (d), 133.4 (s), 133.8 (s), 134.2 (s), 134.6
(d), 134.8 (d), 135.9 (s), 166.3 (s), 169.0 (s), 181.4 (s) and 187.8
(s); m/z (EI) 380.0453 (M*. C,,;H,;ClO; requires 380.0452), 345
(16%), 335 (100), 308 (16), 223 (18) and 187 (26).

1,3-Dichloro-12-hydroxy-6,11-dioxo-6,11-dihydronaphthacene-
5-carboxylic acid ethyl ester 4i. Orange crystals; mp 214-215°C
(from CHCl;-hexane); v, (CHCL)/cm™" 3015, 1730, 1595, 1565
and 1250; 64(400 MHz; CDCl;; Me,Si) 1.49 3 H, t, J 7.2, CH,),
4.67(2H,q,J 7.2,0CH,), 7.72 (1 H,d, J 2.0, ArH), 7.74 (1 H, d,
J 2.0, ArH), 7.81-7.90 (2 H, m, ArH), 8.28-8.34 (1 H, m, ArH),
8.38-8.44 (1 H, m, ArH) and 15.96 (1 H, s, OH); 6.(100.6 MHz;
CDCl;; Me,Si) 14.0(q), 62.6 (1), 109.3 (s), 122.9 (s), 125.4 (d), 126.1
(s), 126.4 (s), 127.2 (d), 127.8 (d), 132.8 (d), 133.3 (s), 133.7 (s),
134.8 (d), 135.0 (d), 135.3 (s), 136.3 (s), 137.6 (s), 166.1 (s), 168.5
(s), 181.3 (s) and 187.8 (s); m/z (EI) 414.0062 (M*. C,,H,,Cl,0Os
requires 414.0062), 369 (62%), 344 (26), 335 (10), 315 (24) and 285
(100).

Typical experimental procedure for the reaction between
2-benzoyl-1,4-naphthoquinones and 1,3-diketones

A mixture of 2-benzoyl-1,4-naphthoquinone (1a) (162 mg, 0.62
mmol), 2,4-pentanedione (11a) (251 mg, 2.51 mmol) and man-
ganese(111) acetate (664 mg, 2.48 mmol) in acetic acid (10 cm®) was
heated at 70 °C for 30 min. After work-up as described above, the
crude product was purified by column chromatography over silica
gel (20 g) (eluting with 2 : 1 dichloromethane—hexane) followed

by recrystallization (CHCl;—hexane) to give 12a (80 mg, 41%) and
13a (16 mg, 8%).

1-Acetyl-4,9-dioxo-3-phenyl4,9-dihydronaphtho|2,3-c|furan 12a.
Pale yellow needles; mp 159-160 °C (from CHCl;—hexane);
(Found: C, 75.82; H, 3.83. CxH,,0, requires C, 75.94; H,
3.82%); Vi (CHCL3)/cm™" 3010, 1675, 1530, 1490, 1390 and 1250;
ou(400 MHz; CDCl;; Me,Si) 2.89 (3 H, s, CH;), 7.49-7.58 (3 H,
m, ArH), 7.74-7.84 (2 H, m, ArH), 8.24-8.33 (2 H, m, ArH) and
8.41-8.49 (2 H, m, ArH); §.(100.6 MHz; CDCl;; Me,Si) 29.5 (q),
118.3 (s), 124.7 (s), 127.4 (d), 127.5 (d), 128.6 (2 x d), 128.9 (2 x
d), 132.0 (d), 134.0 (d), 134.4 (d), 134.8 (s), 135.1 (s), 148.9 (s),
158.7 (s), 178.9 (s), 179.2 (s) and 187.3 (s).

1-Acetyl-3<(4-methylphenyl)4,9-dioxo4,9-dihydronaphtho|2,3-c]-
furan 12b. Yellow needles; mp 183-184 °C (from CHCl;—
hexane); (Found: C, 76.08; H, 4.26. C,,H,,0O, requires C, 76.35; H,
4.27%); Vi (CHCL;)/cm ™" 3015, 1680, 1495, 1390, 1270 and 1250;
0u(400 MHz; CDCl;; Me,Si) 2.45 (3 H, s, CH3;), 2.89 (3H, s, CH,),
7.34 2 H, d, J 8.2, ArH), 7.75-7.84 (2 H, m, ArH), 8.26-8.34
(2 H, m, ArH) and 8.37 (2 H, d, J 8.2, ArH); 6.(100.6 MHz;
CDCl;; Me,Si) 21.8 (q), 29.5 (q), 117.9 (s), 124.75 (s), 124.82 (s),
127.44 (d), 127.52 (d), 128.9 (2 x d), 129.3 (2 x d), 134.0 (d),
134.4 (d), 134.8 (s), 135.2 (s), 142.9 (s), 148.6 (s), 159.2 (s), 178.9
(s), 179.3 (s) and 187.4 (s).

1-Acetyl-3-(4-bromophenyl)-4,9-dioxo-4,9-dihydronaphtho|2,3-c]-
furan 12¢. Pale orange powder; mp 200-201 °C (from CHCl;—
hexane); (Found: C, 60.49; H, 2.81. C, H,,BrO, requires C, 60.78;
H, 2.81%); v (CHCL)/cm™" 2925, 1675, 1595, 1480 and 1265;
01(400 MHz; CDCl;; Me,Si) 2.91 3 H, s, CH;), 7.69 2 H, d, J
8.7, ArH), 7.80-7.87 (2 H, m, ArH), 8.28-8.35 (2 H, m, ArH) and
8.39(2H,d, J 8.7, ArH); 6-(100.6 MHz; CDCl;; Me,Si) 29.6 (q),
118.7 (s), 124.8 (s), 126.4 (s), 126.9 (s), 127.6 (d), 127.7 (d), 130.3
(2 x d), 132.0 (2 x d), 134.3 (d), 134.6 (d), 134.8 (s), 135.0 (s),
149.0 (s), 157.6 (s), 179.0 (s), 179.1 (s) and 187.4 (s).

1-Acetyl-3-(4-chlorophenyl)4,9-dioxo-4,9-dihydronaphtho[2,3-c]-
furan 12d. Yellow needles; mp 207-208 °C (from CHCl;—
hexane); (Found: C, 68.31; H, 3.22. C, H,,ClO, requires C, 68.49;
H, 3.16%); vy (CHCL;)/cm™" 3030, 1680, 1485, 1270 and 1250;
01(400 MHz; CDCl;; Me,Si) 2.90 3 H, s, CH;), 7.52 2 H, d, J
8.6, ArH), 7.78-7.86 (2 H, m, ArH), 8.27-8.33 (2 H, m, ArH) and
8.46 (2H,d, J 8.6, ArH); 6.(100.6 MHz; CDCl;; Me,Si) 29.6 (q),
118.6 (s), 124.7 (s), 125.9 (s), 127.5 (d), 127.6 (d), 129.0 (2 x d),
130.2 (2 x d), 134.2 (d), 134.5 (d), 134.8 (s), 135.0 (s), 138.3 (s),
148.9 (s), 157.5 (s), 179.0 (s), 179.1 (s) and 187.3 (s).

1-Acetyl-3-(2-methylphenyl)4,9-dioxo-4,9-dihydronaphtho|2,3-c]-
furan 12e. Pale yellow needles; mp 179-180 °C (from CHCl;—
hexane); (Found: C, 76.30; H, 4.27. C,;H,,0, requires C, 76.35;
H, 4.27%); Vmax (CHCl;)/cm™" 3020, 1680, 1595, 1540, 1400 and
1250; 611(400 MHz; CDCl;; Me,Si) 2.41 (3 H, s, CH;), 2.88 (3 H,
s, CH;), 7.31-7.39 (2 H, m, ArH), 7.47 (1 H, t, J 7.5, ArH), 7.68
(1 H,d,J 75, ArH), 7.76-7.86 (2 H, m, ArH), 8.21-8.28 (1 H,
m, ArH) and 8.30-8.37 (1 H, m, ArH); 6.(100.6 MHz; CDCl;;
Me,Si) 20.3 (q), 29.4 (q), 119.6 (s), 123.8 (s), 125.6 (d), 127.11 (s),
127.18 (d), 127.8 (d), 130.8 (d), 130.9 (d), 131.3 (d), 134.2 (d),
134.4 (d), 134.8 (s), 135.3 (s), 138.5 (s), 149.5 (s), 159.7 (s), 178.8
(s), 179.1 (s) and 187.3 (s).
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1-Acetyl-3-(2,4-dimethylphenyl)-4,9-dioxo-4,9-dihydronaphtho-
[2,3-c]furan 12f. Yellow needles; mp 204-205 °C (from CHCl;—
hexane); (Found: C, 76.68; H, 4.68. C,,H (O, requires C, 76.73;
H, 4.68%); v (CHCL;)/cm™" 3010, 1680, 1595, 1540 and 1250;
o0u(400 MHz; CDCl;; Me,Si) 2.38 (3 H, s, CH;), 2.42 (3 H, s,
CH;), 2.87 (3H, s, CH;), 7.16 (1 H,d, J 7.9, ArH), 7.18 (1 H, s,
ArH), 7.60 (1 H, d, J 7.9, ArH), 7.76-7.85 (2 H, m, ArH), 8.22—
8.28 (1 H, m, ArH) and 8.31-8.36 (1 H, m, ArH); 6.(100.6 MHz;
CDCl;; Me,Si) 20.3(q), 21.5(q), 29.4(q), 119.3 (s), 123.9(s), 124.2
(s), 126.4 (d), 127.2 (d), 127.8 (d), 130.9 (d), 131.6 (d), 134.1 (d),
134.4 (d), 134.9 (s), 135.4 (s), 138.4 (s), 141.8 (s), 149.3 (s), 160.1
(s), 178.8 (s), 179.2 (s) and 187.3 (s).

1-Acetyl-3-(2-bromophenyl)-4,9-diox0-4,9-dihydronaphtho|2,3-c]-
furan 12g. Pale orange powder; mp 194-195 °C (from CHCl;—
hexane); (Found: C, 60.64; H, 2.78. C, H,,BrO, requires C, 60.78;
H, 2.81%); Vmux(CHCL;)/cm™" 3010, 1680, 1595, 1400 and 1250;
0u(400 MHz; CDCl;; Me,Si) 2.89 (3 H, s, CH;), 7.44 (1 H, td,
J 7.4 and 1.6, ArH), 7.50 (1 H, td, J 7.4 and 1.6, ArH), 7.67
(1H,dd, J7.4and 1.6, ArH), 7.76 (1 H, dd, J 7.4 and 1.6, ArH),
7.78-7.87 (2 H, m, ArH), 8.21-8.26 (1 H, m, ArH) and 8.32-8.37
(m, 1H, ArH); 6.(125.6 MHz; CDCl;; Me,Si) 29.3 (q), 120.4 (s),
123.5 (s), 127.1 (2 x d), 127.9 (d), 129.1 (s), 132.4 (2 x d), 133.4
(d), 134.31 (d), 134.37 (d), 134.6 (s), 135.5 (s), 149.8 (s), 157.0 (s),
178.61 (s), 178.66 (s) and 187.2 (s).

1-Acetyl-3-(2-chlorophenyl)-4,9-dioxo-4,9-dihydronaphtho|2,3-c]-
furan 12h. Pale yellow needles; mp 236-237 °C (from CHCl;—
hexane); (Found: C, 68.37; H, 3.12. C, H,,ClO, requires C, 68.49;
H, 3.16%); v (CHCL;)/cm™" 3030, 1685, 1580, 1540, 1400 and
1250; 611(400 MHz; CDCl;; Me,Si) 2.90 (3 H, s, CH;), 7.45 (1 H,
t,J 7.5, ArH), 7.48-7.61 (2 H, m, ArH), 7.71 (1 H, d, J 7.5, ArH),
7.76-7.87 (2 H, m, ArH), 8.25 (1 H, dd, J 6.5 and 1.8, ArH) and
8.35(1 H, dd, J 6.5 and 1.8, ArH); 6.(100.6 MHz; CDCl;; Me,Si)
29.3 (q), 120.6 (s), 123.6 (s), 126.6 (d), 127.0 (s), 127.2 (d), 127.9
(d), 130.2 (d), 132.2 (d), 132.4 (d), 134.33 (d), 134.42 (d), 134.44
(s), 134.6 (s), 135.4 (s), 149.9 (s), 155.9 (s), 178.6 (s), 178.7 (s) and
187.3 (s).

1-Acetyl-3-(2,4-dichlorophenyl)-4,9-dioxo0-4,9-dihydronaphtho-
[2,3-c]furan 12i. Yellow needles; mp 191-192 °C (from CHCl;—
hexane); (Found: C, 62.26; H, 2.56. C,H,,Cl,0, requires C,
62.36; H, 2.62%); v, (CHCl;)/cm™" 3020, 1685, 1470, 1410, 1250;
0u(400 MHz; CDCl;; Me,Si) 2.89 (3 H, s, CH;), 7.44 (1 H, dd, J
8.5 and 1.6, ArH), 7.60 (1 H, d, J 1.6, ArH), 7.67 (1 H, d, J 8.5,
ArH), 7.77-7.89 (2 H, m, ArH), 8.24 (1H, dd, J 7.2 and 2.2, ArH)
and 8.35 (1 H, dd, J 7.2 and 2.2, ArH); 6.(100.6 MHz; CDCl;;
Me,Si) 29.4 (q), 120.9 (s), 123.6 (s), 125.5 (s), 127.14 (d), 127.19
(d), 128.0(d), 130.3(d), 133.1 (d), 134.46 (d), 134.48 (d), 135.34 (s),
135.36 (s), 138.1(s), 150.1 (s), 154.7 (s), 178.6 (2 x s) and 187.2 (s).

1-Isobutyryl-3-phenyl-4,9-dioxo-4,9-dihydronaphtho|2,3-c|furan
12j. Orange needles; mp 156-157 °C (from CHCl;—hexane);
(Found: C, 76.66; H, 4.67. C,,H,,0, requires C, 76.73; H, 4.68%);
Vmax (CHCI3)/cm™" 2980, 1660, 1530, 1485 and 1315; 64(300 MHz;
CDCl;; Me,Si) 1.31 (6 H, d, J 6.8, 2 x CHj;), 3.98 (1 H, septet, J
6.8,CH), 7.53-7.61 (3 H, m, ArH), 7.78-7.86 (2 H, m, ArH), 8.29—
8.37 (2 H, m, ArH) and 8.43-8.51 (2 H, m, ArH); 6-(125.7 MHz;
CDCl;; Me,Si) 18.4 (2 x q), 38.3(d), 118.3 (s), 124.6 (s), 127.4 (d),
127.6(d), 128.6 (2 x d), 128.8 (2 x d), 131.9(d), 134.1 (d), 134.3 (d),
135.0 (s), 135.1 (s), 149.0 (s), 158.6 (s), 179.1 (2 x s) and 194.5 (s).

1-Isobutyryl-3-(4-methylphenyl)-4,9-dioxo-4,9-dihydronaphtho-
[2,3-c[furan 12k. Orange needles; mp 140-141 °C (from CHCl;—
hexane); (Found: C, 77.15; H, 5.09. C;H 30, requires 77.08;
H, 5.06); v, (CHCL)/cm™" 2980, 1660, 1540, 1495 and 1315;
ou(300 MHz; CDCl;; Me,Si) 1.30 (6 H, d, J 6.8, 2 x CH,;), 2.46
(3 H, s, CH,), 3.97 (1 H, septet, J 6.8, CH), 7.36 (2 H, d, J 8.1,
ArH), 7.74-7.86 (2 H, m, ArH), 8.27-8.35 (2 H, m, ArH) and 8.38
(2 H, d, J 8.1, ArH); 6.(75.5 MHz; CDCl;; Me,Si) 18.5 (2 x q),
21.7(q), 38.3 (d), 117.9 (s), 124.6 (s), 124.9 (s), 127.4 (d), 127.6(d),
128.8 (2 x d), 129.4 (2 x d), 134.0 (d), 134.3 (d), 135.0 (s), 135.2
(s), 142.7 (s), 148.6 (s), 159.0 (s), 179.1 (s), 179.2 (s) and 194.5 (s).

1-(4-bromophenyl)-3-isobutyryl-4,9-dioxo-4,9-dihydronaphtho-
[2,3-c[furan 121. Orange needles; mp 177-178 °C (from CHCl;—
hexane); (Found: C, 62.40; H, 3.59. C,H,sBrO, requires C,
62.43; H, 3.57); v (CHCL)/cm™ 1660, 1595, 1480 and 1385;
ou(300 MHz; CDCl;; Me,Si) 1.30 (6 H, d, J 6.8, 2 x CH;), 3.99
(1 H, septet, J 6.8, CH), 7.69 2 H, d, J 8.4, ArH), 7.77-7.88 (2 H,
m, ArH), 8.28-8.34 (2 H, m, ArH) and 8.39 (2 H, d, J 8.4, ArH);
0¢(100.6 MHz; CDCl;; Me,Si) 18.4 (2 x q), 38.4 (d), 118.7 (s),
124.5 (s), 126.5 (s), 126.7 (s), 127.5 (d), 127.7 (d), 130.2 (2 x d),
132.0 (2 x d), 134.2 (d), 134.5 (d), 134.9 (s), 135.0 (s), 149.1 (s),
157.4 (s), 179.0 (s), 179.1 (s) and 194.6 (s).

1-Benzoyl-3-phenyl-4,9-dioxo-4,9-dihydronaphtho[2,3- c|furan
12m. Yellow needles; mp 196-197 °C (from CHCl;—hexane);
(Found: C, 79.08; H, 3.71. C,sH,,0, requires C, 79.36; H, 3.73%);
Vmax (CHCl3)/em™" 3015, 1675, 1595, 1270 and 1250; 6,;(400 MHz;
CDCl;; Me,Si) 7.47-7.58 (5 H, m, ArH), 7.68 (1 H, t, J 7.6, ArH),
7.77 (1 H, td, J 7.4 and 1.3, ArH), 7.82 (1 H, td, J 7.4 and 1.3,
ArH), 8.01 2 H, d, J 7.6, ArH), 8.22 (1 H, d, J 7.4, ArH), 8.36
(1H,d, J 7.4, ArH) and 8.42-8.52 (2 H, m, ArH); 6-(100.6 MHz;
CDCl;; Me,Si) 117.7 (s), 125.1 (s), 127.4 (d), 127.7 (d), 128.6 (2 x
d), 128.7 (4 x d), 129.9 (2 x d), 131.8 (d), 134.0 (d), 134.2 (d),
134.3 (d), 134.7 (s), 135.6 (s), 136.1 (s), 149.4 (s), 158.5 (s), 178.5
(s), 179.0 (s) and 184.0 (s).

1-Benzoyl-3-(4-methylphenyl)-4,9-dioxo-4,9-dihydronaphtho-
[2,3-c|furan 12n. Yellow needles; mp 225-226 °C (from CHCl;—
hexane); (Found: C, 79.52; H, 4.19. C,sH,,O, requires C, 79.58;
H, 4.11%); v (CHCl;)/cm™ 3015, 1680, 1595, 1500 and 1270;
01(400 MHz, CDCl;; Me,Si) 2.45 3 H, s, CH;), 735 (2 H, d, J
8.2, ArH), 7.53 2 H, t, J 7.6, ArH), 7.68 (1 H, t, J 7.6, ArH),
7.76 (1 H, t, J 7.4, ArH), 7.81 (1 H, t, J 7.4, ArH), 8.01 (2 H, d,
J 7.6, ArH), 8.21 (1 H, d, J 7.4, ArH), 8.36 (1 H, d, J 7.4, ArH)
and 8.40 (2 H, d, J 8.2, ArH); 6.(100.6 MHz, CDCl;; Me,Si) 21.7
(q), 117.2 (s), 125.0 (s), 125.2 (s), 127.4 (d), 127.6 (d), 128.6 (2 x
d), 128.7 (2 x d), 129.4(2 x d), 129.9 (2 x d), 133.9 (d), 134.1 (d),
134.3 (d), 134.8 (s), 135.7 (s), 136.2 (s), 142.6 (s), 149.1 (s), 159.0
(s), 178.6 (s), 179.0 (s) and 184.0 (s).

1-Benzoyl-3-(4-bromophenyl)-4,9-dioxo-4,9-dihydronaphtho-
[2,3-c[furan 120. Yellow powder; mp 215-216 °C (from CHCl;—
hexane); (Found: C, 65.55; H, 2.81. C,sH;BrO, requires C, 65.66;
H, 2.87%); Vi (CHCL;)/cm™" 3015, 1675, 1595, 1270 and 1250;
0u(400 MHz; CDCl;; Me,Si) 7.54 2 H, t, J 7.7, ArH), 7.64-7.71
(3H,m, ArH), 7.74-7.85(2H, m, ArH), 7.99 2 H,d, J 7.7, ArH),
821 (1H,d,J7.6,ArH),835(1 H,d,J 7.6, ArH) and 8.40 (2 H,
d, J 8.2, ArH); 6.(125.6 MHz; CDCl;; Me,Si) 118.0 (s), 125.1 (s),
126.6 (2 x s), 127.5 (d), 127.7 (d), 128.7 (2 x d), 129.87 (2 x d),
129.93 (2 x d), 132.0 (2 x d), 134.1 (d), 134.3 (d), 134.4 (d), 134.7
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(s), 135.5 (s), 136.0 (s), 149.5 (s), 157.3 (s), 178.4 (s), 179.0 (s) and
183.9 (s).

1-Benzoyl-3-(4-chlorophenyl)4,9-dioxo-4,9-dihydr naphtho|2,3-c]-
furan 12p. Yellow needles; mp 208-209 °C (from CHCIl;—
hexane); (Found: C, 72.71; H, 3.27. C,sH,;CIO, requires C, 72.74;
H, 3.17%); v (CHCL;)/cm™" 3015, 1680, 1595, 1490, 1270 and
1250; 6,4(400 MHz; CDCl;; Me,Si) 7.50 (2 H, d, J 8.7, ArH), 7.54
(2H,t,J 7.6, ArH), 7.69 (1 H, t,J 7.6, ArH), 7.76 (1 H, t, J 7.4,
ArH), 7.81 (1 H, t, J 7.4, ArH), 8.00 (2 H, d, J 7.6, ArH), 8.20
(1H,d,J 7.4, ArH), 8.34 (1 H, d, J 7.4, ArH) and 8.47 (2 H, d,
J 8.7, ArH); 6.(100.6 MHz; CDCl;; Me,Si) 117.9 (s), 125.0 (s),
126.1 (s), 127.4 (d), 127.7 (d), 128.7 (2 x d), 129.0 (2 x d), 129.81
(2 x d), 129.85 (2 x d), 134.1 (d), 134.3 (d), 134.4 (d), 134.6 (s),
135.4 (s), 136.0 (s), 138.0 (s), 149.4 (s), 157.3 (s), 178.4 (s), 179.0
(s) and 183.9 (s).

1-Benzoyl-3-(2-methylphenyl)-4,9-dioxo-4,9-dihydronaphtho-
[2,3-c[furan 12q. Yellow crystals; mp 175-176 °C (from CHCl,—
hexane); (Found: C, 79.50; H, 4.15. C,sH (O, requires C, 79.58;
H, 4.11%); vn(CHCL;)/cm™" 3035, 1675, 1590, 1270 and 1250;
0u(400 MHz; CDCl;; Me,Si) 2.42 (3 H, s, CH;), 7.34 (1 H, t, J 6.5,
ArH), 7.35(1 H, d, J 6.5, ArH), 7.45 (1 H, t, J 7.6, ArH), 7.51
(2H,t,J7.6,ArH), 7.65 (1 H, td, J 6.5 and 1.0, ArH), 7.70-7.79
(3H, m, ArH), 7.99 (2 H, dd, J 7.6 and 1.1, ArH) and 8.19-8.28
(2 H, m, ArH); 6.(100.6 MHz; CDCl;; Me,Si) 20.4 (q), 118.8 (s),
124.2 (s), 125.5 (d), 127.1 (s), 127.2 (d), 127.5 (d), 128.5 (2 x d),
129.8 (2 x d), 130.7 (d), 130.9 (d), 131.2 (d), 133.98 (d), 134.02
(d), 134.2 (d), 135.09 (s), 135.11 (s), 136.0 (s), 138.4 (s), 149.9 (s),
159.2 (s), 178.3 (s), 178.7 (s) and 183.8 (s).

1-Benzoyl-3-(2,4-dimethylphenyl)-4,9-dioxo-4,9-dihydronaphtho-
[2,3-c|furan 12r. Yellow crystals; mp 167-168 °C (from CHCl;—
hexane); (Found: C, 79.67; H, 4.52. C,;H 5O, requires C, 79.79;
H, 4.46%); v (CHCLy)/cm™" 3015, 1660, 1585, 1490 and 1270;
0u(400 MHz; CDCl;; Me,Si) 2.39 (3 H, s, CH;), 2.41 (3 H, s,
CH;), 7.165(1 H,d, J 6.2, ArH), 7.173 (1 H, s, ArH), 7.51 2 H, t,
J 1.8, ArH), 7.60-7.69 (2 H, m, ArH), 7.71-7.81 (2 H, m, ArH),
8.00 (2 H, dd, J 7.8 and 1.1, ArH) and 8.20-8.29 (2 H, m, ArH);
0c(100.6 MHz; CDCl;; Me,Si) 20.4 (q), 21.5 (q), 118.6 (s), 124.3
(s), 124.4 (s), 126.4 (d), 127.3 (d), 127.6 (d), 128.6 (2 x d), 129.9
(2 x d), 131.0 (d), 131.6 (d), 133.97 (d), 134.03 (d), 134.2 (d),
135.2 (s), 135.3 (s), 136.1 (s), 138.3 (s), 141.7 (s), 149.7 (s), 159.7
(s), 178.4 (s), 178.8 (s) and 183.9 (s).

1-Benzoyl-3-(2-bromophenyl)-4,9-dioxo-4,9-dihydronaphtho-
[2,3-c]furan 12s.  Yellow crystals; mp 208-209 °C; (from CHCl;—
hexane); (Found: C, 65.60; H, 2.81. C,;H,;BrO, requires C, 65.66;
H, 2.87%); v (CHCL)/cm™" 3015, 1680, 1600, 1270 and 1250;
0u(400 MHz; CDCl;; Me,Si) 7.43 (1 H, td, J 7.6 and 1.6, ArH),
7.29-7.51 (3 H, m, ArH), 7.67 (1 H, t, J 7.3, ArH), 7.69 (1 H,
dd, J 7.6 and 1.6, ArH), 7.54-7.77 3 H, m, ArH), 8.05 2 H, d,
J 7.3, ArH) and 8.20-8.31 (2 H, m, ArH); 6.(100.6 MHz; CDCl;;
Me,Si) 119.8 (s), 123.4 (s), 124.1 (s), 127.21 (d), 127.26 (d), 127.8
(d), 128.6 (2 x d), 129.2 (s), 130.0 (2 x d), 132.4 (d), 132.6 (d),
133.4(d), 134.18 (d), 134.24 (2 x d), 135.0 (s), 135.3 (s), 135.8 (s),
150.4 (s), 156.5 (s), 178.0 (s), 178.7 (s) and 183.5 (s).

1-Benzoyl-3-(2-chlorophenyl)-4,9-dioxo-4,9-dihydronaphtho-
[2,3-c]furan 12t. Yellow crystals; mp 201-202 °C (from CHCl,—
hexane); (Found: C, 72.70; H, 3.13. C,sH,;CIO, requires C, 72.74;

H, 3.17%); v (CHCl;)/cm™" 3015, 1680, 1595, 1270 and 1250;
01(400 MHz; CDCl;; Me,Si) 7.44 (1 H, td, J 7.6 and 1.4, ArH),
7.47-7.60 (4 H, m, ArH), 7.67 (1 H, t, J 7.6, ArH), 7.75 (1 H, dd,
J 7.6 and 1.4, ArH), 7.76-7.83 (2 H, m, ArH), 8.04 (2 H, dd, J
7.6 and 1.4, ArH) and 8.21-8.30 (2 H, m, ArH); 6-(100.6 MHz;
CDCl;; Me,Si) 120.0 (s), 124.2 (s), 126.6 (d), 127.1 (s), 127.3 (d),
127.8 (d), 128.6 (2 x d), 130.0 (2 x d), 130.3 (d), 132.3 (d), 132.5
(d), 134.19 (d), 134.21 (d), 134.25 (d), 134.31 (s), 135.0 (s), 135.3
(s), 135.8 (s), 150.6 (s), 155.4 (s), 178.1 (s), 178.7 (s) and 183.5 (s).

1-Benzoyl-3-(2,4-dichlorophenyl)-4,9-dihydro-4,9-dioxonaphtho-
[2,3-c|furan 12u. Yellow crystals; mp 179-180 °C (from CHCl;—
hexane); (Found: C, 66.98; H, 2.63. C,;H,Cl,0, requires C,
67.13; H, 2.70%); v (CHClL;)/cm™" 3015, 1680, 1585, 1270 and
1250; 04(400 MHz; CDCl;; Me,Si) 7.43 (1 H, dd, J 8.4 and 2.1,
ArH), 7.53 2 H, t, J 7.7, ArH), 7.59 (1 H, d, J 2.1, ArH), 7.68
(1H,t, J 7.7, ArH), 7.71 (1 H, d, J 8.4, ArH), 7.73-7.83 (2 H,
m, ArH), 8.02 (2 H, d, J 7.7, ArH) and 8.21-8.28 (2 H, m, ArH);
0¢(100.6 MHz; CDCl;; Me,Si) 120.2 (s), 124.1 (s), 125.5(s), 127.2
(d), 127.3 (d), 127.8 (d), 128.7 (2 x d), 130.0 (2 x d), 130.3 (d),
133.3 (d), 134.30 (d), 134.34 (2 x d), 134.9 (s), 135.2 (s), 135.3
(s), 135.8 (s), 138.0 (s), 150.7 (s), 154.2 (s), 177.9 (s), 178.7 (s) and
183.5 (s).

6-Acetyl-11-hydroxy-5,12-dioxo-5,12-dihydronaphthacene  13a.
Orange needles; mp 249-250 °C (from CHCl;-hexane); (Found:
C, 75.79; H, 3.77. C,H,0, requires C, 75.94; H, 3.82%);
Vmax(CHClL;)/em™ 3010, 1670, 1595, 1430, 1295 and 1260;
ou(400 MHz; CDCl;; Me,Si) 2.70 (3 H, s, CH;), 7.71-7.89 (5 H,
m, ArH), 8.27-8.34 (1 H, m, ArH), 8.35-8.43 (1 H, m, ArH),
8.61 (1 H, dd, J 7.1 and 1.7, ArH) and 14.82 (1 H, s, OH);
0c(75.5 MHz; CDCl;; Me,Si) 31.9 (q), 108.4 (s), 124.1 (s), 125.3
(d), 126.8 (d), 127.1 (d), 127.8 (d), 129.4 (d), 132.0 (d), 132.4 (s),
133.6 (s), 133.9 (s), 134.6 (d), 134.7 (d), 136.5 (s), 164.0 (s), 182.7
(s), 187.9 (s) and 205.2 (s).

6-Acetyl-11-hydroxy-8-methyl-5,12-dioxo-5,12-dihydronaphtha-
cene 13b. Orange needles; mp 294-295 °C (from CHCl;-hexane);
(Found: C, 76.23; H, 4.27. C,H,,0, requires C, 76.35; H,
4.27%) Vi (KBr)/em™" 3405, 2915, 1700, 1660, 1590 and 1255;
ou(400 MHz; CDCl;; Me,Si) 2.56 (3 H, s, CH;), 2.69 (3 H, s,
CH,), 7.54-7.59 (2 H, m, ArH), 7.79-7.88 (2 H, m, ArH), 8.28—
8.33 (1 H, m, ArH), 8.36-8.41 (1 H, m, ArH), 8.49 (1 H, d, J
8.9, ArH) and 14.81 (1 H, s, OH); 6-(100.6 MHz; CDCl;; Me,Si)
22.2 (q), 32.0 (q), 107.9 (s), 125.2 (d), 125.8 (s), 126.1 (d), 127.0
(d), 127.8 (d), 131.4 (d), 132.7 (s), 133.7 (s), 133.9 (s), 134.55 (d),
134.59 (d), 136.1 (s), 143.1 (s), 164.1 (s), 182.8 (s), 187.7 (s) and
205.6 (s).

11-Acetyl-6-hydroxy-7-methyl-5,12-dioxo-5,12-dihydronaphtha-
cene 13c. Orange needles; mp 233-234 °C (from CHCl;—
hexane); (Found: C, 76.35; H, 4.25.C,,H,,0, requires C, 76.35; H,
4.27); Vi (CHCL;)/em™" 3395, 2930, 1700, 1670, 1595 and 1580;
ou(400 MHz; CDCl;; Me,Si) 2.68 (3 H, s, CH;), 3.05 (3 H, s, CH,),
7.43-7.50 (1 H, m, ArH), 7.57-7.65 2 H, m, ArH), 7.77-7.87
(2H, m, ArH), 8.28 (1 H, dd, J 7.0 and 1.7, ArH), 8.39 (1 H, dd, J
7.3 and 1.7, ArH) and 15.83 (1 H, s, OH); 6.(100.6 MHz; CDCl;;
Me,Si) 25.3 (q), 31.9 (q), 108.5 (s), 123.7 (s), 125.2 (d), 127.0 (d),
127.2 (s), 127.6 (d), 131.6 (d), 132.8 (d), 133.7 (s), 133.8 (s), 134.1
(s), 134.49 (d), 134.54 (d), 137.0 (s), 140.9 (s), 168.3 (s), 182.6 (s),
187.6 (s) and 205.8 (s).
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11- Acetyl-6-hydroxy-7,9-dimethyl-5,12-dioxo-5,12 -dihydro-
naphthacene 13d. Orange needles; mp 276-277 °C (from CHCl;—
hexane); v,,,,(CHCL;)/cm™" 3425, 2925, 1695, 1595, 1580 and 1270;
0x(400 MHz; CDCl;; Me,Si) 2.48 (3 H, s, CH;), 2.67 (3 H, s, CH,),
3.01 (3H,s,CH,), 7.31 (1 H, s, ArH), 7.39 (1 H, s, ArH), 7.76-7.87
(2H, m, ArH), 8.28 (1 H, dd, J 7.5and 1.6, ArH), 8.39 (1 H, dd, J
7.5 and 1.6, ArH) and 15.83 (1 H, s, OH); d. (100.6 MHz; CDCl;;
Me,Si) 21.9 (q), 25.1 (q), 32.0 (q), 108.1 (s), 123.8 (s), 124.7 (d),
125.1(s), 127.0 (d), 127.6 (d), 133.7 (s), 133.9 (s), 134.3 (d), 134.45
(s), 134.49 (d), 134.8 (d), 136.6 (s), 140.6 (s), 142.5 (s), 168.3 (5),
182.7 (s), 187.3 (s) and 206.1 (s); m/z (EI) 344.1053 (M*. C,,H,,0,
requires 344.1048), 329 (100%), 318 (4), 245 (5), 215 (16) and 202

(18).
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Sphingosine, sphinganines and phytosphingosines and their analogs were synthesized by an aldol
condensation between an iminoglycinate bearing a (+)-(1R,2R,5R)-2-hydroxy-3-pinanone group as
chiral auxiliary and an appropriate aldehyde. All condensations proceeded with excellent
enantioselectivity to generate the (25,3 R)-D-erythro structures in good yields.

Introduction

Sphingosines, sphinganines (dihydrosphingosines) and phytosph-
ingosines are common long-chain structural constituents of sph-
ingolipids. This class of lipid is unusual because they bear a small
positive charge at neutral pH as a consequence of intramolecular
hydrogen bonding.! This property enables them to cross mem-
branes or move between membranes with ease. The sphingolipids
are essential components of the plasma membrane of eukaryotic
cells, where they are typically found in the outer leaflet. Although
particularly abundant in mammalian cells, they are also present in
bacteria and fungi,? plants® and marine organisms.* In addition to
their structural functions, they are also involved in various biologi-
cal activities and play critical roles in many physiological processes,
including modulation of immune response, signalling and cellular
recognition.’ Sphingosine and sphinganine can both strongly
inhibit protein kinase C® and their ceramide derivatives are potent
stimulators of the mammalian immune system.” Phytosphingosine
is a potential heat stress signal in yeast cells,® and some of its
derivatives exhibit important physiological activities. For example,
KRN7000, an a-galactosylphytosphingosine derivative isolated
from a marine sponge, binds to CDI1d protein on antigen
presenting cells and is a powerful immunostimulant of natural
killer T (NKT) cells.® Recognition of the glycolipid-CD1d complex
by NKT cells results in the production of several cytokines such
as interferon-y (IFN-y) and interleukins (IL)-12 and -4.

Due to their biological significance, as well as the complication
of isolation from natural sources in homogeneous form, a great
deal of effort has been devoted to the synthesis of this class of
compounds.’® Despite their structural diversity, sphingoid bases
share a common (25,3 R)-D-erythro amino alcohol moiety. Of all
the methodologies, strategies based on diastereoselective asym-
metric synthesis are the most challenging. Solladié-Cavallo and
Koessler' were the first to achieve the diastereoselective synthesis
of natural sphingosine using an aldol condensation strategy. These
authors employed a titanium enolate derived from an imino-
glycinate bearing a (+)-(1R,2R,5R)-2-hydroxy-3-pinanone group
as chiral auxiliary. When condensing with (E)-2-hexadecenal the
desired (2S,3R)-D-erythro structure was elegantly constructed in
just one step and was found to be the only diastereoisomer isolated.

Alberta Ingenuity Center for Carbohydrate Science, Department of Chem-
istry, University of Alberta, Edmonton, AB T6G 2G2, Canada. E-mail:
dave.bundle@ualberta.ca

This methodology was subsequently used by Li et al. to synthesize
the deuterium and tritium labelled sphingosines,'? and by Shioiri
and TIrako to prepare sulfobacin A."® Vo-Hoang et al. recently
reported minor modifications for the synthesis of the natural
sphingosine.’ To the best of our knowledge this methodology
has not been used to synthesize other sphingoid derivatives.

We were interested in extending Solladi¢-Cavallo’s methodology
as a general route to synthesize other members of the sphingoid
family such as the truncated sphingosine (1), sphinganines
(2a—c), phytosphingosine (3) and even its 4-epimer (4) (Fig. 1). This
appeared attractive since the stereo and enantiomeric outcome of
the aldol condensation should be dictated by the (4)-(1R,2R,5R)-
2-hydroxy-3-pinanone auxiliary while the stereochemistry of the
aldehydes should have little effect.

OH OH OH
: - ~ CyqH
— 14M29
HO/\‘/v Ho/\‘/\CnHan HOW
R2
NH, NH, NH, R" 'R
1 2an=13 3 R'=0H, R2=H
2b n=15 4 R'=H, R2=0H
2cn=17
Fig. 1

Results and discussions

In research that targets ganglioside based cancer vaccines, we have
designed a truncated sphingosine 1'° as a versatile aglycone for
the synthesis of glycolipid, tumour-associated antigens.’* Com-
pound 1 conserves the (2S,3R)-D-erythro element found in natu-
ral sphingosine, while permitting flexible carbohydrate epitope—
protein conjugation strategies via either the amino group or the
double bond. In addition, the terminal double bond allows the
transformation of oligosaccharides bearing 1 into the natural
oligosaccharide bearing 18-carbon ceramide through a metathesis
reaction with 1-pentadecene.'”*** We have designed a highly
efficient process to prepare 1 on a large scale from 1,2-O-
isopropylidene-a-D-glucofuranose.™™ As seen in Scheme 1, com-
pound 1 can be prepared via Solladié-Cavallo’s route by condens-
ing iminoglycinate 5 with acrolein 6.

The literature reports the preparation of iminoglycinate 5 by
condensation of (+)-(1R,2R,5 R)-2-hydroxy-3-pinanone with ethyl
glycinate.”® When the aldol condensation with acrolein was first
carried out using CITi(OPr-i); and NEt; as reagents, a 1:1 mixture
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OH
5 6
b
CO,R,
<« HNFHXHOH
A
8 Ry=Etor
i-Pr

Scheme 1  Reagents and conditions: (a) CITi(OEt);, NEt;, CH,Cl,, 0 °C,
72% or CITi(OPr-i);, NEt;, CH,Cl,, 0 °C, 70%; (b) 1IN HCI, THF, 82%;
(c) 2M LiBH,, THF-MeOH, 74%.

of ethyl and isopropyl esters was obtained due to a partial exchange
of the ethoxy group in the glycinate ester with the isopropoxy
group of the reagent. This exchange was also reported in Solladié-
Cavallo’s original publication." However, the desired adducts 7
(R' = Et, and i-Pr), were obtained in 70% yield and each was
found to be the only diastereoisomer by NMR spectroscopy. To
simplify the analysis, we also performed the reaction using NEt;
and CITi(OEt); (which still contained ~10% CITi(OPr-i);) and as
expected, adduct 7 (R' = Et) was obtained in 72% yield, as the
major product, as detected by NMR spectroscopy. No 1,4-Michael
addition products were observed in either case (R' = Et or i-Pr).
The ethyl and isopropyl adducts 7 were both smoothly hydrolyzed
in 1 M HCI in THF to yield 8 in 82% yield. Furthermore, the
chiral auxiliary was recovered and could be recycled to prepare
the iminoglycinate 5. The free amino-ester 8 (Et or i-Pr) was
reduced with LiBH, in a mixture of methanol and THF at room
temperature to afford the desired truncated sphingosine analogue
1 in 74% yield.

This strategy was applied to the asymmetric syntheses of sph-
inganines (Scheme 2). In the literature, sphinganines are normally
prepared from the hydrogenation of expensive sphingosines,®
carbohydrates,® or L-serine* in six or more steps. However,
using the strategy shown in Scheme 2, various sphinganines
with different aliphatic chain lengths were successfully prepared
in a concise manner. Treating the iminoglycinate 5 with three

CO,Et

H o i
5 + \‘( a =N @OH
ChHopn+
e OH CnH2n+1
9an=13 10a n=13 (87%)
9b n=15 10b n=15 (84%)
9¢c n=17 10c n=17 (83%)
lb
HO COLE
HNTRHOH <« HzNﬁ%ﬂOH
CnH2n+1 CnH2n+1

2a n=13 (85%)
2b n=15 (78%)
2¢ n=17 (81%)

11a n=13 (80%)
11b n=15 (84%)
11¢c n=17 (85%)

Scheme 2 Reagents and conditions: (a) CITi(OEt);, NEt;, CH,Cl,, 0 °C;
(b) IN HCI, THF; (c) LiAlH,, THF, reflux.

aldehydes (9a—c) in the presence of CITi(OEt); and NEt;, the
corresponding aldol adducts (10a—c) were obtained in yields that
ranged from 83 to 87%. NMR spectroscopy revealed that only one
diastereoisomer was obtained in each case. Imines (10a—c) were
hydrolyzed under acidic conditions to afford intermediate amines
11a—c in high yields (80-85%); and once again, the chiral auxiliary
was recovered. Final reductions using LiAlIH, in refluxing THF
gave the desired sphinganines (2a—c) in 78-85%.

Following the success in the syntheses of truncated sph-
ingosine 1 and sphinganines 2a—c, the D-ribo- and L-lyxo-
phytosphingosines were the logical synthetic targets for exten-
sion of the methodology. Phytosphingosines differ from sphin-
gosines and sphinganines by an additional stereocenter at C-
4. Like sphinganines and sphingosines, the chemical synthesis
of phytosphingosines usually employs carbohydrates® or amino
acids® as starting materials, and a few syntheses are based on
asymmetric synthesis.** In order to prepare phytosphingosine
3 and its 4-epimer 4, aldehydes 14 and 15 are required. We
chose to use the methoxymethyl group (MOM) for protection
of the o-hydroxyl group, because this group is acid-sensitive
and can be easily removed during the hydrolysis of the imine
linkage. The two aldehydes were prepared from 12 and 13 by
Dess—Martin oxidation.”® Both 12 and 13 were synthesized from
the commercially available 1-hexadecene according to known
literature procedures (Scheme 3).242

C14H29

CqH
1417129 ?(\OH a
Ry R, Ry Re
12 R;=OMOM, R,=H 14 R;=OMOM, R,=H (90%)
13 Ry=H, R,=OMOM 15 Ry=H, R;=OMOM (94%)

¢}

C14H29
16 R;=OMOM, R,=H (91%)
17 Ry=H, R,=OMOM (83%)

18 R;=OMOM, R,=H
19 Ry=H, R,=OMOM

R,

Cr

20 Ry=H, Ry=Cy4Hpq (79%)
21 Ry=Cy4Hy, Ry=H (83%)

3 Ry=OH, R,=H (82%)
4 R=H, Ry=0H (80%)

Scheme 3 Reagents and conditions: (a) Dess-Martin periodinane,
CH,Cl,, Py, RT; (b) CITi(OEt);, NEt;, CH,Cl,, 0 °C; (c) IN HCI, THF,
RT; (d) LiAIH,, THF, reflux.

Condensation of the aldehydes 14 and 15 with 5 proceeded
well to give 16 and 17 in excellent yields (83-91%) and high
diastereoselectivity. As predicted, the stereochemistry at the o-
position of the aldehydes did not influence the stereo- and
enantioselectivity of the aldol condensation. Treatment of 16
or 17 with 1IN HCI smoothly cleaved both the imine and the
MOM protecting group; intermediates 18 and 19 spontaneously

This journal is © The Royal Society of Chemistry 2006
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lactonized to afford 20 and 21, and were isolated as the hy-
drochloride salt in 83 and 79% yield. The stereochemistry of
the lactones was confirmed by comparing the coupling patterns
and the *J,; coupling constants with literature data.*** Finally,
both lactones were reduced with LiAIH, in refluxing THF to give
the desired D-ribo-phytosphingosine (3) and its 4-epimer, L-/yxo-
phytosphingosine (4) in 82 and 80% yields. The overall yield from
1-hexadecene was greater than 45% in both cases.

The stereochemistry of the synthesized sphingoids was deter-
mined by NMR spectroscopy. For example, for compound 1, in
methanol-d,, H-2 appeared as a ddd pattern at 2.77 ppm, with
Ji2~4.5Hz, J,,, ~ 6.8 Hz and J,; ~ 6.4 Hz. H-3 also appeared
as a ddd pattern, with J,, ~ 6.1 Hz. This is in agreement with
the coupling patterns of the corresponding protons of the natural
sphingosine, as reported in the literature.* It is also consistent
with a similar compound prepared by another route.’™ For
sphinganine derivatives 2a—c, phytosphingosine 3 and its 4-epimer
4, unfortunately, most of the literature NMR data were recorded in
pyridine-ds, DMSO-d or chloroform-d. In these solvents, due to
complications resulting from coupling with the attached hydroxyl
proton as well as aggregation in some solvents (such as chloroform-
d) most of the key protons appear either as broad resonances or
as multiplets. Rarely were coupling constants for these protons
reported. We discovered all these compounds gave well resolved
NMR spectra in methanol-d,. With the suppression of coupling to
the hydroxyl protons, most of the key coupling constants could be
extracted. For example, for sphinganine 2b, the H-2 resonated at
2.70 ppm as addd and H-3 at 3.49 asa ddd, with J,,, ~4.2Hz, J 4,
~ 7.6 Hz and J,; ~ 5.4 Hz; for phytosphingosine 3, the H-2 ap-
peared as a ddd at 2.94 ppm, H-3 asa dd at 3.33 ppm and H-4 as a
dddat3.51 ppm, with J,,, ~4.2Hz,J,,, ~6.6 Hz, J,; ~5.7Hzand
J34~ 7.8 Hz; in addition, for the phytosphingosine 4-epimer 4, H-2
appeared as a ddd at 2.93 ppm, H-3 as a dd at 3.32 ppm and H-4 as
addd at 3.67 ppm, with J,, ~4.2Hz, J,,, ~ 7.0 Hz, J,; ~ 7.0 Hz
and J;, ~ 2.7 Hz. That the compounds have the same (2S,3R)-D-
erythro configuration is supported by the observation that similar
J,3 coupling constants (5.4-7.0 Hz) were observed for the newly
formed C2-C3 linkages when comparing to 1 (J,; ~ 6.4 Hz).
Optical rotations were also consistent with literature reports.

Conclusion

We have demonstrated that the (25,3 R)-D-erythro amino alcohol
structures, commonly found in a wide range of sphingoid bases,
can be synthesized in very good yields with high diastereose-
lectivity by an aldol condensation between the titanium enolate
derived from an iminoglycinate that bears the (4+)-(1R,2R,5R)-2-
hydroxy-3-pinanone group as chiral auxiliary, and the appropriate
aldehydes. This methodology has been shown to be practical,
highly versatile and amenable to the synthesis of structurally more
elaborate compounds related to sphingolipids.

Experimental
General methods

Optical rotations were measured with a Perkin-Elmer 241 po-
larimeter for samples in a 10 cm cell at 22 + 2 °C. Specific
rotations [a], are given in units of 10" deg cm? g~'. Analytical

TLC was performed on Silica Gel 60-F,5, (Merck, Darmstadt)
with detection by quenching of fluorescence and/or by charring
with 5% sulfuric acid in water. All commercial reagents were used
as supplied. Ti(OEt), was purchased from Aldrich, and contains
~15% Ti(OPr-i),. CITi(OEt); (containing ~10% CITi(OPr-i);) was
prepared from Ti(OEt), and CH;COCI according to a known
procedure.’ Column chromatography was performed on Silica
Gel 60 (Silicycle, Ontario). "H NMR spectra were recorded at 300,
500, or 600 MHz. First order proton chemical shifts J,; are refer-
enced to either residual CHCI; (6 7.24 ppm, CDCl;), CDHCI, (0
5.30 ppm, CD,Cl,) or residual CD,HOD (Jy; 3.30 ppm, CD;0D),
or internal acetone (dy 2.225 ppm, D,0). *C NMR spectra are
reported to the second decimal; although it is expected that the
reproducibility of chemical shifts will only be accurate to one tenth
of a ppm, the reported data often include resonances separated by
less than 0.1 ppm. Organic solutions were dried with anhydrous
Na,SO, prior to concentration under vacuum at <40 °C (bath).
Microanalyses and electrospray mass spectra were performed by
the analytical services of this department.

General procedure A: aldol condensation

To a solution of iminoglycinate 5 (6.0 mmol) in anhydrous CH,Cl,
(4 mL) was added a solution of CITi(OEt); (15.0 mmol) in
anhydrous CH,Cl, (8 mL) at 0 °C under argon; followed by the
addition of Et;N (3.5 mL), a solution of the aldehyde (6.6 mmol)
in anhydrous CH,Cl, (10 mL) was added dropwise. The reaction
mixture was stirred at 0 °C for 5-6 h, and quenched by addition of
brine (30 mL). The mixture was diluted with CH,Cl, (20 mL) and
the organic phase was separated; the aqueous phase was extracted
with more CH,Cl, (2 x 50 mL), and organic layers were combined,
dried and concentrated. Chromatography on silica gel (pretreated
with 15% Et;N in eluent) afforded the desired compounds.

For the condensation with acrolein, we also employed CITi(OPr-
i); as reagent in a similar fashion (not shown in the experimental
section). Ethyl and isopropyl esters were obtained as a 1:1 mixture
of single diastereoisomers in 70% yield.

General procedure B: acid hydrolysis of imines

The imines (4.6 mmol) were dissolved in a mixture of 1.0 N HCI
(32 mL) and THF (8 mL) and the mixture was stirred for 3 days
at room temperature. The mixture was extracted with Et,O (2 x
20 mL), and the organic phase containing mainly the auxiliary
was evaporated. The aqueous phase was neutralized to pH 8 with a
solution of sat. NaHCO;, and extracted with CH,Cl, until no more
desired compounds could be detected by TLC. The combined
extracts were dried and concentrated. Column chromatography
on silica gel gave the desired amino esters.

General procedure C: reduction of the amino esters

Reduction with LiAlH,. To a solution of amino ester
(1.5 mmol) in anhydrous THF (35 mL) at 0 °C, was added LiAIH,
(15 mmol) in small portions under argon; the mixture was heated
at reflux for 3 days. The reaction was cooled and the mixture was
filtered through a thin pad of silica gel using CH,Cl,-MeOH-
NH,OH (100:15:2) as eluent. After concentration, the residue
was purified by column chromatography to provide the desired
sphingoids.
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Reduction with LiBH,. To a solution of amino ester (2.5 mmol)
in methanol (15 mL) was added dropwise a solution of 2 M LiBH,
in THF (7.5 mL, 15 mmol) at room temperature. The reaction was
continued for 3 days and concentrated. The residue was loaded
onto a thin pad of silica gel and eluted with CH,Cl,-MeOH-
NH,OH (100:15:2) to afford the crude product. After concentra-
tion, the residue was purified by column chromatography to give
the desired sphingoids.

General procedure D: oxidation with Dess—Martin periodinane
(DMP)

To a suspension of DMP (8.0 mmol) in anhydrous CH,Cl, (45 mL),
was added pyridine (1.5 mL); the resulting slurry was stirred until
all the reagents dissolved. A solution of alcohol (7.9 mmol) in
anhydrous CH,Cl, (20 ml) was added dropwise and the reaction
was continued at room temperature for 5 h. A solution of sat.
brine (20 ml) and sat. Na,SO; (20 ml) was added and the organic
phase was separated; the aqueous phase was extracted with more
CH,Cl, (3 x 50 ml), and the organic extracts were combined,
washed with water (1 x 100 ml) and brine (1 x 40 ml), dried and
evaporated. The desired aldehydes were obtained after column
chromatography.

Ethyl {1R-[1a,28,3(2R,3R),50] }-3-hydroxy-2-[(2-hydroxy-2,6,6-
trimethylbicyclo [3,1,1]hept-3-ylidene)amino]-4-pentenoate (7).
This compound was prepared according to the general procedure
A using CITi(OEt); as reagent. Compound 7 was obtained as a
single diastereoisomer by chromatography on silica gel (eluent:
hexane-EtOAc 4:1) and was found to contain ~10% isopropyl
ester. Yield 72%. R;: 0.43 (hexane-EtOAc 1:1). '"H NMR (CDCl;,
600 MHz): 4 5.88 (ddd, 1H, J = 17.0, 10.5, 6.2 Hz), 5.38 (ddd,
1H, J = 17.0, 1.5, 1.5 Hz), 5.22 (ddd, 1H, J = 10.6, 1.5, 1.5 Hz),
4.62 (dd, 1H, J = 6.3, 6.3 Hz), 4.15-4.25 (m, 3H), 3.22 (broad s,
1H), 2.56 (dd, 1H, J = 18.0, 3.0 Hz), 2.53 (ddd, 1H, J = 18.0, 2.6,
2.6 Hz), 2.47 (broad s, 1H), 2.34 (ddd, 1H, J = 10.7, 6, 6, 2.3 Hz),
2.08 (dd, 1H,J =5.9,5.9 Hz), 2.03 (ddd, 1H, J = 6.0, 6.0, 3.0 Hz),
1.54 (d, 1H, J = 10.7 Hz), 1.50 (s, 3H), 1.33 (s, 3H), 1.24 (t, 3H,
J =7.1Hz), 0.87 (s, 3H); for the isopropyl ester, all signals overlap
with the ethyl ester except the signal at 5.05 (sept, 1H, J = 6.5 Hz).
“C NMR (CDCl;, 100 MHz): 6. 180.66, 169.94, 136.50, 116.99,
76.71,73.77, 67.00, 61.14, 50.22, 38.60, 38.39, 34.15, 28.18, 27.95,
27.26,22.74, 14.13. HRMS m/z calc’d for C;;H,xNO, (M + H*):
310.2018; found 310.2018.

Ethyl (2R,3R)-2-amino-3-hydroxy-4-pentenoate (8). Thiscom-
pound was prepared according to the general procedure B.
Compound 8 (containing trace amounts of isopropyl ester)
was obtained by chromatography on silica gel (eluent: CH,Cl,—
CH,;OH-NH,OH 100:2.5:1). Yield: 82%. R;: 0.27 (CH,Cl,—
MeOH-NH,OH 100:5:1). '"H NMR (CD;0D, 500 MHz): 5 5.73
(ddd, 1H, J = 16.7, 10.5, 6.5 Hz), 5.33 (ddd, 1H, J = 17.0, 1.6,
1.6 Hz), 5.21 (ddd, 1H, J = 10.5, 1.5, 1.5 Hz), 4.39 (dddd, 1H, J =
5.2,52,1.4,1.4Hz),4.19 (dq, |H, J =10.8, 7.2 Hz), 4.16 (dq, 1 H,
J=10.8,7.2Hz),3.61(d, 1H,J=5.0Hz),1.26 (t,3H, J = 7.0 Hz);
"C NMR (CD;0D, 125 MHz): 6. 173.16, 135.57, 117.33, 72.63,
61.18, 58.45 14.178. HRMS m/z calc’d for C;H;;NO; (M + H*):
160.0974; found 160.0974. Anal. calc’d for C;H;NO;: C, 52.82;
H, 8.23; N, 8.80; found: C, 52.92,; H, 8.36; N, 8.31%.

(28,3 R)-2-Aminopent-4-ene-1,3-diol (1). This compound was
prepared according to the general procedure C using LiBH,
as reducing reagent. Compound 1 was obtained as a single
diastereoisomer by chromatography on silica gel (eluent: CH,Cl,—
CH;OH-NH,OH 100:10:1). Yield 74%. [a}]: +18.5° (c 0.75,
MeOH). R;: 0.27 (CH,Cl,-MeOH-NH,OH 100:20:1). '"H NMR
(CD;0D, 500 MHz): 4 5.90 (ddd, 1H, J = 17.0, 10.5, 6.5 Hz),
5.30(ddd, IH, J =17.0, 1.6, 1.6 Hz), 5.21 (ddd, 1H, J = 10.5, 1.6,
1.6 Hz), 4.03 (dddd, 1H, J = 6.2, 6.1, 1.3, 1.3 Hz), 3.60 (dd, 1H,
J =10.9,4.5 Hz), 3.50 (dd, 1H, J = 10.9, 6.9 Hz), 2.77 (ddd, 1H,
J =6.8, 6.4, 4.5 Hz); *C NMR (CD;0D, 125 MHz): . 139.34,
117.08, 75.33, 64.24, 57.80. HRMS m/z calc’d for CsH;,NO,Na
(M + Na*): 140.0682; found 140.0680. Anal. calc’d for CsH,,NO,:
C, 51.26; H, 9.46; N, 11.96; found: C, 51.28,; H, 9.57; N, 11.36%.

Ethyl {1R-[10,28,3(2R,3R),5a]}-3-hydroxy-2-{(2-hydroxy-2,6,6-
trimethylbicyclo|3,1,1]hept-3-ylidene)amino } hexadecanoate (10a).
This compound was prepared according to the general procedure
A using CITi(OEt); as reagent. Compound 10a (containing trace
amounts of isopropyl ester) was obtained as a single diastereoiso-
mer by chromatography on silica gel (eluent: hexane-EtOAc 6:1).
Yield: 87%. R;: 0.29 (hexane-EtOAc 4:1). '"H NMR (CDCl;,
600 MHz): 6y 4.19 (dq, 2H, J = 7.2, 2.8 Hz), 4.11 (d, 1H, J =
6.3 Hz), 4.07 (m, 1H), 3.01 (br s, 1H), 2.58 (dd, 1H, J = 18.0,
3.0 Hz), 2.53 (ddd, 1H, J = 18.0, 2.5, 2.5 Hz), 2.35 (dddd, 1H, J =
10.7, 6.0, 6.0, 2.3 Hz), 2.09 (dd, 1H, J = 5.9, 5.8 Hz), 2.04 (ddd,
IH, J =6.0, 5.9, 3.0 Hz), 1.55 (d, 1H, J = 10.7 Hz), 1.50 (s, 3H),
1.33 (s, 3H), 1.25 (t, 3H, J = 7.1 Hz), 1.25-1.50 (m, 24H), 0.88
(t, 3H, J = 7.0 Hz), 0.87 (s, 3H); *C NMR (CDCl;, 125 MHz):
dc 180.37, 170.59, 76.74, 72.62, 67.07, 61.12, 50.13, 38.64, 38.42,
34.10, 32.78, 31.92, 29.68-29.61 (7C), 29.34, 28.31, 28.03, 27.29,
25.52,22.80,22.68, 14.16, 14.10. HRMS m/z calc’d for C,xHs, NO,
(M + H*): 466.3891; found 466.3893.

Ethyl {1R-[1a,28,3(2R,3R),5a]}-3-hydroxy-2-{(2-hydroxy-2,6,6-
trimethylbicyclo[3,1,1]hept-3-ylidene)amino } octadecanoate (10b).
This compound was prepared according to general procedure A
using CITi(OEt); as reagent. Compound 10b (containing trace
amounts of isopropyl ester) was obtained as a single diastereoiso-
mer by chromatography on silica gel (eluent: hexane—EtOAc 6:1).
Yield: 84%. R;: 0.34 (hexane-EtOAc 4:1). '"H NMR (CDCl,,
600 MHz): 6y 4.15 (dq, 2H, J = 7.2, 2.3 Hz), 4.09 (d, 1H, J =
6.0 Hz), 4.04 (m, 1H), 3.22 (br s, 1H), 2.53 (dd, 1H, J = 18.0,
2.5Hz),2.49 (ddd, 1H, J = 18.0, 2.5, 2.5 Hz), 2.32 (dddd, IH, J =
10.8, 6.0, 5.9, 2.3 Hz), 2.06 (dd, 1H, J = 5.9, 5.9 Hz), 2.01 (ddd,
IH, J =6.0,5.9, 3.0 Hz), 1.52 (d, |H, J = 10.7 Hz), 1.48 (s, 3H),
1.30 (s, 3H), 1.24 (t, 3H, J = 7.2 Hz), 1.25-1.50 (m, 28H), 0.85
(t, 3H, J = 6.8 Hz), 0.87 (s, 3H); *C NMR (CDCl;, 125 MHz):
Jc 180.43, 170.54, 76.75, 72.65, 67.09, 61.10, 50.14, 38.64, 38.42,
34.06, 32.78, 31.92, 29.69-29.62 (9C), 29.35, 28.29, 28.02, 27.28,
25.55,22.79,22.68, 14.15, 14.10. HRMS m/ z calc’d for C;HssNO,
(M + H"): 494.4204; found 494.4202.

Ethyl {1R-[10,28,3(2R,3R),5a]}-3-hydroxy-2-{(2-hydroxy-2,6,6-
trimethylbicyclo[3,1,1]hept-3-ylidene )amino }icosanoate  (10c).
This compound was prepared according to the general procedure
A using CITi(OEt); as reagent. Compound 10c¢ (containing
trace amounts of isopropyl ester) was obtained as a single
diastereoisomer by chromatography on silica gel (eluent: hexane—
EtOAc 6:1). Yield: 83%. R;: 0.34 (hexane-EtOAc 4:1). '"H NMR
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(CDClL,, 500 MHz): 6, 4.17 (dq, 2H, J = 7.1, 2.0 Hz), 4.10 (d,
1H, J = 6.1 Hz), 4.07 (m, 1H), 3.20 (br s, 1H), 2.57 (dd, 1H, J =
18.0, 2.8 Hz), 2.50 (ddd, 1H, J = 18.0, 2.5, 2.5 Hz), 2.33 (dddd,
1H, J = 10.8, 6.0, 5.9, 2.3 Hz), 2.06 (dd, 1H, J = 5.9, 5.9 Hz),
2.02 (ddd, 1H, J = 5.9, 5.8, 2.8 Hz), 1.52 (d, 1H, J = 10.9 Hz),
1.50 (s, 3H), 1.31 (s, 3H), 1.22 (t, 3H, J = 7.2 Hz), 1.25-1.50 (m,
32H), 0.88 (t, 3H, J = 7.0 Hz), 0.87 (s, 3H); *C NMR (CDCl,,
125 MHz): d. 180.35, 170.55, 76.66, 72.61, 67.05, 61.08, 50.13,
42.90, 38.60, 38.40, 34.07, 32.76, 31.90, 29.33-29.67 (11C), 28.27,
28.03, 27.26, 25.52, 22.77, 22.65, 14.13, 14.08. HRMS m/z calc’d
for CyyHeNO, (M + H*): 522.4517; found 522.4519.

Ethyl (2R,3R)-2-amino-3-hydroxyhexadecanoate (11a). This
compound was prepared according to the general procedure B.
Compound 11a was obtained by chromatography on silica gel
(eluent: Et,O-CH;OH 25:1). Yield: 80%. R;: 0.31 (Et,0-MecOH
20:1). [a]%: —7.4 (¢ 0.50, MeOH). '"H NMR (CD;0D, 600 MHz):
oy 4.33(dq, 1H,J =10.8, 7.1 Hz), 4.29 (dq, 1H, J = 10.8, 7.1 Hz),
4.04 (d, 1H, J = 3.3 Hz), 3.99 (ddd, 1H, J = 9.0, 3.7, 3.7 Hz),
1.59 (m, 1H), 1.50 (m, 1H), 1.32 (t, 3H, J = 7.1 Hz), 1.25-1.40 (m,
22H), 0.89 (t, 3H, J = 7.0 Hz); *C NMR (CD;0D, 125 MHz): §
168.34,70.74, 63.54, 58.96, 33.63, 33.07, 30.85, 30.79, 30.77, 30.75,
30.68, 30.57, 30.46, 30.42, 26.91, 23.73, 14.44, 14.43. HRMS m/z
calc’d for CsH3sNO; (M + H*): 316.2846; found 316.2845. Anal.
calc’'d for C,sH;,NO;: C, 61.43; H, 10.88; N, 3.98; found: C, 61.47;
H, 11.07; N, 3.73%.

Ethyl (2R,3R)-2-amino-3-hydroxyoctadecanoate (11b). This
compound was prepared according to the general procedure B.
Compound 11b was obtained by chromatography on silica gel
(eluent: Et,0-CH;0OH 25:1). Yield: 84%. R;: 0.34 (Et,0-MeOH
20:1). [a]%: —9.6 (¢ 0.57, MeOH). '"H NMR (CD;0D, 600 MHz):
oy 4.32(dq, 1H, J =10.8, 7.2 Hz), 4.28 (dq, 1H, J = 10.8, 7.2 Hz),
4.04 (d,2H, J = 3.3 Hz), 3.99 (ddd, 1H, J = 8.7, 5.0, 3.3 Hz), 1.59
(m, 1H), 1.50 (m, 1H), 1.32(t, 3H, J = 7.2 Hz), 1.25-1.40 (m, 26H),
0.89 (t,3H, J =7.0 Hz); *CNMR (CD;0D, 125 MHz): . 168.32,
70.73, 63.54, 58.95, 33.64, 33.07, 30.79-30.43 (10C), 26.92, 23.72,
14.45 (2C). HRMS m/z calc’d for C,0H,,NO;: 344.3159 (M + HY);
found 344.3159. Anal. calc’d for C,0)H, NO;: C, 63.21; H, 11.14;
N, 3.69; found: C, 63.31; H, 11.25; N, 3.48%.

Ethyl (2R,3R)-2-amino-3-hydroxyicosanoate (11c). This com-
pound was prepared according to the general procedure B.
Compound 11c¢ was obtained by chromatography on silica gel
(eluent: Et,O-CH;OH 25:1). Yield: 85%. R;: 0.35 (Et,0O-MeOH
20:1). [a]%: —6.8 (¢ 0.6, MeOH). '"H NMR (CD;0D, 600 MHz):
on 4.27 (dq, 1H, J = 10.8, 7.2 Hz), 4.23 (dq, 1H, J = 10.8, 7.2 Hz),
3.87(ddd, 1H,J =9.0,8.9,3.8 Hz), 3.76 (d, |H, J = 3.8 Hz), 1.52—
1.60 (m, 2H), 1.30 (t, 3H, J = 7.2 Hz), 1.25-1.40 (m, 30H), 0.89 (t,
3H, J =7.0 Hz); "C NMR (CD,0D, 125 MHz): 6 174.37,74.37,
61.98, 60.37, 33.81, 33.07, 30.90-30.47 (12C), 27.02, 23.74, 14.56,
14.44. HRMS m/z calc’d for C,,H,xNO; (M + H*): 372.3472;
found 372.3471. Anal. calc’d for C,,H;sNO;: C, 64.75; H, 11.36;
N, 3.43; found: C, 64.78; H, 11.43; N, 3.27%.

(28,3R)-2-Aminohexadecane-1,3-diol (2a). This compound
was prepared according to the general procedure C using LiAIH,
as reducing reagent. Compound 2a was obtained by chromatog-
raphy on silica gel (eluent: CH,CL,-CH;OH-NH,OH 100:10:1).
Yield: 85%. [a]%: +8.7 (¢ 1.0, MeOH). R;: 0.21 (CH,Cl,-MeOH-
NH,OH 100:10:2). '"H NMR (CD;0OD, 600 MHz): dy 3.72 (dd,

1H, J = 10.9, 4.2 Hz), 3.50 (ddd, 1H, J = 8.0, 5.5, 3.0 Hz), 3.46
(dd, 1H,J=10.9,7.6 Hz),2.71 (ddd, 1H,J =7.6,5.4,4.2Hz), 1.52
(m, 2H), 1.25-1.45 (m, 22H), 0.9 (t, 3H, J = 7.0 Hz); *C NMR
(CD;0D, 125 MHz): . 74.03, 64.30, 58.15, 34.40, 33.07, 30.82—
30.75 (8C), 27.03, 23.73, 14.42. HRMS m/z calc’d for CsH;sNO,
(M + H*): 274.2741; found 274.2743. Anal. calc’d for C;sH3sNO,:
C, 70.28; H, 12.90; N, 5.12; found: C, 69.65; H, 12.91; N, 5.04%.

(28,3 R)-2-Aminooctadecane-1,3-diol (2b). This compound
was prepared according to the general procedure C using LiAlH,
as reducing reagent. Compound 2b was obtained by chromatog-
raphy on silica gel (eluent: CH,Cl,-CH;OH-NH,OH 100:10:1).
Yield: 78%. [a]}y: +8.1 (¢ 1.0, MeOH). lit.* [a]: +1.83 (¢ 1.0,
pyridine), lit.** [a]2: +5.7 (¢ 2.74, CHCL,L-MeOH 4:1). R
0.41 (CH,Cl,-MecOH-NH,OH 100:20:2). '"H NMR (CD;OD,
600 MHz): 6, 3.72 (dd, 1H, J = 10.9, 4.2 Hz), 3.49 (ddd, 1H,
J =18.0,5.5,3.0 Hz), 3.46 (dd, 1H, J = 10.9, 7.6 Hz), 2.70 (ddd,
1H,J =17.6,5.4,4.2 Hz), 1.52 (m, 2H), 1.25-1.45 (m, 26H), 0.9 (t,
3H, J = 7.0 Hz); *C NMR (CD;0D, 125 MHz): 6,; 74.07, 64.37,
58.15,34.41,33.07,30.08-30.75 (10C), 27.04, 23.73, 14.43. HRMS
m/z calc’d for CsH,NO, (M + H*): 302.3054; found 302.3055.
Anal. calc’d for C,sH;,NO,: C, 71.70; H, 13.04; N, 4.65; found: C,
71.46; H, 12.95; N, 4.58%.

(28,3 R)-2-Aminoicosane-1,3-diol (2c¢). This compound was
prepared according to the general procedure C using LiAlH, as
reducing reagent. Compound 2¢ was obtained by chromatography
on silica gel (eluent: CH,Cl,—~CH;OH-NH,OH 100:10:1). Yield:
81%. [a]l: +6.5 (¢ 0.9, CHCL,-MeOH 4:1). R;: 0.19 (CH,Cl,—
MeOH-NH,OH 100:10:2). '"H NMR (CD;0D, 600 MHz): o4
3.72 (dd, 1H, J = 10.9, 4.2 Hz), 3.49 (ddd, 1H, J = 8.0, 5.5,
3.0 Hz), 3.46 (dd, 1H, J = 10.9, 7.6 Hz), 2.70 (ddd, 1H, J = 7.5,
5.4, 42 Hz), 1.53 (m, 2H), 1.25-1.44 (m, 30H), 0.9 (t, 3H, J =
7.0 Hz); C NMR (CD;0D, 125 MHz): 6, 74.11, 64.37, 58.15,
34.41, 33.07, 30.78-30.50 (12C), 27.039, 23.74, 14.43. HRMS m/z
calc’d for C,)Hy, NO, (M + H*): 330.3366; found 330.3363. Anal.
calc’d for C,)H,sNO,: C, 72.89; H, 13.15; N, 4.25; found: C, 72.56;
H, 13.04; N, 4.16%.

(2R)-2-Methoxymethoxyhexadecanal (14). This compound
was prepared according to the general procedure D. Compound
14 was obtained by chromatography on silica gel (eluent: hexane—
EtOAc 20:1). Yield: 90%. [a]): +24.7 (¢ 1.0, CHCL). R;: 0.51
(hexane-EtOAc 6:1). '"H NMR (CD,Cl,, 500 MHz): J; 9.58 (d,
1H,J=2.0Hz),4.70(d, 1H,J =7.0 Hz),4.68 (d, 1H, J = 7.0 Hz),
3.85(ddd, 1H, J = 6.6, 5.6, 2.0 Hz), 3.39 (s, 3H), 1.64 (m, 2H),
1.41 (m, 2H), 1.20-1.35 (m, 22H), 0.89 (t, 3H, J = 7.0 Hz); “C
NMR (CD,Cl,, 125 MHz): d. 203.28, 97.15, 82.86, 56.12, 32.32,
30.37,30.08-29.75(9C), 25.21, 23.08, 14.26. HRMS m/z calc’d for
C;sH;O;Na (M + Na*): 323.2562; found: 323.2564. Anal. calc’d
for C,sH;0s: C, 71.95; H, 12.08; found: C, 71.83; H, 12.19%.

(2S)-2-Methoxymethoxyhexadecanal (15). This compound
was prepared according to the general procedure D. Compound
15 was obtained by chromatography on silica gel (eluent: hexane—
EtOAc 20:1). Yield: 94%. [a]: —24.3 (¢ 0.9, CHCL). R;: 0.50
(hexane-EtOAc 6:1). '"H NMR (CD,Cl,, 500 MHz): 54 9.58 (d,
1H,J=2.0Hz),4.70(d, 1H, J =7.0 Hz), 4.68 (d, 1H, J = 7.0 Hz),
3.86 (ddd, 1H, J = 7.6, 5.6, 2.2 Hz), 3.39 (s, 3H), 1.62-1.68 (m,
2H), 1.40 (m, 2H), 1.25-1.35 (m, 22H), 0.89 (t, 3H, J = 7.0 Hz); *C
NMR (CD,Cl,, 125 MHz): 6 203.28, 97.15, 82.84, 56.12, 32.32,
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30.37,30.08-29.75 (9C), 25.21,23.08, 14.26. HRMS m/z calc’d for
CsH3;,0;Na (M + Na*): 323.2562; found: 323.2561. Anal. calc’d
for C;3sH;0;: C, 71.95; H, 12.08; found: C, 71.62; H, 12.14%.

Ethyl {1R-[10,2$,32R,3R,4R),50]}-3,4-dihydroxy-2-{(2-hydroxy-
2,6,6-trimethylbicyclo[3,1,1] hept-3-ylidene)amino }octadecanoate
(16). This compound was prepared according to the general
procedure A using CITi(OEt); as reagent. Compound 16 (con-
taining trace amounts of isopropyl ester) was obtained as a single
diastereoisomer by chromatography on silica gel (eluent: hexane—
EtOAc 6:1). Yield: 91%. R: 0.31 (hexane-EtOAc 3:1). 'H NMR
(CDCl;, 600 MHz): 6y 4.78 (d, 1H, J = 6.7 Hz), 4.58 (d, |H, J =
6.8 Hz), 4.24-4.30 (m, 2H), 4.17 (dt,2H, J = 7.1, 0.9 Hz), 3.67 (dt,
1H, J = 8.5, 3.2 Hz), 3.41 (s, 3H), 3.23 (br s, 1H), 2.58 (broad s,
2H), 2.32 (ddd, 1H, J = 10.7, 6.0, 5.8 Hz), 2.06 (dd, 1H, J = 6.0,
5.9 Hz), 2.02 (ddd, 1H, J = 6.0, 5.9, 3.0 Hz), 1.58-1.70 (m, 2H),
1.52 (d, 1H, J = 10.7 Hz), 1.47 (s, 3H), 1.33 (s, 3H), 1.25 (t, 3H,
J =7 Hz), 1.25-1.30 (m, 24H), 0.88 (t, 3H, J = 7.0 Hz), 0.87
(s, 3H); “C NMR (CDCl;, 125 MHz): d. 180.27, 170.21, 96.45,
78.92,76.71,73.82, 64.63, 61.07, 55.81, 50.23, 38.64, 38.43, 34.13,
31.91, 30.23, 29.77-29.35 (7C), 28.26, 28.02, 27.27, 25.36, 22.78,
22.67, 14.16, 14.09. HRMS m/z calc’d for C;,;H(2'NOgs (M + H*):
554.4421; found 554.4423.

Ethyl {1R-[1¢,2$,32R,3R,4R),50]}-3,4-dihydroxy-2-{(2-hydroxy-
2,6,6-trimethylbicyclo[3,1,1] hept-3-ylidene)amino } octadecanoate
(17). This compound was prepared according to the general
procedure A using CITi(OEt); as reagent. Compound 17 (con-
taining trace amounts of isopropyl ester) was obtained as a single
diastereoisomer by chromatography on silica gel (eluent: hexane—
EtOAc 6:1). Yield: 83%. R: 0.32 (hexane-EtOAc 3:1). 'H NMR
(CDCl;, 600 MHz): 6y 4.66 (d, 1H, J = 6.4 Hz), 4.63 (d, |H, J =
6.4 Hz), 4.31 (d, 1H, J = 8.2 Hz), 4.20 (quint, 2H, J = 7.0 Hz),
4.12 (quint, 1H, J = 7.1 Hz), 3.57 (ddd, 1H, J = 8, 5.9, 2 Hz),
3.37 (s, 3H), 3.01 (broad s, 1H), 2.66 (dd, 1H, J = 8.2, 2.8 Hz),
2.58 (ddd, 1H, J = 8.1, 2.5, 2.5 Hz), 2.34 (dddd, 1H, J = 10.7,
6.0, 5.8, 2.5 Hz), 2.08 (dd, 1H, J = 5.9, 5.9 Hz), 2.03 (ddd, 1H,
J=6.0,59,29 Hz), 1.74 (m, 1H), 1.64 (m, 1H), 1.52(d, IH, J =
10.7 Hz), 1.48 (s, 3H), 1.32 (s, 3H), 1.24 (t, 3H, J = 7.0 Hz), 1.25-
1.30 (m, 24H), 0.88 (t, 3H, J = 7.0 Hz), 0.85 (s, 3H); “C NMR
(CDCl,, 125 MHz): 6 180.48, 170.99, 96.55, 77.94, 76.67, 73.43,
64.98, 61.18, 60.37, 55.86, 50.21, 38.62, 38.42, 34.01, 31.91, 31.06,
29.78-29.35 (8C), 28.26, 27.97, 27.28, 25.58, 22.81, 22.68, 14.18,
14.10. HRMS m/z calc’d for C;,HysNOgNa (M + Na*): 576.4240;
found 576.4239.

(2R,3R,4R)-2-Amino-3-hydroxyoctadecane-1,4lactone hydrochlo-
ride (20). This compound was prepared according to the
general procedure B. Compound 20 was obtained as a single
diastereoisomer by chromatography on silica gel (eluent: CH,Cl,—
CH;OH-NH,OH 100:2.5:1). Yield: 79%. R;: 0.27 (CH,Cl,—
MeOH-NH,OH 100:5:2). '"H NMR (CD;0D, 600 MHz): 5, 4.47
(d, 1H, J = 6.2 Hz), 445 (d, 1H, J = 7.4 Hz), 436 (d, 1H, J =
5.3 Hz), 1.8 (quint, 2H, J = 7.5 Hz), 1.24-1.50 (m, 24H), 0.89
(t, 3H, J = 7.0 Hz). ®C NMR (CD;0D, 125 MHz): §. 172.67,
89.78, 70.54, 52.15, 33.07, 32.91, 30.78, 30.77, 30.75, 30.74, 30.67,
30.57,30.26, 26.60, 23.74, 14.43. HRMS m/z calc’d for C 3H3NO;
(M + H*): 314.2690; found 314.2691. Anal. calc’d for C;sH;,NO;:
C, 68.97; H, 11.25; N, 4.47; found: C, 68.69; H, 11.36; N, 4.43%.

(2R,3R ,45)-2-Amino-3-hydroxyoctadecane-1,4-lactone hydrochlo-
ride (21). This compound was prepared according to the
general procedure B. Compound 21 was obtained as a single
diastereoisomer by chromatography on silica gel (eluent: CH,Cl,—
CH,OH-NH,OH 100:2.5:1). Yield: 83%. R;: 0.26 (CH,Cl,—
MeOH-NH,OH 100:5:2). '"H NMR (CD;0D, 600 MHz): 5, 4.52
(ddd, 1H, J = 5.2, 2.6, 2.6 Hz), 4.50 (dd, 1H, J = 5.2, 5.0 Hz),
4.43(d, 1H, J = 5.0 Hz), 1.82 (m, 1H), 1.72 (m, 1H), 1.48 (m, 2H),
1.25-1.40 (m, 22H), 0.89 (t, 3H, J = 7.0 Hz); *C NMR (CD;0D,
125 MHz): 6. 172.91, 84.93, 69.52, 54.40, 33.07, 30.87, 30.84,
30.78, 30.76, 30.72, 30.66, 30.60, 30.57, 30.46, 29.32, 26.33, 23.73,
14.43. HRMS m/z calc’d for CiH;sNO; (M + H*): 314.2690;
found 314.2694. Anal. calc’d for C,sH;sNO;HCI: C, 61.78; H,
10.37; N, 4.00; found: C, 61.50; H, 10.66; N, 3.74%.

(25.,3R,4R)-2-Aminooctadecane-1,3,4-triol (D-ribo-phytosphingo-
sine) (3). This compound was prepared according to the general
procedure C using LiAlH, as reducing reagent. Compound 3
was obtained by chromatography on silica gel (eluent: CH,Cl,—
CH,;OH-NH,OH 100:10:1). Yield 82%. [a]>: +7.6 (c 0.7, pyri-
dine); lit.* [a]: +8.7 (¢ 0.8, pyridine); 1it.*¥ [a]}: +8.5 (¢ 0.9,
pyridine). R;: 0.13 (CH,Cl,-MeOH-NH,OH 100:10:2). '"H NMR
(CD,0D, 500 MHz): 6y 3.75 (dd, 1H, J = 10.9, 4.2 Hz), 3.56 (dd,
IH, J = 10.9, 6.6 Hz), 3.51 (ddd, 1H, J = 8.3, 8.0, 3.0 Hz), 3.33
(dd, 1H, J = 7.8, 5.6 Hz), 2.94 (ddd, 1H, J = 6.4, 5.7, 4.2 Hz),
1.73 (m, 1H), 1.55 (m, 1H), 1.25-1.40 (m, 24H), 0.9 (t, 3H, J =
7.0 Hz); "C NMR (CD;0D, 125 MHz): é. 76.51, 74.51, 64.21,
55.70, 34.78, 33.08, 30.95-30.48 (9C), 26.61, 23.74, 14.44. HRMS
m/z calc’d for CxHyyNO; (M 4+ H*) 318.3002; found 318.3001.
Anal. calc’d for C,sH;,NO;: C, 68.09; H, 12.38; N, 4.41; found: C,
67.45; H, 12.53; N, 4.29%.

(2S5,3R,4S5)-2-Aminooctadecane-1,3,4-triol (L-/yxo-phytosphingo-
sine) (4). This compound was prepared according to the general
procedure C using LiAlH, as reducing reagent. Compound 4
was obtained by chromatography on silica gel (eluent: CH,Cl,—
CH;OH-NH,OH 100:10:1). Yield: 80%. [a]: —10.0 (c 1.0,
pyridine); lit.* [a]D: —7.4 (¢ 0.9, pyridine); lit.*¥ [a]%: —6.2 (c 1.0,
pyridine). R;: 0.14 (CH,Cl,-MeOH-NH,OH 100:10:2). '"H NMR
(CD;0D, 600 MHz): 6,; 3.76 (dd, 1H, J = 10.9, 4.2 Hz), 3.67 (ddd,
IH, J =17.7, 4.8, 2.7 Hz), 3.52 (dd, 1H, J = 10.9, 7.0 Hz), 3.32
(dd, 1H, J = 7.0, 2.7 Hz), 2.93 (ddd, 1H, J = 7.0, 7.0, 4.3 Hz),
1.45-1.59 (m, 2H), 1.25-1.40 (m, 24H), 0.9 (t, 3H, J = 7.0 Hz); *C
NMR (CD;0D, 125 MHz): §. 75.31, 72.34, 64.71, 55.65, 34.64,
33.07, 30.86-30.46 (9C), 27.05, 23.73, 14.42. HRMS m/z calc’'d
for C;3H,wNO; (M + H*): 318.3002; found 318.3002. Anal. calc’d
for C;sH;NO;: C, 68.09; H, 12.38; N, 4.41; found: C, 67.70; H,
12.57; N, 4.33%.
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A series of aminoglycoside-capped macrocyclic structures 9—12 has been prepared using intramolecular
bis-tethering of neomycin on three aromatic platforms (phenanthroline, acridine, quinacridine). Based
on NMR and calculations studies, it was found that the cyclic compounds adopt a highly flexible
structure without conformational restriction of the aminoglycoside moiety. FRET-melting stabilization
measurements showed that the series displays moderate to high affinity for the G4-conformation of
human telomeric repeats, this effect being correlated with the size of the aromatic moiety. In addition, a
FRET competition assay evidenced the poor binding ability of all macrocycles for duplex DNA and a
clear binding preference for loop-containing intramolecular G4 structures compared to tetramolecular
parallel G4 DNA. Finally, TRAP experiments demonstrated that the best G4-binder (quinacridine 11)

is also a potent and selective telomerase inhibitor with an ICs, in the submicromolar range (200 nM).

Introduction

Inhibition of telomerase or alteration of the telomere state are
both valuable concepts for inducing senescence and apoptosis
in cancer cells.! A simultaneous targeting of telomeres and
the nucleoenzyme telomerase was recently demonstrated as a
promising approach for limiting cancer cell proliferation.? The two
processes are intimately connected: modulation of the telomeric
structure impairs telomerase binding, resulting in inactivation of
both the catalytic and the maintenance activities of the enzyme.?
Thus, compounds able to disrupt the telomeric structure are
particularly interesting as potential telomere function modula-
tors and telomerase inhibitors.* Structural perturbation of the
telomeres can be reached by inducing a folding of the G-rich
telomeric 3’ overhang into a quadruplex conformation, which
can be achieved by binding of a highly selective G-quadruplex
ligand.*> Therefore, a reasonable strategy for identifying novel
anticancer drugs relies on the discovery of strong and selective
G4 ligands with consequent telomerase inhibition.® In the past
decade, thousands of compounds were screened according to this
approach and three main classes of ligands could be established:
i) fused polycyclic intercalators,’” ii) macrocyclic compounds of
either natural or synthetic origin,® and iii) polyaromatic unfused
systems.*® However, structural data on the molecular interactions
between the ligands and their G4-DNA target are still scarce and
no general concept for the design of highly selective binders is
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available. In spite of several structural studies which provided valu-
able information about the interactions of small molecules with
loops,'™ a deeper understanding is still needed, and in particular
little is known about groove occupancy.’®* Additionally, folded
quadruplexes show a highly dynamic and polymorphic structure,!
further complicating the drug design. As a consequence, the search
for G4-binders of high specificity has been proved difficult and
remains a challenging task.

In the course of our studies on the design of G4-binders, we
developed the pentacyclic crescent-shaped quinacridine motif that
shows a high affinity for quadruplex DNA mainly due to strong
stacking interactions with G-quartets.”* Moreover, a dimeric
macrocyclic bisquinacridine was shown to elicit a high preference
for quadruplex over duplex DNA.* Macrocyclic scaffolds are
particularly attractive for designing G4 ligands, as they show a
preferential binding to “non-standard” DNA conformations, due
to their sterically difficult intercalation between the base pairs
of “standard” B-DNA." In contrast, the external G-quartets
of quadruplexes constitute accessible planar sites of large area
which can accommodate large-sized molecules. This is remarkably
illustrated by the exquisite G4-binding specificity of the natural
compound telomestatin which is composed of seven oxazole rings
and a dihydro-thiazole moiety combined in a cyclic scaffold.?!

Aminoglycosides are natural antibiotics which have been widely
used to achieve selective recognition of various loop or bulge-
containing RNA structures." Despite exhibiting a low affinity
towards G4-quadruplex structures per se,’® aminoglycosides pos-
sess several ammonium centers able to establish multiple salt
bridges and H-bonding contacts with nucleic acids. In particular
neomycin has been shown to exhibit a high selectivity for DNA
triplexes.'® In addition, the 1,3-hydroxylamine motif commonly
found in aminoglycosides has been identified as a recognition
motif for the complexation of phosphate groups and of the
Hoogsteen face of guanine via a bidentate H-bonding/electrostatic
interaction.'” Altogether, and in view of the presence of short
loops in intramolecular G4 structures, we speculated that an
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appropriate derivatization of aminoglycosides with an intercalator
system could lead to high-affinity ligands through simultaneous
targeting of the G-quartet surface and of the loops phosphate or
residues. Along this line, we decided to assemble the two motifs in
a cyclic scaffold in the hope of compromising the duplex binding.
Hence, capping of various aromatic platforms with a neomycin
moiety has been investigated as an approach to the design of
cyclic “dome-shaped” scaffolds suitable for adapting the topology
of loop-containing quadruplexes.

Results and discussion
Synthesis

Condensation of a dialdehyde with a diamine is a well-known
strategy for constructing macrocyclic structures.”® This approach
has proven to be very high-yielding if performed under moderate to
high dilution conditions for minimising unwanted polymerisation.
The aminoglycoside neomycin features two reactive primary
amino groups linked to a methylene carbon whereas its other
amines are directly linked to sugar units and are thus sterically less
accessible for derivatization. Based on this structural peculiarity,
regioselective protection of the amino groups of neomycin can

be achieved via a benzoylation—Teoc-protection—hydrogenation
sequence (Scheme 1)." Derivatization of the neomycin intermedi-
ate 4 with a Boc-protected lysine or aminocaproic acid building
block, led after deprotection to elongated neomycin diamine
derivatives 7 and 8, respectively. These were then condensed with
three different dicarboxaldehyde aromatic platforms (acridine,
quinacridine, phenanthroline) by reductive amination, yielding
the four macrocycles 9-12. Although Schiff base macrocyclisation
can lead to the formation of either [1 + 1] or [2 + 2] coupling
products,® in our case the predominance of a [1 + 1] condensation
of the partners was evidenced by HPLC analysis, and appears
independent of the size of the aromatic system. A reasonable
explanation for the predominance of the intramolecular cy-
clisation is that pre-organization of the derivatized neomycin
moiety occurs, to a certain extent, during tethering. Although
the aminoglycoside scaffold is flexible, it is prone to adopt defined
conformations upon limitation of the rotation of the sugar units.
Therefore, it can be hypothesized that the aminoglycoside moi-
ety, after the first amination, adopts a conformation placing
the reactive groups favourably for internal ring closure. Hence,
entropic contribution due to optimal spatial fitting of the amino
and aldehyde functions, along with high dilution conditions,
could both participate to the predominance of the [1 + 1]
coupling.

Scheme 1

Reagents and conditions: (a) N-(Z)-5-norbornene-2,3-dicarboximide, TEA, DMSO-H,O (10 : 1), rt, 12 h, 51%; (b) Teoc-p-nitrophenyl

carbonate, TEA, dioxane-H,O (3 : 1), 55 °C, 48 h, 87%; (c¢) H,, Pd/C (10%), MeOH-H,O (9 : 1), rt, 2 h, 81%; (d) EDCI/HOAt, TEA, DMF
and N*-(Boc)-Lys(Z)-OH or N-(Z)-capronic acid, rt, 12 h, 92% for §, 86% for 6; (¢) H,, Pd/C (10%), MeOH-H,O (9 : 1), rt, 2 h, 92% for
7, 94% for 8; (f) i) TEA, DCM-MeOH (1 : 1) and 2,5-bis(dicarboxaldehyde)acridine or dibenzo[b,j][1,7]phenanthroline-2,10-dicarboxaldehyde or
2,9-bis(dicarboxaldehyde)-1,10-phenanthroline, rt, 4 d; ii) NaBH,, DCM-MeOH (1 : 1), rt, 2 h; iii) TFA-DCM (1 : 1), rt, 1 h, 29% for 9, 42% for 10, 37%
for 11, 12% for 12.
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NMR studies and calculations

In order to gain insight into the conformational flexibility of the
final capped macrocycles, the acridine derivative 9 was studied
by NMR. Two relatively well-defined conformers are found for
the pucker and relative orientations of the sugar rings (Fig. 1).
In one conformation the overall shape of the tetrasaccharide
resembles that of an “L” in which sugars B, C and D are
extended and form the long stem of the “L”. In the other
conformation rings A, B and C are arranged in a helix-like manner
leading to a V-shaped appearance. The aliphatic chain of Lys-
1 packs in both cases against sugar A, but the aromatic moiety
and Lys-2 exhibit variable orientations and seem quite flexible.
The fact that only one set of NMR resonances was observed
indicates fast conformational averaging on the NMR time-scale
of milliseconds. The two distinct conformations were detected in
the initial structure calculations with all NMR-derived distance
constraints. Because each conformation showed systematic and
characteristic violation of a few NMR distances, subsets of the
NMR constraints could be derived that corresponded exactly to
the two conformers. All NMR structures are quite compact with
the aromatic moiety fairly close to the sugar rings. In solution,
however, the molecules might also partly exist in more open forms
that cannot be detected by NMR due to the bias of the Overhauser
effect towards short distances and, therefore, compact structures.

(B)

sugar ring

HO!
* ol Q
- o
suganmg k j
@ OH H—/_Iiys 2

HMN. \O

sugar ring OH

Fig. 1 (A) Superimposition of the two solvent conformations of 9 as
derived from NMR analysis (acridine system: light and dark green, lysine
linker: light and dark grey, neomycin moiety: blue, L shaped and red,
V-shaped). (B) Nomenclature of the structural elements of 9.

In conclusion, although the incorporation of aromatic systems
could have been expected to cause rigidity, rotation of the sugar
moieties in the final macrocycle seems not to be restrained by
the double tethering. This is likely attributable to the length and
flexibility of the lysine linkers. Thereby, compound 9 appears to be
a highly adaptable structure, and it is reasonable to assume that
macrocycles 10-12 adopt identical conformational behaviours.

FRET-melting stabilization assay

The interaction of the macrocycles with quadruplex DNA has
been investigated by a high-throughput FRET assay using a real-
time PCR apparatus and the doubly labelled F21T oligonucleotide
which mimics the human telomeric single-strand overhang.”
AT,,, values were concentration dependent; as shown in Fig. 2.
Moderate to high stabilizations of F21T were observed in the
presence of macrocycles 9-12 at 0.2-5 uM (Fig. 2). Interestingly,
this effect is correlated with the size of the aromatic moiety

—e— 9 —— MMQ3
—a 10—

-+ 11 -.®..Neomycin
P -

AT, CC)

Compound (pM)

Fig.2 Concentration dependency of F21T stabilization (AT, values, in
°C). Data is presented on a semi-log scale for MMQ3 (crosses), 11 (orange
diamonds), 9 (green circles), 10 (red squares), 12 (blue triangles), MOP1
(light blue triangles) and neomycin (purple circles).

since the most active compound is the quinacridine derivative 11
(AT, = 141 £ 1.1 °C at 1 uM), whereas the acridine and
phenanthroline derivatives 10 and 12 show a much lower activity
(AT,,, = 6.3 and 6.0 °C at 1 uM, respectively). Even at submi-
cromolar concentrations (0.2-0.5 uM), a significant stabilization
is found with compounds 9 and 11 (Fig. 2). As the three ligands
10-12 exhibit the same cationic charge, this result evidences the
strong w-stacking contribution to the binding since extension of
the surface area in contact is known to increase the attraction
between aromatic systems.”> The importance of electrostatics in
the stabilization of the G4 conformation is illustrated by the higher
effect of the acridine derivative 9 which bears two more cationic
amino groups than its analogue 10 [A(AT,)ee = + 4.8 °C].
Importantly, free neomycin has little or no effect on the melting of
F21T (AT,,, = 2.1 °C at the highest drug concentration tested,
5 uM), which reveals that the high cationic charge (4*—6*) of
the free aminoglycoside® is not sufficient to ensure an efficient
binding of the G4 structure. In addition, the acyclic tetraamino
phenanthroline derivative MOP1 (Fig. 3) has a very limited effect
on the melting (AT, = 1.4and 3.5°Cat | and 5 uM, respectively)
and the diamino acridine MonoA was previously found to be
completely ineffective (AT,,, =0°C at 1 pM).**

Taken together, these data demonstrate that a synergistic effect
is obtained in combining the aromatic and aminoglycoside motifs
in the same scaffold, at least in the phenanthroline and acridine
series. Indeed, the additivity of the aromatic and electrostatic
contributions is not so obvious in the quinacridine series as the
acyclic control MMQ3 and ligand 11 display similar AT, values
at all concentrations (Fig. 2). This might indicate that strong -
stacking of the quinacridine moiety masks the other effects, or that
the relative weights of the various energetic contributions differ for
the two ligands.

Competitive FRET-melting assay

A high binding selectivity is an essential criterion for the use of G4-
binders in complex environments. Hence the G4-selectivities of our
macrocycles were evaluated using a competitive FRET-melting
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Fig. 3 Structures of the acyclic control compounds.

assay. To this end melting of F21T is performed in the presence
of various DNA competitors: a 26bp duplex (ds26) as described
previously,” and two quadruplexes containing 5 guanine quartets:
a four-stranded parallel quadruplex [TG;T], and an intramolecu-
lar quadruplex (30AG) (Fig. 4).

As shown in Fig. 4A, the four macrocycles display a good
selectivity for the quadruplex over the control duplex, since
stabilization of F21T is only moderately affected at the highest
concentration of the duplex (10 uM). It is worth pointing out
that this is a stringent competition in terms of electrostatics and

B no competitor W no competitor
= Ssggﬂsth A B [TG5T], 1uM
= H B (TG5T), 3um

ATII? ¢

quartet vs. base-pair binding, since ds26 is added in large excess
to F21T (respectively 15 and 50 molar eq.). On the other hand,
MMQ3 is displaced more easily from F21T, as seen from the
strong drop in AT, observed even at the lowest concentration
of the duplex competitor (3 uM), reflecting likely intercalation of
the acyclic compound into the duplex DNA. In turn, the ability
of the macrocyclic series to distinguish between the quadruplex
and the duplex might be attributed to a poor insertion into
double-stranded DNA, supporting our initial design to achieve
quadruplex vs. duplex selectivity by cyclisation.

B no competitor
30AG 1uM
30AG 3 uM

{ P s s T 1 T T ok

12 MmaQ3

none 9 10 1" 12 mMMmQ3 none 9 10 11 12 MMQ3 none 9 10 11
Compounds (1uM) Compounds (1pM) Compounds (1uM)
68 : 68 . :
t : E

64 = 64 |

e

56 56 -
52 52
48 - 1 48 1 i

0.1 1 10 100 0.1 1 10 100
Competitor (uM) Competitor (uM)

Fig.4 Selectivity in FRET assay. Thermal denaturation of F21T was performed in the presence of the various compounds (1 uM) and in the presence of
various competitors: (A) double-stranded DNA ds26, (B) parallel tetramolecular G-quadruplex [TG;T],, (C) intramolecular G-quadruplex 30AG. The
stabilization (AT ,,) is reported in °C for each compound and the following concentrations of competitors: no competitor; ds26 3 uM (dark blue), 10 uM
(light blue); (TG5T), 1 uM (dark green), 3 uM (light green); 30AG 1 uM (dark red), 3 uM (light red). (D) Apparent melting temperature (7';,,) of F21T
in the presence of 1 uM of compound 11 with various concentrations of competitors (ds26 duplex: filled circles; 30AG: open cicles and [TG;T];: crosses).
(E) Apparent melting temperature (7',,,) of F21T in the presence of 1 pM of compound MMQ3 with various concentrations of competitors (ds26 duplex:
filled circles; 30AG: open circles and [TGsT],: crosses).
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In order to evaluate the possible interaction of the macrocyclic
compounds with the TTA loops of the G-quadruplexes, we com-
pared the decrease of AT, obtained with the ds26 duplex and the
two types of G4 structure: the tetramolecular [TG;T], quadruplex,
which does not contain any loop, and the intramolecular G4
formed by 30AG. When pre-formed in favourable conditions,
[TG;T], cannot be denaturated in the conditions of the FRET
assay® whereas ds26 and 30AG have a T, of 70.5 °C and 74 °C,
respectively, under identical conditions (Na cacodylate 10 mM
pH 7.2, NaCl 100 mM) (data not shown). Melting of the 30AG is
dependent on the cation and the signature of the thermal difference
spectrum is consistent with a G-quadruplex.” Despite the lack
of data on the exact structure or on the loop conformation,
it is likely that this oligonucleotide adopts a structure close to
that of F2IT. Note that it is important to select competitors
which are thermally more stable that the F21T quadruplex;
otherwise they would be unfolded in the temperature range
chosen for the melting studies, and would therefore act as single-
stranded rather than double-stranded or quadruple-stranded
competitors.

When the competition assay is carried out in the presence of 1
and 3 uM of the oligonucleotides forming quadruplex structures
(respectively 5 and 15 molar equivalents compared to F21T
but only 1 and 3 molar equivalents compared to the ligand),
(Fig. 4B,C) the drop in AT),,, for the macrocyclic series is more
pronounced than for the duplex competitor. The comparison
of the destabilization obtained when adding 3 uM of each
competitor results in a decrease of 14 to 40% with ds26, of 53
to 73% with [TGsT], and the stabilization is fully abolished with
30AG. Interestingly, the results are somewhat different for MMQ3
as the addition of 3 uM of ds26 results in a decrease in AT, of
12.2 °C (80%), whereas the addition of the same amount of G4
structure [TG;T], leads to a decrease of only 11 °C (72%). This is
again quite consistent with the role of the neomycin capping in the
preference of the macrocyclic series for quadruplex over duplex
DNA.

For [TG;T], at least 30% of the stabilization of F2IT is
maintained in all cases, at the two concentrations of competitor
used. This result suggests that all the ligands tested exhibit a higher
affinity for the intramolecular quadruplex conformation of F21T
compared to the tetramolecular form of [TG;T],. In contrast, when
adding the intramolecular G4 30AG, the competition pattern
shows a strong decrease in AT, for all compounds and even
a complete loss of stabilization when 30AG is used at 3 uM
concentration (3 molar equivalent compared to ligand) (Fig. 4C).
The comparison with the competitor [TG;T], suggests that these
ligands are more easily displaced from F21T when the competitor
G4-DNA contains loops. Interestingly, MMQ3 seems to be
slightly less sensitive than 11 to the G4 competitor with loops,
mostly at 1 uM, and as emphasized earlier, it has more affinity
for the tetramolecular quadruplex than 11. It is worth noting that
the complex with the compound 11 is clearly less affected by the
tetramolecular G4 or the ds26 duplex (Fig. 4D) than the complexes
with the control MMQ3 (Fig. 4E).

All together these data demonstrate that the neomycin-capped
macrocycles and in particular macrocycle 11 are able to dis-
criminate between loop-containing and tetramolecular parallel
quadruplexes, strongly suggesting a possible interaction of the
small-molecule binders with the loops. The presence of loops may

contribute to the binding via direct contacts with the ligands or
indirectly via conformational constraint of the target. Quadru-
plex/duplex selectivity has been estimated using two independent
methods:

@® AT, values in the presence of increasing concentrations
of duplexes or quadruplexes unambiguously indicate that an
intramolecular quadruplex (30AG) is a much better competitor
than a self-complementary duplex (ds26) or a parallel quadruplex
[TGsT], (Fig. 4D). The addition of 1.1 uM 30AG leads to a 50%
decrease in AT,,, whereas >5 puM ds26 is required to obtain
the same AT),,. These two-strand concentrations correspond to
5.5 uM quartets and 71 uM base pairs, respectively, demonstrating
that a much larger molar excess of base pairs is required to abolish
half of the ligand-induced stabilization of F21T. Even at 30 uM,
ds26 does not totally abolish stabilization by compound 11, in
constrast with 30AG, for which stabilization is completely lost at
10 uM.

@® An equilibrium dialysis experiment using a limited set of
compounds confirms a preference for 30AG over duplexes and
parallel quadruplexes (data not shown).

In other words, both methods confirm that 11 has a preference
for intramolecular quadruplexes over tetramolecular quadru-
plexes and duplexes, in contrast with MMQ3 which exhibits little,
if any, selectivity (Fig. 4E).

Telomerase inhibition

Finally the compounds were examined for their ability to inhibit
human telomerase activity in vitro. Inhibition of telomerase was
measured by the TRAP assay with an internal standard to ensure
the validity of the test.?” The assay was performed at increasing
ligand concentrations; analysis by denaturating gel electrophoresis
is shown in Fig. 5A and quantitative analysis is provided in
Fig. 5B. As shown on the gel, the ICs, values of the macrocycles
rank in the low micromolar to submicromolar range, the most
potent effect being observed for compound 11 with an ICs, of
0.2 uM (Fig. 5C). In all cases, the internal control (ITAS) is only
affected at significantly higher concentrations compared to the
ICsy, in agreement with the selective binding of the compounds.
Finally, it is worth noting that the ICs, values correlate well with
the G4-stabilization effects (AT,,,) determined by the FRET-
melting assay, again supporting the validity of the inhibition
strategy based on the conformational modification of the substrate
DNA.

Conclusion

The macrocyclic series described in the present study exhibits a
good to high affinity for intramolecular quadruplexes and a good
selectivity for DNA quadruplexes vs. duplexes. Given the poor
affinity and selectivity of the acyclic controls, the G4 preferential
binding of the macrocycles could be mediated by their particular
cyclic conformation. Moreover, the synergistic effects obtained
in the acridine and phenanthroline series strongly suggest that
the neomycin motif is likely to play a role in establishing specific
contacts with the G4-DNA target.

In addition, the competition assay with a parallel tetramolecular
quadruplex established that our compounds preferentially interact
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Fig.5 Telomerase inhibition by compounds 9-12 in a TRAP assay. (A) Increasing concentrations of compounds were added to the TRAP mixture in the
presence of an internal control (ITAS) and analysed by gel electrophoresis. TRAP activity was determined with 200 ng of a CHAPS extract of the A431
cell line. ICsys were determined by comparison with the telomerase activity with no compound. They are given with a 20% precision. (B) Quantitative
analysis of telomerase activity as a function of drug concentration. (C) ICs, values against telomerase found for the different compounds.

with loop-containing quadruplexes. This suggests the involvement
of loop motifs in the binding of the macrocycles, confirming
the structural importance of the loop for G4-DNA recognition.
Macrocycles 9-12 display sterically hindered conformations but
elicit a high plasticity, therefore, it would be of great interest
to further investigate their binding mode for understanding how
they adapt to the compact structure of G-quadruplex DNA, and
whether they are able to recognize the conformational diversity of
intramolecular quadruplexes.''®

Finally the TRAP assay demonstrated that macrocycle 11
inhibits telomerase in vitro in the submicromolar range, and thus
could serve as a lead for the design of a new series able to act as
telomere maintenance modulators. In addition, the concept of G4
sequestration of telomeric DNA by small molecules holds promise
for interfering with other telomere binding proteins such as POT1,
which actively participates in the prevention of the unfolding of the
3'-overhang and was recently shown to disrupt G4-quadruplexes.?®

In conclusion, our neomycin-capped macrocycles display two
interesting features (i.e. quadruplex recognition and telomerase
inhibition) making them attractive structural scaffolds for further
developments aiming at the discovery of new and more selective
anticancer agents.

Experimental
General methods

All commercially available chemicals were reagent grade and
were used without further purification. Flash chromatography
employed Merck silica gel [Kieselgel 60 (0.040-0.063 mm)]. Ana-
lytical TLC was performed with 0.2 mm silica-coated aluminium
sheets, visualization by UV light or by spraying either a solution
of ninhydrin (0.3% in weight in n-butanol containing 3% acetic
acid in volume) or an iodine solution (0.1 M in 10% sulfuric acid
aqueous solution). Preparative reversed-phase HPLC was carried
out on an Abimed-Gilson chromatograph using a Nucleodur 100
C18 ED 5u (250 x 10 mm) (Macherey & Nagel, Diiren, Germany)

and gradients from 0.1% aqueous TFA to CH;CN containing 0.1%
TFA (flow rate: 3 mL min™").

"H and "C NMR spectra were recorded on a Bruker Avance300
spectrometer. For 'H and "C, chemical shifts are reported in
ppm (0) downfield of tetramethylsilane (TMS) used as internal
standard.

LC HR MS measurements were performed on an Agilent 1100
series HPLC with an XTerra MS C8 3.5 pum column (2.1 x 100 mm
column dimension) coupled to a Bruker Daltonik microTOF mass
spectrometer (electrospray ionisation). The following gradient was
used: 5% aq. acetonitrile (0.05% trifluoroacetic acid) to 90% aq.
acetonitrile (0.05% trifluoroacetic acid) in 15 min at a flow of
250 pL min~'.

The three aromatic dialdehyde building blocks have already been
described® and the synthesis of compounds 2-8 will be reported
elsewhere.

Neomycin bis-lysine acridine macrocycle (9). 2,5-Bis(dicarbox-
aldehyde)acridine (1.9 mg, 8 umol) was dissolved in DCM-MeOH
(1:1, 150 mL) and a solution of the neomycin building block
7 (13.2 mg, 8 umol) and TEA (3.4 uL, 2.4 mg, 24 umol) in
DCM-MeOH (1 : 1, 25 mL) was slowly added. The resulting
solution was stirred for 4 d, filtrated through a celite pad and
evaporated to dryness. The residue was redissolved in DCM—
MeOH (1 : 1, 10 mL) and NaBH, (1.8 mg, 48 umol) was added.
After stirring at rt for 2 h, the reaction mixture was evaporated,
redissolved in CH,Cl, and washed with 5% aq. NaHCO; and
brine, dried over Na,SO, and evaporated to dryness. The residue
of the conjugation-reduction procedure was dissolved in TFA-
CH,Cl, (1: 1,2 mL) and stirred for 1 h. The reaction mixture was
evaporated and the residue was purified by reverse phase HPLC
(buffer A: 0.05% TFA in H,O, buffer B: 0.05% TFA in CH;CN;
0 min: 10% B, 10 min: 10% B, 15 min: 20% B, 65 min: 65% B).
Product-containing fractions were pooled and lyophilized to yield
9 as a slightly yellow powder (4.6 mg, 29%): HPLC (analytical) tx:
2.6 min. '"HNMR (300 MHz, D,0-CD;OD (10:1))5:9.77 (s, I H,
Ar), 8.46 (s, 2H, Ar), 8.28 (d, 2H, J = 9.0 Hz, Ar), 8.18 (d, 2H,
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J =9.6 Hz, Ar), 5.70 (d, 1H, J = 3.9 Hz, H-1'), 5.24 (d, 1H, J =
4.5 Hz, H-1"), 5.00 (s, 1H, H-1"), 4.44 (bs, 4H, CH,Ar), 4.12-2.86
(m, 31H), 2.35-2.30 (m, 1H, H-2,), 1.81-1.55 (m, 9H), 1.35-1.20
(m, 4H). ES HR MS: (M + H)*: 1074.5834, found: 1074.5820.

Neomycin bis-capronic acid acridine macrocycle (10). The title
compound was prepared in a manner analogous to the synthesis of
9, employing neomycin building block 8 (11.3 mg, 8 pmol). After
HPLC purification in the same conditions as described above, 10
(5.8 mg, 42%) was obtained as a slightly yellow powder. HPLC
(analytical) fz: 4.6 min. '"H NMR (300 MHz, D,0-CD,;0D (10 :
1)) 0: 9.82 (s, 1H, Ar), 8.47 (s, 2H, Ar), 8.29 (d, 2H, J = 9.0 Hz,
Ar), 8.19 (d, 2H, J = 9.3 Hz, Ar), 5.64 (d, IH, J = 4.2 Hz, H-
1), 5.20 (d, 1H, J = 3.0 Hz, H-1"), 4.97 (s, 1H, H-1"), 4.44 (bs,
4H, CH,Ar), 4.14-2.84 (m, 29H), 2.33-2.29 (m, 1H, H-2,), 2.09-
2.01 (m, 4H, NHCOCH,), 1.71-1.66 (m, 1H, H-2,), 1.63-1.53 (m,
4H), 1.41-1.35 (m, 4H), 1.21-1.14 (m, 4H). ESHR MS: (M + H)*:
1044.5616, found: 1044.5647.

Neomycin bis-capronic acid quinacridine macrocycle (11). The
title compound was prepared under similar conditions as
for the synthesis of 9, employing neomycin building block
8 (11.3 mg, 8 umol) and dibenzo[b,][1,7]phenanthroline-2,10-
dicarboxaldehyde (2.7 mg, 8 umol). After HPLC purification in
the same conditions as described above, 11 (3.5 mg, 25%) was
obtained as a yellow powder. HPLC (analytical) z: 8.02 min. '"H
NMR (300 MHz, D,O-CD;0D (10: 1)) 5: 10.44 (s, 1H, Ar), 9.03
(s, 1H, Ar), 8.51 (s, 1H, Ar), 8.38 (t,2H, J = 8.1 Hz, Ar), 8.29-8.26
(m, 2H, Ar), 8.06 (d, 1H, J = 8.1 Hz, Ar), 7.96-7.91 (m, 2H, Ar),
5.60(d, 1H,J =3.6 Hz, H-1"), 5.21 (d, 1H, J = 3.9 Hz, H-1"), 4.96
(s, 1H, H-1"), 4.46 (d,,,, 4H, J = 13.2 Hz, CH,Ar), 4.09-2.84 (m,
29H), 2.33-2.29 (m, 1H, H-2,), 2.07-1.99 (m, 4H, NHCOCH,),
1.73-1.46 (m, 5H), 1.41-1.26 (m, 4H), 1.20-1.08 (m, 4H). ES HR
MS: (M + H)*: 1145.5883, found: 1145.5859.

Neomycin bis-capronic acid phenanthroline macrocycle (12).
The title compound was prepared analogous to the synthesis of
9, employing neomycin building block 8 (11.3 mg, 8§ umol) and
2,9-bis(dicarboxaldehyde)-1,10-phenanthroline (1.9 mg, 8§ umol).
After HPLC purification in the same conditions as described
above, 12 (5.1 mg, 37%) was obtained as a slightly pink powder.
HPLC (analytical) zz: 7.0 min. "H NMR (300 MHz, D,0-CD;0D
(10:1))0: 8.61 (d, 2H, J = 8.1 Hz, Ar), 8.06 (s, 2H, Ar), 7.87 (dd,
2H, J =2.1 Hz, J = 8.4 Hz, Ar), 593 (d, 1H, J = 3.9 Hz, H-1),
5.21(d, 1H, J = 3.9 Hz, H-1"), 4.96 (s, |H, H-1"), 4.46 (d,,,, 4H,
J =13.2 Hz, CH,Ar), 4.09-2.84 (m, 29H), 2.33-2.29 (m, 1H, H-
2.), 2.07-1.99 (m, 4H, NHCOCH,), 1.96-1.81 (m, 5H), 1.72-1.61
(m, 4H), 1.54-1.41 (m, 4H). ES HR MS: M + H)*: 1045.5569,
found: 1045.5570.

NMR analysis

NMR spectra were recorded at 10 °C on a Bruker DRX 500
and an AV900 spectrometer equipped with pulsed-field-gradient
(PFG) accessories and a cryoprobe in the case of the 900 MHz
spectrometer. The sample was dissolved ina 9 : 1 H,0-D,O (v/v)
mixture or in >99.9% D,0 at 5 mM concentrations resulting in
an (uncorrected) pH of 4. Resonance assignments were performed
according to the method of Wiithrich.** The 2D TOCSY was
recorded with a spin-lock period of 70 ms using the MLEV-17
sequence for isotropic mixing.3! The 49 experimental distance

constraints were extracted from 2D NOESY?* and ROESY?*
experiments with mixing times of 200 ms. Water suppression was
achieved with the WATERGATE scheme?* for samples containing
90% H,O and via presaturation in the case of D,O.

Structure calculation

Structure calculations and evaluations were performed with the
INSIGHT II 2000 software package (Accelrys, San Diego, CA)
on Silicon Graphics O2 R5000 computers (SGI, Mountain View,
CA). A hundred structures were generated from the distance-
bound matrices. Triangle-bound smoothing was used. The NOE
intensities were converted into interproton distance constraints
using the following classification: very strong (vs) 1.7-2.3 A, strong
(s) 2.2-2.8 A, medium (m) 2.6-3.4 A, weak (w) 3.04.0 A, very
weak (vw) 3.2-4.8 A, and the distances of the pseudo atoms
were corrected as described by Wiithrich.?” The structures were
generated in four dimensions, then reduced to three dimensions
with the EMBED algorithm and optimized with a simulated
annealing step according to the standard protocol of the DG II
package of INSIGHT II. All hundred structures were refined with
a short MD-SA protocol: after an initial minimisation, 5 ps at
300 K were simulated followed by exponential cooling to ~0 K
during 10 ps. A time step of 1 fs was used with the CVFF force-
field while simulating the solvent H,O with a dielectric constant of
80.0. The experimental distance constraints were applied at every
stage of the calculation with 50 kcal mol~' A-2.

After simulated annealing with DISCOVER the structures were
sorted according to their final energies and the structures with
the lowest energies were analyzed. In the first calculations with
all 49 NMR-derived distance constraints two conformational
families were obtained, both with four characteristic violations.
Two subsets of NMR constraints were constructed by removing
once the four constraints that were persistently violated in the first
conformational family and once the other four constraints that
could not be fulfilled by the second conformational family. All
low-energy structures that resulted from calculations with one of
the subsets belonged to the corresponding conformational family
and exhibited no significant violations of distance constraints.

Oligonucleotides

All oligonucleotides were synthesized and purified by Eurogentec
(Belgium). The parallel quadruplex (TGGGGGT), was obtained
after incubation of the monomer at 500 uM in a 10 mM lithium
cacodylate pH 7.2 buffer containing 100 mM NaCl for at least one
night at 4 °C. Further dilutions were made in the same buffer.

FRET-melting assay

Denaturation of the oligonuceotide F21T (fluorescein-3'-
GGGTTAGGGTTAGGGTTAGGG-5-TAMRA) to probe the
interaction of a ligand with G-quadruplex DNA was described
elsewere.™ In the experiments presented here, a real-time PCR
apparatus (Mx3000P, Stratagene) was used, allowing the simul-
taneous recording of 96 samples. Fluorescence measurements
with the F21T oligonucleotide (0.2 pM) were studied in 10 mM
lithium cacodylate pH 7.2 buffer containing 100 mM NaCl. The
melting of the G-quadruplex was monitored alone or in the
presence of 1 uM of compound, by measuring the fluorescence
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of fluorescein. To test the binding selectivity of the compound
to the quadruplex structure, we added various concentrations of
competitors: double-stranded DNA (self-complementary oligo-
nucleotide ds26: 5-GTTAGCCTAGCTTAAGCTAGGCTAAC-
3'), tetramolecular G-quadruplex [TG;T], or intramolecular G-
quadruplex (30AG: 5-AGGGGGTTAGGGGGTTAGGGGG-
TTAGGGGG-3'). Emission of fluorescein was normalized be-
tween 0 and 1, and T',, was defined as the temperature for which
the normalized emission is 0.5. 7', and AT),,, are the mean of at
least 2-4 values + standard deviation.

TRAP assay

The TRAP reaction was performed in a 20 mM Tris HCI pH 8.3
buffer containing 63 mM KCl, 1.5 mM MgCl,, 1| mM EDTA,
0.005% Tween 20, 0.1 mg ml~' BSA, 50 uM dTTP, dGTP and
dATP, 5 uM dCTP, and the oligonucleotides TS (5-AATCCG-
TCGAGCAGAGTT-3) (0.4 uM), ACX (5-GCGCGGCTTA-
CCCTTACCCTTACCCTAACC-3) (0.4 uM), NT (5-ATCGC-
TTCTCGGCCTTTT-3) (0.4 uM) and TSNT (5-ATTCCGT-
CGAGCAGAGTTAAAAGGCCGAGAAGCGAT-3) (20 nM),
2 units of Taq polymerase, 0.02 mCi mL~' of [a**P]-dCTP and
200 ng of A431 CHAPS extracts. After telomerase elongation for
15 minutes at 30 °C, 30 cycles of PCR were performed (94 °C,
30 s; 50 °C, 30 s; and 72 °C for 90 s). Telomerase extension
products were then analysed on a denaturing 6% polyacrylamide,
7 M urea 1X Tris Borate EDTA (TBE) vertical gel. Extension
products were quantitated using a Phosphorimager apparatus;
telomerase relative activity was plotted against each compound
concentration.
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A QSAR method based on MIA (multivariate image analysis) descriptors is applied to a series of
2-amino-6-arylsulfonylbenzonitriles and their thio and sulfinyl congeners, compounds with anti-HIV-1
activity. Two models were built in order to appraise the modelling capability when different drawing
programs are used to create the set of molecules. Both models showed good predictive ability, with
cross-validated Q? of 0.712 and 0.624, and Q? for an external validation set of 0.823 and 0.747. An
ADME evaluation, by calculating the topological polar surface area (TPSA) and parameters derived
from the rule of five, was also performed to proposed compounds in order to suggest absorption

profiles for potential new drugs.

Introduction

Computer-assisted approaches to the design of drugs, known
as QSAR and QSPR (quantitative structure-activity/property
relationships), have been used for many years in order to avoid
intuitive and empirical ways to achieve an active or leader
compound. The virtual procedure may be capable of predicting
potential new drugs with a high confidence, since in addition to
QSAR techniques, tools for prediction of ADME-Tox parameters
(absorption, distribution, metabolism, excretion and toxicity) are
available and becoming more numerous and popular nowadays.

The most refined methods of drug design are based on 3D
approaches, since information about non-covalent effects, such as
steric, electrostatic and hydrogen bonding interactions, may be
found by using these methodologies. COMFA,! CoMSIA? and
GRID? methods are some of the important means utilized to
model compounds of specific biological interests. However, 3D
methods require, in general, knowledge about main conforma-
tion(s) and alignment of ligands in order to generate suitable
descriptors to represent the interactions. The conformational
screening is often an exhaustive procedure, especially to molecules
with a large number of degrees of freedom and size, and the 3D
alignment step is sometimes too complicated to be performed,
since more than one conformation of a molecule may have low
energy enough to be chosen as a possible ligand, and a correct
center should be used to superimpose all the conformationally
unconstrained molecules.

In the 1960, Free and Wilson* developed a mathematical model
to correlate structures with their respective activities. Free and
Wilson* were pioneers in this field, but even today it remains
difficult to obtain results which are comparable to those achieved
from 3D and 4D approaches (4D formalism has already been
invoked in some studies®). Promising attempts to simplify and
offer advantages over 3D methods have been emerging, such as
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one and two-dimensional approaches based on strings and binary
descriptors,®” in addition to the methodologies based on the use
of classical descriptors.®

The recently developed MIA-QSAR (multivariate image ana-
lysis applied to QSAR) method® has provided a rapid analysis
and results as reliable as the most sophisticated methodologies
available today, and is inexpensive and facile to handle. It was
applied here to a series of anti-HIV-1 compounds in order to
demonstrate one application and the predictive power of the MIA-
QSAR method, as well as consolidate this approach as a real
possibility in the course of developing simple QSAR methods.
Furthermore, parameters derived from the “rule of five” were
obtained for proposed compounds with expected good activities,
by using the Molinspiration program,' in order to obtain some
ADME perspectives for these compounds.

The acquired immuno deficiency syndrome (AIDS) epidemic
has claimed more than three million lives in 2004, and an estimated
five million people have acquired the human immunodeficiency
virus (HIV) in 2004, bringing to nearly 40 million the number
of people globally living with the virus."' Given these alarming
numbers and the recent interest in the development of novel and
potent inhibitors for the treatment of the HIV-1 infection, some
2-amino-6-arylsulfonylbenzonitriles and their thio and sulfinyl
congeners (Fig. 1), anti-HIV-1 compounds, were utilized as models
in this study, whose experimental data of anti-HIV-1 activity
(assayed in MT-4 cell line) were taken from a recent work of
Leonard and Roy.'

5 5 5
4 6 4 6 4 6

o 7
: ™ A g PAATNS=0
R ? 2N R 2 N R 2 2N
N NH NH

1-19 20-34 35-64

Fig.1 2-Amino-6-arylsulfonylbenzonitriles (35-64) and their thio (1-19)
and sulfinyl (20-34) congeners.
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Computational methods
The MIA-QSAR method

In the MIA-QSAR method,” descriptors, which are parameters
required to correlate objects (in our case, the molecules) with the
respective dependent variables (the biological activities), are pixels
of 2D images, which are the proper structures of the molecule
set drawn with aid of any appropriate program. The drawing
programs used were ChemWindow'® and the ChemSketch module
of ACDLabs program.** Each compound of Fig. 1 (64 molecules)
was drawn by using both programs, in order to demonstrate the
predictive ability of models built when using different drawing
software, and consequently different font type and size, and
chemical group representation (for instance, Me or CH3).

Each 2D structure was saved in Paint Brush as bitmaps, with
resolution of 81 x 81 points per inch. The bitmaps were cut to
a size of 250 x 205 pixels and the molecules were manually and
systematically fixed in a given coordinate by a common point
among them, as illustrated in Fig. 2, just as a 2D alignment of
the figures. The molecules used in the model should have some
similarity in molecular structure so that one can proceed with
calibration, in this case using a congeneric series. Each image was
unfolded to a 1 x 51250 row and then the 64 images were grouped
to form a matrix of dimension 64 x 51250. Columns with zero
variance were deleted, reducing the size of matrices to 64 x 1518
(when using the set of molecules drawn with the ChemWindow
program) and to 64 x 1705 (when using the set of molecules drawn
with the ChemSketch program), in order to minimize memory
and optimize the computing cost. Finally, calibration and test set
matrices were created by dividing the former 64 x 1518 matrix
into a 48 x 1518 and another 16 x 1518 matrix, respectively,
analogously to what occurred for the matrix with dimension 64 x
1705, which generated a training set matrix with dimension 48 x
1705 and a test set matrix of 16 x 1705.

@\ 180,145
s

R _N

=

205 pixels

NH;

250 pixels

Fig. 2 Coordinates for the 2D alignment of figures and window size.

PLS regression

The key to this analysis is the reorganization (matricizing) of the
original three-way array. Unfolding is done so that pixels become
a single row and, thus, an image that was originally I by J pixels
for K compounds is reshaped to form a two-way array that is I
x J by K. An X-matrix is then built where each row contains the
variables (the pixels) describing each molecule, and is subsequently
decomposed into a score vector s, and a weight vector w,. The score
vector is determined to have the property of maximum covariance
with the dependent variable y. The score vectors then replace the
original variables as regressors. In the present analysis, the only
data pre-processing applied to the data set was column mean-
centering.

The quality of the calibrations was quantified with R (training
set), the external predictions with Q* (test set) and the cross-
validated predictions with Q*cy, the squared correlation coeffi-
cients of the linear regression of experimental versus predicted
plICy, plots. The F-statistic and 7-test values were also obtained
to evaluate the model quality. Root mean square errors were
calculated according to the following eqn (1):

RMSE = (1

where y, is the predicted value, y, is the reference value and n is
the number of samples.

RMSEC is the error of calibration, whilst the error of prediction
(test set) and cross-validation were named RMSEP and RMSECY,
respectively.

The leave-one-out cross-validation was performed with the
NIPALS algorithm® and the calculations were carried out using
the Matlab'® platform.

Results and discussion

The set of molecules utilized in this study is a series of com-
pounds with activity against the HIV-1 virus, some 2-amino-6-
arylsulfonylbenzonitriles and their thio and sulfinyl congeners, as
recently reported by Chan et al.'” The experimental activity data
(pICs) described for the 64 compounds of Tables 1 and 2 may also
be found in reference 12. The test set was chosen in such a way that
compounds with low, moderate and high activities are distributed
in roughly equal proportions.

Two models were taken into account in the present study:
model 1, consisting of a set of molecules drawn by using the
ChemWindow program," and model 2, in which the molecules
were drawn by using the ChemSketch program.’ Although the
set of molecules drawn by utilizing the two drawing programs is
exactly the same, the font type and size used to represent atoms
and groups, as well as group designation, such as -CH; or -Me
to illustrate a methyl group, differ from one program to the other.
Thus, calculations were carried out using both models to evaluate
the difference of the descriptors on the calibration and prediction
data. Since molecules are systematically drawn and aligned, if
the 1518 descriptors of model 1 were correlated with dependent
variables exactly as the 1705 descriptors of model 2, the difference
between the calibration data of the two models is negligible, ideally
null.

Figs. 3 and 4 show the good predictive abilities obtained when
using both models. While model 1 predicted activity values for
an external validation set (test set) with a squared correlation
coefficient of 0.823 when compared with the experimental data,
as can easily be seen in Table 3, model 2 presented a Q* of 0.747,
using three latent variables (the minimum RMSEP was estimated
for three latent variables in both models). In the leave-one-out
cross-validation, Q%cy of 0.712 and 0.624 for models 1 and 2,
respectively, also indicates the remarkable predictive power of
the method, though model 1 was a bit more parsimonious (the
minimum cumulative predictive residual error sum of squares was
reached at three latent variables, against four for model 2). Models
1 and 2 presented reasonably different modelling capabilities, with
the former showing to be a little better in this case, indicating that
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Table 1 Experimental and predicted pICs, values® for the 2-amino-6-arylsulfonylbenzonitriles (35-64) and their thio (1-19) and sulfinyl (20-34)

congeners, using model 1

Cpd R Obs. Fitted Pred. CV Cpd R Obs. Fitted Pred. CvV

1 H 1.836 1.911 1.848 33 3-Cl, 5-Me 3.495 3.799 3.640
2 2-OMe 2.367 2.287 2.061 34 3-OMe, 5-CF, 2.684 2.568 2.605
3 3-OMe 2.222 2.028 1.978 35 H 2.699 2.615 2.618
4 2-Me 1.796 1.656 1.594 36 2-OMe 3.222 2.992 2.812
5 3-Me 2.215 2.445 2.426 37* 3-OMe 3.046 2.546 2.763
6 4-Me 0.939 0.913 1.099 38 4-OMe 1.602 1.984 2.575
7 2-Cl 2.387 2.009 1.767 39 2-Me 2.638 2.360 2.357
8* 3-Cl 2.131 2.513 2.568 40* 3-Me 3.398 2.963 3.134
9 2-Br 1.523 1.769 1.726 41 4-Me 2.022 1.984 1.315
10* 3-Br 2.292 2.695 2.755 42 2-Cl 2.387 2.360 2.667
11 3-F 2.009 1.948 1.963 43 3-Cl 3.229 1.214 3.297
12 3-CN 2.762 2.005 1.814 44 4-Cl 2.523 2.714 1.849
13* 4-CN 1.359 0.679 0.957 45 2-Br 2.301 2.474 2.504
14* 3-CF; 1.893 1.692 1.836 46 3-Br 3.268 3.586 3.501
15 3-NH, 1.502 1.706 1.939 47 4-Br 1.699 1.825 2.118
16 3,5-Me, 3.367 3.591 3.521 48 2-F 2.523 2.550 2.544
17* 3-Cl, 5-Me 2.754 3.660 3.781 49* 3-F 2.523 2.363 2.544
18 3-OMe, 5-Me 2.699 3.175 3.280 50* 2-CN 2.268 2.563 2.705
19 3-OMe, 5-CF, 2.292 2.615 2.724 51 3-CN 2.620 2.710 2.818
20* 2-OMe 2.319 2.036 2.095 52 4-CN 1.097 1.167 1.645
21 3-OMe 1.796 1.964 2.096 53 3-CF; 2.456 2.583 2.669
22 2-Me 1.032 1.591 1.829 54 2,5-Cl, 3.523 3.209 3.026
23 3-Me 1.534 2.380 2.613 55% 3,5-Cl, 4.155 3.635 3.588
24* 4-Me 1.310 0.679 1.021 56 3,5-Me, 5.000 4.296 4.121
25 2-Br 1.407 1.705 1.775 57* 3-Br, 5-Me 4.699 4.546 4.508
26 3-Br 4.097 2.817 2.327 58 3-Cl, 5-Me 4.523 4.551 4.364
27* 4-Br 1.694 1.290 1.538 59 3-OMe, 5-Me 4.301 3.880 3.834
28 2-CN 2.409 1.981 1.751 60 3-OMe, 5-CF, 4.046 3.320 3.213
29 3-CN 1.848 1.941 2.043 61 3-OH, 5-Me 3.367 3.844 4.023
30 3-CF, 1.398 1.814 1.984 62 3-OCH,CH;, 5-Me 4.222 4.217 4.072
31* 3,5-Me, 3.469 3.357 3.545 63* 3-O(CH,),CH3, 5-Me 4.222 3.487 3.707
32 2,5-Cl, 2.007 2.457 2.483 64 3-O(CH,);CHs;, 5-Me 3.222 3.628 4.065

“ Fitted values for the training set, predicted values (Pred.) for the test set, and leave-one-out cross-validation values (CV).

the way in which the substituents are represented has a sensible
influence on the modelling. Considering that the number and
“shape” of the descriptors differ substantially between the two
models, the deviation observed in the results was expected.

A classical QSAR modelling has been recently performed for the
same data set studied here'? and, just for the sake of comparison,
the leave-10%-out cross-validated Q* obtained in that work was
0.767 when using a model in which each compound in each of the
11 cycles is followed by the 11" next compound, and 0.695 when
using another model in which each compound in each of the 10
cycles is followed by thel0™ next compound. This demonstrates
that the method presented here is an alternative, suitable QSAR
technique.

Itis possible to correlate many things through using multivariate
regression, but in this study the good correlation did not result
from happenstance and to assure that the calibration was not
a fortuitous correlation, the Y-block (the activities block) was
scrambled and no predictive relationship was found from the
modelling (R? of 0.415 for three latent variables using model 1, and
0.439 for three latent variables using model 2), as supposed if one
considers that a set of compounds with no modelling capability is
taken.

Since MIA descriptors are binaries, they do not have a direct
physicochemical meaning, though they may be used to drive
synthesis, depending on the strategy used to model new com-
pounds with biological activity. Accordingly, a simple procedure

is described below to illustrate and exemplify one way of how to
achieve potential new drugs. Another way, but that may be applied
to little more complex systems having a minimum of similarity, is
to build a training set composed by two or more compound classes
and then predict the activity of a proposed molecule, which is a
miscellaneous of the substructures.

Proposing potential drugs

The strategy utilized here to propose some possible actives is based
on an evaluation of which, among the 64 molecules presented,
class (thio, sulfinyl or sulfonyl compounds), substitution pattern
(2-, 3-, 4-, 2,5- or 3,5-substituted ring) and substituent (among
the mono-substituted compounds), possess the highest average
activity. A quick screening allows one to conclude that sulfonyl
compounds form the class with the largest pICs, average (3.09 +
0.98). 3,5-Disubstituted compounds are the ones with the highest
pICs, values (3.68 £ 0.79), and the most promising substituents are
F (2.35 £ 0.30), OMe (2.37 £ 0.60) and C1(2.53 & 0.41), the most
electronegative ones. Thus, the profile of the proposed drug may
be organized as shown in Table 4, which also includes thio and
sulfinyl compounds. Note that the 3,5-dichloro derivative is not
included in Table 4 because it already pertains to the calibration
set, and those compounds with a methoxy group attached to the
S-position of the ring are not contained in the calibration set and,
thus, their prediction may be unreliable.

1156 | Org. Biomol. Chem., 2006, 4, 1154-1159

This journal is © The Royal Society of Chemistry 2006





Table 2 Experimental and predicted pICs, values® for the 2-amino-6-arylsulfonylbenzonitriles (35-64) and their thio (1-19) and sulfinyl (20-34)
congeners, using model 2

Cpd R Obs. Fitted Pred. CV Cpd R Obs. Fitted Pred. (&\%

1 H 1.836 1.652 1.631 33 3-Cl, 5-Me 3.495 3.292 3.310
2 2-OMe 2.367 1.892 1.937 34 3-OMe, 5-CF, 2.684 3.143 3.004
3 3-OMe 2.222 2.184 1.948 35 H 2.699 2.713 2.639
4 2-Me 1.796 1.401 1.394 36 2-OMe 3.222 2.953 2.973
5 3-Me 2.215 1.868 2.121 37* 3-OMe 3.046 3.224 3.003
6 4-Me 0.939 1.007 1.413 38 4-OMe 1.602 2.029 3.079
7 2-Cl 2.387 1.513 1.429 39 2-Me 2.638 2.462 2411
8* 3-Cl 2.131 2.089 2.339 40* 3-Me 3.398 2.908 3.043
9 2-Br 1.523 1.423 1.477 41 4-Me 2.022 1.908 2.119
10* 3-Br 2.292 2.775 3.028 42 2-Cl 2.387 2.574 2.607
11 3-F 2.009 1.902 1.962 43 3-Cl 3.229 3.171 3.287
12 3-CN 2.762 2.364 1.734 44 4-Cl 2.523 2.138 2.270
13* 4-CN 1.359 0.410 0.298 45 2-Br 2.301 2.484 2.502
14* 3-CF,; 1.893 1.945 1.457 46 3-Br 3.268 3.570 3.855
15 3-NH, 1.502 1.702 2.192 47 4-Br 1.699 1.393 1.996
16 3,5-Me, 3.367 3.073 3.225 48 2-F 2.523 2.597 2.571
17* 3-Cl, 5-Me 2.754 3.043 3.295 49* 3-F 2.523 2.943 3.058
18 3-OMe, 5-Me 2.699 2.971 2.867 50* 2-CN 2.268 2.700 2.820
19 3-OMe, 5-CF, 2.292 2915 2.950 51 3-CN 2.620 3.137 3.122
20* 2-OMe 2.319 2.078 2.131 52 4-CN 1.097 1.226 2.240
21 3-OMe 1.796 2.390 2.279 53 3-CF; 2.456 2.739 2.507
22 2-Me 1.032 1.608 1.766 54 2,5-Cl, 3.523 3.157 3.082
23 3-Me 1.534 2.074 2.514 55% 3,5-Cl, 4.155 3.803 3.887
24* 4-Me 1.310 1.215 1.453 56 3,5-Me, 5.000 4.156 4.104
25 2-Br 1.407 1.630 1.639 57* 3-Br, 5-Me 4.699 3.237 3.306
26 3-Br 4.097 2.974 2.528 58 3-Cl, 5-Me 4.523 4.147 4.187
27* 4-Br 1.694 0.942 1.206 59 3-OMe, 5-Me 4.301 4.055 3.645
28 2-CN 2.409 1.866 1.442 60 3-OMe, 5-CF; 4.046 3.816 3.244
29 3-CN 1.848 2.542 2.515 61 3-OH, 5-Me 3.367 3.839 4.004
30 3-CF, 1.398 2.143 2.057 62 3-OCH,CH;, 5-Me 4222 4.267 4.182
31* 3,5-Me, 3.469 3.274 3.432 63* 3-O(CH,),CH3, 5-Me 4.222 4.119 4.122
32 2,5-Cl, 2.007 2.302 2.509 64 3-O(CH,);CH;, 5-Me 3.222 3.750 4.001

“ Fitted values for the training set, predicted values (Pred.) for the test set, and leave-one-out cross-validation values (CV).

Table 3 Statistical parameters of calibration and validation for models 1 and 2

Model LV R’ RMSEC F T 0 RMSEP LV, Q' RMSECV
1 3 0.814 0.479 163.1 44.8 0.823 0.479 3 0.712 0.520
2 3 0.800 0.426 145.4 43.2 0.747 0.548 4 0.624 0.599

“ LV refers to the number of latent variables utilized, RMSEC, RMSEP and RMSECYV are the root mean square errors of calibration, prediction and
cross-validation, respectively, and the remaining parameters are defined in the text.

Table 4 Predicted activities (pICs) for the proposed compounds

Ring substituent Model 1¢ Model 2°
Cpd 3-Position 5-Position Thio Sulfinyl Sulfonyl Thio Sulfinyl Sulfonyl
A F F 2.602 2.447 3.452 2.862 3.128 3.889
B F Cl 2.597 2.443 3.417 2.942 3.208 3.969
C F OMe 2.544 2.420 3.395 2.373 2.639 3.156
D Cl F 2.798 2.643 3.618 2.815 3.081 3.842
E Cl OMe 2.762 2.586 3.561 2.198 2.464 2.982
F OMe F 2.481 2.327 3.302 3.009 3.275 4.036
G OMe Cl 2.509 2.354 3.329 3.089 3.355 4.116
H OMe OMe 2.435 2.281 3.255 2.496 2.762 3.279

@ Calibration set of 64 molecules and three latent variables used, ® calibration set of 64 molecules and four latent variables used.
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Fig. 3 Plots of experimental versus predicted pICs, for the anti-HIV-1
compounds using model 1. (a) Training and test set data and (b) leave-one-
out cross-validation data.

According to model 1, the 3-Cl,5-F-sulfonyl compound (D-
sulfonyl) should present the highest activity among the proposed
molecules (predicted pICs, of 3.62), and is also one of the favourites
according to model 2. However, this latter model predicts the 3-
OMe,5-Cl-sulfonyl compound (G-sulfonyl) as the most promising
drug. Actually, all of the proposed sulfonyl compounds present
reasonably high predicted activities, excepting compounds with a
methoxy group bonded to the 5-position of the ring (according
to model 2). Thio and sulfinyl compounds showed low predicted
activities when compared with the sulfonyl ones, as strategically
expected, but they may be useful, since they are less polar than the
corresponding sulfonyl compounds and this may affect positively
their absorption, as suggested below.

The process of drug discovery requires more than prediction of
compounds with high activity. Estimation of molecular transport
properties, particularly intestinal absorption and blood-brain
barrier penetration is of great interest in the course of a drug
development. Traditionally, calculated values of the octanol/water
partition coefficient have been used for this purpose and, in the
recent years, other parameters have been introduced for absorption
prediction." A set of rules imposing limitations on logP, molecular
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Fig. 4 Plots of experimental versus predicted pICs, for the anti-HIV-1
compounds using model 2. (a) Training and test set data and (b) leave-one-
out cross-validation data.

weight, and the number of hydrogen bond donors and acceptors,
known as “rule of five”, was introduced by Lipinski.’ The rule
states that most “drug-like” molecules have logP < 5, molecular
weight <500, number of hydrogen bond acceptors <10, and
number of hydrogen bond donors <5. Molecules violating more
than one of these rules may have problems with bioavailability.
Another very helpful parameter for the prediction of absorption
is the topological polar surface area (TPSA), whose correlation
with bioavailability data is well illustrated in Fig. 5 for 20
representative drugs extracted from Palm er al* Calculations
with the Molinspiration program!® provide suitable parameters to
evaluate bioavailability perspectives for the most promising drugs
suggested by MIA-QSAR, as shown in Table 5.

Sulfonyl compounds presented larger TPSA values than for
the corresponding sulfinyl and thio compounds, as supposed if
the increasing in the number of electronegative oxygen atoms
causes an increase in the molecular polar surface area. High
TPSA may affect drug absorption (see Fig. 5), though sulfonyl
compounds have shown to be more active than their congeners
and did not violated any of the “rule of five”. Compound 56,
which presented the highest measured activity, showed ADME
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Table S5 Parameters® used for absorption estimation, for selected
molecules

Compound logP MW Nox Nounu N TPSA
A-Thio (3,5-F) 2.738 2623 2 2 2 49.82
A-Sulfinyl (3,5-F) 1.423 2783 3 2 2 66.89
A-Sulfonyl (3,5-F) 1.820 2943 4 2 2 83.96
B-Thio (3-F,5-Cl) 3.347 2787 2 2 2 49.82
B-Sulfinyl (3-F,5-Cl) 2.032 2947 3 2 2 66.89
B-Sulfonyl (3-F,5-Cl) 2.430 310.7 4 2 2 83.96
D-Thio (3-F,5-OMe) 3.347 2787 2 2 2 49.82
D-Sulfinyl 3-F,5-OMe)  2.032 294.7 3 2 2 66.89
D-Sulfonyl (3-F,5-OMe)  2.430 310.7 4 2 2 83.96
F-Thio (3-OMe,5-F) 2.665 2743 3 2 3 59.05
F-Sulfinyl (3-OMe,5-F) 1.350 290.3 4 2 3 76.12
F-Sulfonyl (3-OMe,5-F) 1.748 3063 5 2 3 93.19
G-Thio (3-OMe,5-Cl) 3.275 290.8 3 2 3 59.05
G-Sulfinyl (3-OMe,5-Cl) 1960 306.8 4 2 3 76.12
G-Sulfonyl (3-OMe,5-Cl) 2.357 3228 5 2 3 93.19
56 2435 2863 4 2 2 83.96

“logP is the octanol/water coefficient partition, MW is the molecular
weight, Noy is the number of hydrogen bonding acceptors, Noyny is the
number of hydrogen bonding donors, N, is the number of rotatable bonds
and TPSA is the topological polar surface area.
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Fig. 5 Percent of drug absorbed after oral administration vs. TPSA for
20 molecules from ref. 18.

parameters comparable to the proposed sulfonyl compounds.
Which compound should be chosen for a hypothetical synthesis?
In this case, it is believed that almost every sulfonyl compound
proposed could be a potentially efficient drug, but in general a
balance between high activity and good ADME-Tox parameters
has to be taken into account.

Conclusions

The goal of this work was to consolidate the MIA-QSAR method
as a highly predictive and facile to handle QSAR methodology,
whose principles may be used in several fields of research, such

as in remote sensing and clinical analysis. This method allows the
application of free drawing software and well known multivariate
regression algorithms, such as PLS. In addition, it does not
require conformational screening and 3D alignment, but only a
2D alignment step, which is simpler and faster than the current
three-dimensional procedures. Obviously, this method does not
substitute other ligand-based approaches, since some of them
may give important information about electrostatic, steric and
hydrogen-bonding interactions, but it is an improved approach in
many aspects, for instance due to its low cost.

The MIA-QSAR method demonstrated to be a valuable ap-
proach for a set of 2-amino-6-arylsulfonylbenzonitriles and their
thio and sulfinyl congeners. Evaluation of models 1 and 2 allows
the conclusion that the manner in which molecules were drawn has
moderate influence on the modelling. The MIA-QSAR method,
together with strategies for the prediction of ADME parameters,
might allows one to predict profiles of potential new drugs, i.e.
compounds with high activity and good absorption.
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The facial selectivities of cyclohexadienes bearing isopropenyl and isopropyl groups as
plane-nonsymmetric substituents were assessed in 4 + 2 reactions with N-phenylmaleimide,
tetracyanoethylene and 4-phenyl-1,2,4-triazoline-3,5-dione. The only adducts were those arising by
attack of the dienophile on the face of the diene opposite the isopropenyl or isopropyl group. In spite of
some mechanistic similarities that tetracyanoethylene and 4-phenyl-1,2,4-triazoline-3,5-dione might
have with the 4 4 2 addition of singlet oxygen, these dienophiles show none of the ability that singlet
oxygen has shown to add syn to a plane-nonsymmetric isopropyl group.

Introduction

Facial selectivity in the Diels—Alder reaction has been studied in
detail with many plane-nonsymmetric diene systems.! Generally,
a dienophile will show a preference for addition to the less
hindered face of the diene. This simple principle has been exploited
many times in synthesis.>* However, there are examples of cyclic
dienes that engage in Diels—Alder reactions with facial selectivities
that seem to defy a rationalization based on steric hindrance.
Some plane-nonsymmetric heteroatom substituents direct the
dienophile to add mainly syn to the heteroatom,* although it
has been shown computationally that steric considerations play a
dominant role in governing even this facial selectivity, at least with
the S5-substituted cyclopentadienes.® Some plane-nonsymmetric
hydrocarbons also display facial selectivity that seems inconsistent
with straightforward steric considerations. Examples are presented
in Scheme 1.

The isodicyclopentadiene system 1, which has been studied in
depth by Paquette e al.,® gives only one product with maleic
anhydride.” 5-Methyl-1,3-cyclopentadiene (2) shows a preference
for addition syn to its methyl group with 4-phenyl-1,2.4-triazoline-
3,5-dione (PTAD), although a modest preference for anti-addition
was seen with N-phenylmaleimide.® Addition mainly syn to the
plane-nonsymmetric methyl of 3 was reported by Murai et al.,*®
but when R = H no syn-addition product was detected. Mehta and
Uma'® reviewed the situations in which stereoelectronic factors are
believed to dominate the control of facial selectivity in Diels—Alder
reactions.

The addition of singlet oxygen to a cisoid 1,3-diene to form
an endoperoxide has an obvious parallel with the hetero-Diels—
Alder reaction, although calculations led Dewar and Thiel" to
hypothesise that the endoperoxide is a rearrangement product
of an initially formed perepoxide. Clennan and Lewis'? gathered
experimental evidence for the perepoxide intermediate. There are
a number of instances of endoperoxide formation taking place
with facial selectivity that is markedly different from Diels—Alder
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Scheme 1 Diels—Alder reactions of cyclic dienes 1,” 2% and 3.°

additions. For instance, 4 + 2 addition of singlet oxygen to 1
takes place with almost no facial selectivity.’* The addition of
singlet oxygen to 5-isopropylcyclohexa-1,3-diene (4) in Scheme 2
is particularly intriguing. Davis and Carpenter™ hypothesised that
the perepoxide formed by anti-addition might rearrange to a
hydroperoxide, an ene product, by abstraction of a syn-hydrogen
from an adjacent sp® carbon. However, the perepoxide formed by
syn-addition onto the 3,4-double bond of 4 would have no syn-
hydrogen on the adjacent sp*® carbon, so this perepoxide might
rearrange to the endoperoxide 5. This hypothesis is certainly
plausible, although it is curious that the apparently least-favoured
perepoxide, ie., syn and proximal to the sterically hindering
isopropyl group, would lead to a significant amount of product 5.

— 0O,, hv

tetraphenylporphyrin
H (36%)
4 5

Scheme 2 Endoperoxide formation from diene 4.**
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We wondered if such unusual facial selectivity might be observed
in other apparent 4 + 2 reactions in which the transition states
might be very nonsynchronous, or in which the mechanism were
stepwise. Based on the hypothesis of Davis and Carpenter, it
seemed appropriate initially to bias the diene, making the double
bond near the plane-nonsymmetric substituent more electron-rich.

The steric difference between the faces of diene 4 would be
similar to that presented by dienes 6a—c (Fig. 1). Dienes 6a and 6c,
in which the 3,4-double bond is electron-rich, are protected enol
forms of carvone. Carvone has been used a number of times in
Diels—Alder reactions, but its role has almost always been as the
dienophile. In most instances, the diene has added predominantly
to the face of carvone opposite the isopropenyl group, although
a l-amino-3-silyloxy-1,3-butadiene was reported to add with no
facial selectivity.'® Intramolecular 4 + 2 reactions of 6c are
known,'” but carvone has been used as a diene only a few times in
intermolecular 4 + 2 reactions. At no time has the stereochemistry
of the isopropenyl group in an adduct been determined rigorously.
Geribaldi et al*® reacted diene 6a with maleic anhydride. The
adduct was proposed to be 7, but their reason for choosing the
particular stereochemistry of the isopropenyl was not mentioned,
although this would be a reasonable assumption based on steric
hindrance. Gomez Contreras and co-workers® reacted 6a with
diazaquinones, and the adducts were suggested to have arisen
by anti-addition, e.g. 8, but no evidence for the stereochemistry
was provided. Cornforth’s group? added acetamidobenzoquinone
to diene 6b. They obtained a 1 : 1 mixture of 9a and 9b,
following aromatization and methylation of the adduct mixture.
The stereochemistry of the isopropenyl in these compounds was
inferred by NMR. There was an apparent lack of shielding by the
aromatic ring, although shielding might have resulted from the

6b X=H

annular double bond, too.
1
X 3 N
H
6c X= OSlBu (CHs),

6a X =0Ac
NHAc

8 9a

18-20

Fig. 1 Dienes 6a—c and reported products'®? of their 4 4 2 cyclizations.

Results and discussion

Treatment of (—)-carvone with fert-butyldimethylsilyltriflate and
triethyl amine in THF provided the diene 6¢. Attempted purifica-
tion over silica gel resulted in the destruction of the diene, so 4 +
2 reactions were carried out by adding the dienophile directly to
the reaction mixture containing the diene.

A solution of diene 6¢ and N-phenylmaleimide in THF reacted
over 4 days at room temperature to give a single adduct. The

propinquity of the hydrogens on C-7a and C-8 was demonstrated
conclusively by NOE measurements. Thus, the addition had taken
place by endo-addition, onto the face of 6¢ anti to the isopropenyl
group, ie., the adduct was 10 (Fig. 2). Similarly, diene 11, derived
from dihydrocarvone, reacted with N-phenylmaleimide to give a
single adduct 12 in which the addition was also endo and anti to the
isopropyl group (Fig. 2). These reactions with N-phenylmaleimide
would have proceeded via a concerted, and close to synchronous,
Diels—Alder mechanism.?! Other cycloadditions were carried out
with compounds that react through mechanisms that are more
closely related to that of singlet oxygen.

1"
\ SlBu‘Mez
CN CN
CN CN
1
Bu'Me,SiO CN CN
14
OSiBu'Me,
BuMe,SiO 110
0 2
1
15 6

Fig. 2 Products of the 4 + 2 reactions of dienes 6¢ and 11.

Tetracyanoethene (TCNE), like singlet oxygen, is known to give
4 4 2, 2 4 2 and ene products with dienes.?> The mechanism that
leads to all of these products is likely to involve the intermediacy
of radical ions.® Thus, the transition state geometry of 4 + 2
cycloadditions with TCNE may be considered to be lopsided
compared to genuine Diels—Alder transition states. This has been
probed experimentally,® and there are instances in which the
facial preference is opposite to that with classic dienophiles, such
as N-phenylmaleimide.”® Diene 6¢ reacted with TCNE to give
two products. NMR spectra indicated that the major adduct
was derived directly from 6¢, but the minor adduct was not the
result of the facial alternative. It was derived from an isomerized
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diene. Rearrangements and equilibration are well known in TCNE
chemistry.?»* The relative stereochemistry of each adduct was
revealed by X-ray crystallography. Both the major adduct 13 and
the minor adduct 14 (Fig. 2) were the result of addition to the face
of the diene anti to the isopropenyl group.

4-Phenyl-1,2,4-triazoline-3,5-dione (PTAD) is a more re-
active and less sterically demanding cycloaddend than N-
phenylmaleimide.>®* It can give 4 + 2, 2 4 2 and ene products with
dienes, and its 4 + 2 reaction may proceed by rearrangement of an
aziridinium imide intermediate.?® This is similar to a perepoxide,
although DFT calculations of additions of triazolinedione to
butadiene indicate a lower barrier for a concerted pathway to
a 4 + 2 product.”” The reaction of PTAD with 6¢ produced only
one adduct, 15 (Fig. 2), for which the structure was determined by
X-ray crystallography. Compound 15 must have arisen by addition
to the face of 6¢ anti to the isopropenyl group.

Attempts were made to form an endoperoxide from 6¢ with
singlet oxygen, following the procedure of Davis and Carpenter™
in which the endoperoxide was reduced to the diol, but these were
unsuccessful. Compound 16 was the inevitable result (Fig. 2).

To summarize the experiments with 6c¢, the results confirmed
unambiguously the very great anmti-selectivity imparted by the
isopropenyl group. TCNE and PTAD were used in attempts
to elicit an addition via a very nonsynchronous pathway, but
additions of TCNE and PTAD took place with the same facial
selectivity as N-phenylmaleimide. It is not known what the facial
selectivity of 6¢ would be with singlet oxygen since the experiment
failed.

The oxygen substituent of 6¢ makes the double bond closer
to the sterically hindering isopropenyl group more electron-rich
than the other annular double bond. It was considered that if the
double bond more distant from the site of plane-nonsymmetry
were more electron rich then perhaps facial selectivity might be
affected, particularly with a nonsynchronous 4 + 2 pathway.

Accordingly, diene 17 was produced from the corresponding
enone, and reactions with N-phenylmaleimide, TCNE and PTAD
were carried out. In these experiments, the reaction was stopped
before it was complete. Nevertheless, in every instance only
one adduct was detected (Fig. 3). The NOE data for the N-
phenylmaleimide adduct 18 showed that the hydrogen on C-8 was

H
Bu'Me,SiO ) : H
— Bu'Me,Si0—7/ H
NN Yo
N
H O @
18

17
H )\H
CN
Bu'Me,Si0—7/ CN  BuMesio—7 | N
\CN N \§O
CN N

0]
19 20

Fig. 3 Diene 17 and its adducts.

close to the hydrogen on C-7a. The data for the other two adducts,
19 and 20, included NOE enhancements that placed the isopropyl
group near the olefinic hydrogen. Thus, 4 + 2 processes with 17
gave exclusively the product of addition anti to the isopropyl group,
regardless of the dienophile. Reaction of 17 with singlet oxygen
once again led to an aromatic product.

Conclusions

The 4 4 2 reactions of dienes 6¢ and 17 with N-phenylmaleimide
and with two dienophiles, TCNE and PTAD, for which the
mechanisms for their 4 + 2 reactions are purported to be nonsyn-
chronous gave adducts arising from the approach of the dienophile
onto the face of the diene anti to the plane-nonsymmetric
substituent. Deviations from the classical Diels—Alder transition
state geometry, which would have been expected by the nature of
TCNE and PTAD and by the presence of an electron-donating
group on the diene, are not sufficient to attenuate significantly
the influence of the hindrance that an isopropenyl group must
exert. This study confirms the stereochemical assumptions made
by previous workers, but, more importantly, it serves to stress
the extraordinary nature of singlet oxygen chemistry observed by
Davis and Carpenter.™

Experimental
General

Melting points are uncorrected. NMR chemical shifts are rel-
ative to internal tetramethylsilane. Nuclear Overhauser effect
(NOE) measurements were made using difference spectra. N-
Phenylmaleimide was recrystallized from cyclohexene. 4-Phenyl-
1,2,4-triazoline-3,5-dione (PTAD)*® was sublimed at 100 °C at
approximately 1 mmHg. Reactions were carried out under an
atmosphere of dry nitrogen. “Chromatography” refers to flash
column chromatography using 230-400 mesh silica gel with elution
by hexanes containing an increasing proportion of ethyl acetate.

Representative procedure for the 4 + 2 reactions of 6c:
(3aS5,4S,7R,7aR ,8R)-6-|(1,1-dimethylethyl)dimethylsilyloxy]-
2,3,3a,4,7,7a-hexahydro-5-methyl-8-(methylethenyl)-2-phenyl-4,7
-ethano-1H-isoindole-1,3(2H)-dione 10. ferz-Butyldimethylsilyl-
trifluoromethylsulfonate (0.57 ml, 2.5 mmol) was added dropwise
to a solution of (—)-carvone (312 mg, 2.07 mmol) in THF
(15 ml) at 0 °C. This was followed immediately by addition of
triethylamine (0.43 ml, 3.1 mmol). This mixture was stirred at
0 °C for 30 min to generate diene 6¢. To this was added a solution
of N-phenylmaleimide (0.71 g, 4.1 mmol) in THF (4.0 ml). The
mixture was stirred at RT for 96 h. The solvent was removed
under vacuum, and chromatography provided 10 (776 mg, 85%)
as a colourless solid: mp 132-136 °C; [a], +19 (¢ = 0.0039,
benzene); V. (CCly)/cm™ 1718; 6, (C¢Ds, 300 MHz) 7.43 (2 H,
br d, J 8.1, 2-H and 6-H), 7.16 (2 H, m, 3'-H and 5-H), 7.00
(1H,brt, J 7.5, 4-H), 4.74 (2 H, narrow m, =CH,), 3.01 (1 H,
m, 7-H), 2.88 (1 H, m, 4-H), 2.38 (1 H, dd, J 8.1 and 3.3, 7a-H),
2.29 (1 H, dd, J 8.1 and 3.1, 3¢-H), 1.90 (1 H, m, 8-H), 1.67
(3 H, s, 5-CH;), 1.60 (3 H, s, CH;C=CH,), 1.34 (1 H, ddd, J
12.8, 10.2 and 2.8, 9-H,,,), 1.15 (1 H, ddd, J 12.8, 7.3 and 3.2,
9-H...,), 0.89 (9 H, s, SiC(CHj;),), 0.18 (3 H, s, SiCH;) and —0.05
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(3 H, s, SiCH;); some short distances identified by NOE: 3a-H
to 4-H, 3a-H to 9-H,,,, 7-H to 7a-H, 7-H to 8-H, 7-H to =CH,,
7-H to CH,C=CH, and 7a-H to 8-H; 6. (CDCl;, 74.5 MHz)
177.8, 177.1, 147.3, 144.0, 132.0, 129.0 (2 C), 128.4, 126.5 (2
C), 111.8, 111.0, 46.5, 44.5, 44.3, 42.4, 39.0, 31.2, 25.5 (3 O),
22.3,18.1,13.9, —3.8 and —4.1; m/z no M*, 380.1666 (M*—Bu’,
100%, C,H,NO;Si requires 380.1682), 207 (19), 165 (19), 91
(25), 77 (10), 75 (25), 73 (36), 59 (10) and 41 (12); analysis: found
C, 71.4; H, 8.3; N, 3.1%; C,H;sNO;Si requires C, 71.3; H, 8.1;
N, 3.1%.

(3aS.,4S,7R,7aR,8S)-6-[(1,1-Dimethylethyl )dimethylsilyloxy|-
2,3,3a,4,7,7a-hexahydro-5-methyl-8-(methylethyl)-2-phenyl-4,7-
ethano-1H-isoindole-1,3(2H)-dione 12. By a procedure similar
to that for 10, 12 was produced from N-phenylmaleimide and
11 in 93% yield after 96 h at RT. For 12: colourless solid, mp
132-135 °C; [a]p +10 (¢ = 0.0053, benzene); v (CCl,)/cm™
1778, 1712 and 1673; oy (CsDs, 300 MHz) 7.50 (2 H, br d, J 8.1,
2'-H and 6'-H), 7.18 2 H, br t, J 7.8, 3'-H and 5-H), 7.02 (1 H,
brt, J 7.2, 4-H), 3.11 (1 H, m, 7-H), 2.88 (1 H, m, 4-H), 2.36
(1 H,dd, J 8.6 and 3.0, 7a-H), 2.30 (1 H, dd, J 8.6 and 3.0, 3a-H),
1.71 3 H, s, 5-CH;), 1.29 (1 H, ddd, J 11.0, 8.3 and 3.0, 9-H.,,),
1.14 (1 H, m, CH;CHCH,), 0.94 3 H, d, J 6.6, CH,CHCH,),
0.93 (1 H, overlapped m, 8-H), 0.92 (9 H, s, SiC(CH;);), 0.82
(1 H, m, 9-H,,,), 0.72 (3 H, d, J 6.6, CH;CHCH,), 0.26 (3 H, s,
SiCH;) and —0.06 (3 H, s, SiCHj;); some short distances identified
by NOE: 3a-H to 4-H, 3a-H to 9-H.,,, 4-H to 5-CH;, 4-H to
9-H.,,, 4-H to 9-H,,.,, 7-H to 7a-H, 7-H to CH;CHCH;, 7-H to
CH,;CHCHj; (6 0.94), 7-H to SiCH; (6 0.26) and 7a-H to 8-H; o
(C¢Dy, 74.5 MHz) 177.5 (C=0), 177.2 (C=0), 145.2 (C-6), 133.5
(C-1),129.1 2C, C-3 and C-5), 128.5 (C-4), 127.0 2 C, C-2' and
C-6), 112.5(C-5), 46.7 (C-7a), 46.6 (C-8), 44.6 (C-3a), 41.0 (C-7),
39.8 (C-4), 33.7 (CH;CHCH,), 32.3 (C-9), 26.1 (3 C, SiC(CH,;)5),
21.5 (CH,CHCH,), 20.8 (CH,CHCH,), 18.4 (SiC(CH,),), 14.4
(5-CH,;), —3.3 (SiCH;) and —3.7 (SiCH,;); m/z no M*, 382.1834
(M*—Bu', 100%, C,,H,sNO;Si requires 382.1839), 209 (40), 165
(15), 91 (25), 79 (14), 75 (53), 73 (56), 59 (12), 43 (15) and 41 (20);
analysis: found C, 71.3; H, 8.7; N, 3.1%; C,sH3;;NO;Si requires C,
71.0; H, 8.5; N, 3.2%.

(1R.,4S,7R)-6-|(1,1-Dimethylethyl)dimethylsilyloxy]-5-methyl-
7-(methylethenyl)bicyclo[2.2.2]oct-5-ene-2,2,3,3-tetranitrile 13.
By a procedure similar to that for 10, two adducts, 13 (73%)
and 14 (19%), were obtained from TCNE and 6c¢ after 48 h at
RT. For 13: colourless solid, mp 88-90 °C; [a], +8 (¢ = 0.0026,
benzene); v, (CCly)/cm™" 2244 (very weak) and 1677; oy (CDCl;,
300 MHz) 4.96 (1 H, s, =CH,), 4.80 (1 H, s, =CH,), 3.36 (1 H,
m, 4-H), 3.18 (1 H, narrow m, 1-H), 2.87 (1 H, apparent br t,
7-H), 2.37 (1 H, ddd, J 14.5, 9.6 and 2.9, 8-H), 1.89 (3 H, s,
5-CHj;), 1.79 (3 H, s, CH;C=CH,), 1.63 (1 H, ddd, J 14.5, 5.6
and 3.0, 8-H), 0.96 (9 H, s, SiC(CH,)5), 0.27 (3 H, s, SiCH;) and
0.25 (3 H, s, SiCHj;); dc (CDCl;, 74.5 MHz) 144.4, 143.5, 113.5,
112.7,111.7, 111.6, 111.4, 111.3, 49.2, 47.5, 44.5, 43.1, 38.2, 26.6,
254 (30),21.7,18.2, 14.7, —3.5 and —3.7; m/z no M*, 335.1317
(M*—Bu', 39%, C,sH;yN,OSi requires 335.1328), 208 (20), 207
(100), 165 (44), 133 (12), 91 (25), 75 (57), 73 (98), 68 (10), 59
(28), 57 (24), 45 (11), 43 (13) and 41 (32); analysis: found C,
67.2; H, 7.1; N, 14.2%; C,HxN,OSi requires C, 67.3; H, 7.2;
N, 14.3%.

X-Ray crystal structure determination for 131. Measurements
were made on a Bruker P4/CCD system with graphite monochro-
mated Mo—Ka radiation and a rotating anode generator. A
colourless fragment crystal of dimensions 0.50 x 0.40 x 0.30 mm
was mounted on a glass fibre: C,,H;xN,OSi, M = 392.57,
orthorhombic, a = 7.4112(4), b = 15.3453(8), ¢ = 19.811(1) A,
V =2253.1(2) A3, T=-193K, space group P2,2,2, (no. 19), Z =
4, u(Mo-Ka) 1.23 em™, 12262 reflections collected, 2192 observed
(I >2.00a(1)); R=0.039, R, =0.037, goodness of fit = 1.43.

(1S5,4R,7S)-4-|(1,1-Dimethylethyl)dimethylsilyloxy]-5-methyl-
7-(methylethenyl)bicyclo|2.2.2]oct-5-ene-2,2,3,3-tetranitrile 14.
For 14: colourless solid, mp 135-136 °C; [a], +6 (¢ = 0.0020,
benzene); v, (CCly))/cm™' 2256 (weak) and 1649; 6, (CDCl;,
300 MHz) 6.09 (1 H, br d, J 6.2, 6-H), 4.93 (1 H, s, =CH,), 4.67
(1 H, s, =CH,), 3.36 (1 H, d, J 6.6, 1-H), 2.99 (1 H, apparent br
t, 7-H), 2.58 (1 H, dd, J 13.4 and 9.8, 8-H), 2.02 (3 H, s, 5-CH,),
1.74 3 H, s, CH;C=CH,), 1.64 (1 H, dd, J 13.4 and 6.9, 8-H),
1.03 (9 H, s, SiC(CHj;);), 0.38 (3 H, s, SiCH;) and 0.27 (3 H, s,
SiCH,); 0 (CDCl;, 74.5 MHz) 146.2, 143.3, 122.3, 113.3, 111.6,
111.5 (2 C), 110.9, 82.0, 49.9, 44.7, 42.4, 39.0, 33.5, 25.5 (3 O),
21.6, 18.5,17.8, —1.5 and —2.2; m/z no M*, 335.1330 (M*—Bu/,
4%, CsH,sN,OSi requires 335.1328), 264 (34), 249 (12), 223 (15),
207 (26), 205 (12), 165 (22), 133 (14), 128 (29), 91 (17), 76 (31), 75
(84), 73 (100), 69 (12), 59 (21), 57 (14) and 41 (17); analysis: found
C, 67.2; H, 7.4; N, 13.9%; C,,H»xN,OSi requires C, 67.3; H, 7.2;
N, 14.3%.

X-Ray crystal structure determination for 141. Measurements
were made on a Rigaku AFC6S diffractometer with graphite
monochromated Cu-Ka radiation. A colourless, irregular crystal
of dimensions 0.35 x 0.35 x 0.25 mm was mounted on a glass
fibre: C,,HxN,OSi, M = 392.57, orthorhombic, a = 17.488(1),
b = 17.514(1), ¢ = 7.601(2) A, V = 2328.0(5) A3, T = 299 K,
space group P2,2,2, (no. 19), Z = 4, u(Cu-Ka) 10.25 cm™', 2026
reflections collected, 1841 observed (I > 2.00a(1)); R = 0.039, R,
=0.042, goodness of fit = 2.63.

(5R,85,10R)-7-{(1,1-Dimethylethyl)dimethylsilyloxy}-5,8-dihydro-
6-methyl-10-(methylethenyl)-2-phenyl-5,8-ethano-1H-[1,2,4]-tria-
zolo[1,2a]pyridazine-1,3(2H)-dione 15. By a procedure similar
to that for 10, 15 was produced from PTAD and 6c in 76% after
48 h at RT. For 15: colourless solid, mp 128-130 °C; [a], +38 (¢
= 0.0027, benzene); v, (CCly)/cm™" 1772 and 1719; dy (CeDsg,
300 MHz) 7.71 (2 H, br d, J 8.1, 2-H and 6-H), 7.10 (2 H,
apparent br t, J 8.0, 3-H and 5-H), 6.94 (1 H, br t, J 7.5, 4-H),
482 (1 H,d, J 3.0, 8-H), 4.72 (1 H, br s, =CH,), 4.68 (1 H, br s,
=CH,), 4.60 (1 H, t, J 3.0, 5-H), 2.69 (1 H, br m, 10-H), 1.95
(1 H, ddd, J 12.8, 4.9 and 2.6, 11-H), 1.60 (3 H, s, 6-CH;), 1.47
(3H,s, CH;C=CH,), 1.07 (1 H, ddd, J 12.8, 4.9 and 2.6, 11-H),
0.90 (9 H, s, SiC(CH;);), 0.28 (3 H, s, SiCH;) and 0.04 (3 H, s,
SiCH,); 6 (CDCl;, 74.5 MHz) 155.7, 155.0, 144.2, 144.0, 131.5,
129.0 (2 C), 128.0, 125.3 (2 C), 113.5, 112.0, 58.0, 56.1, 42.6, 29.8,
254 (3 C), 21.4, 18.0, 12.7, —4.3 and —4.6; m/z 439.2278 (M*,
14%, C,H3;N;0;Si requires 439.2291), 372 (16), 371 (16), 263
(28), 224 (23), 205 (28), 168 (10), 167 (17), 119 (13), 99 (10), 91
(22), 75(29), 73 (100), 59 (19), 57 (12) and 41 (21); analysis: found

T CCDC reference numbers 290629 (13), 290630 (14) and 290631 (15).
For crystallographic data in CIF or other electronic format see DOI:
10.1039/b516675f
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C, 65.6; H, 7.6; N, 9.4%; C,,H33N;0;Si requires C, 65.6; H, 7.6;
N, 9.6%.

X-Ray crystal structure determination for 15f. Measurements
were made on a Rigaku AFC6S diffractometer with graphite
monochromated Cu-Ka radiation. A colourless, irregular crystal
of dimensions 0.38 x 0.25 x 0.38 mm was mounted on a glass
fibre: C,,H3;N;0;S1, M = 439.63, monoclinic, a = 8.087(1), b =
11.369(1), ¢ = 14.0678(9) A, § = 104.498(7)°, V = 1252.1(2) A3,
T =299 K, space group P2, (no. 4), Z =2, u(Cu-Ka) 10.5 cm™',
2128 reflections collected, 1900 observed (I > 2.00a(1)); R = 0.036,
R, = 0.038, goodness of fit = 3.77.

Representative procedure for the 4 + 2 reactions of 17:
(BaR*,4R*,18*,7aS* 8 R*)5{(1,1-dimethylethyl)dimethylsilyloxy}-
2,3,3a,4,7,7a-hexahydro-8-(methylethyl)-2-phenyl-4,7-ethano-1H -
isoindole-1,3(2H)-dione 18. The diene 17 was prepared by a
procedure similar to that for 6¢. Diene 17, initially a pale yellow
oil, became dark quickly at RT. N-Phenylmaleimide (1.5 equiv.)
with 17 in CH,Cl, solution was maintained at RT for 72 h.
Chromatography provided 18 (39%), and a significant amount of
17 and the enone from which it was derived were recovered. For
18: colourless solid, mp 162-163 °C; dy (CDCl;, 500 MHz) 7.43
(2 H, m, 3-H and 5-H), 7.35 (1 H, m, 4-H), 7.21 2 H, m, 2’-H
and 6'-H), 4.84 (1 H, dd, J 6.8 and 1.9, 6-H), 3.27 (1 H, m, 7-H),
2.99 (1 H, m, 4-H), 2.95 (1 H, dd, J 7.9 and 3.0, 3a-H), 2.90 (1 H,
dd, J 7.6 and 3.3, 7a-H), 1.84 (1 H, m, 8-H), 1.26 (3 H, m, 9-H,
and CH;CHCHj;), 0.94 (3H, d, J 6.3, CH;CHCH;), 0.89 (9 H, s,
SiC(CH,);),0.87(3H,d, J 6.6, CH;CHCH), 0.12 (3 H, s, SiCH};)
and 0.09 (3 H, s, SiCH;); some short distances identified by NOE:
3a-H to 8-H, 6-H to 7-H, 7-H to 7a-H, 7-H to CH;CHCHj; and
7a-H to 8-H; d. (CDCl;, 125 MHz) 178.3, 177.6, 154.9, 132.3,
129.1, 128.5, 126.6, 98.3, 46.5, 45.4, 44.2, 39.2, 35.6, 33.4, 31.8,
25.7,21.3,20.6, 18.0, —4.3 and —4.6.

(1R*,4S8*,TR*)-5-[(1,1-Dimethylethyl)dimethylsilyloxy]-7-
(methylethyl)bicyclo[2.2.2]oct-5-ene-2,2,3,3-tetranitrile 19. By a
procedure similar to that for 18, 19 was obtained from TCNE
and 17 in 23% yield after 48 h at RT An equal amount of 17 was
recovered. For 19: colourless solid, 4 (CsDsN, 500 MHz) 5.52
(1 H,d,J 68, 6-H), 412 (1 H,d, J 7.4, 1-H), 3.84 (1 H, br s,
4-H), 2.49 (1 H, m, 8-H), 2.12 (1 H, m, 7-H), 1.51 (1 H, m, 8-H),
1.33 (1 H, m, CH,;CHCH,), 1.02 (9 H, s, SiC(CH,;),), 0.94 3 H,
d, J 7.1, CH;CHCH,), 0.81 3 H, d, J 6.7, CH;CHCH,), 0.44
(3 H, s, SiCHj;) and 0.34 (3 H, s, SiCH;); some short distances
identified by NOE: 1-H to 6-H, 1-H to 7-H, 1-H to CH;CHCHy,
6-H to CH;CHCH;, 7-H to 8-H,,,, 8-H.,,, to CH;CHCH; and
CH,;CHCHj; to SiOC(CH,)s; d¢ (CsDsN, 125 MHz) 155.7, 114.6,
114.1 (2 ©), 113.6, 100.0, 47.5, 47.3, 45.5, 45.0, 39.9, 33.6, 27.3,
25.9,20.9, 20.1, 18.5, —4.4 and —4.7.

(5R*,85*,108*)-6-[(1,1-Dimethylethyl)dimethylsilyloxy]-5,8-di-
hydro-9-(methylethyl)-2-phenyl-5,8-ethano-1H-[1,2,4]-triazolo[1,2-
alpyridazine-1,3(2H)-dione 20. Crude 20 was obtained almost
immediately upon addition of PTAD to a CH,Cl, solution of 17
at RT. The crude product was contaminated with unidentified
material. Repeated crystallization from CH,Cl,~hexanes gave a
small amount (11%) of 20 as colourless crystals: mp 121-122 °C;
ou (CDCl;, 500 MHz) 7.44 (4 H, narrow m, phenyl), 7.26 (1 H, m,
4-H), 5.15(1 H, dd, J 3.0 and 6.5, 7-H), 4.96 (1 H, dd, J 2.5 and
6.5, 8-H), 4.67 (1 H, narrow m, 5-H), 2.32 (1 H, m, 10-H), 1.88

(1 H, m, 9-H), 1.42 (1 H, m, 10-H), 1.26 (1 H, m, CH;CHCH,),
1.00 (3 H, d, J 6.8, CH;CHCH,), 0.92 (3 H, overlapped but
presumed d, CH;CHCH;), 0.92 (9 H, s, SiC(CH;);), 0.17 (3 H, s,
SiCH;) and 0.15 (3 H, s, SiCHj;); some short distances identified
by NOE: 5-H to 10-H,,., 5-H to 10-H,,,, 7-H to 8-H, 7-H to
10-H,,,, 7-H to CH;CHCH;, 8-H to 9-H, 9-H to 10-H,,, and
10-H,,, to CH;CHCH;; 6. (CDCl;, 125 MHz) 156.3, 156.1,
154.4,131.8, 129.3, 128.3, 125.7, 98.1, 56.0, 54.5, 43.7, 32.6, 29.9,
25.8,21.0,20.2, 18.2, —4.3 and —4.7.
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Three new S-arylethynyl-2'-deoxyuridines containing bulky aryls have been prepared and tested against
HSV-1 in Vero cells. The introduction of a substituent in the phenyl group of an inactive compound,
S-phenylethynyl-2'-deoxyuridine, leads to the appearance of anti-HSV properties. The most active
compounds are those containing a polycyclic aromatic hydrocarbon residue attached to the 5 position

of 2’-deoxyuridine through a rigid triple bond.

Introduction

The Herpes simplex virus type 1 (HSV-1) belongs to a group of
viruses for which vaccines are not developed yet. The known anti-
HSV-1 drugs (e.g. acyclovir (ACV), brivudin) are inhibitors of
viral DNA polymerase.! The search for new antiviral compounds,
especially those having a different mechanism of action, is
important in terms of potential treatment of diseases caused by
drug-resistant strains of HSV-1.

The first S5-arylethynyl-2'-deoxyuridine, 5-phenylethynyl-2'-
deoxyuridine 1, was prepared more than two decades ago and
showed no activity against HSV-1.> Recently, we found that 5-
arylethynyl-2'-deoxyuridines with bulky aryl substituents are able
to inhibit HSV-1 replication in Vero cell culture; for instance,
nucleoside 2 displays considerable activity (IDs, 7.8 pg cm~?) along
with moderate cytotoxicity (CDs, 250 ug cm™ for Vero cells).
Interestingly, compound 2 retains pronounced activity against the
ACV-resistant strain of HSV-1 (IDs, 31.2 ug cm™).> The rigid
ethynyl connection of an aryl to uracil seems to be a crucial
feature for biological activity: the introduction of a flexible spacer
between aryl and triple bond usually increases the cytotoxicity and
dramatically reduces the antiviral activity. For example, nucleoside
3 containing an additional CH,OCH, spacer as compared to

“Shemyakin-Ovchinnikov Institute of Bioorganic Chemistry, Miklukho-
Maklaya 16/ 10, Moscow, 117997, Russia. E-mail: korshun@mail.ibch.ru;
Fax: +7 4953306738, Tel: +7 4953306738

*Ivanovsky Institute of Virology, Gamalei 16, Moscow, 123098, Russia
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compound 2, shows CDs, 62.5 pg cm~ and no detectable activity
against HSV-1 below this concentration* (¢f. Table 1).

There are no obvious structural reasons to anticipate that 5-
(perylen-3-ylethynyl)-2'-deoxyuridine 2 is phosphorylated in cells
with cellular or HSV-1 thymidine kinases much faster than
nucleosides 1 and 3 (it is known that the increase of the size of
the 5-substituent R in 5-R-2'-deoxyuridines generally decreases
their binding to HSV-1 thymidine kinase®). It is also doubtful
that the 5'-triphosphate of 2 is a better substrate for viral DNA
polymerase. Hence, the usual, so-called nucleoside way of virus
inhibition,! is unlikely for compound 2. Perhaps, a non-nucleoside
mechanism® is the case here, and the HSV-1 DNA polymerase is
not a target.

This makes reasonable the search for antiviral nucleosides
among analogues of 2 in order to reveal the structure-activity
relationship and to elucidate comprehensively their antiviral
action mechanism. It was also of interest, whether the introduction
of a substituent into the phenyl ring in 1 can render it active against
HSV-1.

In this article we describe the synthesis of nucleosides 4-6 and
evaluation of their activity against HSV-1. The nucleoside 4 differs
from 1 by the presence of the adamantyl group in the phenyl ring,
and the nucleoside 5 contains a trityl group. The nucleoside 6
contains a flat and bulky tricyclic anthracene residue instead of a
phenyl one. The comparison of cytotoxicity and antiviral activity
of compounds 4-6 will allow the discovery of empirical criteria to
help to find new anti-HSV compounds among the 5-arylethynyl-
2'-deoxyuridines.

o (0]
2
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3
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Results and discussion
Synthesis of nucleosides

Phenols 7a,b were converted into corresponding triflates’ 8a,b,
which were reacted with dimethylpropargyl alcohol under con-
ditions of the Sonogashira reaction.® The obtained protected
acetylenes 9a,b were deblocked with potassium hydroxide in the
presence of 18-crown-6 as a catalyst to yield ethynylarenes 10a,b
(Scheme 1).

Acetylenes 10a,b, as well as 10-ethynyl-9-phenylethynylanthr-
acene 11° were coupled with 3',5'-O-(tetraisopropyldisiloxane-
1,3-diyl)-5-iodo-2'-deoxyuridine* under conditions optimized for
nucleosides.” The Markiewicz’ protection of 3’ and 5 hydroxyls
allows easy chromatographic purification of coupling products
13a—c. The silyl group was then removed with triethylamine
trihydrofluoride in THF" to yield the desired nucleosides 4-6
(Scheme 2).

The identity and purity of the final compounds and inter-
mediates were confirmed by high resolution mass spectrometry
(HRMS) and NMR. The signals in "C NMR spectra were
assigned using HMQC and HMBC "H-*C correlations.

The nucleoside 6 is highly fluorescent (Fig. 1). The feature
could probably help to monitor its cellular distribution using
fluorescence microscopy.

Pharmacology

The nucleosides 4-6 were tested for their cytotoxicity and anti-
HSV-1 activity in Vero cells.'? The results are given in Table 1.

300 H
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150 +

Intensity, arb. units
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Fig.1 Normalized emission (solid line, 4., 440 nm) and excitation (dashed
line, A., 505 nm) spectra of nucleoside 6 in MeOH.

In contrast to the parent nucleoside 1, compounds 4-6 show
appreciable anti-HSV-1 activity. This demonstrates that the size
of S-arylethynyl group is important for the biological activity
of 2'-deoxyuridine nucleosides. The introduction of a bulky
substituent of either aliphatic (adamantyl in the nucleoside 4) or
aromatic (trityl in the nucleoside 5) nature in the para-position
of the phenyl ring of the inactive 5-phenylethynyl-2'-deoxyuridine
leads to appearance of HSV-1-inhibiting properties. Adamantyl
derivative 4 is much more cytotoxic and slightly more active than
trityl derivative 5. Anthracene nucleoside 6 shows the highest
anti-HSV-1 activity (even better than 5-(perylen-3-ylethynyl)-2'-
deoxyuridine 2). Nucleosides 4 and 6 display the same activity

b a i b a

i
Ar-OH ———— Ar-OSO,CF;

7a,b 8a,b

11

Scheme 1 Preparation of terminal acetylenes 10a,b from 1-(4-hydroxyphenyl)adamantane (7a) and 4-tritylphenol (7b). Reaction conditions and yields: i)
(CF;S0,),0-Et;N-DCM; 99% (8a), 89% (8b); if) 2-methyl-3-butyn-2-ol-Pd(PPh;),~Cul-Et; N-DMF; 75% (9a), 90% (9b); iif) KOH-18-crown-6-benzene;

77% (10a), 84% (10b).
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Scheme 2 Synthesis of 5-arylethynyl-2'-deoxyuridines. Reaction conditions and yields: /) ArC=CH (10a, 10b, 11)-Pd(PPh;),~Cul-Et;N-DMF; 70%

(13a), 53% (13b), 47% (13c); ii) Et;N-3HF-THF; 81% (4), 73% (5), 77% (6).

Table 1 Cytotoxic and antiviral properties of 5-arylethynyl-2'-deoxy-
uridines in Vero cell culture (ug cm=—)"

HSV-1 HSV-1/ACV®
Compound CDs, 1D, 1Dy 1D, 1Dy
1° — >400 — — —
2¢ 250 7.8 15.6 31.2 62.5
3¢ 62.5 62.5 >62.5 62.5 > 62.5
4 13.8 7.8 15.6 7.8 15.6
5 218.7 31.2 125 >220 >220
6 38.8 3.9 31.2 3.9 31.2
ACV >400 0.45 0.90  >400 >400

“ HSV-1—Herpes simplex virus type 1, strain L,; HSV-1/ACV?—ACV-
resistant strain of HSV-1; CDs,—cytotoxic dose causing 50% growth
inhibition of Vero cells; IDs, and IDys—doses inhibiting the cytopathogenic
effect of virus by 50 and 95%, respectively. * Data for the compounds 1 (in
PRK cell culture),? 2,3 and 3* were taken from the literature.

against ACV-resistant (thymidine kinase deficient) strain of HSV-
1. This supports the assumption that the mechanism of antiviral
action of nucleosides 4 and 6 does not involve their phosphoryla-
tion by viral thymidine kinase. Unfortunately, the nucleoside 6 has
considerable cytotoxicity and therefore its selectivity index (SI) is
approx. 10 (for comparison, for the nucleoside 2 SI is 32).

The data obtained show that 5-arylethynyl-2'-deoxyuridines
with flat and bulky polycyclic aryls reveal pronounced activity
against HSV-1 and thus are promising candidates for mas-
sive antiviral screening. The synthesis of other 5-arylethynyl-2'-
deoxypyrimidine nucleosides is now in progress.

Conclusions

The 5-arylethynyl-2'-deoxyuridines with bulky aryl groups con-
stitute a new class anti-HSV-1 agents. The nucleosides containing
polycyclic aryls show the highest antiviral activity. The compounds
are also able to inhibit the ACV-resistant strain of HSV-1. Further
investigations are needed to find structure—activity and structure—

cytotoxicity relationships and to elucidate mechanism of action
and cellular targets for this class of antiviral nucleosides.

Experimental
Instrumentation

500 MHz 'H and 125.7 MHz "*C NMR spectra were recorded
on a Bruker DRX-500 spectrometer and referenced to CDCI;
(7.25 ppm for 'H and 77.00 ppm for *C) and DMSO-d, (2.50 ppm
for 'H and 39.60 ppm for *C). 'H-3C gradient-selected HMQC
and HMBC spectra were obtained by using 2048 (1,) x 256 (¢,)
complex point data sets, zero filled to 2048 (F,) x 1024 (F))
points. The spectral widths were 13 ppm and 200 ppm for 'H and
BC dimensions, respectively. HMBC spectra were measured with
50 ms delay for evolution of long-range couplings. EI-MS analyses
in positive ion mode were performed using a Finnigan Polaris
Q ion trap mass spectrometer (the temperature of ion source
150 °C, the energy of ionization 70 eV). EI-TOF HRMS and ESI-
TOF HRMS spectra in positive ion mode were obtained using
Micromass LCT reflection TOF mass spectrometer. UV spectra
were recorded using an LKB Ultrospec III spectrophotometer.
The fluorescence spectrum was obtained using a Varian Cary
Eclipse fluorescence spectrophotometer (excitation and emission
slits 5 nm, concentration 2 x 1077 M). Melting points were
determined using a Boetius heating table and are uncorrected.
Analytical thin-layer chromatography was performed on Kieselgel
60 F s, precoated aluminium plates (Merck), spots were visualized
under UV light (254 nm). Silica gel column chromatography was
performed using Merck Kieselgel 60 0.040-0.063 mm.

Reagents and solvents

Reagents obtained from commercial suppliers were used as
received. Triethylamine was from Acros; 4-(1-adamantyl)phenol,
copper(l) iodide, triethylamine trihydrofluoride, 4-tritylphenol
were from Aldrich; trifluoromethanesulfonic anhydride was
from Avocado; 18-crown-6, 2-methyl-3-butyn-2-ol were from

This journal is © The Royal Society of Chemistry 2006
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Fluka. Pd(PPh;)," and 3',5-O-(tetraisopropyldisiloxane-1,3-
diyl)-5-iodo-2"-deoxyuridine* were prepared as described. Solvents
were from Chimmed (Russia), mainly HPLC grade and used
without further purification unless otherwise noted. DCM was
always used freshly distilled over CaH,. THF was distilled over
powdered LiAIH, and stored over 4 A molecular sieves under
nitrogen. DMF was freshly distilled under reduced pressure.

General procedure for the preparation of aryl triflates (8a,b)

To an ice cooled solution or a suspension of the corresponding
phenol (15 mmol) in dry DCM (100 cm?®), Et;N (12.5 cm?,
90 mmol) and trifluoromethanesulfonic anhydride (5.05 cm?,
30 mmol) were added. The mixture was stirred for 30 min, then
warmed to room temperature and filtered through a silica gel
layer (5 cm). The latter was washed several times with toluene; the
resulting solutions were combined with filtered reaction mixture
and evaporated. The residue was chromatographed on silica gel in
toluene.

1-(4-Trifluoromethanesulfonyloxyphenyl)adamantane (8a).
Compound 8a was prepared from 4-(1-adamantyl)phenol, yield
5.35 g (99%); colourless crystals. Ry 0.57 (5% EtOAc in hexane
(v/v)), mp 59-60 °C (methanol). EI MS: m/z = 360 [M]*, calc.
for [C};HyF;0;S]* 360. EI-TOF HRMS: m/z = 360.1014 [M]*,
calc. for [C};H,yF;0;S]* 360.1002. "H NMR ([D]DMSO): 6, 7.54
(d, 2H, J = 8.8 Hz, ArH); 7.39 (m, 2H, J = 8.8 Hz, ArH); 2.06
(m, 3H, H-3,5,7); 1.86 (m, 6H, H-2,8,9); 1.73 (m, 6H, H-4,6,10).
BC NMR ([Ds]DMSO): 6. 151.8 (Cf); 147.1 (Cc); 127.2 (2C, Ce);
120.9 (2C, Cd); 118.3 (q, 'Jcr = 321 Hz, CF;); 42.4 (3C, C2,8,9);
36.0 (3C, C4,6,10); 35.9 (Cl1); 28.2 (3C, C3,5,7).

4-(Trifluoromethanesulfonyloxy)tetraphenylmethane (8b).
Compound 8b was prepared from 4-tritylphenol, yield 6.23 g
(89%); colourless crystals. R; 0.40 (5% EtOAc in hexane (v/v)),
mp 183 °C (hexane). EI MS: m/z = 468 [M]*, calc. for
[CyH o F;0;S]* 468. EI-TOF HRMS: m/z = 468.1010 [M]", calc.
for [CyH s F;0,S]* 468.1002. '"H NMR (CDClL,): 6y 7.31 (m, 2H,
Hd); 7.27 (m, 6H, Hj); 7.22 (m, 2H, He); 7.16 (m, 9H, Hi,k).
"C NMR (CDCL): é. 147.6, 147.5 (Cc and Cf); 146.0 (3C, Ch);
132.09 (3C, Ck); 131.0 (6C, Ci); 127.7 (6C, Cj); 126.3 (2C, Ce);
120.1 (2C, Cd); 118.7 (q, 'Jcr = 321 Hz, CF;); 64.7 (Cg).

General procedure for the preparation of protected alkynes (9a,b)

To a solution of corresponding triflate (5.0 mmol) and 2-methyl-
3-butyn-2-ol (0.59 cm?®, 6.0 mmol) in dry DMF (30 cm?®) under
argon, Pd(PPh;), (0.58 mg, 0.5 mmol), Cul (0.19 mg, 1.0 mmol)
and triethylamine (1.05 cm®, 7.5 mmol) were successively added,
and the reaction mixture was stirred for 24 h at room temperature.
The mixture was then diluted with EtOAc (200 cm?), washed
with 3% aqueous EDTA-(NH,), (2 x 150 cm®) and water (4 x
150 ¢cm?), dried over Na,SO,, and evaporated. The residue was
chromatographed on silica gel in toluene.

1-[4-(3-Hydroxy-3-methylbutyn-1-yl)phenyl]Jadamantane  (9a).
Compound 9a was prepared from 8a; colourless crystals (0.78 g,
75%). R; 0.39 (toluene-EtOAc, 4 : 1 (v/v)), mp 139 °C (hexane—
toluene). EI MS: m/z = 294 [M]*, calc. for [C, H,O]* 294.
EI-TOF HRMS: m/z = 294.1977 [M]*, calc. for [C,H5O]*
294.1978. '"H NMR ([D4]DMSO): dy 7.32 (m, 4H, J = 8.7 Hz,

ArH); 5.40 (s, 1H, OH); 2.05 (m, 3H, H-3,5,7); 1.83 (d, 6H, J =
2.5 Hz, H-2,8,9); 1.73 (m, 6H, H-4,6,10); 1.45 (s, 6H, CH,). °C
NMR ([D,]DMSO): 5 151.0 (Cf); 131.0 (2C, Ce); 125.0 (2C, Cd);
119.8 (Cc); 95.5 (Ca); 80.4 (Cb); 63.6 (COH); 42.4 (3C, C2.8.9);
36.1 (3C, C4,6,10); 35.9 (C1); 31.7 (2C, CH,); 28.3 (3C, C3,5,7).

4-(3-Hydroxy-3-methylbutyn-1-yl)tetraphenylmethane (9b).
Compound 9b was prepared from 8b; colourless crystals (1.81 g,
90%). R; 0.38 (toluene-EtOAc, 4 : 1 (v/v)), mp 212-213 °C
(hexane). EI MS: m/z = 402 [M]*, calc. for [C;H,O]" 403.
EI-TOF HRMS: m/z = 402.1974 [M]*, calc. for [C;H,O]*
402.1978. '"H NMR (CDCl,): dy 7.32 (m, 2H, Hd); 7.26 (m, 6H,
Hj); 7.23-7.17 (m, 11H, He,i,k); 2.01 (br. s, 1H, OH); 1.62 (s, 6H,
CH;). "C NMR (CDCl): é. 147.2 (Cf); 146.4 (3C, Ch); 131.1
(9C, Ci,k); 130.8 (2C, Cd); 127.6 (6C, Cj); 126.0 (2C, Ce); 120.2
(Cc); 93.8 (Ca); 82.0 (Cb); 65.6 (COH); 64.9 (Cg); 31.5 (2C, CH,).

General procedure for the preparation of terminal alkynes (10a,b)

To a solution of corresponding protected alkyne (5.00 mmol) in
benzene (50 cm?), freshly powdered KOH (0.42 g, 7.50 mmol)
and 18-crown-6 (330 mg, 1.25 mmol) were added under argon.
The mixture was refluxed under argon for 10 min, cooled, filtered
through silica gel (5 cm). The latter was washed several times with
toluene, the resulting solutions were combined with the filtered re-
action mixture and evaporated. The residue was chromatographed
on silica gel in an appropriate solvent.

1-(4-Ethynylphenyl)adamantane (10a). Compound 10a was
purified in hexane; colourless crystals (0.91 g, 77%). R; 0.42
(hexane), mp 116 °C (hexane). EI MS: m/z = 236 [M]*, calc.
for [CisHy]* 236. EI-TOF HRMS: m/z = 236.1563 [M]*, calc.
for [CisHy]" 236.1560. '"H NMR ([D]DMSO): 6y 7.40 (m, 2H,
J =8.3 Hz, ArH); 7.36 (m, 2H, J = 8.3 Hz, ArH); 4.07 (s, 1H,
=CH); 2.05 (m, 3H, H-3,5,7); 1.84 (m, 6H, H-2,8,9); 1.72 (m, 6H,
H-4,6,10). *C NMR ([D;]DMSO): 6 151.8 (Cf); 131.5 (2C, Ce);
125.1 (2C, Cd); 118.9 (Cc); 83.6 (Ca); 80.1 (Cb); 42.3 (3C, C2,8,9);
36.1 (3C, C4,6,10); 35.9 (Cl); 28.3 (3C, C3,5,7).

4-(Ethynyl)tetraphenylmethane (10b). Compound 10b was pu-
rified in toluene; colourless crystals (1.45 g, 84%). R; 0.48 (toluene—
hexane, 1 : 1 (v/v)), mp 192-193 °C (hexane-toluene) (lit.,"* 187—
188 °C). EI MS: m/z = 344 [M]", calc. for [C,;H,]* 344. EI-TOF
HRMS: m/z = 344.1561 [M]*, calc. for [Cy;H,]" 344.1560. 'H
NMR (CDCL): 6y 7.39 (d, 2H, J = 8.5 Hz, Hd); 7.26 (m, 6H,
Hj); 7.21 (m, 11H, He,i,k); 3.05 (s, 1H, =CH). "C NMR (CDCl;):
Jc 147.8 (Cf); 146.3 (3C, Ch); 131.3 (2C, Cd); 131.1 (9C, Ci,k);
127.6 (6C, Cj); 126.1 (2C, Ce); 119.6 (Cc); 83.6 (Cb); 77.1 (Ca);
65.0 (Cyg).

General procedure for the preparation of 3',5'-O-silyl protected
5-arylethynyl-2'-deoxyuridines (13a—c)

To a solution of S5-iodo-3,5-O-(tetraisopropyldisiloxane-1,3-
diyl)-2’-deoxyuridine 12 (1.19 g, 2.00 mmol) and the appropriate
acetylene (2.5 mmol) in dry DMF (30 cm?) under argon Pd(PPh;),
(231 mg, 0.20 mmol), Cul (76 mg, 0.40 mmol) and triethylamine
(560 uL, 4.0 mmol) were successively added, and the reaction
mixture was stirred for 16 h at room temperature. The mixture was
then diluted with EtOAc (200 cm®), washed with 3% aq. EDTA-
(NH,), (4 x 100 cm®) and water (4 x 100 cm?), dried over Na,SO,,
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and evaporated to dryness. The residue was chromatographed on
a silica gel column in appropriate solvent.

3,5 - O-(Tetraisopropyldisiloxane-1,3-diyl)-5-[4-(adamantan-1-
yl)phenylethynyl]-2'-deoxyuridine (13a). Compound 13a was
purified in 10% of EtOAc in chloroform (v/v); yellow amorphous
solid (0.99 g, 70%). R; 0.29 (CHCL;,-EtOAc, 4 : 1 (v/v)). ESI-TOF
HRMS: m/z =705.3943 [M + HJ*, 727.3622 [M + Na]*, calc. for
[C3HssN,O4Si, + H]* 705.3750, [C3oHssN,O4Si, + Na]* 727.3569.
"H NMR ([D4]DMSO): 6, 11.68 (s, IH, NH); 7.92 (s, IH, H-6);
7.38 (m, 4H, ArH); 5.98 (dd, 1H, J, y, = 7.6 Hz, J y; = 2.7 Hz,
H-1'); 4.53 (m, 1H, H-3"); 4.07 (m, 1H, *Jy, 5, = 12.7Hz, Jy 5, =
4.0 Hz, H-5a); 3.94 (m, 1H, *Jy,5, = 12.7 Hz, Jy 5, = 2.9 Hz,
H-5b); 3.74 (m, 1H, H-4); 2.52 (m, 1H, H-2'0); 2.34 (m, 1H, H-
2'B); 2.06 (br. s, 3H, H-3",5",7"); 1.86 (m, 6H, H-2",8",9"); 1.55 (m,
6H, H-47,6",10"); 1.08-0.96 (m, 28H, Pr’). *C NMR ([D,]DMSO):
dc 161.5 (C4); 151.6 (Cf); 149.2 (C2); 143.0 (C6); 131.0 (2C, Ce);
125.1 (2C, Cd); 119.5 (Cc); 98.4 (C5); 92.2 (Cb); 84.4 (C4); 84.2
(C1"); 81.6 (Ca); 68.9 (C3); 60.8 (C5); 42.4 (3C, C2",8",9"); 38.6
(C2); 36.1 (3C, C4,6",10"); 36.0 (C1”); 28.3 (3C, C3",5",7"); 17.4,
17.3 (20), 17.2,17.1, 16.9 (2C), 16.8 (CH,); 12.8, 12.5, 12.1, 12.0
(SiC).

3,5 - O-(Tetraisopropyldisiloxane-1,3-diyl)-5-[4-(triphenylmeth-
yl)phenylethynyl]-2'-deoxyuridine (13b). Compound 13b was
purified in 5% of EtOAc in chloroform (v/v); yellowish amorphous
solid (0.86 g, 53%). R; 0.38 (CHCL;-EtOAc, 4 : 1 (v/v)). ESI-TOF
HRMS: m/z = 813.3857 [M + HJ*, calc. for [CysHssN,O4Si, +
HJ* 813.3750. "H NMR ([D4]DMSO): dy 11.68 (s, IH, NH); 7.93
(s, IH, H-6); 7.38 (d, 2H, J = 8.6 Hz, Ha); 7.31 (m, 6H, Hd); 7.22
(m, 3H, He); 7.17 (d, 2H, J = 8.6 Hz, Hb); 7.13 (d, 6H, J = 7.6 Hz,
Hc); 5.97(dd, 1H, J y», =7.3Hz, J yy; =2.7Hz, H-1'); 4.52 (m,
1H, H-3'); 4.05 (m, 1H, *J g,5, = 12.6 Hz, Jy 5, = 4.2 Hz, H-5a);
3.93 (m, 2H, *J 5,5, = 12.6 Hz, J, 5, = 2.7 Hz, H-5'b); 3.74 (m,
1H, H-4); 2.51 (m, 1H, H-2'a); 2.33 (m, 1H, H-2'p); 1.06-0.94
(m, 28H, Pr). *C NMR ([D{]DMSO): 5. 161.5 (C4); 149.2 (C2);
147.0 (Cf); 146.0 (3C, Ch); 143.4 (C6); 130.8, 130.6 (2C and 2C,
Cd,e); 130.5 (6C, Ci); 127.9 (6C, Cj); 126.2 (3C, Ck); 120.1 (Cc);
98.1 (C5); 91.6 (Cb); 84.4 (C4'); 84.3 (C1); 82.4 (Ca); 69.0 (C3);
64.5 (Cg); 60.9 (C5'); 38.6 (C2); 17.4,17.3 (2C), 17.2, 17.1, 16.9
(2C), 16.8 (CH;); 12.8, 12.5, 12.1, 12.0 (SiO).

3,5 - O-(Tetraisopropyldisiloxane-1,3-diyl)-5-[10-(phenylethyn-
yl)anthracen-9-ylethynyl]-2'-deoxyuridine (13c). Compound 13c
was purified using a gradient of EtOAc (4 — 8%) in CHCI; (v/v);
orange amorphous solid (725 mg, 47%). R; 0.54 (15% EtOAc in
CHCI; (v/v)). ESI-TOF HRMS: m/z = 771.3218 [M + HJ*, calc.
for [C4sH5N,O4Si, + H]* 771.3280. '"H NMR ([D;]DMSO): oy
11.89 (s, 1H, NH); 8.69 (m, 4H, H-1",4",5",8"); 8.25 (s, | H, H-6);
7.88 (m, 2H, Hf); 7.79 (m, 2H), 7.74 (m, 2H) (H-2",3",6",7"); 7.55
(m, 3H, Hg,h); 6.04 (dd, 1H, J,/», = 7.6 Hz, J,/ y; = 2.4 Hz, H-1");
4.62 (m, 1H, H-3); 4.14 (m, 1H, *J 5,5, = 12.5 Hz, Jy 5, = 4.6 Hz,
H-5a); 3.99 (m, 1H, *Jy,5, = 12.5 Hz, Jy 5, = 2.7 Hz, H-5'D);
3.81 (m, 1H, H-4); 2.64 (m, 1H, H-2'a); 2.41 (m, 1H, H-2'B); 1.07-
0.91 (m, 28H, Pr’). *C NMR ([D,]DMSO): d. 161.8 (C4); 149.3
(C2); 143.8 (C6); 131.7 (2C, Cf); 131.4 (2C, C4a”,10a"); 131.0 (2C,
C8a”,9a"); 129.4 (Ch); 129.0 (2C, Cg); 127.8 (2C, C3",6"); 127.4
(2C, C27,7"); 127.0 (2C, C17,8"); 126.8 (2C, C4,5"); 122.3 (Ce);
118.1 (C9”); 117.2 (C107); 102.7 (Cd); 98.3 (C5); 96.1 (Ca); 89.6,
85.8 (Cb and Cc); 85.0 (C4'); 84.6 (C1'); 69.2 (C3'); 61.1 (C5'); 38.6

(C2);17.3,17.2(3C), 17.1, 17.0, 16.9, 16.8 (CH,); 12.8, 12.5, 12.1,
12.0 (SiC).

General procedure for the preparation of 5-arylethynyl-2'-
deoxyuridines (4-6)

To a solution of the corresponding 5-arylethynyl-3',5'-O-(tetraiso-
propyldisiloxane-1,3-diyl)-2'-deoxyuridine 13a—c (1.00 mmol) in
dry THF (3 cm®) in a Teflon flask triethylamine trihydrofluoride
(0.41 cm?®, 2.50 mmol) was added in one portion and the mixture
was left for 12 h at room temperature, then diluted with hexane
(25 cm?). The upper layer was removed, and the residue was washed
with toluene-hexane mixture, 1 : 1 (v/v) (25 cm?®) by decantation,
and the residue was dissolved in chloroform (50 cm?). The solution
was washed with water (3 x 50 cm?), dried over Na,SO,, and
evaporated. The residue was chromatographed on a silica gel
column using gradient of methanol (3 — 6%; v/v) in chloroform.

5-[4-(Adamantan-1-yl)phenylethynyl]-2’-deoxyuridine (4).
Compound 4 was prepared from 13a; colourless crystals (375 mg,
81%). R; 0.45 (CHCl;—methanol, 4 : 1 (v/v)), mp 182-184 °C
(toluene—methanol). ESI-TOF HRMS: m/z = 463.2324 [M +
H]J*, 485.2118 [M + NaJ*, calc. for [C,;H3N,O5 + H]" 463.2227,
[C;;H3N,O5 + Nal* 485.2047. UV (MeOH): A,,, nm (log &)
235 (4.05), 275 (4.17), 289 (4.15); Amw> nm (log &) 266 (4.24),
281 (4.19), 311 (4.30); shoulder, nm (log &) 256 (4.17). '"H NMR
([D]DMSO): 6y 11.65 (br.s, 1H, NH); 8.34 (s, 1H, H-6); 7.40 (m,
4H, Hd.e); 6.13 (apparent t, 1H, Jy », = Jy»3 = 6.4 Hz, H-1');
524 (d, 1H, Jyou = 4.3 Hz, 3-OH); 5.13 (t, IH, Jyon = 4.9 Hz,
5-OH); 4.26 (m, 1H, H-3'); 3.81 (m, 1H, H-4); 3.68-3.55 (m, 2H,
H-5'); 2.16 (m, 2H, H-2'); 2.06 (br. s, 3H, H-3",5",7"); 1.86 (m, 6H,
H-27,8",9"); 1.74 (m, 6H, H-4",6",10"). *C NMR ([D,]DMSO):
dc 161.6 (C4); 151.6 (Cf); 149.6 (C2); 143.8 (C6); 131.1 (2C, Ce);
125.3 (2C, Cd); 119.7 (Cc); 98.5 (CS); 92.1 (Cb); 87.8 (C4'); 85.0
(C1); 82.0 (Ca); 70.1 (C3); 61.0 (C5); 42.5 (3C, C27,8",9"); 40.2
(C27); 36.2 (3C, C4",67,107); 36.1 (C1"); 28.4 (3C, C3",5",7").

5-[4-(Triphenylmethyl)phenylethynyl]-2'-deoxyuridine  (5).
Compound 5 was prepared from 13b; colourless crystals (417 mg,
73%). R; 0.49 (CHCl;—methanol, 4 : 1 (v/v)), mp 285-287 °C with
decomp. (toluene-methanol). ESI-TOF HRMS: m/z = 571.2352
[M + HJ, calc. for [C;H3N,O5 + H]* 571.2227. UV (MeOH):
Amin, 1M (log &) 248 (4.06), 278 (4.22), 292 (4.23); Jumax> Nm (log €)
270 (4.24), 286 (4.24), 313 (4.34). '"H NMR ([D,]DMSO): 5, 11.66
(s, IH, NH); 8.36 (s, 1H, H-6); 7.41 (d, 2H, J = 8.4 Hz, Hd); 7.31
(m, 6H, Hj); 7.22 (m, 3H, Hk); 7.17 (d, 2H, J = 8.4 Hz, He); 7.14
(m, 6H, Hi); 6.12 (apparent t, 1H, Jy»y, = Jy 3 = 6.4 Hz, H-1');
5.24 (m, 1H), 5.12 (m, 1H) (3-OH, 5-OH); 4.25 (m, 1H, H-3);
3.81 (m, 1H, H-4'); 3.64 (m, 1H, *J5,5, = 11.9Hz, Jy 5, = 3.3 Hz,
H-5a); 3.57 (m, 1H, *Jy,5, = 11.9 Hz, Jy5, = 3.3 Hz, H-5'b);
2.15 (m, 1H, H-2). "C NMR ([D{]DMSO): 6 161.5 (C4); 149.6
(C2); 147.1 (Cf); 146.1 (3C, Ch); 144.0 (C6); 130.9, 130.8 (2C and
2C, Cd,e); 130.6 (6C, Ci); 128.0 (6C, Cj); 126.9 (3C, Ck); 120.2
(Cc); 98.3 (C5); 91.6 (Cb); 87.8 (C4'); 85.0 (C1"); 82.7 (Ca); 70.1
(C3'); 64.6 (Cg); 61.0 (C5); 40.3 (C2).

5-[10-(Phenylethynyl)anthracen-9-ylethynyl]-2'-deoxyuridine (6).
Compound 6 was prepared from 13c; orange crystals (407 mg,
77%). R; 0.51 (CHCl3—methanol, 4 : 1 (v/v)), mp > 260 °C with
decomp. (toluene-methanol). ESI-TOF HRMS: m/z = 529.1849
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[M + HJ*, calc. for [C;;H,N,Os + H]* 529.1758. UV (MeOH):
Amin, 1M (log ) 242 (4.19), 287 (4.13), 298 (4.11), 354 (3.11), 450
(4.37); Junax, nm (log &) 272 (4.77), 291 (4.14), 306 (4.26), 440 (4.43),
465 (4.49); shoulder, nm (log ¢) 326 (3.94). Fluorescence, (MeOH):
excitation, A, Nm 449, 462, /..., nm 439, 458, 466; emission, A,
nm 507, An., nm 486, 517. '"H NMR ([Ds]DMSO): 6, 11.83 (s,
1H, NH);8.75 (s, 1H, H-6); 8.71 (d, 2H, J = 8.0 Hz, H-1",8"); 8.67
(d, 2H, J = 7.8 Hz, H-4",5"); 7.89 (m, 2H, Hf); 7.78 (m, 4H, H-
27.3",6",7"); 71.54 (m, 3H, Hg,h); 6.20 (m, 1H, H-1"); 5.30 (m, 2H,
3-OH, 5-OH); 4.35 (m, 1H, H-3'); 3.87 (m, 1H, H-4'); 3.76 (m,
1H, H-5a); 3.68 (m, 1H, H-5'b); 2.33 (m, 1H, H-2'0)); 2.25 (m, 1H,
H-2'B). "C NMR ([D;]DMSO): d. 161.8 (C4); 149.6 (C2); 144.3
(C6); 131.8 (2C, Cf); 131.5 (2C, C4a”,10a"); 131.0 (2C, C8a”,9a");
129.5 (Ch); 129.1 (2C, Cg); 128.0 (2C, C3",6"); 127.7 (2C, C2",7");
127.2 (2C, C17,8"); 126.9 (2C, C4",5"); 122.4 (Ce); 118.2 (C9");
117.1 (C107); 102.8 (Cd); 98.4 (C5); 96.6 (Ca); 89.5 (Cc or Cb);
87.9 (C4'); 86.0 (Cb or Cc); 85.4 (C1"); 69.7 (C3'); 60.8 (C5); 40.5
(C2).

Pharmacology

Cells. TVero cells culture (green monkey kidney cells) was
grown in Eagle’s medium (Institute of Poliomyelitis and Viral
Encephalitides, Moscow, Russia) supplemented with 10% fetal
calf serum (“PanEco”, Moscow).

Viruses. Herpes simplex virus type 1, strain L, (HSV-1) was
from the Laboratory of Virus Museum (Ivanovsky Institute of
Virology, Moscow, Russia). The acyclovir-resistant strain of HSV-
1 was isolated as described elsewhere.'

Cytotoxicity assays. Vero cells in 96-well microtiter plates were
treated with different concentrations of the experimental drugs
(1.4 x 10° cells in 185 uL of the medium per well). Cell cultures were
incubated for 72 h. At the indicated time, the cells were coloured
with Trypan Blue, and the cell number was determined. The 50%
cytostatic concentration (CDs,) was defined as the compound
concentration required to reduce the cell number by 50%.

Antiviral assays. JVero cells were inoculated with various
strains of HSV-1 at an input of 0.1 PFU (plaque formation
units) per cell and then incubated with a medium containing
various concentrations of modified nucleosides for 48 h (95-100%
virus-inducted cytopathicity in the untreated control). Antiviral
activity was expressed as the compound concentration required to

reduce virus-inducted cytopathicity by 50% (IDs,) or 95% (IDys)
compared to untreated control.
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The low aromaticity of phosphole can be switched to low an-
tiaromaticity by oxidizing the phosphorus atom. This subtle
change in the mode of delocalisation alters substantially the
chemical behaviour of these heteroles.

Aromaticity and antiaromaticity are fundamental and fruitful
concepts to rationalise the stability and reactivity of annulenes." In
the case of heterocyclic derivatives, the nature of the heteroatom
usually determines their aromatic or antiaromatic character.'®*
For example, borole A (Scheme 1) is strongly antiaromatic while
pyrrole B exhibits a large aromatic stabilisation.? The aromaticity
of phosphole C (Scheme 1) has long been debated. It is accepted
now that it exhibits a small aromaticity arising from the interaction
of the m-system not with the P-lone pair, but with the exocyclic
o(P-R) bond (hyperconjugation).® In this paper, we show that
this unique situation offers the opportunity to switch from
“slightly” aromatic to “slightly” antiaromatic species by chemical
modification of the P-centre and that this switch has a considerable
impact on the chemical properties of these heterocycles.
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Scheme 1  Conditions: i, 3a: refluxing xylene, Et,NH, 1 day; 3b: refluxing

xylene, Et,NH, 4 h; 3¢, d: 40 °C, THF, 2 days. Dotted lines show the
connectivity of the R' substituents.

Phosphole-based derivatives la—¢ (Scheme 1) have recently
emerged as a novel class of t-conjugated systems.* One drawback
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of these assemblies is their relatively low thermal stability which is
probably due to the isomerisation of the 1 H-phosphole hearts into
very reactive 2 H-phospholes.® Interestingly, 6*-thiophospholes 2a,
b (Scheme 1) exhibit higher thermal stability allowing these com-
pounds to be used as multifunctional materials for OLEDs.* This
is likely due to the fact that the 1 H-phosphole — 2H-phosphole
isomerisation process is less favoured for 6*-phospholes.®® Hence,
chemical oxidation of the P-centre is a clue towards the opti-
mization of the physical properties of these P-materials towards
optoelectronic applications and we have tried to extend this
methodology to other phosphole-based oligomers.

In contrast to what is observed in the thienyl and phenyl
series, oxidation of the P-atom of 2-pyridyl- and 4-pyridyl-capped
phospholes 1¢, d (Scheme 1) results in a decrease of their thermal
stability. For example the decomposition temperature in the solid
state, as estimated by thermogravimetric analysis, of o°-phosphole
1c is 210 °C against 145 °C for its o*-derivative 2¢. The same
trend is observed in solution. c*-Phospholes ¢, d are stable in
refluxing THF for weeks. In contrast, in THF at 40 °C, o*-
thiophospholes 2¢, d quantitatively transform within two days into
the corresponding phospholenes 3¢, d (Scheme 1). The structure
of these novel derivatives was established by multinuclear NMR
spectroscopic data (Table 1), high resolution mass spectrometry
and elemental analysis. For example, the "C{"H}NMR spectra
of the diastereoisomeric mixture of 3¢ shows two doublets due
to a PCH moiety (+55.4 ppm, Jyc = 51.3 Hz and +59.9 ppm,
Jpe = 51.1 Hz) and only three remaining signals assignable to
the CH, groups of the fused carbocycle. These NMR data are
very similar to those of structurally related free or coordinated o°-
phospholenes.® Tt is interesting to note that two diastereoisomers
are also observed for 3d at low conversion (*'P NMR: §, +64.8
and +66.2). However, after completion of the reaction only one
is obtained (Table 1) indicating a thermodynamically controlled
process. These results prompted us to reinvestigate the thermal
behaviour of 2-thienyl- and phenyl-capped o*-thiophospholes 2a,
b (Scheme 1) in detail. These compounds are stable in refluxing
xylene (138 °C) for days. It is likely that the pyridine groups of 2¢, d,
acting as a base, can catalyse the 1,3-shift leading to phospholenes
3¢, d via the formation of an allylic anion [Scheme 2, eqn (1)].%™

Table 1 Selected NMR Data (CD,Cl,) for phospholenes 3a—d

P-CH

%P, ppm J'H, ppm (Jpy, Hz) d BC, ppm (Jpc, Hz)
3a +65.8/+64.6 5.41 (13.6)/4.90 (20.0) 54.6 (56.1)/54.3 (51.2)
3b 4669 4.66 (22.7) 59.6 (52.6)
3c +66.4/+64.8 5.02 (16.5)/74.82 (11.8) 59.9 (51.1)/55.4 (51.3)
3d +64.8 4.45(10.8) 54.0 (50.3)
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Scheme 2 Possible isomerisation mechanisms.

Hence, an excess of diethylamine was added to the refluxing xylene
solution of 2a, b. Indeed, under these harsh reaction conditions,
the formation of the corresponding phospholenes 3a, b is observed
(Scheme 1, Table 1). The conversion of 2a is not complete (yield
ca. 50%) whereas 2b is quantitatively transformed into 3b.
Related ’-phosphole-c*-phospholene isomerisation is known
to proceed in the coordination sphere of transition metals.*” How-
ever, this type of o*-phosphole-c*-phospholene transformation is
unprecedented. In order to get more insight into this surprising iso-
merisation, quantum chemical calculations (B3LYP/6-31+G*)?
were carried out for the 2-thienyl- and 2-pyridyl-capped series.
Indeed, they revealed that o*-thiophosphole 2¢ is less stable than
c*-thiophospholene 3¢ by 1.3 kcal mol™!, while 2a is somewhat
(by 0.9 kcal mol™') more stable than 3a. These results are in
agreement with the experimental facts that the isomerisation is
almost quantitative for 2¢ and only partial for 2a (conversion ca.
50%). Furthermore, these calculations show that one of the two
diastereoisomers of 3¢ (the one with a relative trans arrangement
of the sulfur at P and of the pyridyl group) is more stable than the
other one by 3.4 kcal mol™". This rationalizes that, in some cases
(Table 1), only one diastereoisomer is obtained at high conversion.
To understand the origin of these effects and the isomerisation
mechanism, the parent ring has been investigated. The o°-
phosphole 4a (Table 2) is more stable than its 2-phospholene
isomer 5a by ca. 5 kcal mol™! (Table 2). In contrast, o*-
thiophosphole 4b (Y = S) is slightly less stable than its phospholene
isomer Sb (Table 2). Oxidation of the P-atom results in an
inversion of the phosphole—phospholene thermodynamic stability.
Note that (i) all o*-phospholes 4¢c—e are also less stable than the
corresponding phospholenes 5c—e and (ii) the relative stability of
4b—e decreases when the electronegativity of Y increases (series
b/c, series d/e). The activation energy for the non-catalysed 4b—
e — 5Sb—e transformation via a monomolecular [intramolecular
1,3-H shift, Scheme 2, eqn (2)] and a bimolecular [intermolecular
H-transfer + isomerisation, Scheme 2, eqn (3)] processes is 85-89
kcal mol™" and 47-55 kcal mol™', respectively, depending on the
nature of Y (Table 2). These high energy barriers discard these two
reaction paths since the isomerisation of 2¢, d into 3¢, d (Scheme 1)
occurs at 40 °C, and there is no reason to believe that the presence
of the R' substituents would lower these barriers considerably.
It is thus probable that the isomerisation mechanism involves an

Table 2 AE: Relative energies of 4a—e and 5a—e; E(TS2) and E(TS3):
relative energy of the transition states (6a—e) in reaction (2) and (7a—e) in
reaction (3) (Scheme 2) with respect to 4a—e. B3LYP/6-311+G** energies
in normal text and CCSD(T)/cc-PVDZ//B3LYP/6-311+G** energies
(all in kcal mol™') in bold text. Bird aromaticity indices (BI), nucleus
independent chemical shifts (NICS) and ISEc homodesmotic B3LYP/6-
311+G** reaction energies (kcal mol™") for 4a—e

CH CH CH CH
£ e bk FHa
Iy 0y 0 |
5 S e Sw

; Yy’ H 4 Yy’ H
4a H 4b-e 5a 5b-e

b:Y=S;c:Y=0;d: Y=CHy e: Y=NH

AE E(TS2)  E(TS3)  ISEc  BI/NICS
4a 47/5.2 87.7 552 —26  44/-55
4b —23/-09  86.0 49.1 44 33/-21
4¢ -36/-19  86.1 51.5 57 31/-1.0
ad —24/-05  88.6 46.8 45  25/-15
4e -32/-16 854 51.5 53 32/-1.1

intermediate allylic anion®™ [Scheme 2, eqn (1)] as supported by
the fact that this reaction is base-catalysed in the case of 2a, b
(Scheme 1). Hence, the conclusions of this theoretical study fit
nicely with all the experimental observations.

The next question was to elucidate what is the driving force
of the above isomerisation? Schleyer has recently shown that
the energy difference between a conjugated ring with a methyl
substituent and its isomer with exocyclic double bonds (termed
as isomeric stabilisation energy, ISE) is an excellent measure
of aromatic stabilisation, if corrected by the diene anti—syn
mismatches between the cyclic conjugated system and its isomer.’
The correction is in fact included in the homodesmotic reaction
[see eqn (4)] energy termed here as ISEc. The ISEc results (Table 2)
show that o®-phosphole 4a exhibits a slight aromatic stabilization,
while all the o*-phospholes 4b—e are slightly antiaromatic!

CHg CH, CHz CH3
/ /
/ » ] H— /) \H //ﬁ\
1 + < Z + Yo (eq.4)
At A H //P\A H \/\/
Y H H H Y H H H
4a-e 5a-e
Y = lone pair (a), O (b), S (c), CH; (d), NH (e) 4

Since the ISEc energies are small, we investigate further
aromaticity measures to gather additional evidence about the
change in the aromaticity upon P-oxidation of ¢*-phospholes. We
selected the Bird indices,' a geometric criteria, and the NICS(0),"
a magnetic criteria. The Bird index of 4a is considerably larger
than for 4b—e (Table 2). Phosphole 4a itself has a moderately small
negative NICS, while NICS values for o*-phospholes'? 4b—e are
more positive by 3—4 ppm. Hence, both criteria show a similar
tendency: 6>-phosphole 4a has a small aromaticity, which is shifted
towards a small antiaromaticity in the case of o*-phospholes
4b—e. All these data suggest that the inversion of phosphole—
phospholene stability upon oxidation of the P-atom is due to an
aromatic—antiaromatic switch.

It is noteworthy that the antiaromatic character of the o*-
phospholes 4b—e increases with the electronegativity of the Y
fragment (Table 2). This behaviour is formally understandable,
considering the ylide form of the Y=P bond (« Y -P*).
The presence of a positively charged phosphorus results in a
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cyclopentadienide cation-like structure, which is antiaromatic,
explaining the destabilization of the 6*-phospholes. In other words,
the positive partial charge at phosphorus, which increases with
the increasing electonegativity of the Y substituent, lowers the
energy of all orbitals at phosphorus. This prevents the interaction
of the endocyclic m-system with the occupied orbitals of the P-
fragment, while the interaction with the unoccupied c* orbitals
(electron demand) is getting more important resulting in an
antiaromatic character. This electronic situation is reminiscent of
what is observed for 1,1-difluorocyclopentadiene which is also
an antiaromatic species.”® It is also worth mentioning that the
aromaticity of the ring carbomers of phosphole and that of
phosphole oxide has recently been investigated, and for C,;,H,PHa
strong antiaromaticity, while for the phosphole oxide C,,H,P(O)H
a moderate aromaticity has been observed.

It is clear that the aromaticity of heterocycles such as A
and B (Scheme 1) can be influenced by variation of sub-
stituents of the heteroatom. However, the case of the phosphole
(aromatic-antiaromatic switch) is unique, even in P-heterocycle
chemistry. For example, c*-phosphabenzene is highly aromatic,
while the o*-phosphabenzene was shown to be slightly (with
H or alkyl substituent) to significantly (with halogen or OR
substituents) aromatic.3'* Thus, variation of substituents reduces
but not suppresses aromaticity as illustrated by the fact that
o*-phosphabenzene derivatives have reduced Wittig-reactivity in
comparison with their saturated counterparts,'® in agreement with
an aromatic energetic stabilization.

In conclusion, oxidation of the P-atom of slightly aromatic
o’-phospholes affords o*-derivatives exhibiting a small antiaro-
matic character. Although this switch in aromatic-antiaromatic
stabilisation is small, it has a significant impact on phosphole
properties. Firstly it destabilises o*-derivatives 2a—d with respect
to their phospholene isomers 3a—d. Secondly, since the aromatic
character of building blocks is a crucial parameter influencing the
HOMO-LUMO gap of n-conjugated systems,'” it is very likely
that this aromatic—antiaromatic balance is at the origin of the
tuning of optical properties of phosphole-based oligomers upon
P-modifications.*

We thank the CNRS, the MNERT and OTKA T 049258.
Support from the Scientific and Technological French-Hungarian
Bilateral Cooperation (BALATON program) is also acknowl-
edged.

References

1 (a) P. v. R. Schleyer, Chem. Rev., 2001, 101, 1115; (b) A. R. Katritzky,
K. Jugand D. C. Oniciu, Chem. Rev.,2001, 101, 1421; (c) A. T. Balaban,
D. C. Oniciu and A. R. Katritzky, Chem. Rev., 2004, 104, 2777,
(d) P. v. R. Schleyer, Chem. Rev., 2005, 105, 3433.

2 M. K. Cyranski, P. v. R. Schleyer, T. M. Krygowski, H. Jiao and G.
Hohlneicher, Tetrahedron, 2003, 59, 1657.

3 (a) Phosphorous-Carbon Heterocyclic Chemistry: The Rise of a New
Domain, ed. F. Mathey, Pergamon, Oxford, 2001; (b) L. Nyulaszi,
Chem. Rev., 2001, 101, 1229; (¢) W. Schéfer, A. Schweig and F. Mathey,
J. Am. Chem. Soc., 1976, 98, 407; (d) D. Delare, A. Dransfeld, M. T.
Nguyen and L. G. Vanquickenborne, J. Org. Chem., 2000, 63, 2631;
(e) E. Mattmann, F. Mathey, A. Sevin and G. Frison, J. Org. Chem.,
2002, 67, 1208; W. Egan, R. Tang, G. Zon and K. Mislow, J. Am. Chem.
Soc., 1971, 93, 6205. Note that phospholes with planar tricoordinate
phosphorus are aromatic species:; L. Nyulaszi, J. Phys. Chem., 1995,

99, 586; L. Nyulaszi, Tetrahedron, 2000, 56, 79; F. G. N. Cloke, P. B.
Hitchcock, P. Hunnable, J. F. Nixon, L. Nyulaszi, E. Niecke and V.
Thelen, Angew. Chem., Int. Ed., 1998, 37, 1083.

4 (a) C. Hay, M. Hissler, C. Fischmeister, J. Rault-Berthelot, L. Toupet,
L. Nyulaszi and R. Réau, Chem.—Eur. J., 2001, 19, 4222; (b) C. Hay,
C. Fave, M. Hissler, J. Rault-Berthelot and R. Réau, Org. Lett., 2003,
5, 3467; (¢) C. Fave, T.-Y. Cho, M. Hissler, C.-W. Chen, T.-Y. Luh,
C.-C. Wu and R. Réau, J Am. Chem. Soc., 2003, 125, 9254; (d) C.
Fave, M. Hissler, T. Karpati, J. Rault-Berthelot, V. Deborde, L. Toupet,
L. Nyulaszi and R. Réau, J. 4m. Chem. Soc., 2004, 126, 6058; (¢) M.
Hissler, P. Dyer and R. Réau, Topics in Current Chemistry New Aspects
in Phosphorus Chemistry V, Springer, Berlin, 2005.

5 (a) F. Mathey, Acc. Chem. Res., 2004, 37, 954; (b) C. Charrier, H.
Bonnard, G. de Lauzon and F. Mathey, J. Am. Chem. Soc., 1983, 105,
6871.

6 (a) F. Leca, M. Sauthier, B. Le Guennic, C. Lescop, L. Toupet, J.-F.
Halet and R. Réau, Chem. Commun., 2003, 14, 1774; (b) F. Leca, C.
Lescop and R. Réau, Organometallics, 2004, 23, 6191.

7 (a) N. H. Tran Hyu and F. Mathey, Organometallics, 1994, 13, 925;
(b) K. D. Redwine and J. H. Nelson, Organometallics, 2000, 19, 3054.

8 Computations were carried out by the Gaussian 98 suite of programs
(M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A.
Robb, J. R. Cheeseman, V. G. Zakrzewski, J. A. Montgomery, Jr., R. E.
Stratmann, J. C. Burant, S. Dapprich, J. M. Millam, A. D. Daniels,
K. N. Kudin, M. C. Strain, O. Farkas, J. Tomasi, V. Barone, M.
Cossi, R. Cammi, B. Mennucci, C. Pomelli, C. Adamo, S. Clifford,
J. Ochterski, G. A. Petersson, P. Y. Ayala, Q. Cui, K. Morokuma,
D. K. Malick, A. D. Rabuck, K. Raghavachari, J. B. Foresman, J.
Cioslowski, J. V. Ortiz, B. B. Stefanov, G. Liu, A. Liashenko, P.
Piskorz, I. Komaromi, R. Gomperts, R. L. Martin, D. J. Fox, T.
Keith, M. A. Al-Laham, C. Y. Peng, A. Nanayakkara, C. Gonzalez, M.
Challacombe, P. M. W. Gill, B. Johnson, W. Chen, M. W. Wong, J. L.
Andres,C. Gonzalez, M. Head-Gordon, E. S. Replogle and J. A. Pople,
GAUSSIAN 98, Revision A.5, Gaussian, Inc., Pittsburgh PA, 1998) at
the B3LYP/6-311+G** level of the theory. All structures were fully
optimized, and the nature of the stationary points obtained (minima
or first order saddle point) was characterised by calculation of the
second derivatives matrix (having zero or one negative eigenvector,
respectively). Subsequent CCSD(T)/cc-PVDZ//B3LYP/6-311+G**
calculations were also carried out to obtain improved relative energies
for4and 5. 6a—e, 7a—e were computed at B3LYP/6-31+G*//B3LYP/3-
21G*.

9 P. v. R. Schleyer and F. Puhlhofer, Org. Lett., 2002, 4, 2873; M. K.
Cyranski, Chem. Rev., 2005, 105, 3773.

10 Bird indices with a 0 to 100 (fully aromatic) scale were calculated

by using the original procedure of Bird (C. W. Bird, Tetrahedron,

1985, 41, 1409). The bond lengths used for the Gordy equation (; W.

Gordy, J. Phys. Chem., 1947, 15, 305) were obtained by calculating

the B3LYP/6-31+G* bond lengths of the simplest single and double

bonded molecules (in case of the CC bond ethane and ethene,
respectively).

The NICS (P. v. R. Schleyer, C. Maerker, A. Dransfeld, H. Jiao and N.

v. E. Hommes, J. Am. Chem. Soc., 1996, 118, 6317) is the negative of

the computed magnetic shielding at the centre of the ring. The NICS

of cyclopentadiene is —3.1 (see ref. 12); Z. Chen, C. S. Wannere, C.

Corminboeuf, R. Puchta and P. v. R. Schleyer, Chem. Rev., 2005, 105,

3842.

12 Without discussing the aromaticities, the NICS valuse of the bis-thienyl
capped and that of the bis-pyridyl capped phosphole, its oxide and
sulfide has been reported, with similar values as in our study.D. Delaere,
M. T. Nguyen and L. G. Vanquickenborne, J. Phys. Chem. A,2003,107,
838.

13 L. Nyulaszi and P. v. R. Schleyer, J. Am. Chem. Soc., 1999, 121, 6872.

14 In “carbomers” a —C=C- unit is inserted in each bond in the ring. C.
Lepetit, V. Peyrou and R. Chauvin, Phys. Chem. Chem. Phys., 2004, 6,
303.

15 L. Nyulaszi and T. Veszprémi, J Phys. Chem., 1996, 100, 6456;
Z.-X. Wang and P. v. R. Schleyer, Helv. Chim. Acta, 2001, 84,
1578.

16 G. Markl, Angew. Chem., Int. Ed. Engl., 1963, 2, 153.

17 (a) J. Roncali, Chem. Rev., 1997,97, 17; (b) M. Kertesz, C. H. Choi and
S. Yang, Chem. Rev., 2005, 105, 3448.

1

—_

998 | Org. Biomol. Chem., 2006, 4, 996-998

This journal is © The Royal Society of Chemistry 2006






PAPER

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

Improved syntheses of bis(B-cyclodextrin) derivatives, new carriers for

gadolinium complexes

Silvio Aime,* Eliana Gianolio,* Giovanni Palmisano,” Bruna Robaldo,® Alessandro Barge,® Luisa Boffa¢ and

Giancarlo Cravotto**

Received 1st December 2005, Accepted 10th January 2006
First published as an Advance Article on the web 25th January 2006
DOI: 10.1039/b517068k

In the last decade a number of reports have been published on the synthesis and characterization of
bridged cyclodextrin dimers (bis-CDs) connected with linkers of different lengths and structures. These
dimers, having two hydrophobic cavities in close proximity, display much higher binding affinities and
molecular selectivities than parent CDs, forming stable supramolecular adducts. We describe new
synthetic protocols for the preparation of bis(f-CDs) bearing 2-2’, 3-3" and 66’ bridges. Some of the
critical steps were carried out either under high-intensity ultrasound (US) or microwave (MW)
irradiation. Bis(B-CDs) containing 66" ureido- and thioureido-bridges were prepared in high yields by
a MW-promoted aza-Wittig reaction using polymer-bound triphenylphosphine, while those containing
2,2" and 3,3 bridges were prepared from mono-alkenyl B-CDs by the cross-metathesis reaction
(homodimerization) in the presence of 2™-generation Grubbs catalyst under sonochemical conditions.
By these improved protocols CD dimers could be obtained in gram amounts to prepare stable adducts
of bis-CDs with contrast agents (CAs) containing gadolinium(11r) chelates. In the case of Gd(1) chleate
“G-1” the inclusion complexes were found to be 2 to 3 orders of magnitude more stable than that
formed by B-CD (K, = 4.3 x 10* M~' vs 8.0 x 10> M™"). Relaxivity increased as well by factors of 3 and

4, viz. from 9.1 mM~" s7!' (B-CD) to 27.7 and 35 mM~ s,

Introduction

Cyclodextrins (CDs) play important roles in chemical, biological
and pharmaceutical technology; among their numerous applica-
tions they are used for analytical separations,' in enzyme mimics,?
asdrug carriers® and to deliver diagnostic agents.** CDs are among
the most promising and widely employed oligosaccharide hosts
for drug complexation, as CD-encapsulated drugs usually have a
better bioavailability, a longer half-life in the body, unhindered
excretion and no extra toxicity.® When they are used to host
contrast agents (CAs), the resulting complexes have a much
larger molecular mass; moreover the change from a quasispherical
molecular shape (such as that of the classic [GdADOTA]-complex)
to the more irregular shape of the CD:[GdDOTA]-complex,
resulting in a slower rotation in water,” will enhance contrast.
However, data published to date have shown but a poor binding to
CDs of lanthanide(111) chelates with polyazamacrocyclic ligands.
In fact even y-CD, the largest commercially available member of
the family, is too small to fully include these CAs; as the guest is
only partially lodged in it, a weak complex results. To overcome
the snag one might use substituted y-CDs that associate more
efficiently with the CA,? or resort to CD dimers in association with
CAs bearing at least two substituents (e.g. two phenyl or cyclohexyl
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groups) that can bind firmly to a B-CD unit. If the dimers are
to display two binding sites per molecule, the two CD units
must be connected with an appropriate spacer. Cooperative
interactions between the two sites may then occur, resulting in
significantly higher binding constants compared to the monomeric
species.’

Since the pioneer works of Tabushi'® and Harada'' much effort
has been devoted to making bis-CDs with a variety of functional
tethers.””* Although the synthesis and properties of bis-CDs that
are linked through their primary face (positions 6) are well doc-
umented, few reports have appeared to date on dimers connected
through their secondary face (positions 2 and 3)."*"” The latter are
actually harder to prepare because selective mono-substitution is
not so easily achieved on the secondary as on the primary side
and, moreover, their isolation has proved more troublesome.'®
While selective 6-monosubstitution can usually be achieved via
monotosylation, monosubstitution on the secondary face is not
straightforward, the resulting products generally requiring time-
consuming chromatographic purifications. Recently we described
the preparation of 2,2’ bis-CDs from 6-O-TBDMS-B-CD through
the monotosyl and 2-monoazido derivatives, to end with an aza-
Wittig reaction by treatment with CS, and triphenylphosphine
(PPh;)."” These dimers were linked by a thioureidic unit directly
connected to the secondary rims. Although this synthetic
procedure is very efficient, it suffers from the drawback of residual
PPh; remaining trapped in the dimer cavities as a stable inclusion
complex. The improved procedure presented here overcomes the
hurdle by employing polymer-bound PPh; under MW irradiation,
resulting in much shorter reaction times and higher yields
(Scheme 1).
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Scheme 1 Synthesis of the 66" ureido- (1) and thioureido-tethered (2) bis-CDs.

The key step in our synthesis of 2,2 and 3,3’ bis-CDs is the
metathesis reaction (homodimerization) with ruthenium catalysts,
which we carried out under sonochemical conditions, reducing the
reaction time (2 h vs. 8 h under conventional conditions) without
significantly improving yields (Scheme 2). Olefin metathesis is
now established as an important reaction of wide application in
synthetic organic chemistry,” the most commonly used catalysts
being first- and second generation Grubbs (Ru) reagents. The
tethering of two B-CD molecules with chains of different lengths
can afford a wide range of bis-CDs differing only in the spacing.

We are investigating all these water-soluble bridged bis(f-CDs)
as host molecules for CA-adducts containing gadolinium(Iir)
chelates, and their fully substituted derivatives 6-O-TBDMS, 2,3-
Me-B-CD as chiral selectors for enantioselective gas chromatog-
raphy (GC).

Results and discussion

In the present work we improved the synthetic protocols for the
preparation of 2-2’, 3-3" and 6-6' bis(-CDs), testing the critical
steps both under high-intensity ultrasound (US)* and under
MW irradiation.?" These techniques, that often complement each
other, have emerged as effective promoters of organic reactions,
cutting down reaction times to minutes or even seconds rather
than hours or days. Against the vast literature on US- and
MW-promoted reactions, only a couple of reports have so far
concerned the modification of CDs under these non-conventional
conditions.?*® In a previous paper we compared several CD
functionalizations carried out both under conventional conditions
and under US, showing that the sonochemical procedures were
very advantageous in terms of yields and reaction times.*

OH]VI

OH TBDMS-O /]1
TBDMS-O A\ 0’63\/ EOMSO OH
B-CD -4,
N
OH /ﬁ\/l
0 0 [So
4 51% 517% [HO
OAC]VI OAcIv1 ]
OAc VI
TBDMS-O
oAt TBDMS-O /M/ /o-TBDMS
4_C, _d,
90% T69%
OAc
]vu OAC] VI Vll[ACO
6
oHvi
OHJVI
HO 0
OW ~/ OH
7 e 8 3
L .
96% 98%
OH

9 o

Scheme 2 Synthesis of the 2-2' bridged bis(B-CDs) 9 and 11. Reagents and conditions: a) TBDMSC], imidazole, dry pyridine, stirring rt, 8 h;
b) 5-bromopentane, LiH, dry THF-DMSO, reflux, 4 h; ¢) acetic anhydride, dry pyridine, MW, 50 °C, 1 h; d) Grubbs catalyst, Ar, dry CH,Cl,,
US, 34 °C, 2 h; ¢) KOH, 2 M, MeOH, H,0, US, 40 °C, 30 min; /) AcCl 2% in MeOH, CH,Cl,, MW, reflux, 15 min.
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OH

HO

Fig. 1

For the sake of clarity bis-CD 9 is depicted in Fig. 1 both as
bridged cyclic heptamer consisting of six equal B-D-glucose units
and a monoalkylated one and according to the classic schematic
representation.

The well-known procedure to prepare 2-2'*® and 6-6'**'* ureido-
or thioureido-bridged bis-CDs was greatly improved by us in
terms of shorter reaction times (30-90 min vs. 10-20 h under
conventional conditions), ease of purification and, better yields by
using polymer-bound PPh; under MW irradiation. Conceivably
this procedure is also suitable for the preparation of thiourea-
bridged CD-glycoconjugates** and CD-glycodendrimers.”® Our
protocol also did away with the most serious drawback of the
standard procedure, the formation of stable inclusion complexes
of the dimers with PPh; and PPh; oxide, guests that proved difficult
to remove even by competition with other aromatic or cyclohexyl
compounds (under reflux or under US) or by HPLC purification
(gradient CH;CN-H,O0).

Olefin metathesis has been reported by Sinay et al. as a
useful reaction to prepare bis(a- or B-CD)s linked at 6-6' by
one or two aliphatic bridges.®* We were the first to carry it out
sonochemically starting from 2- or 3-monoalkenyl $-CD. High-
intensity ultrasound strongly accelerates olefin metathesis; this
reaction of course requires suitable apparatus for work under
modified atmosphere (argon).

6-O-TBDMS-B-CD* was reacted at room temperature in anhy-
drous THF with a stoichiometric amount of alkenyl bromide in the
presence of lithium hydride, yielding the 2-monoalkenyl derivative
as major product beside a small amount of the 3-monoalkenyl
derivative. The use of US here was not appropriate, because
it would lead to polyalkylation right away. These derivatives
could be much more easily separated after CD derivatization

HO

OH

1,8-Bis-(B-CD-2'-yl)oct-4-ene (9).

to acetates. The 6-O-TBDMS-2""V! 3Vl O-acetyl-2'-O-alkenyl-B-
CD was subjected to homodimerization in the presence of a
commercially available second-generation Grubbs catalyst. In this
manner two different bis(B-CD)s with a spacer arm of either 8
or 20 carbons were prepared in good yields. Residual ruthenium
was removed from the crude reaction mixtures by oxidation with
a small amount of Pb(OAc), followed by filtration through a
silica plug. The length of the alkenyl chain strongly influenced
the reaction rate; in fact the short allyl chain of 6-O-TBDMS-
MV 3V O-acetyl-2'-O-propenyl-B-CD utterly failed to react.
Successively the acetates could be rapidly hydrolyzed under US
(30 min at 40 °C) and silyl groups cleaved off in a few minutes
under acidic conditions and MW. Both deprotection reactions can
be successfully carried out in any US device and domestic MW
oven, respectively. Parallel syntheses following the same procedure
as depicted in Scheme 2, afforded the dimer 9 isom [ie., a 3-3
bis(B-CD) linked by a C; bridge] starting from S and 9b [i.e., a 2-2’
bis(B-CD) linked by a C,, bridge] starting from 4b (Fig. 2).

We studied the interactions of our bridged bis-CDs with some
suitably functionalized CAs for diagnostic magnetic resonance
imaging (MRI),® e.g. with the complex shown in Fig. 3. Ditopic
guests can be expected to bind to bis-CDs more strongly than
monotopic ones. The strength of a Gd(1r) chelate as CA for MRI
is related to its relaxivity (r,,), that can be much enhanced by
attaching it to a macromolecular system such as a bis-CD. To
minimize the toxicity of the resulting adduct, this should be non-
covalent rather than covalent in nature, a condition that requires
the Gd(i) chelate to contain suitable hydrophobic groups to
behave as guests in the CD cavities.

Firstly, we investigated host—guest interactions of G-1 with 6-6'
ureido- (1) and thioureido- (2) bis-CDs. Its relaxivity increased,
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Fig.2 3-3 Bis(B-CD) with a C; bridge (9 isom) and 2-2’ bis(3-CD) with
a C,, bridge (9b).

“ooc at coo
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Fig.3 Gd(un) complex G-1.

respectively, by a factor of 3 and 4, viz. from 9.1 mM~' s™! to 27.7
and 35 mM~" s7!. The inclusion complexes formed by 1 and 2 with
G-1 were more stable (K, = 3.1 x 10° M~" and 3.9 x 10° M,
respectively) than that formed by B-CD (K,, = 8.0 x 10 M™).
With dimer 9 K, was 4.3 x 10* M, still one order of magnitude
higher, and its relaxivity was 27.3. These results show that these
systems could be promising candidates for MRI applications.

Conclusions

An easier access to bis-CDs could vastly broaden their field
of application in research and for industrial purposes. Non-
conventional techniques such as US and MW, widely used already
in other synthetic fields, can play an important role in the
synthesis of these compounds, cutting down reaction times and
increasing yields. Stability constants and relaxivity values showed
that adducts of Gd(111) chelates with our bis-CDs can be promising
candidates for MRI applications.

Experimental
General

Materials and methods. Reactions were monitored by TLC on
Merck 60 F,5, (0.25 mm) plates, which were visualized by UV
inspection and/or by heating after a spray with 5% H,SO, in
ethanol. Merck silica gel was used for column chromatography
(CC). IR spectra were recorded with a Shimadzu FT-IR 8001
spectrophotometer. Unless stated otherwise, NMR spectra were
recorded on a Bruker 300 Avance (300 MHz and 75 MHz for
'H and "C, respectively) at 25 °C; chemical shifts are calibrated

to the residual proton and carbon resonance of the solvent:
CDCl; (6y = 7.26, 6c = 77.0). For spectra recorded in D,0 ¢-
butanol was added as external reference (0y = 1.29). Chemical
shifts () are given in ppm, and coupling constants (J) in Hz.
MALDI-TOF MS spectra were measured on a Bruker Reflex
IIT spectrometer. Sonochemical apparatus with immersion horn
developed in the author’s laboratory® can control all critical
parameters (power, frequency modified atmosphere and reaction
temperature). For higher volumes (up to 120 mL) and power (up to
500 W) was employed a new type of thermostatted cup-horn, a thin
cylinder machined from a titanium rod developed in collaboration
with NTS (Italy) (Fig. 4). MW-promoted reactions were carried
out in a professional oven, Microsynth-Milestone (Italy). HPLC
separations were recorded with an Amersham AKTA purifier
10/100 equipped with Atlantis RP18 (4.6 x 150 and 19 x 100 mm)
columns (Waters). The longitudinal water proton relaxation rates
were measured on a Stelar Spinmaster (Mede, Italy) spectrometer
operating at 20 MHz, by means of the standard inversion-recovery
technique (16 experiments, 2 scans). A typical 90° pulse width
was 4 ps and the reproducibility of the 7, data was £0.5%. The
temperature was kept at 25+£0.1 °C with a Stelar VTC-91 air-
flow heater equipped with a copper—constantan thermocouple.
Commercially available reagents and solvents were used without
further purification unless otherwise noted. B-CD was kindly
provided by Wacker Chemie. Gd(1i1) complex G-1 (Fig. 3) was
kindly provided by Bracco Imaging Spa (Italy).

Fig.4 New high-power cup-horn reactor (cavitating tube).

Synthesis

N,N’-Bis[6-O-TbDMS-mono(2-deoxy)] 2-2' thioureido-$-CD
(2). The reaction was carried out in a professional MW oven
with magnetic stirring and Milestone fibre-optic thermometer.
In a 50 mL two-necked round-bottomed flask equipped with
gas inlet and condenser, 6'-0-azido-B-CD (500 mg, 0.43 mmol),
polymer-bound PPh; (loading: ~3.0 mmol g™', 2% cross-linked
with divinylbenzene, Aldrich) (1.146 g, 3.44 mmol) and dry DMF
(18 mL) were added and stirred for a few minutes. After addition of
a cold solution (0 °C) of CS, (150 uL, 2.15 mmol) in DMF (3 mL),
the mixture was heated under MW for 30 min at 110 °C (130 W).
The reacted mixture was filtered off and DMF removed by vacuum
distillation. The residue was washed with ether (40 mL x 3) and
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dried under vacuum. 938 mg of 2 were obtained (white powder,
0.40 mmol, yield 93%). Spectroscopic data were in accordance
with the literature.™

The same procedure was used for the preparation of 1, CS, being
replaced with a stream of CO,. The mixture was heated under MW
for 90 min at 110 °C (yield 84%).

6-O-TBDMS-2'-O-pentenyl-p-CD (4). Ina 50 mL flame-dried
round-bottomed flask, 6-O-TBDMS-B-CD (5 g, 2.6 mmol) and
LiH (123 mg, 15.5 mmol) were dissolved in anhydrous THF
(20 mL). The magnetically stirred mixture was left 2 h under
reflux. After cooling to room temperature, a solution of 5-bromo-
1-pentene (920 uL, 7.8 mmol) in THF (3 mL) was added dropwise.
The reaction was stirred 4 h under reflux and monitored by TLC,
eluent CHCL,—CH;0H 4 : 1. The reacted mixture was diluted
with EtOAc, washed with 1 M H,SO, and brine, and finally dried
(Na,S0O,). The crude residue, purified by CC (CHCl;—-CH;OH 19 :
1,9:1,4:1)yielded 2.61 g of monoalkylated product 4 (1.31 mmol,
yield 51.1%), 0.87 g of monoalkylated product S (0.43 mmol, yield
17%), 0.97 g of dialkylated derivative (0.47 mmol, yield 18%) and
traces of starting material.

NB. If carried out at this point, the separation of 4 and 5 would
be quite laborious; it became much easier after acetylation.

Compound 4 is a white powder. R; = 0.52 (CHCI;—CH,;OH
4:1). IR (KBr): v = 3420, 1471, 1254, 1040, 1086, 835 cm™'. 'H
NMR (CDCL;): 6 = 5.8 (m, 1 H, 4-H), 5.04-4.90 (m, 7 H, 1-H,
overlapped 2 H, 5'-H), 4.14-3.89 (m, 13 H), 3.73-3.49 (m, 28 H,
overlapped 2 H, 3-H), 3.18 (d, / = 9.4 Hz, 1 H, 2-H), 2.11-2.09
(m, 2 H, 3-H), 1.72-1.70 (m, 2 H, 2’-H), 0.88 (s, 63 H, #-Bu), 0.05
(s, 42 H, Si-CH;) ppm. *C NMR (CDCl;): 6 = 137.8 (C4), 114.7
(C5), 101.9 (C1), 81.6 (C4), 73.4 (C2), 73.2 (C3), 72.2 (CS), 61.5
(C6), 29.6 (C2), 28.2 (C3), 25.8 (C-Me;), 18.2 (C-Me;), —5.0,
—5.2 (Si-Me,) ppm. MALDI-TOF MS: m/z calcd. for [M + Na]*
2024.0; found 2025.1.

Compound 5 is a white powder. R; = 0.62 (CHCL,—-CH;OH 4 :
1). IR (KBr): v =3420, 1471, 1254, 1040, 1086, 835cm~'. '"HNMR
(CDCLy):6 =5.8(m, 1 H,4-H), 5.16-4.93 (m, 7 H, 1-H, overlapped
2 H, 5-H), 3.94-3.90 (m, 14 H), 3.73-3.51 (m, 28 H, overlapped
2 H, 3-H), 2.20-2.10 (m, 2 H, 3'-H), 1.86-1.88 (m, 2 H, 2’-H), 0.88
(s, 63 H, t-but), 0.05 (s, 42 H, Si-CH;) ppm. MALDI-TOF MS:
m/z calcd. for [M + Na]* 2024.0; found 2026.2.

The same procedure was followed to synthesize other
monoalkenyl analogues.

6-O-TBDMS-2'-0O-undecenyl--CD (4b). Starting from 6-O-
TBDMS-B-CD (1.5 g, 0.75 mmol), LiH (36 mg, 4.5 mmol) and
11-bromo-1-undecene (494 pL, 2.25 mmol). The following were
obtained: 2-monoalkylated product (548 mg, 0.26 mmol, yield
34%) and dialkylated derivative (87 mg, 0.04 mmol, yield 5%),
recovering 485 mg of the starting material. 4b is a white powder.
R; =0.66 (CHCL,—CH;OH 4 : 1). IR (KBr): v = 3420, 1472, 1253,
1041, 839 cm™'. "HNMR (CDCl;): 6 = 5.78 (m, 1 H, 10'-H), 5.04—
4.90 (m, 7 H, 1-H, overlapped 2 H, 11'-H), 4.14-3.89 (m, 13 H),
3.73-3.49 (m, 28 H, overlapped 2 H, 3-H), 3.18 (d, J = 9.4 Hz,
1 H, 2-H), 2.05-2.03 (m, 2H, 9'-H), 1.59 (m, 2H, 2'-H), 1.37 (m,
2 H, 8'-H), 1.27 (s, 10 H, aliphatic chain), 0.88 (s, 63 H, #-Bu), 0.05
(s, 42 H, Si-CHj;) ppm. MALDI-TOF MS: m/z calcd. for [M +
Na]* 2108.12; found 2110.08.

6-O-TBDMS-2"""",. 3"V O-acetyl-2'-O-pentenyl--CD (6). In
a 50 mL two-necked round-bottomed flask equipped with the
Milestone fibre-optic thermometer probe, 6-O-TBDMS-2!-0O-
pentenyl-B-CD (1.540 g, 0.77 mmol), acetic anhydride (4 mL,
42 mmol) and cat. DMAP (1 mmol) were dissolved in anhydrous
pyridine (20 mL). The mixture was heated under MW at 50 °C
for 1 h in a professional oven. The mixture was diluted with
CH,Cl,, washed with 1 M H,SO, (x3) and brine, and finally dried
(Na,SO,). The crude product, purified by CC (hexane-EtOAc1: 1,
2:3,3:7),yielded 1.773 g of 6 (0.69 mmol, yield 89%). 6 is a white
powder. R; (hexane-EtOAc1:1)=0.25. IR (KBr): v=1755, 1473,
1373, 1250, 1044, 835 cm™'. '"H NMR (CDCl;): 6 = 5.78 (m, 1H,
4'-H), 5.42-5.33 (m, 6 H, 3-H), 5.20-5.19 (m, 7 H, 1-H, overlapped
1 H, 3-H), 4.98 (m, 2 H, 5-H), 4.79-4.67 (m, 6 H, 2-H), 4.12-3.71
(m, 28 H, overlapped 2 H, 1'-H), 3.08 (d, / = 9.4 Hz, 1 H, 2-H),
2.07 (m, 39 H, Ac, overlapped 2 H, 3'-H), 1.72-1.70 (m, 2 H, 2'-H),
0.88 (s, 63 H, #-Bu), 0.05 (s, 42 H, Si-CH;) ppm. MALDI-TOF
MS: m/z calcd. for [M + Na]* 2570.2; found 2570.0.

The same procedure was employed for the following acetyla-
tions.

Acetylation of 6-O-TBDMS-3'-O-pentenyl-B-CD (yield 90%).
6-O-TBDMS-2"""",3-VI_0-acetyl-3'-O-pentenyl-B-CD (6 isom) is a
white powder. R; (hexane-EtOAc 1:1)0.51. IR (KBr): v = 1755,
1473, 1373, 1250, 1044, 835 cm™~'. '"H NMR (CDCl;): 6 = 5.8 (m,
1 H, H-4), 5.5-5.1 (m, 13 H), 4.98 (m, 2 H, 5-H), 4.70-4.67 (m,
7 H, 2-H, overlapped 1 H, 3-H), 4.12-3.69 (m, 28 H, overlapped
2H, 1'-H), 2.07 (m, 39 H, Ac, overlapped 2 H, 3'-H), 1.72-1.70 (m,
2 H, 2-H), 0.88 (s, 63 H, #-Bu), 0.05 (s, 42 H, Si-CH;). MALDI-
TOF MS: m/z caled. for [M + Na]* 2570.2; found 2570.1.

Acetylation of 6-O-TBDMS-2'-0O-undec-10-enyl-B-CD (yield
72%). 6-O-TBDMS-2""',3V-O-acetyl-2'-O-undec-10-enyl-B-CD
(6b) is a white powder. R; (hexane-EtOAc 3 : 7) 0.61. IR (KBr):
v = 1755, 1475, 1373, 1250, 1040, 838 cm™'. '"H NMR (CDCl,):
0 =5.78 (m, 1 H, 10-H), 5.39-5.33 (m, 6 H, 3-H), 5.18-5.10 (m,
7 H, 1-H, overlapped 1 H, 3-H), 4.98 (m, 2 H, 11'-H), 4.75-4.68
(m, 6 H, 2-H), 4.12-3.71 (m, 28 H, overlapped 2 H, 1'-H), 3.08 (d,
J =9.4Hz 1H,2-H), 2.07 (m, 39 H, Ac, overlapped 2 H, 9-H),
1.59 (m, 2 H, 2’-H), 1.37 (m, 2 H, 8-H), 1.27 (s, 10 H, aliphatic
chain), 0.88 (s, 63 H, #-Bu), 0.05 (s, 42 H, Si-CH;). MALDI-TOF
MS: m/z calcd. for [M + Na]* 2654.2; found 2650.9.

1,8-Bis-(6'-O-TBDMS-2""-"3-VI'. O-acetyl-p-CD-2'-yl)oct-4-
ene (7). US-promoted metathesis reactions were performed
under argon atmosphere in a 1 mm thick Teflon® tube inserted
in a Delrin® reactor thermostatted by two Peltier modules.”
Compound 6 (520 mg, 0.20 mmol) and 2™-generation Grubbs Ru
catalyst (0.03 g, 0.04 mmol) were dissolved in dry CH,Cl, (35 mL)
and sonicated (19.1 kHz, 50 W cm™2) for 2 h at 34 °C. After
cooling down to rt, the reaction was stopped by adding Pb(OAc),
(0.05 mmol) and sonicating for additional 20 min at 25 °C. The
mixture was dried under vacuum. Purification by CC, eluent
(hexane-EtOAc 1 : 1, 2 : 3, 3 : 7) afforded 338 mg of dimer
(0,07 mmol, yield 69%). 64 mg of the starting material were
recovered. 7 is a white powder. R; (hexane-EtOAc 1 : 1) 0.04. IR
(KBr): v = 1754, 1470, 1244, 1035, 832 cm~'. "H NMR (CDCl,):
0 = 5.42-5.33 (m, 12 H, 3'-H, overlapped 2 H, 4,5-H), 5.17-5.11
(m, 14 H, 1'-H, overlapped 2 H, 3'-H), 4.79-4.67 (m, 12 H, 2’-H),
4.12-3.71 (m, 56 H, overlapped 4 H, 1,8-H), 3.08 (d, / = 9.4 Hz,
2 H, 2’-H,), 2.07 (m, 78 H, Ac, overlapped 4 H, 3,6-H), 1.72-1.70
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(m, 4 H, 2,7-H), 0.88 (s, 126 H, #-Bu), 0.05 (s, 84 H, Si-CHj).
BC-NMR (CDCl;) 6 = 170.1 (Me;CO), 129.2 (C4,5), 97.3 (C1"),
77.8 (C4), 72.1,72.0, 71.8 (C2,3,5), 61.5 (C6'), 29.6 (C2,7), 28.2
(C3,6), 26.2 (C-Me;), 21.2 (Me;CO), 18.6 (C-Me;), —4.5, —5.0
(Si-Me,). MALDI-TOF MS: m/z caled. for [M + Na]* 5089.3;
found 5092.1.

The same procedure was followed to synthesize 1,20-bis-
(6'-O-TBDMS-2'"V 3Vl O-acetyl-B-CD-2'-yl)eicos-10-ene (7b).
Starting from 6-O-TBDMS-2""V! 3"VIl.O-acetyl-2'-O-undecenyl-B-
CD (388 mg, 0.15 mmol). The reaction gave 184 mg of product
(0.036 mmol, yield 48%). 7b is a white powder. R; = 0.49 (hexane—
EtOAc 3 : 7). IR (KBr): v = 1754, 1472, 1245, 1036, 834 cm™.
'H NMR (CDCl,): § = 5.36-5.33 (m, 12 H, 3-H, overlapped 2H,
10,11-H), 5.17-5.12 (m, 14 H, 1’-H, overlapped 2 H, 3'-H), 4.75-
4.68 (m, 12 H, 2’-H), 4.2-3.71 (m, 56 H, overlapped 4 H, 1,20-H),
3.8 (d,J =94 Hz 2 H, 2-H,), 2.07 (m, 78 H, Ac, overlapped
4 H, 9,12-H), 1.59 (m, 4 H, H-2,19), 1.37 (m, 4 H, 8, 13-H), 1.27
(s, 20 H, aliphatic chain), 0.88 (s, 126 H, #-Bu), 0.05 (s, 84 H, Si-
CH;). MALDI-TOF MS: m/z calcd. for [M + Na]* 5257.5; found
5239.0.

1,8-Bis-(6'-O-TBDMS-$-CD-2'-yl)oct-4-ene (8). In a titanium
cup-horn reactor (Fig. 1), 1,8-bis-(6'-O-TBDMS-2"" 3VIL_O-
acetyl-p-CD-2'-yl)-oct-4-ene (980 mg, 0.19 mmol), H,O (10 mL)
2 M KOH (2.5 mL) and CH;OH (60 mL) were added. The
mixture was sonicated for 30 min at 40 °C (22 kHz, 100 W).
The reaction was monitored by TLC, eluent hexane-EtOAc 1 : 1.
The reacted mixture was diluted with EtOAc, washed with H,O
and brine, and finally dried (Na,SO,). 732 mg of product were
obtained (0.18 mmol, yield 96%). 8 is a white powder. R; = 0.61
(CHCI;-CH;OH 4 : 1). IR (KBr): v = 3420, 1474, 1254, 1086,
1040, 835 cm™'. '"H NMR (CDClL): 6 = 5.5 (m, 2 H, 4,5-H),
4.90 (brs, 14 H, 1'-H), 4.19-3.81 (m, 26 H), 3.73-3.60 (m, 56 H,
overlapped 4 H, 1,8-H), 3.18 (m, 2 H, 2’-H), 2.11-2.09 (m, 4 H,
3,6-H), 1.72-1.70 (m, 4 H, 2,7-H), 0.88 (s, 126 H, #-Bu), 0.05 (s,
84 H, Si-CH;). "C-NMR (CDCl;) 6 = 129.2 (C4,5), 97.3 (C1"),
77.8 (C4), 72.1,72.0, 71.8 (C2,3,5'), 67.0 (C1,8), 61.5 (C6'), 29.6
(C2,7), 28.2 (C3,6), 26.2 (C-Me;), 18.6 (C-Me;), —4.5, —5.0 (Si-
Me,). MALDI-TOF MS: m/z calcd. for [M + Na]* 3997.0; found
3995.0.

1,8-Bis-(p-CD-2'-yl)oct-4-ene (9). In a 100 mL two-necked
round-bottomed flask equipped with a condenser and the Mile-
stone fibre-optic probe, 1,8-bis-(6'-O-TBDMS-B-CD-2'-yl)-oct-4-
ene (640 mg, 0.16 mmol), AcCl (10 mL, 2% in CH;0OH) and
CH,CI, (40 mL) were added. The mixture was irradiated with MW
under reflux for 15 min. The reacted mixture was concentrated,
ether (50 mL) was added; the precipitate was filtered, washed with
ether (40 mL) and dried under vacuum. 377 mg of product were
obtained (0.15 mmol, yield 98%). 9 is a white powder (Found: C,
46.6; H, 6.3; Calcd for Cy,H,5,04: C, 46.4; H, 6.4%). R; = 0.23
(CH;CN-H,0 4 : 1.6). IR (KBr): v = 3420, 1472, 1245, 1036,
836 cm~'. "H NMR (600 MHz, CDCl;): § = 5.5 (m, 2 H, 4,5-H),
5.03 (brs, 14 H, 1’-H), 4.19-3.81 (m, 26 H), 3.73-3.60 (m, 56 H,
overlapped 4 H, 1,8-H), 3.49 (m, 2 H, 2’-H), 2.11-2.09 (m, 4 H,
3,6-H), 1.70-1.66 (m, 4 H, 2,7-H). "C-NMR (150 MHz, D,0):
0 =130.6(C4,5),102.1 (C1"), 81.5(C4),73.2,72.6,71.4(C2,3,5),
60.3 (C6), 29.6 (C2,7), 28.2 (C3,6). MALDI-TOF MS: m/z calcd.
for [M + Na]* 2399.8; found 2399.1.

The same procedure was followed to obtain the following final
products.

1,8-Bis-(6'-O-TBDMS-B-CD-3'-yl)oct-4-ene (9 isom) (yield
97%). 9 isom is white powder (Found: C, 46.5; H, 6.3; Calcd
for Co,H,5,05: C, 46.4; H, 6.4%). R, = 0.23 (CH;CN-H,O 4 :
1.6). IR (KBr): v = 3420, 1472, 1245, 1036, 835 cm~'. '"H NMR
(600 MHz, CDCl;): 6 = 5.5 (m, 2 H, 4,5-H), 4.97 (brs, 14 H, 1'-H),
3.78-3.49 (m, 42 H, overlapped 4 H, 1,8-H), 1.99 (m, 4 H, 3,6-H),
1.64 (m,4H, 2,7-H). MALDI-TOF MS: m/z calcd. for [M + Na]*
2399.8; found 2399.0.

1,20-Bis-(B-CD-2'-yl)eicos-10-ene (9b) (yield 92%). 9b is a
white powder (Found: C, 49.1; H, 6.9; Calcd for C,o,H,704: C,
49.1; H, 7.0%). R; = 0.46 (CH;CN-H,O 4 : 1.6). IR (KBr): v =
3420, 1472, 1245, 1120, 1030, 834 cm™'. '"H NMR (D,0): 6 = 5.5
(m, 2 H, 10,11-H), 5.07 (s, 14 H, H-1"), 3.86 (m, 26 H), 3.70-3.55
(m, 56 H, overlapped 4 H, 1,20-H), 2.09 (m, 4 H, 9,12-H), 1.59 (m,
4H, 2,19-H), 1.37 (m, 4 H, 8,13-H), 1.31-1.15 (m, 20 H, aliphatic
chain). MALDI-TOF MS: m/z calcd. for [M + Na]* 2568.0; found
2568.0.

Relaxometric measurements

The affinity constants K, for the binding of Gd(111) complexes
to CD-dimers, and the relaxivities of the resulting adducts were
determined by the PRE method.*

Acknowledgements

This work was supported by MIUR (COFIN 2004 and FIRB
2003). We are grateful to NTS (Arcugnano, VI) and to Dr Ing.
Cesare Buffa for developing the new cup-horn reactor.

References

1 E. Schneiderman and A. M. Stalcup, J. Chromatogr., B: Biomed. Appl.,
2000, 745, 83-102.

2 R. Breslow, Chem. Rec., 2001, 1, 3-11.

3 R. G. Strickley, Pharm. Res., 2004, 21, 201-230.

4 S. Aime, M. Botta, E. Gianolio and E. Terreno, Angew. Chem., Int. Ed.,
2000, 39, 747-750.

5 S. Aime, E. Gianolio, E. Terreno, I. Menegotto, C. Bracco and G.
Cravotto, Magn. Reson. Chem., 2003, 7, 800-805.

6 J. Szejtli, Chem. Rev., 1998, 98, 1743-1753.

7 P. A. Fernandes, M. Cordeiro and J. F. Gomes, J. Phys. Chem. B, 1999,
103, 6290-6294.

8 P. A. Fernandes, A. T. P. Carvalho, A. T. Marques, A. L. F. Pereira,
A.P.S. Madeira and A. S. P. Ribeiro, J. Comput. Aided Mol. Des., 2003,
17, 463-473.

9 R. Breslow, S. Belvedere, L. Gershell and D. Leung, Pure Appl. Chem.,
2000, 72, 333-342.

10 I. Tabushi, Y. Kuroda and K. Shimokawa, J. Am. Chem. Soc., 1979,
101, 1614-1615.

11 A. Harada, M. Furue and S.-I. Nozakura, Polym. J., 1980, 12, 29-32.

12 S. D. P. Baugh, Z. Yang, D. K. Leung, D. M. Wilson and R. J. Breslow,
J. Am. Chem. Soc., 2001, 123, 12488-12494.

13 F. Charbonnier, A. Marsura and 1. Pinter, Tetrahedron Lett., 1999, 40,
6581-6583.

14 F. Sallas and J. Kovacs, Tetrahedron Lett., 1996, 37, 4011-4014.

15 F. Venema, H. F. M. Nelissen, P. Berthault and N. Birlirakis, Chem.
Eur. J., 1998, 4, 2237-2250.

16 S. H. Chiu, D. C. Myles, R. L. Garrell and J. F. Stoddart, J. Org. Chem.,
2000, 65, 2792-2796.

17 Y. Ishimaru, T. Masuda and T. lida, Tetrahedron Lett., 1997, 38, 3743~
3744.

This journal is © The Royal Society of Chemistry 2006

Org. Biomol. Chem., 2006, 4, 1124-1130 | 1129





18 G. Cravotto, C. Bicchi, S. Tagliapietra, L. Costa, S. Di Carlo and C.
Nervi, Chirality, 2004, 16, 526-533.

19 Handbook of Metathesis, ed. R. H. Grubbs, Wiley-VCH, Weinheim,
2003, pp. 4490-4527.

20 G. Cravotto and P. Cintas, Chem. Soc. Rev., 2006, 35, 2,
DOI: 10.1039/b503848k.

21 P. Lidstrom, J. Tierney, B. Wathey and J. Westman, Zetrahedron, 2001,
57,9225-9283.

22 G. Cravotto, G. M. Nano and G. Palmisano, J. Carbohydr. Chem., 2001,
20, 495-501.

23 Y. Zhao, J. Changand W. J. Liu, J. Chem. Res., Synop.,2001, 8, 330-331.

24 J. M. Baussanne, C. O. Benito, J. M. G. Mellet and J. D. Fernandez,
ChemBioChem, 2001, 2, 777-783.

25 C. O. Mellet, J. Defaye and J. M. G. Fernandez, Chem. Eur. J., 2002, 8,
1982-1990.

26 T. Lecourt, J. M. Mallet and P. Sinay, Eur. J. Org. Chem., 2003, 23,
4553-4560.

27 C. Bicchi, G. Cravotto, A. D’Amato, P. Rubiolo, A. Galli and M. Galli,
J. Microcolumn Sep., 1999, 7, 487-500.

28 S. Aime, M. Botta, F. Fedeli, E. Gianolio, E. Terreno and P. Anelli,
Chem. Eur. J., 2001, 7, 5262-5269.

29 G. Cravotto, G. Omiccioli and L. Stevanato, Ultrason. Sonochem., 2005,
12, 213-217.

30 S. Aime, M. Botta, M. Fasano and E. Terreno, in The Chemistry of
Contrast Agents in Medical Magnetic Resonance Imaging, ed. E. Toth
and A. E. Merbach, Wiley, Chichester, 2001, p. 193.

1130 | Org. Biomol. Chem., 2006, 4, 1124-1130

This journal is © The Royal Society of Chemistry 2006






COMMUNICATION

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

Semi-hydrogenation of alkynes using phosphinated polymer incarcerated

(PI) palladium catalysts

Ryo Nishio, Masaharu Sugiura and Shia Kobayashi*

Received 5th December 2005, Accepted 20th January 2006
First published as an Advance Article on the web 6th February 2006
DOI: 10.1039/b517181d

Phosphinated polymer incarcerated (PI) palladium catalysts
prepared from a palladium(0) complex and phosphinated
styrene-based polymers were found to show good selectivity
in semi-hydrogenation of alkynes without strict control of H,
consumption. Moreover, these catalysts could be removed by
simple filtration and without any leaching of Pd.

Semi-hydrogenation' of alkynes to (Z)-alkenes is an important
process not only in the laboratory but also in industry. However,
the control of the selectivity between semi-hydrogenation and
over-hydrogenation is a difficult issue. The Lindlar catalyst [Pd
on CaCO; poisoned by Pb(OAc),, PbSO, or BaSQ,] is prob-
ably the most widely applied heterogeneous catalyst®> for this
transformation, although other heterogeneous® and homogeneous
catalysts*® have been developed. In several cases, very high semi-
hydrogenation selectivity has been achieved (>99%) by controlling
the H, gas consumption.® However, higher chemoselectivity,
reproducibility, generality and recyclability of the catalysts are
still desired.

Recently, we reported the immobilization of palladium clus-
ters into phosphinated polystyrene-based copolymers using the
polymer incarcerated (PI) method.*” These heterogeneous phos-
phinated PI Pd catalysts are highly active for carbon-carbon
bond-forming reactions such as the Suzuki-Miyaura coupling
even without the addition of any external phosphine ligands.¢
Moreover, these catalysts may be recovered quantitatively by
simple filtration and reused several times without loss of activity.
The phosphine moiety of the polymer supports is assumed to
have two main roles: suppression of the leaching of palladium,
and enhancement of the catalytic activity as ligands. We also
considered the possibility that the phosphines in the polymer
support might act as a poisoning agent of the metal® realizing
both chemoselective hydrogenation and suppression of metal
leaching. In this paper, we describe the chemoselective semi-
hydrogenation of alkynes using phosphinated PI Pd catalysts
prepared from polymer supports possessing diphenylphosphino
groups as potential poisoning agents of palladium.

First, phosphinated PI Pd 2a and 2b were prepared from
copolymers la and 1b (Fig. 1) in the presence of Pd(PPh,),
according to the PI method (Scheme 1). Since some phosphines
were oxidized to the corresponding phosphine oxides during
the preparation of the catalyst, the catalysts were treated with
HSIiCl;/Et;N? after cross-linking to give phosphinated PI Pd 2a
and 2b. It was established by *'P SR-MAS NMR analysis' that the
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Fig. 1 Structures of polymer supports.
Pd(PPh3), coacervation cross-linking
Copolymer 1a-d > >
THF, rt hexane 1) filtration no solvent
2) wash (hexane) 120°C, 2 h
3) dry
HSIiCls
Pl Pd 2a-d
1) filtration Et;N, toluene 1) filtration
2) wash (THF) 2) wash (THF)
3) dry 3) dry
loading of ratio of

Pd (mmolig)  P/Pd

Pl Pd 2a 0.36 2.1
Pl Pd 2b 0.32 1.8
Pl Pd 2¢ 0.67 0

Pl Pd 2d 0.38 2.9

Scheme 1 Preparation of phosphinated PI Pd catalysts.

phosphine oxides on the copolymer were completely reduced to the
corresponding phosphines.!! Transmission electron microscopic
(TEM) analysis showed that small Pd clusters were dispersed on
the polymer support without the formation of large Pd clusters
and that the size of the Pd clusters was smaller than 1.5 nm.
For the purposes of comparison, non-phosphinated PI Pd 2¢
and phosphine oxide-containing PI Pd 2d were prepared from
copolymers 1c and 1d without HSiCl; reduction, respectively.

We then applied PI Pd 2a-2d to the hydrogenation of dipheny-
lacetylene (Table 1). In the cases of PI Pd 2¢ and 2d having
no phosphine, fast hydrogenations were observed and saturated
hydrogenated products were obtained quantitatively (entries 3
and 4). On the other hand, phosphinated PI Pd 2a and 2b gave
semi-hydrogenated products 4 selectively under the same reaction
conditions without the need for control of H, gas consumption
and the addition of external poisoning agents (entries 1 and 2).
Leaching of the palladium was examined by fluorescence X-ray
(XRF) analysis after removal of the catalyst, and no leaching
was detected in all cases. These results indicate that phosphine
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Table 1 Hydrogenation of diphenylacetylene using phosphinated PI Pd 2a-2d

"Pd” (5 mol %)
Ph—=——ph /\ PO PN
H, (1 atm), THF, rt.  Ph Ph T PR TP
cis-4 trans-4 5
Yield (%)”
Entry Catalyst (P/Pd)* Reaction time/h Recovery of 3 (%) cis-4 trans-4 5 Pd leaching (%)°
1 PIPd2a (2.1) 1 0 59 5 32 nd
2 PIPd2b (1.8) 1 14 69 6 17 nd
3 PIPd 2c (0) 1 0 0 0 100 nd
4 PIPd2d (2.9) 1 0 0 0 100 nd

“The ratio of the diphenylphosphino groups in the polymer to the Pd atoms. ® Yield was determined by 'H NMR analysis using durene as an internal

standard. ¢ Determined by XRF analysis, nd = not detected (<0.94%).

moieties can act as moderate poisoning agents of Pd playing the
same role as PbSO, or BaSO, in the Lindlar catalyst systems.
In general, the poisoning of palladium by phosphines is too
strong because phosphorus atoms of phosphines coordinate to
palladium atoms strongly, and adsorption of hydrogen molecules
and substrates is suppressed by the steric bulkiness and electronic
effect of phosphines.® Therefore, hydrogenation doesn’t proceed
in the presence of phosphines in homogenous catalytic systems.
In the case of phosphinated PI Pd catalytic systems, however,
diphenylphosphino groups in the polymer support might act as
‘weak’ poisoning agents because coordination of the phosphines
to the palladium atoms is restricted by the steric bulkiness of the
polymer supports.

In order to confirm the effect of phosphines as poisoning agents,
a combination of non-phosphinated PI Pd 2¢ and externally
added PPh; was tested (Scheme 2). Diphenylacetylene (3) was
hydrogenated to give cis- and trans-stilbene (4) in good yields with
high selectivity, while the hydrogenation of cis-stilbene (4) was
almost completely suppressed. These results indicate that PPhs;,
which should be a very strong poisoning agent in homogeneous
Pd systems, acted as a ‘weak’ poisoning agent within the sterically
restricted polymer supports. However, 2.8% of palladium was
leached from the polymer support into the solvent by the addition
of PPh;. Therefore, it is better to introduce phosphine moieties on
polymer supports like PI Pd 2a or 2b rather than to add external
phosphines.

PI Pd 2¢ (5 mol%)
PPh; (5 mol%)

+ S +
/~—\ Ph/\/Ph Ph/\/Ph

Ph Ph
3 Hp (1 atm), THF, i, 1 h cis-4 trans-4 5
82% 2% 2%
Pd: 2.8% leaching
Pl Pd 2¢ (5 mol%)
0y
Ph/:\Ph PPh; (5 mol%) cis-4 + Ph/\/Ph " Ph/\/Ph
cis-4 H, (1 atm), THF, rt, 1 h trans-4 5

>95%
recovered trace

Pd: no leaching

trace

Scheme 2  Effect of PPh; on the catalysis of PI Pd 2c.

Monitoring the H, consumption showed that the consumption
rate with phosphinated PI Pd 2a was slower than that with non-
phosphinated PI Pd 2¢, and became even slower after about 1.5
equivalents of H, were consumed (Fig. 2). The reaction profile of
the product distribution also demonstrated that diphenylacetylene

2.00

__ 150

[o)

s

@

el

=}

® 1,00

12

=

g —&— non-phosphinated PI Pd 2¢
0.50 _5— phosphinated PI Pd 2a
0.00 .

0 50 100 150 200 250 300 350
time (min)

Fig. 2 H, consumption in the hydrogenation of diphenylacetylene using
phosphinated PI Pd 2a vs. non-phosphinated PI Pd 2c.

was converted rapidly and that the proportion of cis-stilbene
reached the maximum around after 60 min (Fig. 3). Although
cis-stilbene was slowly over-hydrogenated to 1,2-diphenylethane,
there was little appreciable change in the product distribution
after 150 min. These results indicate that the over-hydrogenation
step is much slower than the first semi-hydrogenation step,
because the catalytic activity is suppressed by the ‘weak’ co-
ordination of phosphines to the Pd clusters in the polymer
support.

100
E ---B-- Diphenylacetylene
80 r —— cis-Stilbene
--+/x-+ trans-Stilbene
__60 —&— 1,2-Diphenylethane
X
o
.2 40 |
20 |
0 -
0 50 100 150 200 250
time (min)

Fig. 3 Reaction profile of the hydrogenation of diphenylacetylene using
PI Pd 2a.
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Table 2 Phosphinated PI Pd-catalyzed semi-hydrogenation of several types of alkynes

"Pd” (5 mol%) — . .
R——R' =\ A A~
Ha (1 atm), THF, rt. R R *TRS TR
6 cis-T trans-7 8
Yield (%)*

Entry 6 Catalyst Reaction time/min Recovery of 6 (%) cis-7 trans-7 8 Pd leaching (%)*
1 Ph—==—CO,Et PIPd 2a 60 7 58 7 22 nd
2 MeO,C—==—CO,Me PI Pd 2a 30 5 75 Trace 13 nd

Ph
3 RN PIPd 2a 30 0 82 15 nd

HO

Ph
4 o PI Pd 2¢ 30 0 90 10 nd

HO
5 “Cva%\OH PIPd 2a 20 20 74 Trace Trace nd
6 F’h%\oH PI Pd 2a 20 11 74 Trace 9 nd

“Yield was determined by '"H NMR analysis using durene as an internal standard. * Determined by XRF analysis, nd = not detected (<0.94%).

For comparison, the Lindlar catalyst (Pd—CaCO; poisoned with
Pb)"? was tested under the same reaction conditions. Although
the Lindlar catalyst showed a higher selectivity of the semi-
hydrogenation of diphenylacetylene than the phosphinated PI Pd
catalyst (Fig. 4), over-hydrogenation to 1,2-diphenylethane was
remarkably observed after all conversion of the alkyne. Therefore,
in the case of the Lindlar catalyst, exact control of H, consumption
and/or other additives such as quinoline is necessary to obtain
semi-hydrogenated products with high selectivity.

100 ®
80 [
i v T
560 \ Diphenylacetylene
% —O— cis-Stilbene
210 --+/x--  trans-Stilbene
—&— 1,2-Diphenylethane
20
il TTBTetrriis sy Dmoc e
0 Az A - At T PP e X
0 10 20 30 40 50 60
time (min)

Fig. 4 Reaction profile of the hydrogenation of diphenylacetylene using
Pd-CaCO; poisoned with Pb.

We applied phosphinated PI Pd 2a and 2b to the semi-
hydrogenation of several types of alkynes (Table 2). Alkynes hav-
ing aromatic, aliphatic, hydroxy, and/or alkoxycarbonyl groups
provided the corresponding semi-hydrogenated products in good
yields without any leaching of palladium. In these hydrogenations,
small amounts of frans-alkene products were obtained.*!* We
confirmed that these trans-products were formed by the Pd-
catalyzed isomerization of cis-products.

In summary, we have demonstrated that phosphinated PI Pd
served as an effective catalyst for the selective semi-hydrogenation
of alkynes without the addition of poisoning agents and without

strict control of H, consumption. These heterogeneous catalysts
can be prepared by simple methods and recovered by simple
filtration. It is believed that the phosphine moieties act as
appropriately weak poisoning agents due to the steric effect of
the polymer supports. Further studies will focus on the effect of
the phosphinated polymer supports on the catalytic activity of the
metals.
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Synthetic strategies for novel, proton di-ionizable p-tert-butylcalix[4]arene-crown-5 compounds in cone,
partial-cone and 1,3-alternate conformations are reported. Selective linkage of the two diametrical
phenolic oxygens in p-tert-butylcalix[4]arene with tetraethylene glycol ditosylate gave 1,3-bridged
p-tert-butylcalix[4]arene-crown-5. The two remaining phenolic units were alkylated using NaH and KH
as the bases to give the cone and partial-cone conformers, respectively. Preparation of the 1,3-alternate
conformers utilized a different sequence in which O-alkylation was followed by crown ether ring
formation. Structures of these new ligands were elucidated by '"H and *C NMR spectroscopy. These
proton-ionizable ligands were tested for their solvent extraction properties toward alkaline earth metal
cations. Surprising differences in their extraction behaviors are noted compared to those reported
previously for di-ionizable p-terz-butylcalix[4]arenecrown-6 analogues.

Introduction

Calixarene-based ligands for complexation of spherical metal ions
have received extensive interest in the past two decades. The 1,3-
bridged calix[4]arene-crown ethers, in which the two diametrical
phenolic oxygens of calix[4]arene are linked by a polyether ring, are
important due to their high extraction efficiencies and selectivities
for metal ions.! Complexation studies with alkali metal cations
showed that the selectivity is not only controlled by the cavity
size of the crown ether ring, but also by the conformation of the
calix[4]arene scaffold. Thus, cone and partial-cone calix[4]arene-
crown-4 ligands exhibit very high Na*/K* selectivities,> while
partial-cone and 1,3-alternate calix[4]arene-crown-5 ligands prefer
to bind K* instead of Na***® and 1,3-alternate calix[4]arene-
crown-6 compounds are selective for Cs*.¢

The preferred conformation of calix[4]arene-crown-5 ligands
for selective binding of K* also depends on the para substituents,
as shown by the conformationally mobile calix[4]arene-crown-5
ligands 1 and 2 (Fig. 1).>* The only difference between these two
ligands is change of the para-substituent from Hin 1 to fert-butyl in
2. Although both free ligands exist in cone conformations, a mix-
ture of 1,3-alternate (80%) and partial-cone (20%) conformations
is present in the complex of 1 and K* and the complex of 2 and
K* adopts partial-cone and cone conformations with a 3 : 1 ratio.

Introduction of pendant proton-ionizable groups into a
calix[4]arene increases extraction efficiency by forming electro-
neutral complexes during extraction.”® The first example of a
proton-ionizable calix[4]arene-crown ether was reported in 1984
by Ungaro and coworkers.” With two carboxylic acid groups,
this compound exhibited high efficiency for divalent metal ion
extraction (except Mg?*) from water into dichloromethane.
The extraction selectivites for Ca** and Pb** were better than

Department of Chemistry and Biochemistry, Texas Tech University, Lub-
bock, Texas, 79409-1061, USA. E-mail: richard.bartsch@ttu.edu; Fax:
+1(806) 742 1289; Tel: +1(806) 742 3069

Me/o Eo ojO\Me
0 O
o)
1 2

Fig. 1 Conformationally mobile calix[4]arene-crown-5 ligands with dif-
ferent para-substituents.

those of non-ionizable analogues. The remaining one or two
phenolic groups in calix[4]arene-crown ether compounds can
serve as proton-ionizable groups under strongly basic conditions.
In general, the -calix[4]arene-crown-5 compounds with one
phenolic group showed high selectivities for K* and Ca?*, while
calix[4]arene-crown-5 and crown-6 extractants with two phenolic
groups exhibited remarkable Ca?* selectivity." The N-(X)sulfonyl
carboxamide group, another type of proton-ionizable function,
has been introduced into calix[4]arene-biscrown-6 compounds.!!
These ligands exhibit markedly enhanced extraction efficiency,
while retaining high selectivity toward Cs* compared with a
non-ionizable analogue.

As mentioned previously, the conformations of calix[4]arene
ligands play a very important role in extraction selectivity.
Although it was reported by Wai and coworkers that a cone
p-tert-butylcalix[4]arene-crown-6 dicarboxylic acid and the
corresponding dihydroxamic acid have high selectivities for Ra**
over light alkaline earth metal cations,” no other conformers
have been prepared and studied. As part of our program to
investigate the effects of both ionizable groups and conformations
on the extraction efficiency and selectivity for divalent metal
ions, we prepared di-ionizable p-tert-butylcalix[4]arene-crown-6
compounds in three conformations (cone, partial-cone and
1,3-alternate).” It was found that the cone conformers exhibited
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4a-e

Partial-cone

5a-e
1,3-Alternate

R = OH, NHSO,CH;, NHSO,Ph, NHSO,CgH4-4-NO,, NHSO,CF

Fig. 2 New proton di-ionizable p-tert-butylcalix[4]arene-crown-5 compounds in the cone, partial-cone and 1,3-alternate conformations.

high extraction efficiency and selectivity for Ba* over Mg, Ca*
and Sr**. In the present work, we report the synthesis of proton
di-ionizable p-tert-butylcalix[4]arene-crown-5 compounds in the
cone, partial-cone and 1,3-alternate conformations (Fig. 2) and
their application as extractants for alkaline earth metal cations.

Results and discussion

Synthesis of cone, di-ionizable p-tert-butylcalix[4]arene-crown-5
ligands

The synthetic route for the cone conformers is shown in
Scheme 1. Since previous strategies for synthesis of 1,3-dihydroxy-

p-tert-butylcalix[4]arene-crown-5 (7) gave only moderate yields
(~50%),*>'" a procedure reported by Kim ez al. for the preparation
of 1,3-dihydroxycalix[4]arene-crown-5 was adapted.'s Reaction of
p-tert-butylcalix[4]arene (6) with tetraethylene glycol ditosylate
in refluxing MeCN with 1 equivalent of K,CO; gave 7 in 74%
yield. Alkylation of 7 with ethyl bromoacetate and NaH in
THF at room temperature gave cone diester 8 in 67% yield.
Hydrolysis of diester 8 with tetramethylammonium hydroxide
(TMAOH) in aqueous THF gave cone di(carboxylic acid) 3a. The
di(carboxylic acid) 3a was treated with oxalyl chloride in benzene
to give the corresponding di(acid chloride), which was reacted
with the sodium salt forms of appropriate commercially available
sulfonamides to provide 3b—e in 47-74% yields.

X
b: CH3
c: Ph
d: C6H4-4-N02
e: CF3

Scheme 1
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The cone conformation for ligands 3a—e was verified by 'H-
and PC-NMR spectroscopy. Table 1 displays the chemical shifts
for selected protons in all three conformers. For cone conformers
3a—e, the methylene bridge (ArCH,Ar) protons show a typical AX
pattern, that is two widely separated doublets at ¢ 4.12-4.36 and
2.95-3.27 for the exo- and endo-geminal protons, respectively. Both
types of protons correlate with a single type of bridge carbon atom
at approximately 32 ppm, which is the characteristic chemical shift
for bridge carbons with syn-orientation. Due to the C,, symmetry,
the two ionizable protons give a single peak near 11 ppm and the
two OCH,C(O) protons show one singlet at about 5.2 ppm. The
aromatic protons (ArH) from the calix[4]arene skeleton appear as
two singlets and the #-butyl proton signals are two singlets with a
1 : 1 ratio.

Synthesis of partial-cone, di-ionizable
p-tert-butylcalix|4]arene-crown-5 ligands

Preparation of partial-cone conformers 4a—e is outlined in
Scheme 2. Alkylation of 7 with ethyl bromoacetate in THF using
KH (instead of NaH) as the base followed by hydrolysis of the re-
sultant diester with NaOH in aqueous EtOH afforded the partial-
cone dicarboxylic acid 4a in 90% yield. No other conformers
were detected. Conversion of 4a into the corresponding di(acid
chloride) with oxalyl chloride was followed by reaction with the
sodium salt forms of appropriate sulfonamides to give 4b—e in
56-88% yields.

Due to reduced symmetry compared with cone conformers
(from C,, to C,), the '"H-NMR spectra of the partial-cone
conformers are more complex. The two ionizable groups now
are non-equivalent. As can be seen from the data in Table 1, the
two ionizable protons appear as two singlets at approximately 11
and 8.5 ppm, while the two OCH,C(O) protons are two widely
separated singlets. The aromatic protons signals are two singlets
and two doublets. The methylene bridge (ArCH,Ar) protons
appear as two widely separated doublets (AX pattern) and two
closely spaced doublets or singlets (AB pattern). The AX system
correlates with syn-orientated bridge carbons at about 30 ppm and
the AB system correlates with anti-orientated bridge carbons at

around 38 ppm. The z-butyl protons exhibit characteristic patterns
of three singlets with a ratio of 1 : 1 : 2. There are significant
upfield shifts for the OCH,C(O) protons anti to the crown ether
rings, as observed in other partial-cone compounds.®*»'* As shown
by the data in Table 1, dramatic upfield shifts (Ad > 3.1 ppm)
are observed the methylene protons of the anti-OCH,C(O) groups
of ligands 4b—e. This indicates that these groups are “buried”
deeply in the hydrophobic cavity formed by the three surrounding
aromatic rings. An exception is the di(carboxylic acid) 4a with a
Ao value of only 1.35 ppm. Since its diester derivative also has
a Ao value (3.00 ppm) comparable to those observed for 4b—e,
the carboxylic acid group in 4a must be responsible for its small
A0 value. Conceivably, this results from the smaller size of the
carboxylic acid group.

Synthesis of 1,3-alternate, di-ionizable
p-tert-butylcalix[4]arene-crown-5 ligands

Preparation of 1,3-alternate conformers 5a—e (Scheme 3) fol-
lowed the procedure reported for synthesis of the correspond-
ing crown-6 analogues.® Thus, alkylation of 6 with r-butyl
bromoacetate and K,CO; in refluxing MeCN gave diester 9
in 88% yield. Cyclization of 9 with tetraethylene glycol di-
tosylate and 1.5 equivalents of Cs,CO; in refluxing MeCN
provided 1,3-alternate diester 10 in 55% yield. Diester 10 was
hydrolyzed with NaOH in aqueous EtOH to give the 1,3-
alternate di(carboxylic acid) 5a in 98% yield. (Previously employed
conditions for the hydrolysis of the cone diester 8, vide infra,
were unsuccessful). Di(carboxylic acid) 5a was converted into
products 5b—e under the same reaction conditions as those
employed for the cone and partial-cone conformers with 57-86%
yields.

Due to the increased symmetry of the 1,3-alternate conformers
compared with the partial-cone conformers, their 'H-NMR
spectra show similar patterns to those of the cone conformers
(Table 1). The two ionizable protons exhibit a singlet at around
9 ppm (except for Se, 11.26 ppm in d¢-acetone). Both the aromatic
and 7-butyl protons give two singlets that are closer together than
those for the cone conformers. Depending on the proton-ionizable

Table 1 Selected proton chemical shifts (ppm) for cone, partial-cone, and 1,3-alternate di-ionizable ligands

Ligand ~ NH (OH) ArH OCH,C(0) ArCH,Ar ‘Bu

3a 11.05 7.13, 6.59 5.29 4.36,3.27 1.33,0.83

3b 10.71 7.11, 6.53 5.23 4.36,3.24 1.32,0.81

3¢ 10.76 6.92, 6.42 5.08 4.12,2.95 1.28,0.76

3d 11.20 7.06, 6.56 527 4.36,3.06 1.28,0.82

3e 11.09 7.10, 6.53 5.27 4.26,3.25 1.32,0.81

4a — 7.15,7.12,7.11,6.78  4.83,3.48(1.35  4.41,3.96,3.75,3.27 1.45,1.26,1.14
4b 10.88,8.41  7.23,7.20,6.99,6.92  4.67,1.49(3.18)  4.35,3.85,3.31 1.44,1.21, 1.15
4c 10.99,8.52  7.17,7.07,6.86,6.76  4.48,127(321)  4.08,3.82,2.94 1.42,1.09, 1.00
4d 11.28,8.62  7.19,7.06,6.84,6.78  4.52,1.27(3.25  4.06, 3.83,2.95 1.43,1.06, 1.01
de 11.53,8.69  7.25,7.22,698,692  473,148(3.26)°  4.32,3.83,3.33 1.44,1.21,1.13
Sa — 7.10, 7.02 4.06 3.97, 3.88 1.38,1.23

sh 8.72 7.11,7.10 3.47 3.95 1.39,1.28

5c 9.21 7.09,7.01 3.03 391 1.37,1.10

sd 9.45 7.11,7.01 3.09 3.90 1.38, 1.11

S 11.26 7.21,7.17 341 4.14,3.99 1.41,1.26

“In dg-acetone. * Chemical shift differences, Ad (ppm), for syn- and anti-OCH,C(O) groups shown in parentheses.
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b: CHs

c: Ph

d: C6H4-4-N02
e: CF3

Scheme 2

OH on oH du

6

X
b: CH3
c: Ph
d: C6H4-4-N02
e: CF3

Scheme 3

groups, the methylene bridge (ArCH,Ar) protons are a singlet Competitive solvent extraction of alkali metal ions by di-ionizable
or quartet or two closely spaced doublets (AB pattern), which calix[4]arene-crown-5 ligands 3a—e, 4a—e and Sa—e

correlate with anti-orientated bridge carbons (0 ~ 39 ppm). The

two OCH,C(O) protons appears as a singlet at 0 3.03-4.06, with ~ The spatial relationship between a crown-complexed divalent

a small upfield shift resulting from the shielding effect of two metal ion and the two anionic centers formed by side arm

aromatic rings. ionization of new ligands 3a—e, 4a—e and Sa—e is controlled by
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the fixed conformations of their calix[4]arene units. As shown in
Fig. 3, complex 11 between di-ionized cone calix[4]arene-crown-5
ligands 3a—e and a divalent metal ion positions an anion on each
side of the crown ether unit. Alternatively, the partial-cone di-
ionizable calix[4]arene-crown-5 compounds 4a—e produce complex
12 with one anion in close proximity to the polyether-complexed
divalent metal ion and one in a remote location. Finally, both
anionic centers in complex 13 formed from the 1,3-alternate di-
ionizable calix[4]arene-crown-5 compounds 5a—e are remote from
the complexed divalent metal ion.

11 12 13

Fig. 3 Depiction of spatial relationships between a crown-complexed
divalent metal ion and the anionic centers formed by ionization of ligands
3a—e, 4a—e and Sa—e.

To probe the influence of these differing spatial arrangements, as
well as crown ether ring size, upon the efficiency and selectivity of
divalent metal ion complexation, competitive solvent extraction
of alkaline earth metal cations from aqueous solutions into
chloroform by ligands 3a—e, 4a—e and 5a—e were performed.
Since it has been shown that the selectivity in competitive metal
ion extraction may be quite different from that obtained by
extrapolating the results of single species extractions,'® competitive
solvent extractions of Mg**, Ca**, Sr** and Ba?* were utilized in
the present investigation.

For competitive solvent extractions of aqueous alkaline earth
metal cation solutions (2.0 mM in each) by 1.0 mM solutions of di-
ionizable p-tert-butylcalix[4]arene-crown-5 ligands 3a—e, 4a—e and
5a—e in chloroform, plots of metal cations loading of the organic
phase vs. the equilibrium pH of the aqueous phase are presented
in Figs. 4 and 6-9. For comparison, previously reported results'®
for corresponding p-tert-butylcalix[4]arene-crown-6 dicarboxylic
acids are shown in Fig. 5.

Fig. 4 records the results of competitive alkaline earth metal
ion solvent extraction by calix[4]arene-crown-5 di(carboxylic
acids) 3a, 4a and 5a in the cone, partial-cone and 1,3-alternate
conformations, respectively. As can be seen, cone ligand 3a exhibits
high extraction selectivity for Ba** and Sr**over Mg** and Ca*".
On the other hand, partial-cone ligand 4a, shows high selectivity
for Ba?* extraction over other three alkaline earth metal cations
and 100% maximum metal loading (for formation of a 1 : 1 metal
ion-di-ionized ligand complex) at pH 10. The 1,3-alternate ligand
5a gives a pronounced extraction selectivity for Ba** over the other
three alkaline earth metal cations, but is neither as effective nor
selective an extractant as ligand 4a. Based upon the pH profiles, the
extraction efficiency diminishes in the order 4a (partial-cone) > 5a
(1,3-alternate) > 3a (cone). Thus, the most effective and selective
extractant is 4a with the partial-cone conformation in which one
ionized group is proximate and the other is remote.
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Fig.4 Percent metals loading vs. equilibrium pH of the aqueous phase for
competitive solvent extraction of alkaline earth metal ions into chloroform
by tert-butylcalix[4]arene-crown-5 dicarboxylic acids (a) 3a, (b) 4a, and (c)
5a. (O =Mg*, O =Ca*, A =Sr*, ¥ =Ba™).

The differences between the alkaline earth metal cation ex-
traction results obtained for these p-tert-butylcalix[4]arene-crown-
5 dicarboxylic acids and those reported previously for the
crown-6 analogues in the cone, partial-cone and 1,3-alternate
conformations®® (Fig. 5) are striking. For the crown-6 dicarboxylic
acid analogues, the cone isomer was the most effective extractant
with a very high extraction selectivity for Ba** (Fig. 5a) The 1,3-
alternate isomer (Fig. 5¢c) was a much less efficient extractant and
gave a selectivity order of Ba** > Ca’ > Sr**, Mg* and the
partial-cone isomer (Fig. 5b) was such a weak extractant that it
was impossible to determine its extraction selectivity.
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Fig. 5 Percent metals loading vs. equilibrium pH of the aqueous phase
for competitive solvent extraction of alkaline earth metal ions into
chloroform by fert-butylcalix[4]arene-crown-6 dicarboxylic acids (a) cone,
(b) partial-cone, and (c) 1,3-alternate. (O = Mg*, O = Ca*, A = Sr*,
v = Ba?). (Taken from ref. 13).

The only structural difference between the di-ionizable
calix[4]arene-crown-5 dicarboxylic acids 3a, 4a and 5a examined
in this study and their crown-6 analogues investigated previously'®
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is the size of the crown ether ring. Therefore, this must be the
causative factor for their markedly different alkaline earth metal
cation extraction behaviors. It is known that calix[4]arene-crown-5
compounds are selective for K* among the alkali metal cations.>*
Since the ionic radius of K* (1.52 A) is very close to that of Ba?*
(1.49 A)," it appears that the crown ring size is the dominant factor
for extraction of alkaline earth metal cations by the crown-5 rings
of 3a, 4a and Sa with positioning of the anionic group relegated
to much lesser importance than it was for the crown-6 analogues.

To probe the effect of changing to a different class of ionizable
group for which the acidity can be systematically varied, solvent
extractions were performed with the calix[4]arene-crown-5 di[N-
(X)sulfonyl carboxamide] ligands 3b—e, 4b—e, and Sb—e in the cone,
partial-cone and 1,3-alternate conformations, respectively.

Results for competitive solvent extractions of alkaline earth
metal cations from aqueous solution into chloroform by cone
ligands 3b—e in which the X group is varied CH;, C¢Hs, C;H,-4-
NO, and CF;, respectively, are presented in Fig. 6. High Ba*
extraction selectivity is observed for ligands 3b-d with 100%
metals loadings (for formation of 1 : 1 extraction complexes) for
ligands 3b—d. It appears that ligand 3e, with the strongest electron-
withdrawing group, exhibits a maximal metal loading somewhat
less than 100%. Presumably this results from the high acidity of
ligand 3e which required the use of 1.0 M HCl for stripping instead
of conventional 0.1 M HCI. Unlike the di(carboxylic acid) ligand
3a, the di[N-(X)sulfonyl carboxamide] extractants 3b—e exhibit
very good Ba?*/Sr** selectivity.

100 | 4 + + 4

80 | 4 4

60 [ 4 +

Metal loading, %

40 | 4 +

20 | 4 +

0r 008 4 4
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Fig.6 Percent metals loading vs. equilibrium pH of the aqueous phase for
competitive solvent extraction of alkaline earth metal ions into chloroform

by cone tert-butylcalix[4]-arene-crown-5 di[N-(X)sulfonyl carboxamides]
(a) 3b, (b) 3¢, (¢) 3d and (d) 3e. (0= Mg**, O = Ca**, A = Sr**, ¥ = Ba*).

Fig. 7 presents the results for competitive alkaline earth metal
ion extraction by the partial-cone calix[4]arene-crown-5 di[N-
(X)sulfonyl carboxamide] ligands 4b—e. Like the di(carboxylic
acid) ligand 4a, these ligands show very high efficiency (with 100%
maximal metal loading) and high selectivity for Ba** extraction.

Results for competitive solvent extraction of alkaline earth
metal cations from aqueous solutions into chloroform by the 1,3-
alternate calix[4]arene-crown-5 di(N-(X)sulfonyl carboxamide)
ligands Sb—e are presented in Fig. 8. For ligands 5b,d,e, the Ba**
selectivities are higher than those found for the corresponding

80 -
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a0 |

20 -

Fig. 7 Percent metals loading vs. equilibrium pH of the aqueous phase
for competitive solvent extraction of alkaline earth metal ions into chlo-
roform by partial-cone terz-butylcalix[4]arene-crown-5 di[N-(X)sulfonyl
carboxamides] (a) 4b, (b) 4¢, (c) 4d and (d) 4e. (0= Mg*, O = Ca*, A =
Sr**, v = Ba*").
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Fig. 8 Percent metals loading vs. equilibrium pH of the aqueous phase
for competitive solvent extraction of alkaline earth metal ions into chlo-
roform by 1,3-alternate tert-butylcalix[4]arene-crown-5 di[N-(X)sulfonyl
carboxamides] (a) 5b, (b) 5S¢, (c) 5d and (d) Se. (0= Mg*, O = Ca*, p=
Sr**, v = Ba*).

di(carboxylic acid) 5a. For S¢, significant amounts of Mg** are
transferred into the organic phase when the aqueous phase
is highly alkaline. Presumably, this results from formation of
colloidal Mg(OH),.

According to the electron-withdrawing abilities of X in the N-
(X)sulfonyl carboxamide groups, acidity of the ligands would be
expected to increase in the order CH; ~ C;Hs < C4H,-4-NO, <
CF;. The pH for half loading, pH,s, is a qualitative measure of
ligand acidity. Table 2 presents the pH,s values for extractants
3b—e, 4b—e and 5b—e. As can be seen, the pH, s values for a given
conformation decrease as the electron-withdrawing ability of X
increases. It is interesting to note that for a common X group, the
ligand acidity increases uniformly as the conformation is varied
in the order: 1,3-alternate < partial-cone < cone. This ordering
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Table2 pH values for half extraction (pH,;) of alkaline earth metal
cations by zert-butyl-calix[4]arene-crown-5 di[ N-(X)sulfonyl carboxamide]
ligands in the cone (3b—e), partial-cone (4b—e) and 1,3-alternate (5b—e)
conformations

X

Conformation CH; Ph C¢H,-4-NO, CF,

Cone 6.2 6.6 4.7 1.8
Partial-cone 8.4 8.6 6.9 4.1
1,3-Alternate 9.9 9.6 8.5 5.4

is consistent with that expected if proximity of the ionized groups
to the polyether-complexed metal ion is an important factor in
determining the strength of metal ion binding, as reflected in the
extraction propensity of the ligand.

Experimental
General

Melting points were determined with a Mel-Temp melting point
apparatus. Infrared (IR) spectra were recorded with a Perkin-
Elmer Model 1600 FT-IR spectrometer as deposits from CH,Cl,
solution on NaCl plates. The 'H and *C NMR spectra were
recorded with a Varian Unity INOVA 500 MHz FT-NMR (‘H
500 MHz and BC 126 MHz) spectrometer in CDCl; with Me,Si
as internal standard unless indicated. Elemental analysis was
performed by Desert Analytics Laboratory of Tucson, Arizona.

Acetonitrile (MeCN) was dried over CaH, and distilled imme-
diately before use. Tetrahydrofuran (THF) was dried over sodium
with benzophenone as indicator and distilled just before use.
Cs,CO; was activated by heating at 150 °C overnight under high
vacuum and then stored in a desiccator. Tetraethylene glycol
ditosylate’® was prepared according to a literature procedure.
Compound 6" was prepared by a reported method. Analytical
TLC was performed on Analtech Uniplate silica gel or alumina
plates, while silica gel 150 (Mallinckrodt SiliCAR®, 60-200 mesh)
was used for column chromatography.

Cone 5,11,17,23-tetrakis(1,1-dimethylethyl)-25,27-bis(carboxy-
methoxy)calix[4]-arene-crown-5 (3a). A mixture of 8 (5.17 g,
5.28 mmol), THF (250 mL), and 10% Me,NOH (250 mL) was
refluxed for 12 h. The THF was evaporated in vacuo and the
resulting aqueous mixture was cooled in an ice-bath and acidified
with 6 N HCI. The mixture was extracted with CH,Cl, (2 x
100 mL). The combined organic layers were washed with water
(2 x 50 mL) and dried over MgSO,. After evaporation of the THF
in vacuo, di(carboxylic acid) 3a (4.39 g, 99%) was obtained as a
white solid (mp 250-252 °C); Found: C, 72.57; H, 8.00. C5xH;,0,,
requires C, 72.86; H, 8.08%; vy (film)/cm=" 2700-3500 (CO,H),
1741 (C=0); 6y 11.05 (2 H, br s, CO,H), 7.13 (4 H, s, ArH),
6.59 (4 H, s, ArH), 5.29 (4 H, s, OCH,CO), 4.36 (4 H, d, J 12.9,
ArCH,Ar), 4.04-4.12 (4 H, m, OCH,CH,0), 3.91-3.98 (4 H, m,
OCH,CH,0), 3.80-3.90 (8 H, m, OCH,CH,0), 3.27 (4 H, d, J
12.9, ArCH,Ar), 1.33 (18 H, s, C(CHj;);), 0.83 (18 H, s, C(CH;););
Oc 172.19, 152.93, 151.17, 145.91, 145.44, 134.73, 132.13, 125.64,
125.43,73.37,70.36, 70.29, 69.68, 34.12,33.61, 32.15, 31.65, 30.92.

General procedure for the preparation of cone 5,11,17,23-tetrakis-
(1,1-dimethylethyl)-25,27-bis[ /N-(X)sulfonyl carbamoylmethoxy]-

calix|4]arene-crown-5 ligands 3b—e. A solution of 3a (1.43 g,
1.55 mmol) and oxalyl chloride (1.57 g, 12.37 mmol) in benzene
(60 mL) was refluxed for 5 h. The solution was evaporated in
vacuo and the residue was dried under high vacuum for 30 min.
The residue was dissolved in THF (20 mL) and added into a
mixture of the appropriate sulfonamide (4.65 mmol) and NaH
(0.58 g, 24.17 mmol) in THF (40 mL) under nitrogen at room
temperature. The reaction mixture was stirred for 12 h (except for
p-nitrobenzenesulfonamide, 3 h). The reaction was quenched with
a small amount of water and the THF was evaporated in vacuo
The residue was dissolved in CH,Cl, (100 mL) and washed with
10% aqueous K,CO; (2 x 50 mL), 10% HCI (50 mL) and water
(2 x 50 mL). The organic layer was dried over MgSQO, (except for
trifluoromethyl derivatives). Evaporation of CH,Cl, in vacuo gave
the crude product, which was purified by either recrystallization
or chromatography.

Cone 5,11,17,23-tetrakis(1,1-dimethylethyl)-25,27-bis(/N-meth-
anesulfonyl carbamoylmethoxy)calix[4]arene-crown-5 (3b). Re-
crystallization from CH,Cl,-hexanes, yield 48%, white solid, mp
269-271 °C. Found: C, 64.76; H, 7.38; N, 2.39. CsxH,O3N,S,
requires C, 64.66; H, 7.48; N, 2.60%. vy, (film)/cm~"' 2800-3300
(NH); 1715 (C=0); oy 10.71 (2 H, s, NH), 7.11 (4 H, s, ArH),
6.53 (4 H, s, ArH), 5.23 (4 H, s, OCH,CO), 436 (4 H, d, J
12.6, ArCH,Ar), 4.03-4.13 (4 H, m, OCH,CH,0), 3.95-4.01
(4 H, m, OCH,CH,0), 3.90-3.95 (4 H, m, OCH,CH,0), 3.80-3.90
(4 H, m, OCH,CH,0), 3.17-3.30 (10 H, m, ArCH,Ar, CH;S0,),
1.32 (18 H, s, C(CH;);), 0.81 (18 H, s, C(CH,);); dc 170.15,
151.85, 151.40, 145.94, 145.21, 135.01, 131.92, 125.61, 124.92,
72.13, 71.02, 70.57, 70.40, 70.36, 69.93, 41.63, 34.12, 33.59, 32.25,
31.64, 30.96.

Cone 5,11,17,23-tetrakis(1,1-dimethylethyl)-25,27-bis(/V-ben-
zenesulfonyl carbamoylmethoxy)calix|[4]arene-crown-5 (3¢). Re-
crystallization from CH,Cl,-hexanes, yield 47%, white solid, mp
274-276 °C. Found: C, 67.86; H, 7.26; N, 2.35. C,xHgO13N,S,
requires C, 67.97; H, 7.05; N, 2.33%. v, (film)/cm="' 2800-3300
(NH); 1721 (C=0); 4 10.76 (2 H, s, NH), 8.02-8.12 (4 H, m,
ArH), 7.60-7.68 (2 H, m, ArH), 7.45-7.54 (4 H, m, ArH), 6.92
(4 H, s, ArH), 6.42 (4 H, s, ArH), 5.08 (4 H, s, OCH,CO), 4.12
(4H,d,J12.8, ArCH,Ar), 3.93-4.04 (4 H, m, OCH,CH,O0), 3.76—
3.93 (12 H, m, OCH,CH,0), 2.95(4 H, d, J 12.8, ArCH,Ar), 1.28
(18 H, s, C(CH,)3), 0.76 (18 H, s, C(CH;),); ¢ 168.33, 151.75,
151.06, 145.50, 145.02, 139.15, 134.88, 133.66, 131.95, 128.72,
128.34, 125.41, 124.76, 72.04, 70.98, 70.61, 70.50, 70.23, 34.02,
33.51, 32.12, 31.62, 30.91.

Cone 5,11,17,23-tetrakis(1,1-dimethylethyl)-25,27-bis(/V-p-nitro-
benzenesulfonyl carbamoylmethoxy)calix[4]arene-crown-5 (3d).
Precipitated from CH,Cl, solution after washing with aq K,CO;
solution, yield 74%, light-yellow solid, mp 270-272 °C. Found: C,
62.93; H, 6.32; N, 4.31. CxH,,0,;N,S, requires C, 63.24; H, 6.40;
N, 4.34%. vy (film)/cm=" 2800-3300 (NH); 1726 (C=0); oy (ds-
acetone) 11.20 (2 H, brs, NH), 8.40-8.52 (4 H, m, ArH), 8.26-8.38
(4 H, m, ArH), 7.06 (4 H, s, ArH), 6.56 (4 H, s, ArH), 5.27 (4 H,
s, OCH,CO0), 4.35 (4 H, d, J 12.6, ArCH,Ar), 3.92-4.08 (8§ H, m,
OCH,CH,0), 3.70-3.92 (8 H, m, OCH,CH,0), 3.05 (4 H, d, J
12.6, ArCH,Ar), 1.28 (18 H, s, C(CHs)5), 0.82 (18 H, s, C(CH,)5);
Jc 169.37, 153.30, 152.45, 151.72, 146.08, 145.52, 145.26, 136.20,
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132.92, 130.82, 126.20, 125.66, 124.96, 79.23, 78.96, 78.70, 73.20,
71.56, 71.42,70.97, 69.25, 34.53, 34.16, 32.77, 31.90, 31.37.

Cone 5,11,17,23-tetrakis(1,1-dimethylethyl)-25,27-bis(/V-trifluo-
romethanesulfonyl carbamoylmethoxy)calix|[4]arene-crown-5 (3e).
Chromatography on silica gel with EtOAc as eluent, yield 57%,
white solid, mp 200-202 °C. Found: C, 58.57; H, 6.32; N,
2.40. CxH,,O3N,S,F, requires C, 58.77; H, 6.29; N, 2.36%.
Vmax(film)/cm=" 2800-3200 (NH); 1754 (C=0); d4 11.09 (2 H,
br s, NH), 7.10 (4 H, s, ArH), 6.53 (4 H, s, ArH), 527 (4 H, s,
OCH,CO), 4.26 (4 H, d, J 12.7, ArCH,Ar), 4.04-4.14 (4 H, m,
OCH,CH,0), 3.95-4.04 (4 H, m, OCH,CH,0), 3.89-3.95 (4H,
m, OCH,CH,0), 3.80-3.89 (4 H, m, OCH,CH,0), 3.26 (4 H, d, J
12.9, ArCH,Ar), 1.32 (18 H, s, C(CHs)5), 0.81 (18 H, s, C(CH;););
dc 167.35, 151.69, 150.70, 146.35, 145.44, 134.84, 131.81, 125.68,
124.99, 71.77, 71.40, 70.49, 70.26, 32.17, 31.61, 30.92.

Partial-cone 5,11,17,23-tetrakis(1,1-dimethylethyl)-25,27-bis-
(carboxymethoxy)-calix[4]arene-crown-5 (4a). A mixture of 7
(8.00 g, 9.91 mmol), THF (250 mL), and KH (2.50 g, 35%
dispersion in mineral oil, 21.80 mmol) was stirred under nitrogen at
room temperature for 1 h. Ethyl bromoacetate (4.98 g,29.82 mmol)
in THF (50 mL) was added slowly. The reaction mixture was stirred
at room temperature for 12 h and quenched with a small amount
of water. The THF was evaporated in vacuo. To the residue was
added 95% EtOH (200 mL), NaOH (2.29 g, 57.25 mmol) and
H,O (50 mL) and the solution was refluxed for 24 h. The EtOH
was evaporated in vacuo and the resulting aqueous solution was
cooled in an ice-bath and acidified with 6 N HCI. The solution
was extracted with CH,Cl, (2 x 100 mL). The combined organic
layers were washed with water (2 x 50 mL) and dried over MgSO,.
After evaporation of the CH,Cl, in vacuo, the crude product was
recrystallized from CH,Cl,~MeOH to give 4a (8.23 g, 90%) as a
white solid (mp 189-192 °C). Found: C, 73.09; H, 7.84. C;;H,,O,
requires C, 72.85; H 8.08%; vy (film)/cm=" 2500-3200 (CO,H),
1782, 1731 (C=0);dy 7.10-7.15(6 H, m, ArH), 6.78 2 H, d, J 2.3,
ArH),4.83 (2 H,s, syn-OCH,CO),4.41 (2H,d, J 12.4, ArCH,Ar),
3.95(2H,d,J16.7, ArCH,Ar), 3.82-3.90 (6 H, m, OCH,CH,0),
3.72-3.78 (4 H, m, OCH,CH,0O, ArCH,Ar), 3.51-3.66 (6 H, m,
OCH,CH,0), 3.44-3.51 (4 H, m, OCH,CH,O0, anti-OCH,CO),
3.27(2H,d, J 12.4, ArCH,Ar), 1.45 (9 H, s, C(CH5;);), 1.26 (9 H,
s, C(CH;);), 1.14 (18 H, s, C(CH,);); dc 171.99, 168.08, 152.88,
151.18, 150.68, 146.49, 146.26, 134.63, 134.04, 133.13, 131.45,
126.90, 126.15, 125.41, 124.47, 71.76, 71.22, 70.68, 70.51, 70.43,
65.44, 38.94, 34.27, 34.08, 33.90, 31.78, 31.44, 31.10.

General procedure for the preparation of partial-cone 5,11,17,23-
tetrakis(1,1-dimethylethyl)-25,27-bis[ V-(X)-sulfonyl carbamoyl-
methoxy]calix|[4]arene-crown-5 ligands 4b—e. The procedure was
the same as that for the cone conformers.

Partial-cone 5,11,17,23-tetrakis(1,1-dimethylethyl)-25,27-bis(/V-
methanesulfonyl carbamoylmethoxy)calix|4]arene-crown-5 (4b).
Recrystallization from CH,Cl,-MeOH, yield 88%, white
solid, mp 272-274 °C. Found: C, 63.65; H, 7.68; N, 2.49.
CssHgO3N,S,-0.2CH,Cl, requires C, 63.87; H, 7.40; N, 2.56%.
Vimax (film)/cm~" 2800-3200 (NH); 1736 (C=0); dy4 10.88 (1 H, s,
NH), 8.41 (1 H, s, NH), 7.23 (2 H, d, J 2.3, ArH), 7.20 2 H, s,
ArH),6.99(2H,s,ArH),6.92(2H,d, J 2.3, ArH),4.67 (2 H, s, syn-
OCH,CO), 435 (2 H, d, J 12.2, ArCH,Ar), 3.72-3.94 (14 H, m,

ArCH,Ar, OCH,CH,0), 3.62-3.70 (2 H, m, OCH,CH,0), 3.54
3.62 (2 H, m, OCH,CH,0), 3.36-3.46 (2 H, m, OCH,CH,0), 3.31
(2 H, d, J 12.2, ArCH,Ar), 3.25 (3 H, s, CH,S0,), 2.97 3 H, s,
CH,S0,), 1.49 (2 H, s, anti-OCH,CO), 1.44 (9 H, s, C(CH,),),
1.21 (9 H, s, C(CH,),), 1.15 (18 H, s, C(CH.,),); o 170.06, 166.23,
152.91, 151.63, 151.43, 147.05, 146.33, 145.72, 136.43, 134.16,
132.58, 131.96, 126.70, 126.46, 125.82, 125.74, 75.23, 72.23, 70.86,
70.55, 70.23, 68.30, 41.35, 41.19, 38.43, 34.19, 34.04, 34.01, 31.61,
31.23, 31.13, 30.74.

Partial-cone 5,11,17,23-tetrakis(1,1-dimethylethyl)-25,27-bis(/V-
benzenesulfonyl carbamoylmethoxy)calix[4]arene-crown-5 (4c).
Recrystallization from CH,Cl,-MeOH, yield 67%, white solid,
mp 177-180 °C. Found: C, 68.28; H, 7.20; N, 2.37. C,xH, 013N, S,
requires C, 67.97; H, 7.05; N, 2.33%. v, (film)/cm~"' 2800-3300
(NH); 1742, 1731 (C=0); o4 10.99 (1 H, s, NH), 8.52 (1 H, s,
NH), 8.02-8.12 (2 H, m, ArH), 7.78-7.86 (2 H, m, ArH), 7.61
(1H,t,J 7.4, ArH), 7.44-7.56 3 H, m, ArH), 7.36 2 H, t, J 7.9,
ArH), 7.17 (2 H, s, ArH), 7.07 2 H, d, J 2.3, ArH), 6.86 (2 H,
d, J 2.2, ArH), 6.76 (2 H, s, ArH), 4.48 (2 H, s, syn-OCH,CO),
4.08(2H,d, J12.2, ArCH,Ar), 3.85-3.94 (2 H, m, OCH,CH,O0),
3.82 (4 H, s, ArCH,Ar), 3.70-3.80 (8 H, m, OCH,CH,0), 3.60-
3.68 (2 H, m, OCH,CH,0), 3.48-3.58 (2 H, m, OCH,CH,0),
3.30-3.40 (2 H, m, OCH,CH,0), 2.93 2 H, d, J 12.3, ArCH,Ar),
1.42 (9 H, s, C(CH,),), 1.27 (2 H, s, anti-OCH,CO), 1.09 (18 H,
s, C(CH;)3), 1.00 (9 H, s, C(CH;);); o 168.18, 164.39, 152.64,
152.05, 151.35, 146.91, 145.96, 145.67, 139.02, 138.49, 133.91,
133.61, 133.37, 132.26, 131.39, 128.75, 128.44, 128.39, 126.46,
126.31, 125.91, 125.68, 75.66, 72.25, 71.29, 70.47, 70.26, 68.21,
38.20, 34.17, 33.89, 33.88, 31.56, 31.13, 30.98, 30.35.

Partial-cone 5,11,17,23-tetrakis(1,1-dimethylethyl)-25,27-bis(/V-
p-nitrobenzenesulfonyl carbamoylmethoxy)calix|4]arene-crown-5
(4d). Recrystallization from CH,Cl,-MeOH, yield 56%, light
yellow solid, mp 188-190 °C. Found: C, 62.20; H, 6.47; N, 4.11.
CesHg, 07N, S,-0.3CH,Cl, requires C, 62.29; H, 6.32; N, 4.25%.
Vaax (film)/cm~! 2800-3300 (NH); 1742, 1732 (C=0);6, 11.28 (1 H,
s, NH), 8.62 (1 H, s, NH), 8.29-8.35 (2 H, m, ArH), 8.23-8.29 2 H,
m, ArH), 8.18-8.23 (2 H, m, ArH), 8.00-8.05 (2 H, m, ArH), 7.18
(2H,s,ArH), 7.06 2 H, d, J 2.3, ArH), 6.84 (2 H, d, J 2.3, ArH),
6.78 (2 H, s, ArH), 4.52 (2 H, s, syn-OCH,CO), 4.06 (2 H, d,
J 12.3, ArCH,Ar), 3.69-3.90 (14 H, m, ArCH,Ar, OCH,CH,O0),
3.62-3.69 (2H, m, OCH,CH,0), 3.50-3.62 (2 H, m, OCH,CH,0),
3.30-3.42 (2 H, m, OCH,CH,0), 2.95 (2 H, d, J 12.3, ArCH,Ar),
1.43 (9 H, s, C(CH;),), 1.27 (2 H, s, anti-OCH,CO), 1.06 (18 H,
s, C(CH,),), 1.01 (9 H, s, C(CH,),); 6c 168.39, 164.82, 152.65,
151.84, 151.29, 150.58, 150.50, 147.09, 146.23, 145.97, 144.41,
143.85, 136.38, 134.02, 132.23, 131.51, 129.97, 129.95, 126.61,
126.40, 125.82, 125.71, 123.89, 123.65, 75.42, 72.34, 70.93, 70.45,
70.22, 68.10, 38.27, 34.23, 33.93, 33.87, 31.60, 31.05, 30.97, 30.48.

Partial-cone 5,11,17,23-tetrakis(1,1-dimethylethyl)-25,27-bis(/V-
trifluoromethanesulfonyl carbzmoylmethoxy)calix[4]arene-crown-5
(4e). Recrystallization from CH,Cl,~MeOH, yield 68%, white
solid, mp 180-183 °C. Found: C, 58.64; H, 6.47;, N, 2.37.
CssH.,013N,S,F, requires C, 58.77; H, 6.29; N, 2.36%. v, (film)/
cm™' 2800-3200 (NH); 1775 (C=0); oy 11.54 (1 H, br s, NH), 8.69
(1H,s,NH), 7.25 (2 H, d, J 2.9, ArH), 7.22 (2 H, s, ArH), 6.98
(2H,s,ArH),6.92(2H,d, J 2.2, ArH),4.74 (2 H, s, syn-OCH,CO),
431 (2 H,d, J 122, ArCH,Ar), 3.72-3.94 (14 H, m, ArCH,Ar,
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OCH,CH,0), 3.56-3.72 (4 H, m, OCH,CH,0), 3.39-3.50 (2 H,
m, OCH,CH,0), 3.32 2 H, d, J 12.3, ArCH,Ar), 1.48 (2 H, s,
anti-OCH,CO), 1.44 (9 H, s, C(CH,),), 1.21 (18 H, s, C(CH,),),
1.13 (9 H, s, C(CH,),); 5c 167.87, 163.01, 152.77, 151.32, 150.98,
147.58, 146.85, 146.30, 136.64, 134.38, 132.17, 131.84, 126.88,
126.82, 125.96, 125.54, 75.25, 72.22, 70.69, 70.50, 70.19, 68.35,
38.52, 34.27, 34.05, 31.64, 31.13, 31.06, 30.69.

1,3-Alternate 5,11,17,23-tetrakis(1,1-dimethylethyl)-25,27-bis-
(carboxymethoxy)calix[4]arene-crown-5 (5a). A mixture of the
diester 10 (5.75 g, 5.55 mmol), NaOH (1.78 g, 44.40 mmol), EtOH
(100 mL) and water (30 mL) was refluxed for 12 h. The EtOH
was evaporated in vacuo and the resulting aqueous solution was
cooled in an ice-bath and acidified with 6 N HCI. The solution
was extracted with CH,Cl, (2 x 100 mL). The combined organic
extracts were washed with water (2 x 50 mL) and dried over
MgSO,. After evaporation of the CH,Cl, in vacuo, 5a was obtained
(5.02 g, 98%) as a white solid (mp 288-291 °C). Found: C, 72.91; H,
8.25. C5xH,,0,, requires C, 72.85; H 8.08%; vy (film)/cm™" 3415
(CO,H), 1760 (C=0);04 7.10(4 H, s, ArH),7.02 (4 H, s, ArH), 4.06
(4H,s, OCH,CO),397(4H,d,J17.0, ArCH,Ar),3.88 (4 H,d, J
17.0, ArCH,Ar), 3.56-3.66 (4 H, m, OCH,CH,0), 3.43-3.52 (4 H,
m, OCH,CH,0), 3.36-3.43 (4 H, m, OCH,CH,0), 2.92-3.06 (4 H,
m, OCH,CH,0), 1.38 (18 H, s, C(CHs);), 1.23 (18 H, s, C(CH5;)5);
Oc 168.80, 153.42, 151.90, 146.70, 146.63, 132.47, 132.36, 125.86,
125.73,73.37,70.89, 70.18, 67.37,67.18, 38.61, 34.15, 33.93, 31.68,
31.21.

General procedure for the preparation of 1,3-alternate 5,11,17,23-
(tetrakis(1,1-dimethylethyl)-25,27-bis| V-(X)sulfonyl  carbamoyl-
methoxy]calix|[4]arene-crown-5 ligands Sb—e. The procedure was
essentially the same as that for the cone conformers.

1,3-Alternate 5,11,17,23-tetrakis(1,1-dimethylethyl)-25,27-bis-
(/V-methanesulfonyl carbamoylmethoxy)calix[4]arene-crown-5 (5b).
Chromatography on silica gel with EtOAc as eluent, yield
73%, white solid, mp > 300 °C. Found: C, 64.63; H, 7.66;
N, 2.76. CxHO3N,S, requires C, 64.66; H, 7.48; N, 2.60%.
Vmax(film)/cm=" 3414 (NH); 1760 (C=0); dy 8.72 (2 H, s, NH),
7.11 (4 H, s, ArH), 7.10 (4 H, s, ArH), 3.95 (8 H, s, ArCH,Ar),
3.62-3.72 (4 H, m, OCH,CH,0), 3.47 (4 H, s, OCH,CO), 3.36-
3.46 (8 H, m, OCH,CH,0), 3.17 (6 H, s, CH;S0,), 2.90-3.02 (4 H,
m, OCH,CH,0), 1.39 (18 H, s, C(CHs;);), 1.28 (18 H, s, C(CH,),);
Jc 169.54, 154.10, 152.76, 146.90, 146.07, 133.39, 132.49, 126.50,
126.44,73.49,71.18,70.71, 69.86, 68.04,41.35, 39.02, 34.17, 34.08,
31.66, 31.22.

1,3-Alternate 5,11,17,23-tetrakis(1,1-dimethylethyl)-25,27-bis-
(IV-(benzenesulfonyl carbamoylmethoxy)calix[4]arene-crown-5 (5c).
Chromatography on silica gel with CH,C,—MeOH (50 : 1) as
eluent, yield 57%, white solid, mp 275-278 °C. Found: C, 67.79; H,
7.08; N, 2.39. CxH, 013N, S, requires C, 67.97; H, 7.05; N, 2.33%.
Vmax(film)/cm™" 3414 (NH); 1760 (C=0); 6, 9.21 (2 H, s, NH),
7.98-8.08 (4 H, m, ArH), 7.56-7.66 (2 H, m, ArH), 7.46-7.56
(4 H, m, ArH), 7.09 (4 H, s, ArH), 7.01 (4 H, s, ArH), 3.91 (8 H,
s, ArCH,Ar), 3.60-3.70 (4 H, m, OCH,CH,0), 3.36-3.48 (8 H,
m, OCH,CH,0), 3.03 (4 H, s, OCH,CO), 2.89-2.99 (4 H, m,
OCH,CH,0), 1.37 (18 H, s, C(CHs)5), 1.10 (18 H, s, C(CH;),);
Jc 168.56, 153.88, 152.61, 147.01, 145.90, 138.58, 133.81, 133.58,
132.79, 128.99, 128.31, 126.75, 126.37, 73.50, 71.19, 69.83, 68.09,
39.01, 34.04, 33.92, 31.64, 31.00.

1,3-Alternate 5,11,17,23-tetrakis(1,1-dimethylethyl)-25,27-bis-
(/N-p-nitrobenzenesulfonyl carbamoylmethoxy)calix[4]arene-crown-
5(5d). Chromatography on silica gel with CH,Cl,~MeOH (100 :
1) as eluent, yield 58%, light yellow solid, mp 276-279 °C. Found:
C, 63.55; H, 6.44; N, 4.35. CxH;,0;N,S, requires C, 63.24; H,
6.40; N, 4.34%. vy, (film)/cm™" 2800-3300 (NH); 1726, 1703
(C=0); oy 9.45 (2 H, s, NH), 8.28-8.38 (4 H, m, ArH), 8.18-
8.28 (4 H, m, ArH), 7.11 (4 H, s, ArH), 7.01 (4 H, s, ArH), 3.88
(4H,d,J17.0, ArCH,Ar), 3.94 (4 H, d, J 17.0, ArCH,Ar), 3.60—
3.72 (4 H, m, OCH,CH,0), 3.36-3.48 (8 H, m, OCH,CH,0),
3.09 (4 H, br s, OCH,CO), 2.88-3.02 (4 H, m, OCH,CH,0), 1.38
(18 H, s, C(CH;)3), 1.11 (18 H, s, C(CHs;)3); d¢ 169.05, 153.94,
152.72, 150.79, 147.04, 146.39, 143.92, 133.69, 132.85, 129.78,
126.70, 126.57, 124.31, 73.50, 71.42, 71.23, 69.77, 68.24, 38.97,
34.10, 33.97, 31.63, 30.94.

1,3-Alternate 5,11,17,23-tetrakis(1,1-dimethylethyl)-25,27-bis-
(N -trifluoromethanesulfonyl  carbamoylmethoxy)calix[4]arene-
crown-5 (5e). Chromatography on silica gel with hexanes-THF
(2 : 1) as eluent, yield 86%, white solid, mp 233-235 °C. Found:
C, 59.06; H, 6.44; N, 2.44. CxH;,0,3N,S,F requires C, 58.77; H,
6.29; N, 2.36%. Vpux(film)/cm~" 2800-3300 (NH); 1764 (C=0); o,
(dg-acetone) 11.26 (2 H, br s, NH), 7.21 (4 H, s, ArH), 7.17 (4 H,
s, ArH), 4.13 (4 H, d, J 16.6, ArCH,Ar), 3.99 (4 H, d, J 16.7,
ArCH,Ar), 3.58-3.71 (4 H, m, OCH,CH,0), 3.46-3.56 (4 H,
m, OCH,CH,0), 3.25-3.46 (8 H, m, OCH,CH,0, OCH,CO),
2.94-3.12 (4 H, m, OCH,CH,0), 1.41 (18 H, s, C(CH;);), 1.26
(18 H, s, C(CH,);); oc 168.66, 155.04, 152.72, 147.14, 146.33,
135.08, 134.36, 127.50, 127.06, 74.46, 71.70, 70.87, 70.17, 68.41,
39.52, 34.64, 34.51, 32.13, 31.55.

5,11,17,23-Tetrakis(1,1-dimethylethyl)-25,27-dihydroxycalix[4]-
arene-crown-5 (7). Under nitrogen, a solution of p-tert-
butylcalix[4]arene (6-toluene) (5.00 g, 6.75 mmol), tetracthylene
glycol ditosylate (3.84 g, 7.64 mmol) and K,CO; (1.06 g,
7.64 mmol) in MeCN (300 mL) was refluxed for 24 h. The solution
was filtered and the MeCN was evaporated in vacuo. The residue
was dissolved in CH,Cl, (200 mL) and water (100 mL) was added.
The organic phase was separated and washed with 10% aqueous
HCI1 (2 x 100 mL) and water (2 x 100 mL), dried over MgSO, and
evaporated in vacuo to give the crude product, which was purified
by chromatography on alumina with hexanes—EtOAc (4 : 1) as
eluent to give 7 (4.03 g, 74%) as a white solid (mp 244-247 °C,
ref. 3a 246-248 °C, ref. 14 245-247 °C); Found: C, 77.04; H, 8.77.
C5,H;,0; requires C, 77.38; H, 8.74%; Vo (film)/cm=" 3417 (OH);
on 7.17 2 H, s, OH), 7.07 (4 H, s, ArH), 6.75 (4 H, s, ArH), 4.37
(4H,d,J 13.1, ArCH,Ar), 4.07 (8 H, s, OCH,CH,0), 3.97 (4 H, t,
J 5.5,0CH,CH,0), 3.84 (4 H, t,J 5.5, OCH,CH,0), 3.28 (4 H, d,
J13.1, ArCH,Ar), 1.31 (18 H, s, C(CH,);), 0.91 (18 H, s, C(CH5;)5);
Jc 150.80, 149.76, 146.79, 141.14, 132.48, 127.79, 125.39, 124.93,
71.06, 70.85, 70.35, 33.85, 33.80, 31.73, 31.30, 30.96.

Cone 5,11,17,23-tetrakis(1,1-dimethylethyl)-25,27-bis(ethoxy-
carbonylmethoxy)-calix[4]arene-crown-5 (8). A mixture of 7
(4.64 g, 5.75 mmol) in THF (250 mL) and NaH (0.96 g,
28.76 mmol) was stirred under nitrogen at room temperature
for 30 min. Then ethyl bromoacetate (5.76 g, 34.49 mmol) in
THF (50 mL) was added slowly. The mixture was stirred at room
temperature for 12 h and quenched with a small amount of water
(added dropwise). The THF was evaporated in vacuo. CH,Cl,
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(200 mL) and 10% HCI (100 mL) were added to the residue. The
organic layer was separated, washed with water (2 x 100 mL),
dried over MgSO, and evaporated in vacuo. The residue was
purified by chromatography on alumina with hexanes—EtOAc (5 :
1) aseluent to give 8 (3.77 g, 67%) as a white solid (mp 225-227 °C);
Found: C, 73.60; H, 8.72. C,H,,0,, requires C, 73.59; H, 8.44%;
Vmax(film)/cm=" 1759, 1732 (C=0); 6y, 6.84 (4 H, s, ArH), 6.74 (4 H,
s, ArH), 5.08 (4 H, s, OCH,CO), 4.65 (4 H, d, J 12.7, ArCH,Ar),
4.08-4.18 (8 H, m, OCH,CH,, OCH,CH,0), 4.05 (4 H, t, J 5.3,
OCH,CH,0), 3.72-3.78 (4 H, m, OCH,CH,0), 3.64-3.70 (4 H,
m, OCH,CH,0), 3.17 (4 H, d, J 12.7, ArCH,Ar), 1.23 (6 H, t, J
7.2, CH,CH,), 1.13 (18 H, s, C(CH5;);), 1.01 (18 H, s, C(CH;)s);
oc 171.14, 153.46, 152.33, 144.80, 144.63, 134.31, 133.57, 125.02,
124.97,72.75,71.17,70.85, 70.56, 70.37, 60.10, 33.85, 33.74, 31.90,
31.45, 31.30, 14.16.

5,11,17,23-Tetrakis(1,1-dimethylethyl)-25,27-bis(p-tert-butoxy-
carbonylmethoxy)-calix[4]arene (9). A solution of 6-toluene
(10.00 g, 13.50 mmol) and K,CO; (2.10 g, 15.20 mmol) in MeCN
(150 mL) was heated at reflux for 0.5 h and ferz-butyl bromoacetate
(6.14 g, 31.48 mmol) was added dropwise. The mixture was
refluxed for 24 h. The MeCN was removed in vacuo and CH,Cl,
(300 mL) and water (100 mL) were added to the residue. The
organic layer was washed with 10% HCI (100 mL) and water (2 x
100 mL), dried over MgSQO,. The solvent was evaporated in vacuo.
Purification by chromatography on silica gel with CH,Cl,—EtOAc
(15:1) as eluent to give 9 (10.42 g, 88%) as a white solid (mp 180-
182 °C). Found: C, 76.86; H, 8.86. Cs,H.,O; requires C, 76.68; H,
8.73%; Vpa(film)/cm™"' 3438 (OH), 1754, 1732 (C=0); oy 7.14
(2H,s, OH), 7.02 (4 H, s, ArH), 6.79 (4 H, s, ArH), 4.58 (4 H, s,
OCH,CO),4.44 (4 H,d, J 13.1, ArCH,Ar), 3.29 (4 H, d, J 13.2,
ArCH,Ar), 1.54 (18 H, s, C(CH;);), 1.27 (18 H, s, OC(CH,),),
0.91 (18 H, s, C(CH;);); 0c 168.23, 150.81, 150.47, 146.85, 141.18,
132.39, 127.75, 125.61, 124.99, 82.20, 73.08, 33.87, 33.77, 31.80,
31.66, 31.00, 28.14.

1,3-Alternate 5,11,17,23-tetrakis(1,1-dimethylethyl)-25,27-bis-
(tert-butoxycarbonylmethoxy)calix[4]arene-crown-5 (10). A solu-
tion of 9 (10.00 g, 11.40 mmol), tetraethylene glycol ditosylate
(6.27 g, 12.48 mmol), and Cs,CO; (5.57 g, 17.10 mmol) in MeCN
(600 mL) was refluxed for 24 h. The MeCN was evaporated in
vacuo and CH,Cl, (300 mL) and water (100 mL) were added to
the residue. The organic layer was separated and washed with 10%
HCI (100 mL) and water (2 x 100 mL) and dried over MgSO,. The
solvent was evaporated in vacuo to give the crude product, which
was purified by chromatography on alumina with CH,CL,—EtOAc
(50: 1) as eluent to give 10 (6.49 g, 55%) as a white solid (mp 115-
118 °C). Found: C, 74.18; H, 8.43. C4,Hy, O, requires C, 74.24; H,
8.76%; Vo (film)/cm~" 1757, 1725 (C=0); 6y 7.13 (4 H, s, ArH),
7.04 (4 H, s, ArH), 4.05 (4 H, d, J 16.0, ArCH,Ar), 3.83 (4 H,
d, J 16.0, ArCH,Ar), 3.78 (4 H, s, OCH,CO), 3.51-3.62 (4 H, m,
OCH,CH,0), 3.40-3.50 (4 H, m, OCH,CH,0), 3.03-3.16 (4 H,
m, OCH,CH,0), 2.90-3.03 (4 H, m, OCH,CH,0), 1.36 (18 H,
s, C(CH;);), 1.35 (18 H, s, C(CH;);), 1.25 (18 H, s, C(CHj;)s);
Jc 169.19, 153.95, 144.48, 143.89, 133.40, 133.30, 127.26, 125.93,
80.70, 72.60, 71.23, 69.99, 69.10, 68.88, 38.92, 33.97, 33.83, 31.69,
31.41, 28.03.

Extraction procedure. An aqueous solution of the alkaline
earth metal chlorides with hydroxides for pH adjustment (for

3e, 4e and Se, 0.10 M HCI was utilized for pH adjustment)
(2.0 mL, 2.0 mM in each alkaline earth metal cation species)
and 2.0 mL of 1.0 mM ligand in chloroform in a metal-free,
capped, polypropylene, 15 mL centrifuge tube was vortexed with
a Glas-Col Multi-Pulse Vortexer for 10 min at room temperature.
The tube was centrifuged for 10 min for phase separation with
a Becton-Dickinson Clay Adams Brand® Centrifuge. A 1.5 mL
portion of the organic phase was removed and added to 3.0 mL of
0.10 M HCl (except 3e, 1.0 M HCI) in a new, 15 mL, polypropylene
centrifuge tube. The tube was vortexed for 10 min and centrifuged
for 10 min. The alkaline earth metal cation concentrations in the
aqueous phase from stripping were determined with a Dionex
DX-120 Ion Chromatograph with a CS12A column. (For 3e, the
aqueous phase was diluted 100 times prior to ion chromatographic
analysis.) The pH of the aqueous phase from the initial extraction
step was determined with a Fisher Accumet AR25 pH meter with
a Corning 476157 combination pH electrode.
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Upon UV irradiation of the hydrogen-bond confined crys-
tal state of a dithienylhexafluorocyclopentene with (R)-N-
phenylethylamide substituents, the photochemical cyclization
reaction proceeds diastereoselectively to form the coloured,
closed-ring isomer with 97% de.

Photochromism is defined as the reversible transformation of a
single molecule between two states having different absorption
spectra. Hence, photochromic molecules often hold considerable
potential towards application as molecular switches and as control
elements in molecular devices.

Diarylethenes are among the most promising of photochromic
compounds,” not only as memory materials but also as switch-
ing units for molecular devices and in supramolecular systems.?
Some of us (Feringa, van Esch and co-workers) have demon-
strated recently that a diarylethene 1oR with chiral, (R)-N-
phenylethylamide groups at both ends of the molecule engages
in self-assembled gels through the formation of multiple hydrogen
bonds between the amide groups (Scheme 1). The supramolecular

10R-M; X=H
20R-M; X=F

1cR-SS; X=H
2cR-SS; X=F

Scheme 1 Diarylethene 10R and 20R in the open form are in rapid
equilibrium between P- and M-helicity, which upon irradiation with UV
light lead to the closed form in RR and SS configuration, respectively.
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chirality of the gel was translated into molecular chirality through
the hydrogen-bonding networks formed and upon photochemical
ring closure the molecular chirality of the gel was ‘locked’ by
the stereoselectivity of the photochemical transformation. This
example demonstrates the potentially useful interplay of molecular
and supramolecular chirality.*

In the present contribution, we report the synthesis of the
perfluorocyclopentene derivative 20R to explore the effect of
the fluorinated cyclopentene on the self-assembly process, the
intermolecular hydrogen-bonding networks formed and the stere-
oselectivity of the photochromism in hydrogen-bond confined
states.

Diarylethene 20R was prepared in one step starting from 1,2-
bis(5-carbonyl-2-methylthien-3-yl)perfluorocyclopentene. ~ The
carboxylic acid was first deprotonated by N-methylmorpholine
and subsequently activated by 2-chloro-4,6-dimethoxytriazine,
followed by a reaction of the activated ester with (R)-o-
phenylethylamine.® The compound 20R was prepared as colourless
plates in 48% yield.* 20R shows reversible photochromism in
acetonitrile solution. Fig. 1 illustrates the absorption and CD
spectral changes of 20R in acetonitrile upon photo-irradiation.
Upon irradiation at A, 254 nm, the colourless solution turned
blue and absorption bands assigned to 2cR appeared at 576 nm
(e: 1.02 x 10* M~' em™) and 369 nm (¢: 7.00 x 10° M~ cm™).
Concomitantly the absorption of 20R at 258 nm (& 3.91 x
10* M~' ecm™') decreased in intensity. Upon irradiation at A >
500 nm, the blue colour was bleached and the open-ring isomer
20R was regenerated as confirmed by UV/Vis spectroscopy.
The isosbestic points were observed at 206, 232, and 299 nm in
Fig. 1(a).

In contrast to 1oR, which forms gels with organic solvents, 20R
did not engage in gelation and, indeed, formed colourless crystals
from ethanol which were suitable for X-ray analysis. The difference
in gelation behaviour between 10R and 20R may arise from
the formation of (F - - - H) hydrogen bonds between diarylethene
molecules. The availability of 20R as single crystals, nevertheless,
allows for examination of the stereoselectivity of photochemical
ring closure in a crystalline state.

In order for the photocyclization reactions to take place in
the single crystalline phase, the diarylethene molecules should
be in an anti-parallel conformation with the distance between
the reactive carbon atoms being less than 4.2 A.7# In the crystal,
20R? was present in two different conformational states in a 1 :
1 ratio, the distances between the reactive carbon atoms being
3.546(10) and 3.686(8) A, respectively (Fig. 2). The presence
of two conformers is due to the presence amide substituents
in two different conformations. Nevertheless, the separation of
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Fig. 1 UV/Vis absorption (a) and CD (b) spectral changes of 2R in
acetonitrile solution (3.07 x 10> M~! cm™"). Solid line (20R), and dotted
line [photostationary state (20R : 2cR = 7 : 93) under UV (254 nm) light
irradiation].

Fig.2 PLUTO drawing of the two conformers of 20R present in the single
crystal.

the reactive carbons of both conformers is less than 4.2 A,
which suggests that both conformers are capable of engaging in
photochemical ring-closure. In addition, the central hexatriene
moieties of both conformers are in the M-helicity configuration
as shown in Fig. 2; therefore, the photocyclization reaction in
the crystal is expected to give only one diastereoisomer of the
closed-ring isomer, i.e. 2cR-SS.

In the single crystal, these two conformers form a ladder-
like structure through multiple intermolecular hydrogen bonding
(Fig. 3). Each molecule participates in four hydrogen bonds that
connect it to four (perpendicularly orientated) other molecules of
different conformation. The amide moieties, linked by hydrogen
bonds, form an infinite two-dimensional network along the base
vectors [100] and [010], i.e. in the plane (001).

\

Fig. 3 Molecular packing of 20R. Conformers A and B, drawn in green
and blue, respectively, are hydrogen bonded (red dotted line).

The absorption spectra of the coloured crystal, prepared by
photolysis of a single crystal (Fig. 4) of 20R were monitored
while rotating the crystal sample under linearly polarized light

[Fig. 5(a)].

Fig.4 Appearance of the single crystal of 20R (0.6 x 1.5 mm).

This journal is © The Royal Society of Chemistry 2006
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Fig. 5 Absorption spectra (a) of the photochemically coloured crystal
of 20R at several orientations, and polar plots (b) of the absorbance at
598 nm.

The absorption maximum of the closed-ring isomer in the
crystalline state is 22 nm (576 to 598 nm) red-shifted compared
with that in solution. This is attributed to the restricted structure
of the closed-ring isomer in the crystal lattice.® The dependence of
the absorption of the changes of the closed-ring isomer was plotted
against the angle of orientation of the crystal with respect to the
linearly polarized light [Fig. 5(b)]. In this case, when the direction
of the polarized light was rotated through 90°, the absorbance
was almost equal to that at 0°, indicating that the molecules in the
crystal have orientations which are nearly perpendicular to each
other (Fig. 6)."

As shown in Fig. 2, diarylethene molecules 20R are fixed to
form 2¢R-SS, and hence upon UV light irradiation, diastere-
oselective cyclization is expected. To verify that stereoselective
photochemical ring closure occurs, the coloured crystal obtained
by UV irradiation was dissolved in chloroform and the closed-ring
isomer was separated by preparative TLC using a chloroform-—
methanol [96 : 4 (v/v)] mixture as the eluent. A CD spectrum of the
closed-ring isomer 2¢cR obtained in this way (Fig. 7) is significantly
different from that of 2¢R formed upon UV irradiation in solution
[Fig. 1(b)], especially in the 200-350 nm region of the spectrum.

The origin of the difference of the CD spectra of 2¢R prepared
by irradiation of 20R in the single crystal and in solution was
investigated through '"H NMR spectroscopy (see ESIT). In the
spectrum of 2¢R generated in solution, two signals for the protons
on the thienyl moiety were observed at 6.74 and 6.75 ppm

Fig. 6 Molecular packing of two conformers from the (001) face. The
long axes of the molecules are oriented perpendicular to each other.
The packing pattern is in agreement with the polar plot in Fig. 5(b).

Wavelength / nm

Fig.7 CD spectrum of the closed-ring isomer 2¢R in acetonitrile (dotted
line) dissolved after irradiation of a single crystal of 20R and that of the
open-ring isomer 20R (solid line) obtained upon visible light (1 > 500 nm)
irradiation.

in CDCI; with the ratio of 1 : 1. In contrast, 2cR generated
in the crystalline phase showed only one signal at 6.74 ppm.
The incomplete resolution of the two signals prohibited de
determination accurately by '"H NMR spectroscopy. Hence, the
de was determined by chiral HPLC,” as shown in Fig. 8. The
CD spectra of the diastereomeric closed-ring isomers 2cR-RR,
2cR-SS were obtained after isolation by HPLC. Interestingly,
in such closed-ring isomers having two (R)-N-phenylethylamide
groups, the CD spectra of both diastereomers have the same
sign in the 450-700 nm region, but opposite signs at shorter
wavelengths caused by the chirality of the central cyclohexadiene
moiety. The tendency is very different with other enantiomeric and
diastereomeric closed-ring isomers of diarylethenes which show
the opposite Cotton effect over the entire wavelength region.'!
The sum of these CD spectra (solid line in Fig. 9) maches with
that of Fig 1(b), indicating the lack of diastereoselectivity in the
photocyclization in solution.

In the crystal, the conversion to the closed-ring isomer 2¢cR
was very low (2.3%) compared with that (95%) in solution. The
low conversion in the crystal is due to inner filter effects with
photoreaction proceeding only on the surface and in the thin

1004 | Org. Biomol. Chem., 2006, 4, 1002-1006

This journal is © The Royal Society of Chemistry 2006





250000

20R
200000
3
&
o 150000
Q
c
@
£
g 100000
50000
0
L L L L L
0 5 10 15 20 25 30
Time (min)
6000
2¢R-88
5000
-
3
E., 4000
8
2 3000
o
o
2
g 2000
1000
0
1000 L L L L L
0 5 10 15 20 25 30
Time (min)

8000

20R
7000 |
c) 2cR-RR
~ 6000
2 2cR-88
£ 5000}
8
€ 4000} n
£
S aoo0f ‘
0
2 200f |
1000 |-
0
1000 N . . . )
0 5 10 15 20 25 30
Time (min)
7000
2cR-RR
socor ) 2cR-5S
T 5000 |
&
g 4000
c
_g 3000 |-
2
8 2000}
<
1000 20R
0 _—l________‘\__J\J
1000 . . L . .
0 5 10 15 20 25 30
Time (min)

Fig. 8 HPLC chromatograms of 2R after 254 nm light irradiation: (a) and (b) are the chromatograms of 2R irradiated in the crystalline state; (c) and
(d) are those of 2R irradiated in acetonitrile solution; (a) and (c) were monitored at 299 nm (isosbestic point); (b) and (d) were monitored at 576 nm
(Amax Of 2¢R). The retention times of 2cR-RR, 2¢R-SS, and 20R are 14.05, 16.36, and 20.67 min, respectively.
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Fig. 9 CD spectra of the isolated closed-ring isomers 2cR-RR (dashed
line) and 2¢R-SS (dotted line) and the sum of these spectra (solid line).

subsurface layer. Nevertheless, the diastereomeric excess of 2¢R-
SS was 97%, while no selectivity in the cyclization was observed
in solution.

Similar diastereoselective cyclization (82%) in the crystalline
state was reported for a diarylethene having one (S)-N-
phenylethylamide group in each molecule.”® The higher diastere-
oselectivity of the present system is attributed to the stronger
intermolecular interactions through the double intermolecular
hydrogen bonds, which lock the chiral helical conformation more
efficiently. The distances between the amide hydrogen and the
amide oxygen of the neighbouring molecule in the crystal are
2.744(6), 2.822(6), 2.890(5), and 2.966(6) A, for each of the four
hydrogen bonds present, which are all sufficiently short to form
hydrogen bonds.

In order to achieve a large surface area for photocyclization,
single crystals of 20R were ground to powder form. For the
powders, conversions of up to 40% were achievable; however,
the diastereoselectivity decreased to as low as 30%. This result
indicates the importance of the crystal packing on the diastereos-
electivity of the cyclization. Once the lattice is broken, molecules
gain conformational freedom and selectivity drops considerably.

In conclusion, diarylethene 20R crystallizes due to strong
intermolecular hydrogen bonds. In the single crystal, diarylethene
20R forms a ladder structure consisting of the molecules in two
different conformations being oriented perpendicular to each
other. Upon UV irradiation, the open-ring isomer with the M-
form cyclizes to yield only one diastereoisomer of the closed form
2¢R-SS in excellent (97%) diastereoselectivity.
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This paper reports a study into the partial reduction of N-alkylpyridinium salts together with
subsequent elaboration of the intermediates thus produced. Activation of a pyridinium salt by placing
an ester group at C-2, allows the addition of two electrons to give a synthetically versatile enolate
intermediate which can be trapped with a variety of electrophiles. Furthermore, the presence of a
4-methoxy substituent on the pyridine nucleus enhances the stability of the enolate reaction products,
and hydrolysis in situ gives stable dihydropyridone derivatives in good yields. These versatile
compounds are prepared in just three steps from picolinic acid and can be derivatised at any position on
the ring, including nitrogen when a p-methoxybenzyl group is used as the N-activating group on the
pyridinium salt. This publication describes our exploration of the optimum reducing conditions, the
most appropriate N-alkyl protecting group, as well as the best position on the ring for the methoxy
group. Electrochemical techniques which mimic the synthetic reducing conditions are utilised and they
give clear support for our proposed mechanism of reduction in which there is a stepwise addition of
two electrons to the heterocycle, mediated by di-terz-butylbiphenyl (DBB). Moreover, there is a
correlation between the viability of reduction of a given heterocycle under synthetic conditions and its
electrochemical response; this offers the potential for use of electrochemistry in predicting the outcome

of such reactions.

Introduction

The piperidine ring is one of the central motifs in natural product
chemistry, and this heterocycle is present in a wide variety of
compounds with biological activity. Many naturally-occurring
piperidines are present in complex structures and represent chal-
lenging synthetic targets.! The use of pyridinium salts as precursors
to piperidines is an attractive approach, because control of a
reduction or addition process allows access to dihydropyridine,
tetrahydropyridine or piperidine derivatives directly. A further
advantage is the ready availability of various substituted pyridines
via literature routes and the ease of activation of this heterocycle
as a pyridinium salt. In this regard, there are two complementary
methods of effecting the reductive transformation of pyridinium
salts: (i) direct attack of a nucleophile onto the heterocycle,”
or (ii) the use of a reducing agent which provides electrons
and forms an anion capable of reacting with electrophiles.* The
addition of organometallic reagents to pyridinium salts (especially
acylpyridinium salts) is well documented in the literature. The
choice of nucleophilic reagent is very important with respect to
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regiochemistry because hard reagents, such as organolithiums,
favour attack at the 2-position* and softer reagents, such as
organocuprates, attack at the 4-position.® A recent example
showing the use of Grignard reagents adding to pyridinium salts
in conjunction with stereochemical control by a chiral auxiliary
is shown in Scheme 1.* When hydride reagents are used as
nucleophiles, regiocontrol can be difficult to achieve and requires
careful choice of both reagent and conditions in order to be
synthetically useful: a pertinent recent example of the Fowler
reduction by Ganem et al. is shown in Scheme 1 (3— 4).” The
use of dissolving metals in ammonia (such as the Birch reduction)

| AN (i) (i)
— 64%
N® e} y N
Ph”)\ Ph")\
H Me H Me
1 X=n-C4oH50S0, 2 dr=8:1

= 97%

y )
CO,Ph
3
Scheme 1 Reagents and conditions: (i) C¢H;CH,MgBr; (i) NaBH,; (iii)
NaBH,, PhOCOCI, MeOH, —78 °C.
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as a source of electrons to effect the reduction of pyridines has
been known since 1925.8 However, this reaction often gives multi-
component mixtures, limiting its synthetic utility. Modification of
the procedure by the use of pyridinium salts in the Birch reduction
has allowed regiocontrol of the reduction to be achieved, with the
conditions favouring formation of a 1,4-dihydropyridine.®

Previously, we had shown that selective reduction of the pyridine
nucleus using Birch conditions is made possible by positioning
electron-withdrawing substituents on the heterocycle (Scheme 2).°
This methodology was found to be a general one, compatible
with a wide variety of electrophilic quenches which furnished the
substituted dihydropyridines 6 in excellent yields. However, the
approach suffers from a number of drawbacks. It was found that
at least two electron-withdrawing groups were needed to properly
activate the ring towards reduction and the relative positioning
of these groups was critical for the success of this reduction
(Scheme 2). In essence, the ability of the substituted pyridine
to stabilise a dianionic intermediate (generated by the addition
of two electrons) was crucial, thus restricting the placement of
the groups (see A, Scheme 2). Also, further modification of the
products generated by this reduction reaction was found to be
limited, particularly with respect to the fixed carbon substituent
pattern that the two electron-withdrawing groups imposed. Thus,
an investigation into the development of a more versatile method
of activating the pyridine nucleus was sought.

O@
Pro,'C -
™2 X Na/NH, Pro” XY
| ~ X O'pr
N~ Scoger (+29) N
5 Op
A

R-X
then H;0*

Proz"c\fj\
N~ | >co,Pr
6 H R 2

Yields of 78-100%

Scheme 2  Partial reduction of 2,5-disubstituted pyridines.

Results and discussion

Establishing conditions for the ammonia-free Birch reduction of
pyridinium salts

Pyridinium salts have already found limited use as substrates
for the Birch reduction and shown potential for controlling the
extent of reduction. Therefore, it was hypothesised that the further
activation of pyridines (bearing one electron-withdrawing group)
as pyridinium salts would negate the need for the second electron-
withdrawing group as shown in Scheme 2." In the reduction of
a pyridinium salt, by the addition of two electrons, the use of
an ester group at the C-2 position may allow for the generation
of an anion stabilised as an enolate, giving an opportunity to
alkylate the heterocyclic nucleus by quenching the reaction with

an electrophile. In order to test this hypothesis, the synthesis
of pyridinium salt 8 was accomplished by heating iso-propyl
picolinate 7 in neat methyl iodide overnight (Scheme 3). These
harsh conditions were necessary to overcome electronic deacti-
vation by the ester group adjacent to the heterocyclic nitrogen.
Subsequent reaction of pyridinium salt 8 under standard Birch
reduction conditions (sodium, ammonia and tetrahydrofuran at
—78 °C) followed by quenching of the reaction with an acid led
to the formation of a crude product that was consistent with the
desired dihydropyridine 9 (R = H) by '"H NMR spectroscopy
(Scheme 3). However, attempts at purification failed because the
product was apparently unstable. The instability of the expected
1,2-dihydropyridine species 9 has been well documented in the
literature; indeed, the addition of catalytic p-toluenesulfonic
acid to a fresh sample of crude dihydropyridine in deuterated
chloroform led to extremely rapid degradation. One potential
route for decomposition of a putative dihydropyridine would be
re-aromatisation via air oxidation. Therefore, the reduction of 8
was repeated, followed by quenching with methyl iodide as an
electrophile. However, again the crude product of the reductive
alkylation reaction 9 (R = Me) was found to be just as unstable
to purification as the protonated species 9 (R = H), indicating
an alternative pathway for product decomposition. One strategy
for the isolation of unstable dihydropyridine intermediates is to
convert them into a more stable derivative in situ.'? Thus, the crude
diene 9 (R = H) was subjected to a Diels—Alder reaction. Initial
use of maleic anhydride as a dienophile to capture 9 offered no
advantage as attempts at purification of the adduct failed, possibly
because of facile retro-cycloaddition. Instead, the crude reaction
mixture was treated with dimethyl fumarate in dichloromethane,
which furnished the Diels—Alder adduct 10 as a mixture of isomers
(stereochemistry not assigned). However, the disappointing yield
of this reaction led to the conclusion that the intermediates
generated here were again too unstable to be synthetically useful.

N 65-78%

) ~ .
cojpr  88% © @N” “coPr

crude
Me
7 8
MeOZC

AN

H CO,Me (i) | R

< N COQ’PI’
; A\ 15%, R=H I
PI’OQ Cc /N Me
Me 10 2:1dr 9 R=H, Me

Scheme 3  Reagents and conditions: (i) Mel, A; (ii) Na, NH;, THF, =78 °C
then isoprene then NH,Cl or Mel; (iii) dimethyl fumarate, CH,Cl,, A.

Therefore, an alternative approach was sought that would
lead to the transformation (and thus stabilisation) of the 1,2-
dihydropyridine species in situ. Initial ideas, such as hydrogena-
tion, were rejected as this would greatly reduce the synthetic
potential of the reduction product by removal of the double bonds.
We were aware that Comins and co-workers had successfully
developed the use of C-4 methoxy-substituted acyl pyridinium
salts as versatile electrophiles.”® The advantage of the placement
of a methoxy group at C-4 was that it allowed a method of avoid-
ing unstable 1,2-dihydropyridines after reduction: acid catalysed
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hydrolysis in situ liberated a stable dihydropyridone. Using this
idea as a starting point, an efficient, one-step synthesis of methyl
4-methoxypicolinate 12 (Scheme 4) was achieved from picolinic
acid 11 via a method originally reported by Sundberg and Jiang.™*
Compound 12 was then N-alkylated by use of the same procedure
as previously described to give the N-methylpyridinium salt 13
in excellent yield." Tt was reasoned that the use of traditional
Birch reduction conditions — sodium and liquid ammonia — would
be inappropriate and that an electron transfer agent such as di-
tert-butylbiphenyl (DBB) or naphthalene in combination with an
alkali metal could be used to facilitate reduction.’® The reasoning
behind this change was three-fold: firstly, the in situ acidic work-up
required to hydrolyse the enol ether would clearly be incompatible
with a liquid ammonia solvent; secondly, previous experience
had shown that methyl esters are often prone to nucleophilic
attack by amide anions formed during the Birch reduction; and
finally, the use of ammonia-free conditions would allow the use
of sensitive electrophiles, such as methyl chloroformate, as traps
for the reduction.” Thus, pyridinium salt 13 was subjected to
the ammonia-free reduction/hydrolysis strategy using sodium and
naphthalene to achieve reduction and then methyl iodide as an
electrophilic quench, followed by reaction with aqueous acid.
The isolation of the desired dihydropyridone 14 in a yield of
71% validated the change in reaction conditions (Scheme 4); the
dihydropyridone product 14 was completely stable at ambient tem-
perature and its structure was proven by X-ray crystallography.f
The success of this alkylation/hydrolysis protocol lends credence
to the original hypothesis that the addition of two electrons
generated an enolate anion B, which was successfully alkylated
and then hydrolysed to a stable vinylogous amide derivative

in situ.
OMe OMe
= ) R . =
| M i) ]
~ — o o s
N~ TCO,H 67% N~ Tco,Me 92% @||w CO,Me
Me I@
1 12 13
(iii)| + 2e
OMe OMe
| N =
i OMe H30+ i OMe Mel > _-OMe
| Me | Me |
Me O Me O Me O@
14 71% B

Scheme 4  Reagents and conditions: (i) SOCl,, NaBr, MeOH, A; (ii) Mel;
(iii) Na, naphthalene, —78 °C then Mel, then H;0*.

1 Crystal data for 14: C;H;;NO;, M = 183.21, monoclinic, P2,/n, a =
7.1187(2), b = 12.4355(2), ¢ = 10.6250(3) A, f = 105.5450(8)°, V =
906.17(4) A3, T=150K, Z = 4, & = 0.101 mm™, reflections measured
12098 (2169 unique), R;,, = 0.030, R = 0.0372 (all data). CCDC reference
number 294438. For crystallographic data in CIF or other electronic
format see DOI: 10.1039/b517462¢.

Optimising the /V-alkyl substituent in the pyridinium salt

The next issue to be addressed was the removal of the N-
methyl group from 14 because deprotection was required to allow
variation in the substituents on the nitrogen for future studies.
Initial work focused on classical electrophilic demethylation
conditions such as the use of methyl chloroformate and boron
tribromide; however, only the starting material 14 was returned,
indicating that the nitrogen lone pair was strongly conjugated into
the enone system and thus unavailable for reaction. The use of
both nucleophilic conditions, e.g. methionine in methanesulfonic
acid, and oxidative conditions, e.g. chromium trioxide or Dess—
Martin periodinane, either returned the starting material or led to
decomposition.'

This failure to deprotect the nitrogen severely limited the scope
of the reduction for its general use in organic synthesis and
so it was decided to investigate other protecting groups on the
heteroatom. The first area of investigation involved groups that
could to be cleaved under acidic conditions to yield the N-
H dihydropyridone. However, both an N-trialkylsilyl group and
an N-boron trifluoride protected version of pyridinium salt 13,
when subjected to reduction, gave no identifiable products. The
use of the corresponding N-oxide of 12 was also investigated
but again reduction failed to give a single product. Attention
was, therefore, returned to carbon-based protecting groups. One
problem with attaching a range of groups on nitrogen was the poor
reactivity of pyridine 12 towards electrophiles; for example, both
benzyl and allyl bromides proved unreactive and did not achieve
complete conversion. Attempted reaction of 12 with acylating
agents only returned the starting material; this confirms literature
reports of the relative instability of acylpyridinium species at room
temperature and especially where ortho substitution on a pyridine
provides steric hindrance.® All this evidence demonstrated a
lack of nucleophilicity of the substrate 12 towards alkyl halides
and so a more reactive electrophile was chosen to effect alkyla-
tion. Alkyl triflates (trifluoromethanesufonates) are very reactive
electrophiles, and so a test reaction using methyl triflate and
12 was conducted. The pyridinium salt 15 was formed easily at
room temperature, and was then added immediately to a solution
of sodium naphthalenide. After alkylation with methyl iodide
and acidic hydrolysis, dihydropyridone 14 was isolated in 44%
yield. Although this yield was less than for the corresponding
reaction of iodide salt 13, as a proof of concept the use of alkyl
triflates for alkylating pyridine 12 had been demonstrated. It
was decided to test if other alkyl groups could be introduced
via the triflate route and were then tolerated by the reaction
conditions. The 1-chloroethyl and homoallyl salts 16 and 17 were
prepared (and isolated) from the respective triflates to examine the
stability of more highly functionalised groups in the ammonia-
free Birch reduction (Scheme 5). Both triflate salts underwent
smooth reduction, with yields of the two dihydropyridones 18
and 19 being consistent with previous reductions of triflates —
thus the compatibility of the ammonia-free reduction with both
alkyl chlorides and isolated alkenes has been demonstrated. The
drop in yield seen here would appear to indicate some form of
counter-ion effect having a negative impact on the reduction;
compare the reduction of 15 and 13. Bearing in mind that
the aim of further investigation was the ability to deprotect
the nitrogen, the N-homoallyl dihydropyridone 19 was reacted
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Scheme 5  Reagents and conditions: (i) R—-OSO,CFj; (ii) Na, naphthalene,
—78 °C then Mel, then H;0*; (iii) OsO,, NalO,; (iv) Et;N, A.

under Johnson-Lemieux oxidative cleavage conditions, followed
by heating in triethylamine to trigger a B-elimination, liberating
the N-H dihydropyridone 20 (Scheme 5). Although this sequence
was successful in deprotecting the nitrogen and forming 20, a poor
yield of 10% was not encouraging for future use.

We have shown that reduction of a pyridinium iodide salt
is superior to the corresponding triflate salt, and so a new
series of iodides were sought to activate pyridine 12; in this
regard it was decided to evaluate both benzyl iodide and 4-
methoxybenzyl (PMB) iodide as electrophiles. The increased
leaving group aptitude of the iodide proved to be critical, as both
the benzyl and PMB protected pyridinium salts 21 and 22 were
isolated in good yields as easily handled micro-crystalline solids
(Scheme 6). During the course of these studies a second reducing
system of lithium and DBB was also tested on compound 13
and found to be superior to sodium and naphthalene in terms
of isolated yield. Electrochemical data from experiments designed
to mimic the ammonia-free reduction conditions showed that the
reduction potential of DBB (—2.8 V) is more negative than that
of naphthalene (—2.3 V), thus the radical anion is less stable and
so LiDBB is a stronger reducing agent."” Treatment of 21 and 22

@N/ COzMe

N >CoMe
R
21R= Bn 72% 23R =Bn 47%
22R=PMB 92% 24R=PMB 74%
0
Me L Me
0,
N™ “come  100% N™ “co,Me
24 20
MeO

Scheme 6 Reagents and conditions: (i) Bnl or PMBI; (ii) Li, DBB, —78 °C
then Mel, then H;O*; (iii) TFA, A.

with lithium—DBB, using methyl iodide as the quench, furnished
the dihydropyridone in both cases, and in particular the PMB
protected dihydropyridone 24 was isolated in an encouraging yield
of 74%, which is comparable to the analogous result obtained
using methyl protected salt 13 (Scheme 6). It should be noted that
yields suffered if too great an excess of lithium was used, which was
attributed to reduction of the aromatic protecting group as well as
the heterocycle. With this promising result in hand, deprotection
of the dihydropyridone 24 was attempted next. Exposure of 24 to
trifluoroacetic acid (TFA), followed by heating at reflux, led to the
formation of the N-H dihydropyridone 20 in a quantitative yield
(Scheme 6).

Thus far we have established optimal conditions for the acti-
vation and subsequent partial reduction of methoxypyridinium
salts to highly functionalised and versatile dihydropyridone inter-
mediates. We have demonstrated the efficiency of the ammonia-
free Birch reduction conditions and have optimised these to the
use of LiDBB. Also, we have identified the PMB group as the
most appropriate N-protecting group in the activation of the
methoxypyridine 12 as a pyridinium iodide salt.

Versatility of the methodology and elaboration of the
dihydropyridones

With the basic elements of the synthetic approach established, we
next investigated the utility of the intermediates obtained by this
methodology. Thus, the PMB protected salt 22 was subjected to
the ammonia-free Birch reduction, and the enolate quenched with
a variety of electrophiles, including a proton source and carbon
electrophiles comprising both alkyl and acyl species (Scheme 7).!!
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Scheme 7 Reagents and conditions: (i) Li, DBB, —78 °C; (ii) i-Bul;
(i) CICO,Me; (iv) NH,CIL; (v) X(CH,),I (X = Cl, I); (vi) H;0%;
(vii) TFA, A.
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Interesting points to note are that the yield of protonation was
independent of the source of the acid used; saturated aqueous
ammonium chloride solution, methanol or 2,6-di-zert-butylphenol
all gave yields of around 65% of the dihydropyridone 27. In
addition, the use of a mixed halide electrophile showed complete
selectivity for displacement of the better leaving group (22 — 25),
as expected. Both halide-containing dihydropyridones 25 and 26
were deprotected to test if potentially sensitive functionality could
survive the strongly acidic conditions. Pleasingly, both the N-H
dihydropyridones 30 and 31 were isolated, with yields of 91%
for the chloride and 76% for the iodide, with the lower value
for the iodide perhaps revealing some sensitivity to the reaction
conditions. The only class of electrophile that worked poorly
under the partial reduction conditions was an aldehyde.” It is
possible that during the acidic hydrolysis conditions (and as the
reaction is warmed to room temperature) a retro-aldol reaction
was occurring, leading to decomposition in situ.

These examples show the methodology to be a viable way of
quickly accessing a synthetically useful template from a cheap and
plentiful starting material, picolinic acid, in just three steps.

The potential for further modification and elaboration of
these dihydropyridones, and their use in synthesis, can easily be
predicted from substantial precedent for the reactivity of these sys-
tems in the literature. We have performed a range of derivatisation
reactions on these templates, designed to show the flexibility that
such platforms have for the introduction of groups at any position
on the pyridone nucleus. The reactions detailed in Scheme 8 show
that this is indeed possible. For example, functionalisation at C-6
was accomplished using an organo-cuprate in conjunction with
Lewis acid activation of enone (24 — 32, 80 : 20 dr)." The relative
stereochemistry of compound 32 (major isomer) was assigned
by NOE experiments. Conjugate addition of hydride to 24 was
also accomplished using L-selectride® and the PMB group then
removed from tertiary amine product 33 using hydrogenolysis
conditions to give 34 (surprisingly, we found that dihydropyridone
24 was itself inert to hydrogenolysis). Next, functionalisation at
C-3 was examined by utilising the enolate derivative of pyridones
25 and 14.* Intramolecular alkylation of 25 was accomplished by
treatment with sodamide (this base alone was capable of enolising
the dihydropyridone structure). Formation of the cis-azadecalin
ring system 35 was confirmed by X-ray crystallographic analysis
of this compound.i Moreover, intermolecular alkylation at C-3
was also readily accomplished when 14 was reacted with sodamide
and then methyl iodide, to furnish 36 as a single diastereoisomer.
We were unable to prove the relative stereochemistry of 36 beyond
all doubt and it is assigned by analogy to 35. Finally, the enamine-
like character of these dihydropyridones was harnessed (and
functionalisation at C-5 accomplished) by reaction of 24 with
potent electrophiles.? For example, reaction with iodine gave
vinyl iodide 37 in excellent yield, ready for derivatisation by
radical reaction or transition metal coupling. Preliminary screens
in this area showed that palladium coupling of 37 could be best
accomplished with catalytic Pd/C under heterogeneous conditions

I Crystal data for 35: C,yH;NO,, M = 329. 40 monoclinic, P2,/c, a =
80683(2) b = 10.3413(2), ¢ = 20.1216(4) A, f = 100.6130(9)°,
1650.16(6) A>, T = 150 K, Z = 4, u = 0.093 mm*‘ reflections measured
13884 (3656 unique), R;,, = 0.030, R=10.0397 (all data). CCDC reference
number 294439. For crystallographic data in CIF or other electronic
format see DOI: 10.1039/b517462¢.
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Scheme 8 Reagents and conditions: (i) CuBr-SMe,, THF; BF;-OEt,,
—78 °C; MeMgBr, —10 °C; (ii) Li(sec-Bu);BH, THF, —78 °C; (iii) H,,
Pd/C, MeOH; (iv) NaNH,, NH;, —40 °C; (v) NaNH,, NH;, —78 °C,
Mel; (vi) L,, K,CO;, CH,Cl,, rt; (vii) allyl iodide, MeCN, A, 48 h;
(viii) PhB(OH),, DME/H,O0, cat. Pd/C.

in the presence of phenyl boronic acid to yield 39.2 Moreover, allyl
iodide was also capable of reacting with the enamine 24 to yield
the C-5 allyl compound 38 in reasonable yield (the site of initial
allylation, and the ensuing [3,3] sigmatropic rearrangement that
would follow from N- or O-allylation was not investigated).

Thus, the varied reactivity pattern of dihydropyridones such
as 24 has been explored and there is clearly plenty of scope to
perform significant modification to the heterocyclic skeleton post-
partial reduction.

Variation in the substitution pattern of activated pyridinium salts

Our next remit was to investigate variation in the position of the
substituents around the pyridine ring of the starting substrate.
Two criteria were applied in the choice of substrate to be reduced.
Firstly, using our knowledge of the mechanism of reduction only
certain substitution patterns (an ester at C-2 or C-4) were predicted
to stabilise the anion generated upon addition of the electrons
as an enolate. Moreover, positioning of the methoxy group meta
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to the ester was deemed essential to allow stabilisation of the
product from hydrolysis.'* Secondly, the starting material needed
to be readily available to allow its use in synthesis, because multi-
step routes to the pyridinium starting materials would not be
attractive. Therefore, it was decided to investigate the properties
of commercially available 6-hydroxypicolinic acid 40 to test if the
position of the methoxy group was important during reduction.
Esterification and etherification of 40 were achieved in a one-pot
reaction by the addition of methyl iodide and silver carbonate to 6-
hydroxypicolinic acid (Scheme 9).> The choice of base was crucial
to the success of the reaction, with the use of potassium carbonate
leading to methylation of the ring nitrogen instead of the hydroxy
group, which then led to pyridone formation. Attempts to form
the pyridinium salt of methyl 6-methoxypicolinate 41 using methyl
iodide led exclusively to the synthesis of the N-methyl pyridone
42 as observed previously.” To prevent this side reaction from
occurring, a non-nucleophilic counter-ion was used and attention
was turned to the use of an alkyl triflate to alkylate 41. Although
previous work on the 4-methoxy salts 13 and 15 had shown the
iodide derivatives to be superior to their triflate counterparts, the
latter had worked in the ammonia-free Birch reduction and would
allow the exploration of a new area of pyridinium salt chemistry.
Consequently, treatment of pyridine 41 with methyl triflate led
to the quantitative formation of pyridinium salt 43 (Scheme 9).
Attempts to exchange the triflate counter-ion of 43 with iodide
always led to the formation of 42.

B B
P () P (i)
HO” "N” “COMH gq0, MeO” "N~ “CO,Me

40 41

(i) 100%
i
Y/ o1
7 AN
| ®
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Me Me

©
42 43 OTf

Scheme 9 Reagents and conditions: (i) Mel, Ag,CO;, CHCIl;, A;
(ii) MeOTT; (iii) Mel, A.

Following standard ammonia-free reductive alkylation proce-
dures, using sodium-naphthalene as the source of electrons (to
allow comparison with previous work on triflate salt 15) and
methyl iodide as the electrophile, reaction of 43 gave the 6-
dihydropyridone 44 in a yield of 36% after acidic hydrolysis
of the enol ether (Scheme 10). Protonation of the enolate (C)
proved to be more problematic with a highest yield of 45 being
20% obtained using methanol as proton source. Evidence was
accumulated which suggested another reaction pathway was
operating during the reaction. Examination of the aqueous layer
from the reaction work-up using '"H NMR spectroscopic analysis
showed the presence of peaks in the vinylic region which did
not correspond to the dihydropyridone 44. It was proposed that,
during acidic hydrolysis, protonation of D could occur not only on
the enol ether but also on the nitrogen. This pathway could lead
to ring-opening and, after ester hydrolysis, to the formation of an
amino acid; basification would generate the highly water soluble
carboxylate form. The use of acetic anhydride, added during the
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Scheme 10  Reagents and conditions: (i) Na, naphthalene, THF, —78 °C;
(ii) RX; (iii) then H;0%; (iv) LiDBB, THF, —78 °C; (v) LiDBB, THF,
—78 °C, NH,Cl,.

work-up of the reaction, to trigger the cyclisation of the amino
acid back to the desired dihydropyridone, increased the yield of the
methylated product 44 to 47% (LiDBB conditions did not improve
the yield), comparable with that obtained from the 4-methoxy
derivative 14. However, further studies showed that this yield was
the maximum that could be obtained from this system and could
not be optimised further despite much experimentation. In a move
to simplify the reaction, and to negate the need for a strongly acidic
work-up, the ammonia-free Birch reduction of pyridone 42 was
examined. It was proposed that the addition of two electrons to
42 would lead to the formation of a bis-enolate E, opening up
the potential for selective alkylation, and quenching with either
a carbon electrophile or a proton leading to dihydropyridone
formation. Thus, reduction of 42 was investigated under the
ammonia-free Birch conditions using LiDBB. Protonation of the
dianion E using saturated aqueous ammonium chloride was found
to be substantially better than for the pyridinium salt 43, with the
dihydropyridone 45 now isolated in a respectable yield of 58%.
Moreover, reductive alkylation of 42 led to the formation of the
di-alkylated product 46, again in 58% yield. However, it was found
that it was not possible to control the selectivity of alkylation with
variations in experimental conditions (equivalents of electrophile,
etc.) all producing each of the possible isomers of mono- and
di-alkylation in differing ratios. When the reaction was pushed
through to the di-alkylated dihydropyridone 46, a potentially
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useful diastereomeric ratio of 80 : 20 was obtained, although the
diastereomers were inseparable and remain unassigned. Attempts
to reproduce this methodology with the 4-pyridone 47 were
unsuccessful,? with only trace amounts of the dihydropyridone 48
formed. Ultimately, the lack of enolate differentiation in reactivity
of the bis-enolate E limited the flexibility and generality of this
approach to synthetic applications.

Correlation of synthetic studies with electrochemical analysis

Introduction. In order better to understand the electron transfer
processes that are taking place under synthetic reducing conditions
we were interested in developing an electrochemical analysis
that would replicate the conditions of lithium—DBB in THF at
—78 °C and would allow us to measure the reduction potentials
of a variety of aromatic heterocycles.’*?” We aimed to determine
if the formation of a radical anion or dianion from aromatic
heterocycles was mechanistically reasonable. We also aimed to
obtain data regarding the rate of electron transfer to these aromatic
compounds in order to understand the role of the electron transfer
agent (typically DBB) in the ammonia-free reduction.?® In the
shorter term, we aimed to use electrochemistry as a technique
to enable us to predict not only the products of a reduction but
also the relative rate at which various compounds will be reduced
under such lithium/THF conditions; this knowledge will have
useful applications in organic synthesis.

A sealed cell was used for cyclic voltammetry experi-
ments, containing THF and the supporting electrolyte, tetra-n-
butylammonium perchlorate (0.5 M). Silver wire was used as the
quasi-reference electrode, the potential of which is open to some
drift (10 mV); however, in most cases the electrode was found to
behave in a stable manner upon repetition of the electrochemistry
experiments. The working electrode was, in general, a 1 mm
radius platinum macroelectrode. When investigating DBB a 5 um
microdisc was used. All experiments were carried out under
anhydrous and oxygen-free conditions at 7" = 200 K.

For each substrate, two parameters were investigated: the formal
potential E and the diffusion coefficient D were determined. The
formal potential is defined by eqn. (1), where E* and ED* are
the cathodic and anodic peak potentials in an electrochemically
reversible (or quasi-reversible) cyclic voltammogram.
(4 ) "

2

Here, EY is the formal potential of the redox couple, a measure
of the thermodynamic ‘ease’ of reduction of the substrate, F is the
Faraday constant, # is the number of electrons transferred and 4
is the electrode area The diffusion coefficient D is a measure of
the rate at which the molecule can diffuse through the solvent and
is a function of several variables including the effective size of the
species and the solvent viscosity. The coefficient D appears in eqn.
(2) and can be inferred from the gradient of a plot of the peak
current density, i,, against the square root of the scan rate, v, for
an electrochemically reversible process. Cy is the concentration
of the bulk solution.

E()' —

1
F3 /2
i, = 0.4463 Cyo <ﬁ> VeAD Rl )

Eqn. (1) and (2) were used to generate initial estimates for our
parameters which were then established by simulation of the cyclic

voltammograms using the commercially available DIGISIM™
software package; the value reported is the average result over
all scan rates.

Cyclic voltammetry was undertaken on a selection of aromatic
heterocyclic compounds to provide further insight into the mecha-
nism of the partial reduction. The compounds examined and their
voltammograms are shown in Fig. 1.3

Each compound investigated (except 43) gave a one-electron,
quasi-reversible wave, as evidenced by the shift in peak potential
with scan rate. The two parameters above were determined by
fitting the experimental data to electrochemical models using
DIGISIM™. Table 1 summarises the results.

The experimental error for the E* values is +0.05 V and can be
attributed, in part, to the slight drift in the potential of the quasi-
reference electrode. However, the electrode appeared to behave
well during experiments and the reproducibility of results was
good. DBB was included in the study to validate the conditions
used for the electrochemical cell. Comparison of the data collected
for DBB with that found in previous studies’17 showed that the
system employed was working satisfactorily.

The mechanism that we proposed for the partial reductions
indicates that these substrates undergo a two-electron reduction
to yield an enolate (e.g. B) that then reacts upon the addition
of an electrophile (Scheme 4). This implies that the radical
and anion derived from these heterocycles should both be less
reducing than the DBB radical anion (i.e. have a less negative E”).
Consequently, it was also expected that further electrochemical
studies of the pyridinium salts should yield two-electron reduction
waves representing the formation firstly of a radical and then of
an enolate.

The cyclic voltammograms for three species (13, 21, 22) did
indeed show two single-electron reduction waves, both of which
were quasi-reversible. Table 2 gives the formal potentials for both
electron transfers. As expected, the reduction potentials for the
second electron transfer are less negative than that for the single
electron reduction of DBB, confirming that it is reasonable to
assume that an enolate such as B can be formed during synthetic
reductions of the pyridinium salts by LiDBB.

The EY values for both the first and second electron reductions
gave a relative order for the thermodynamic ease of reduction of
the pyridinium salts, with 21 being the easiest to reduce and 13

Table 1 Electrochemical data determined by DIGISIM™
Compound 10° D/cm? s~! E"/Vvs. Ag
13 2.4 —0.63
21 3.1 —0.50
22 0.75 —0.58
43 — —1.03
42 1.7 —1.66
DBB 3.5 —2.80

Table 2 First and second formal potentials

Compound E"/Vvs. Ag (Iste™) E"/Vvs. Ag(2nde)
13 —0.63 —1.49

21 —0.50 —1.29

22 —0.58 —1.38

DBB —2.80 —
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Fig. 1 Cyclic voltammograms of electron transfer agents, pyridinium salts and pyridones.

being the most difficult (21 > 22 > 13). However, the difference
in half-wave potentials for the three compounds is relatively small
and so an explanation for this order may be quite subtle.
Investigations then moved on to 42 and 43, both of which have
been shown to be relatively poor substrates for the ammonia-free
partial reduction. The observation that pyridinium salt 43 does
not give satisfactory yields under synthetic reducing conditions is
particularly surprising given its similarity to substrate 13, the 4-
methoxy analogue. As outlined earlier, Scheme 10, the mechanism
for the reduction of 43 is expected to be almost identical to that
of compound 13, forming anion C in solution. The pyridine 42

is clearly different from the pyridinium salts and should give a
dianion D upon addition of two electrons.

As the synthetic results for both 42 and 43 indicate a two-
electron reduction mechanism (albeit with poor yields), it was
expected that a two-electron reduction wave would be observed
electrochemically at potentials more positive than DBB, Table 3.

The results of the cyclic voltammetry in Table 3 are in line with
these expectations. Note the absence of a back peak on the cyclic
voltammogram for 43 which indicated that bot/h electron transfers
are irreversible. This indicated that both of the reduced species are
involved in homogeneous reactions in situ. Two further, smaller,
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Table 3 First and second formal potentials

Compound E’/V vs. Ag (Iste™) E"/Vvs. Ag(2nd e”)
43 —1.03 -2.10

42 —1.66 —2.00

DBB —2.80 —

reduction peaks can also be seen in the voltammogram, possibly
from the products of reactions the reduced species underwent.

Compound 42 has a quasi-reversible first electron reduction
but the second electron reduction is irreversible, again indicating
reaction of the second reduced species in situ. For compounds 42
and 43 it is clear that neither give clean electrochemical responses
when compared to their isomeric analogues (13, 22). Moreover,
both of them are significantly more difficult to reduce than the
4-methoxy analogues (compare 13: EY = —0.63, —1.49 with 43:
E” = —1.03, —2.10 V). Not only does cyclic voltammetry show
that 42 and 43 are relatively difficult to reduce but it also hints
that the reduced species, once formed, are capable of undergoing
reaction in situ. Thus, there is a clear correlation between the
appearance of the voltammograms, and the cleanliness with which
the compounds are reduced under synthetic conditions.

Conclusions

This paper describes our studies on the partial reduction of
electron-deficient pyridinum salts. By judicious choice of pyri-
dinium substitution pattern, and also the introduction of a p-
methoxybenzyl group on the heterocyclic nitrogen, we were able
to effect smooth partial reduction. Subsequent alkylation and
hydrolysis, all in situ, furnished a range of dihydropyridones
with the potential for the introduction of a variety of groups
at the C-2 position. The rich functionality contained within the
dihydropyridone ring systems affords highly versatile intermedi-
ates and it is worth noting that these valuable compounds are
prepared from picolinic acid in just three steps. We have also
described the electrochemical analysis of a range of pyridinium
heterocycles utilising conditions that mimic those attained under
synthetic conditions. This study has provided support for a
proposed mechanism of reduction involving the addition of two
electrons to form an enolate, all mediated by electron transfer
from LiDBB. Pyridinium salts with various substitution patterns
were examined both synthetically and electrochemically, and a
correlation was found between the yields obtained during synthetic
transformations and the appearance of the cyclic voltammogram.
This could have significant ramifications for the future use of
electrochemistry as a predictive technique for the outcome of
partial reduction reactions.

Experimental
General experimental

All solvents were distilled before use. Tetrahydrofuran was
freshly distilled from sodium-benzophenone ketyl radical whilst
dichloromethane was freshly distilled from calcium hydride. All
non-aqueous reactions were carried out under argon using oven-
dried glassware.

Flash column chromatography was carried out using Merck
Kieselgel 60 (230-400 mesh). Thin layer chromatography was

performed on commercially available pre-coated plates (Merck
silica Kieselgel 60F,s,).

Proton and carbon NMR spectra were recorded on Bruker DPX
400 Fourier transform spectrometer using an internal deuterium
lock. Chemical shifts are quoted in parts per million (ppm)
downfield of tetramethylsilane. Coupling constants J are quoted in
Hz and are not rationalised. Carbon NMR spectra were recorded
with broad band proton decoupling and NMR assignments
were made possible using Attached Proton Test (APT) and
HMQC spectra where appropriate. Infrared spectra were recorded
on a Perkin-Elmer 1600 FTIR spectrophotometer. Positive ion
chemical ionisation (CI) mass spectra and accurate mass data
were recorded on a Micromass GCT instrument connected to an
Agilent 6890 Series GC system.

Electrochemical instrumentation and procedure

The electrochemical measurements were made using a computer-
controlled p-Autolab system (EcoChemie, Utrecht, Netherlands)
potentiostat. The electrochemical cell was an airtight three-
electrode arrangement. The counter electrode was a large area
bright platinum wire with a pseudo silver wire as the reference
electrode. The working electrodes were either a 5 um (radius) or
a 1 mm (diameter) platinum disc electrode. The working electrode
was polished on soft lapping pads (Kemet, UK) with 1.0 pm
sized aqueous alumina slurry before rinsing in de-ionised water
with a resistivity not less than 18 MQcm from an Elgastat filter
system (Vivendi, Bucks., UK). Before carrying out electrochemical
experiments the working electrode’s radius (for the microelectrode)
was electrochemically calibrated. The working electrode and all
components of the cell were rigorously dried before use. Tetra-
n-butylammonium perchlorate (ca. 1.36 g), the supporting elec-
trolyte, and the substrate (0.04 mmol) were dissolved in anhydrous
THF (40 cm?). The low temperature experiments were conducted
in a dry ice—acetone bath (200 K). Before taking measurements
the system was degassed thoroughly by bubbling impurity-free
nitrogen gas (BOC Gases, UK) into the solution to remove any
dissolved oxygen for at least 20 min.

General procedures

(A) Sodium-naphthalene. Sodium (5 equiv.) and naphtha-
lene (5 equiv.) were added to THF (40 mL) at rt and sonicated
for 4 h forming a dark green solution under an atmosphere of
argon. The reaction was cooled to —78 °C and the pyridinium salt
was added either as a solid or in a solution of THF (10 mL). The
reaction was stirred for 1 h at —78 °C and then the electrophile
(5 equiv.) was added dropwise. After a further one hour at —78 °C,
saturated NH,CI solution (10 mL) was added and stirred for
15 min, followed by HC1 (10 mL, 3 M) and the reaction was allowed
to warm to rt over 16 h. The aqueous layer was washed with Et,O
(3 x 50 mL), basified with saturated Na,CO; solution until the pH
was >9 and extracted with CH,Cl, (6 x 25 mL). The combined
organic extracts were dried (MgSO,) and concentrated in vacuo.

(B) Lithium—di-terz-butylbiphenyl (LiDBB). Sliced lithium
wire (4 equiv.) and DBB (4 equiv.) were added to a Schlenk tube
containing glass anti-bumping granules under an atmosphere of
argon. The mixture was stirred vigorously for 2-4 h until the the
lithium had been reduced to a fine powder. THF (30 mL) was
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added and the resultant deep blue-green solution was cooled to
—78 °C and stirred for 30 min. The pyridinium salt (1 equiv.) was
added as a solid and the reaction stirred for a further 15 min.
1,2-Dibromoethane (filtered through K,CO; and MgSO,) was
added dropwise until the blue-green colour was quenched. The
electrophile (4 equiv.) was added dropwise and the reaction stirred
for 3 h before NH,Cl (5 mL, saturated solution) was added,
followed by stirring for a further 15 min. HCl (10 mL, 1 M)
was added and the reaction was warmed to rt and stirred for
16 h. The reaction was extracted with Et,O (3 x 50 mL) and
the combined organic extracts were washed with brine (50 mL,
saturated solution), dried (MgSO,) and concentrated in vacuo.

2-iso-Propoxycarbonyl-1-methyl-pyridinium iodide 8

A solution of pyridine 7 (2.35 g, 14.3 mmol) in methyl iodide
(10 ml, 160 mmol) was heated at reflux for 16 h. Et,O (30 ml) was
added, and the resulting suspension filtered to give compound
8 (3.87 g, 88%) as a yellow solid which was washed with Et,O
(2 x 10 ml) and dried under vacuum. Mp 120-123 °C (Et,0); Vi
(nujol)/cm~": 1735, 1621, 1457, 1283; 6,4 (400 MHz, CDCl;) 9.82
(1H,d, J6.0,CH), 886 (1 H,dd,J 7.9 and 7.9, CH), 8.53 (1 H,
dd, J 7.9 and 1.2, CH), 8.44 (1 H, ddd, J 7.6, 6.4 and 1.2, CH),
5.34[1 H, sp, J 6.3, CH(CH5;),], 4.74 (3 H, s, NCHj;), 1.43 [6 H,
d, J 6.3, CH(CH,;),]; ¢ (100 MHz, CDCl;) 158.6, 150.2, 147.3,
142.5,131.4,130.2,73.9, 50.0, 21.8; HRMS (ESI) found 180.1023,
C,(H\4;NO, (M*) requires 180.1025.

2-Methyl-2-aza-bicyclo|2.2.2]oct-7-ene-3,5,6-tricarboxylic acid
3-iso-propyl ester 5,6-dimethyl ester 10

A solution of dihydropyridine 9 (216 mg, 1.20 mmol) and dimethyl
fumarate (203 mg, 1.41 mmol) in CH,Cl, (10 ml) was heated at
55 °C for 3 h. The solvent was removed in vacuo and the crude
residue purified by gradient flash column chromatography (SiO,,
petroleum ether to 5 : 95 acetone—petroleum ether) to produce the
Diels—Alder adduct 10 (59 mg, 15%, 2 : 1 dr) as a yellow oil. vy,
(thin film)/cm~": 2982, 2933, 1732, 1436, 1374, 1200; 6,; (400 MHz,
CDCl;) (minor isomer): 6.73-6.69 (1 H, m, C5-H), 6.04 (1 H, t,
J 7.3, C4-H), 5.01 [1 H, sp, J 6.4, CH(CHs;),], 4.01 (1 H, br. d,
J 6.6, 6-H), 3.77 (3 H, s, CO,CH;), 3.74-3.64 (1 H, m, 7-H), 3.70
(3 H, s, CO,CH,), 3.53-3.48 (1 H, m, 3-H), 3.14 (1 H, d, J 1.4,
2-H),2.89 (1 H, dd, J 5.2 and 1.7, 8-H), 2.50 (3 H, s, NCH;), 1.24
(6 H, d, J 6.3, 2 x CHCH,); (major isomer) 6.52-6.48 (1 H, m,
C5-H),6.31 (1H,t,J 7.1, C4-H),4.98 [1 H, sp, J 6.3, CH(CH,),],
3.80 (1 H, br. dd, app. J 6.0 and 2.2, 6-H), 3.78 (3 H, s, CO,CH,),
3.74-3.64 (1 H, m, 7-H), 3.68 (3 H, s, CO,CH5;), 3.41-3.37 (1 H, m,
3-H), 3.09 (1 H, dd, J 6.0 and 2.9, 8-H), 2.86 (1 H, d, J 1.8, 2-H),
2.61 (3 H,s, NCH;) 1.23 (3H, d, J 6.4, CHCH;), 1.22 (3 H, d,
J 6.4, CHCH,;); 6. (100 MHz, CDCl;) (minor isomer): 173.7,
173.3, 172.3, 138.6, 127.9, 68.5, 65.4, 56.9, 52.5, 52.5, 46.0, 43.5,
41.7, 36.0, 22.0; (major isomer): 173.7, 173.3, 172.3, 135.3, 131.3,
68.6, 61.7, 56.5, 52.7, 52.5, 44.2, 41.2, 38.7, 35.9, 22.0; HRMS
(ESI) found 326.1605, C,(H,,NO¢ (M + H") requires 326.1604.

4-Methoxy-2-methoxycarbonyl-1-methylpyridinium
trifluoromethanesulfonate 15

Methyl trifluoromethanesulfonate (0.75 mL, 6.6 mmol) was added
to a stirred solution of pyridine 12 (1.02 g, 6.13 mmol) in CH,Cl,

(5mL) and stirred for 16 h at room temperature. The solution was
concentrated in vacuo and the crude residue was purified via flash
column chromatography (SiO,, 5 : 95 MeOH-CH,Cl,) to furnish
the pyridinium salt 15 (2.03 g, 100%) as a white solid. Mp 69-71 °C
(CH,CL,); vy (KBr)/cm™": 3078, 1637; 5y (400 MHz, CDCl;) 8.87
(1H,d,J7.2,CH),7.84 (1 H,d, J 3.1,CH), 7.60 (1 H,dd, J 7.2
and 3.1,CH),4.40 (3H,s,NCH;),4.16 (3H, s, OCH;),4.05(3H, s,
OCH,); d¢ (100 MHz, CDCl;) 171.9, 159.8, 151.5, 143.5, 117.6,
114.5, 58.8, 54.8, 47.4; MS (ESI) 182 (M + H*, 100%); HRMS
(ESI) found 182.0826, CyH,;,NO; (M*) requires 182.0817.

1-(2-Chloroethyl)-4-methoxy-2-methoxycarbonylpyridinium
trifluoromethanesulfonate 16

A solution of pyridine 12 (820 mg, 4.90 mmol) and chloroethyl
trifluoromethanesulfonate (1.03 g, 4.84 mmol) in CH,Cl, (10
ml) was stirred at room temperature for 3 h. The solution was
concentrated in vacuo and purified by gradient flash column
chromatography (SiO,, 1 : 9 acetone-CH,Cl, to acetone) to isolate
the product 16 (835 mg, 44%) as an oil which was thoroughly dried
under high vacuum prior to further use. v, (KBr)/cm™': 1636;
Ju (400 MHz, CDCl;) 9.00 (1 H, d, J 7.2, CH), 7.89 (1 H, d,
J3.4,CH),7.68 (1 H,dd, J 7.3 and 3.2, CH), 523 (2 H, t, J 5.5,
CICH,CH,N), 4.22 (3 H, s, CH;), 4.08 (3 H, s, CH;), 4.04 (2 H,
t,J 5.5, CICH,CH,N); é- (100 MHz, CDCl;) 172.5, 160.1, 151.7,
143.6, 118.1, 114.5, 59.1, 59.0, 55.1, 43.5; HRMS (ESI) found
230.0584, C,,H,;;NO;CI (M*) requires 230.0584.

1-But-3-enyl-4-methoxy-2-methoxycarbonylpyridinium
trifluoromethanesulfonate 17

Triflic anhydride (0.90 mL, 6.5 mmol) was added to a solution of
homoallyl alcohol (0.43 mL, 5.0 mmol) and Hiinig’s base (0.95 mL,
5.5 mmol) in toluene (5 mL) at 0 °C. The mixture was stirred for
16 h at room temperature, and the resultant suspension was filtered
to give a brown solution to which pyridine 12 (0.678 g, 4.06 mmol)
was added. The mixture was stirred for 16 h and concentrated in
vacuo to give the crude product as a brown oil which was taken
up into CH,Cl, (30 mL) and extracted with distilled H,O (6 x
40 mL). The aqueous extracts were combined, concentrated in
vacuo and thoroughly dried under high vacuum over phosphorus
pentoxide to give pyridinium salt 17 (1.49 g, 99%) as an oil. vy,
(KBr)/cm™": 1743 and 1636; 6, (400 MHz, CDCl;) 8.95 (1 H, d,
J 7.2, 6-H), 7.85 (1 H, d, J 3.0, 3-H), 7.65 (1 H, dd J 7.2 and
3.1, 5-H), 5.77 (1 H, ddt, J 17.0 10.0 and 7.0, CH=CH,), 5.09
(1 H, dd, J 10.2 and 0.4, CH=CH ,Hy), 5.00 (1 H, dd, J 17.2 and
0.8, CH=CH, H3;),4.87 (2H, t,J 7.0, NCH,), 4.19 (3 H, s, CH,),
4.09 3 H, s, CH,), 2.66 (2 H, dt, J 7.0 and 7.0, NCH,CH,); dc
(100 MHz, CDCl;) 171.9, 160.0, 151.0, 143.3, 131.9, 120.5, 117.8,
114.7, 58.9, 58.3, 55.0 and 35.7;, HRMS (ESI) found 222.1131,
C,H(\NO; (M*) requires 222.1130.

(2-RS)-1-(2-Chloroethyl)-2-methyl-5,6-dihydropyridone-2-
carboxylic acid methyl ester 18

Sodium (112 mg, 4.90 mmol), naphthalene (776 mg, 6.06 mmol)
and pyridinium salt 16 (365 mg, 0.96 mmol) were subjected to
general procedure A using methyl iodide (0.5 mL, 8.03 mmol)
as the electrophile. The residue was purified by reverse-phase
chromatography (0.5 M NaCl) to give the product 18 (95.1 mg,
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43%) as a yellow oil. v, (thin film)/cm™": 2956, 1737, 1640, 1585,
1436, 1373 and 1272; dy (400 MHz, CDCl;) 7.07 (1 H, d, J 7.8,
NCH=CH), 5.05 (1 H, dd, J 7.8 and 1.1, NCH=CH), 3.78-3.60
(3 H, m, CH,Cl and NCH ,H;CH,(Cl), 3.74 (3 H, s, CO,CH,),
3.57-3.50 (1 H, m, NCH,H;CH,Cl), 2.89 (1 H, d, J 16.3,
C=0CHHj;), 2.61 (1 H, dd, J 16.3 and 1.1, C=OCH,H}) and
1.59 (3H, s, CH;);d. (100 MHz, CDCl;) 190.3, 173.4, 154.8,101.0,
65.7,53.3,52.8,47.2,43.4 and 23.0; HRMS (ESI) found 232.0743,
C,,H;sNO;Cl (M + H*) requires 232.0740.

(2-RS)-1-But-3-enyl-2-methyl-5,6-dihydropyridone-2-carboxylic
acid methyl ester 19

Sodium (457 mg, 19.9 mmol), naphthalene (3.16 g, 24.7 mmol)
and pyridinium salt 17 (1.60 g, 2.69 mmol) were subjected to
general procedure A using methyl iodide (2.5 mL, 40 mmol) as
the electrophile. The crude residue was purified by flash column
chromatography (Et;N-doped SiO,, 75:24.5 : 1 EtOAc—petroleum
ether—Et;N) to give the product 19 (0.359 g, 37%) as a brown
0il. V. (thin film)/cm™": 2954, 1735, 1641, 1585 and 1270; o4
(400 MHz, CDCl;) 7.03 (1 H, d, J 7.7, NCH=CH), 5.80-5.70
(1 H, m, NCH=CH), 5.14-5.12 (1 H, m, CH=CH ,Hjy), 5.09
(1 H, s, CH=CH,H3), 4.98 (1 H, dd, J 7.8 and 0.8, NCH=CH),
3.71 3H, s, CO,CH;), 3.39 (1 H, qn, J 7.4, NCH ,Hy), 3.26 (1 H,
qn, J 7.4, NCH, H3), 2.86 (1 H, dd, J 16.5 and 0.8, C=OCH ,Hjy),
2.55(1H,d,J 16.5,C=0CH,H};),2.36(2H, q,J 7.4, NCH,CH,),
1.56 3 H, s, CH;); 6 (100 MHz, CDCl;) 190.1, 173.5, 154.6, 134.1,
118.1, 99.5, 65.7, 53.1, 50.9, 47.1, 35.4, 22.6; HRMS (ESI) found
224.1284, C,H3sNO; (M + H") requires 224.1287.

1-Benzyl-4-methoxy-2-methoxycarbonylpyridinium iodide 21

Pyridine 12 (632 mg, 3.78 mmol) was added to benzyl iodide
(5.00 g, 22.9 mmol) at 30 °C under an atmosphere of argon. The
reaction was wrapped in foil and stirred for 48 h. THF (20 mL)
was added to the reaction and the precipitate was isolated by
filtration and washed with further portions of THF (2 x 10 mL).
The resulting solid was dried under high vacuum to furnish the
pyridinium salt 21 (1.04 g, 72%) as a yellow powder. Mp 105-
106 °C (THF); vy (KBr)/cm™': 3031, 1743, 1626, 1570, 1332; 0
(400 MHz, CDCl;) 9.83 (1 H,d, J 7.2, NCH), 7.90 [1 H, d, J 3.0,
C(OCH,)CH], 7.78 (1 H, dd, J 7.2 and 3.0, NCH=CH), 7.37-
7.30 (5 H, m, Ph), 6.19 (2 H, s, NCH,), 4.25 (3 H, s, OCH,), 3.96
(3 H, s, OCHj;); d¢ (100 MHz, CDCl,) 171.7, 159.9, 150.5, 143.8,
133.0, 129.5, 129.3, 128.5, 117.7, 114.9, 61.0, 59.8, 55.0; m/z (ESI)
258 (M*, 100%); HRMS (ESI) found 258.1132, C,sH;,NO; (M*)
requires 258.1130.

(2-RS)-1-Benzyl-2-methyl-5,6-dihydropyridone-2-carboxylic acid
methyl ester 23

Lithium (19 mg, 2.7 mmol), DBB (536 g, 2.02 mmol) and
pyridinium salt 21 (188 mg, 0.49 mmol) were subjected to
general procedure B using methyl iodide (0.13 mL, 2.02 mmol)
as the electrophile. The reaction was stirred for 5 min before the
addition of 1,2-dibromoethane and the crude residue was purified
via flash column chromatography (SiO,, 500 mL 1 : 99 Et,0-
petroleum ether followed by 1 : 9 acetone-CH,Cl,) to furnish the
dihydropyridone 23 (60 mg, 47%) as a yellow oil. vy, (film)/cm™:
2994,2952,1739, 1641, 1578, 1451, 1372, 1271, 1212; 6y (400 MHz,

CDCl;) 7.39-7.27 (5 H, m, Ph), 7.00 (1 H, d, J 7.8, NCH), 5.01
(1H,d,J 7.8, NCH=CH), 4.55(1 H, d, J 15.8, NCH ,Hj), 4.42
(1 H,d, J15.8, NCH,Hj3), 3.72 (3 H, s, CO,CH;), 2.92 (1 H, d,
J 16.4, C=0CH ,H;), 2.62 (1 H, d, J 16.4, C=0OCH,H};), 1.50
(3 H, s, CCH;); ¢ (100 MHz, CDCl;) 190.1, 173.3, 154.7, 137.4,
129.0, 128.0, 127.4, 100.0, 65.8, 55.1, 53.0, 47.0, 22.7; m/z (ESI)
318 (M + MeCN + NH,*, 52%), 260 (M + H*, 100); HRMS (ESI)
found 260.1282, C;sH 3 NO; (M + H*) requires 260.1287.

(2-RS)-2-(4-1odobutyl)-1-(4-methoxybenzyl)-5,6-
dihydropyridone-2-carboxylic acid methyl ester 26

Lithium (30 mg, 4.3 mmol), DBB (1.07 g, 4.04 mmol) and
pyridinium salt 22 (414 mg, 1.00 mmol) were subjected to general
procedure B using 1,4-diiodobutane (0.55 mL, 4.17 mmol) as
the electrophile. The crude residue was purified via flash column
chromatography (SiO,, 500 mL 1 : 99 Et,O-petroleum ether
followed by 1 : 9 acetone-Et,0) to furnish the dihydropyridone 26
(281 mg, 62%) as a yellow oil. v, (thin film)/cm~": 2593, 1737,
1581, 1514, 1460, 1252, 732; 6, (400 MHz, CDCl;) 7.23 (2 H, d,
J 8.8, ArH), 6.96 (1 H, d, J 7.8, NCH), 6.91 (2 H, d, J 8.8, ArH),
497 (1 H,d,J 7.8, NCH=CH), 448 (1H,d, J 14.8, NCH Hy),
436 (1 H, d, J 148, NCH,H3), 3.81 (3 H, s, OCH,), 3.72
(3 H, s, CO,CHj;), 3.14-3.06 (2 H, m, CH,I), 2.87 (1 H, d, J 16.3,
C=0CHHy), 2.70 (1 H, d, J 16.3, C=OCH,H3), 2.00-1.86
(2 H, m, CH,), 1.84-1.65 (2 H, m, CH,), 1.55-1.39 (2 H, m,
CH.,); . (100 MHz, CDCl;) 190.2, 172.9, 159.5, 154.2, 129.5,
128.3, 114.4, 99.8, 68.8, 55.3, 53.7, 52.9, 43.5, 33.4, 33.1, 24.8,
5.8; HRMS (ESI) found 458.0830, C,,H,sNO,I (M + H*) requires
458.0828.

(2-RS)-2-(4-Chlorobutyl)-1-H-5,6-dihydropyridone-2-carboxylic
acid methyl ester 30

Dihydropyridone 25 (26 mg, 0.07 mmol) in trifluoroacetic acid
(5mL) was heated at reflux for 16 h. The reaction was concentrated
invacuo and the residue was dissolved in CH,Cl, (5mL). Potassium
carbonate (46.9 mg, 0.34 mmol) was added and the reaction mix-
ture stirred for 16 h before being filtered and concentrated in vacuo.
The crude residue was purified via flash column chromatography
(Si0,, 1 : 9 acetone—Et,0) to furnish the product 30 (16 mg, 91%)
as a pale yellow oil. vy, (thin film)/cm~": 3237, 2955, 1738, 1579,
1439, 1238, 1019; 0y (400 MHz, CDCl;) 7.19-7.14 (1 H, m, NCH),
5.59 (1 H, br. s, NH), 5.03 (1 H, dd, J 7.6 and 1.1, NCH=CH),
3.79 3 H, s, CO,CH,), 3.52 (2 H, t, J 6.4, CH,Cl), 2.88 (1 H, d,
J 16.3, C=0CH Hy), 2.61 (1 H, d, J 16.3, C=OCH, H}), 2.06—
1.97 (1 H, m, CHH), 1.80-1.69 (3 H, m, CHH and CH,), 1.52—
1.32 (2 H, m, CH,); é- (100 MHz, CDCl;) 190.5, 173.3, 149.0,
99.6, 63.2, 53.1, 44.3, 43.5, 35.1, 31.9, 21.0; HRMS (ESI) found
246.0890, C;,H;;NO,Cl (M + H") requires 246.0897.

(2-RS)-1-H-2-(4-iodobutyl)-5,6-dihydropyridone-2-carboxylic
acid methyl ester 31

Dihydropyridone 26 (358 mg, 0.78 mmol) was treated by the same
method as reported for dihydropyridone 25 and furnished the
product 31 (199 mg, 76%) as a yellow oil. v, (thin film)/cm=":
3229, 2952, 1738, 1580, 1437, 1237, 731; dy (400 MHz, CDCl;)
7.20-7.15 (1 H, m, NCH), 5.72 (1 H, br. s, NH), 5.02 (1 H, dd,
J 7.5 and 1.0, NCH=CH), 3.78 (3 H, s, CO,CH,), 3.16 (2 H,
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t, J 6.8, CH,I), 2.87 (1 H, d, J 16.3, C=OCH ,Hjy), 2.60 (1 H,
d, J 16.3, C=OCH,H3), 2.03-1.94 (1 H, m, CHH), 1.82-1.67
(3H, m, CHH and CH,), 1.46-1.27 (2 H, m, CH,); . (100 MHz,
CDCl,) 190.6, 173.3, 149.4,99.4, 63.2, 53.1, 43.5, 34.7, 32.6, 24.6,
6.0; HRMS (ESI) found 338.0253, C,;H;;NO;I (M + H*) requires
338.0253.

(2-RS)-2-Methyl-1-(4-methoxybenzyl)-tetrahydropyridone-2-
carboxylic acid methyl ester 33

L-Selectride (0.34 mL, 1 M in THF, 0.34 mmol) was added drop-
wise to a stirred solution of dihydropyridone 24 (50 mg, 0.17 mmol)
in THF (3 mL) at —78 °C. The reaction was stirred for 1 h before
the addition of MeOH (2 mL) and H,O (5 mL). The aqueous layer
was extracted with Et,O (3 x 10 mL) and the combined organic
layers where dried (MgSQO,) and concentrated in vacuo. The crude
residue was purified via flash column chromatography (SiO-, 2 : 3
Et,O-petroleum ether) to yield the tetrahydropyridone 33 (34 mg,
71%) as an oil. v, (thin film)/cm™": 2956, 2836, 1727, 1612,
1512, 1245; 6y (400 MHz, CDCl,) 7.28 (2 H, d, J 8.6, ArH), 6.88
(2H,d,J 8.6, ArH), 4.11 (1 H, d, J 13.9, NCH,H3), 3.81 3 H, s
OCH,), 3.74 3 H, s, CO,CH,), 3.24 (1 H, d, J 13.9, NCH, H3),
2.92 (1 H, ddd, J 14.6, 6.4 and 3.6, NCH ,HzCH,), 2.72 (1 H, dd,
J 14.7 and 1.8, C=0CH ,Hy), 2.58 (1 H, ddd, J 14.6, 9.9 and 4.8,
NCH,H;CH,), 2.43 (1 H, d, J 14.7, C=OCH, Hy), 2.34 (2 H,
m, NCH,CH,), 1.53 (3 H, s, CH;); d. (100 MHz, CDCl;) 207.1,
172.7, 158.8, 131.5, 129.4, 113.8, 65.0, 55.3, 53.6, 51.7, 50.8, 46.2,
40.7, 23.6; HRMS (ESI) found 314.1363, C,sH,,NO,Na (M +
Na*) requires 314.1363.

(2-RS)-1-H-2-Methyltetrahydropyridone-2-carboxylic acid methyl
ester 34

Palladium on carbon (5 mg, 20% loading) was added to a stirred
solution of tetrahydropyridone 33 (30 mg, 0.10 mmol) in MeOH
(5 mL) under an atmosphere of hydrogen. The reaction was
stirred for 2 h before filtration through Celite®. The mixture was
concentrated in vacuo and the crude residue was purified via flash
column chromatography (SiO,, 3 : 2 acetone—petroleum ether) to
furnish the tetrahydropyridone 34 (9 mg, 50%) as an oil. v, (thin
film)/cm™": 3426, 2981, 2852, 1715, 1645, 1455, 1439, 1365, 1228,
1145; 6y (400 MHz, CDCl;) 3.73 (3 H, s, CO,CH;), 3.22 (1 H, ddd,
J12.4,6.7and 3.4, NCH ,H;CH,), 2.92 (1 H,ddd, J 12.4,10.7 and
4.2, NCH,HyCH,), 2.81 (1 H, dd, J 14.7 and 1.9, C=0OCH ,Hjy),
2.45(1 H, ddd, 14.8,10.7 and 6.7, NCH,CH ,Hj), 2.37-2.29 (2 H,
m, C=0OCH, H; and NCH,CH, H};), 2.01 (1 H, br. s, NH), 1.41
(3 H, s, CH;); 6c (100 MHz, CDCl;) 206.9, 175.3, 62.0, 52.4, 49.7,
41.9, 40.78, 26.5; HRMS (ESI) found 194.0790, C;H;;NO;Na
(M + Na*) requires 194.0788.

1,2,3-Trimethyl-5,6-dihydropyridone-2-carboxylic acid methyl
ester 36

Iron(1mr) chloride (5 mg) was added to a solution of sodium (30.0 g,
1.3 mmol) in ammonia (ca. 30 mL) and stirred until the dark
blue colour faded to leave a grey suspension. Dihydropyridone 14
(99.5 mg, 0.54 mmol) was added in THF (10 mL). The solution
was stirred at —78 °C for 30 min before the addition of methyl
iodide (0.16 mL, 2.6 mmol) after which the mixture was stirred for
afurther 1 h. Saturated NH,Cl solution (10 mL) was added and the

mixture warmed to room temperature to allow the evaporation of
the ammonia, basified (pH > 9) with saturated Na,COj; solution
and extracted with CH,Cl, (3 x 40 mL). The organic extracts
were combined, dried (MgSO,) and concentrated in vacuo to give
the crude product, which was purified by gradient flash column
chromatography (basic Al,O;, CH,Cl, to 5 : 95 acetone-CH,Cl,)
to give the product 36 (70.9 mg, 69%) as an off-white solid. Mp
93-96 °C; Vpnae (thin film)/cm™": 2980, 2953, 1738, 1644 and 1591;
Ju (400 MHz, CDCl;) 6.95 (1 H, d, J 7.5, NCH=CH), 4.89 (1 H,
d,J 7.5, NCH=CH), 3.74 3 H, s, CO,CH,), 3.06 (3 H, s, NCH,),
2.77 (1 H, q, J 7.3, C=O0CHCH,;), 1.43 (3 H, s, CHj;) and 1.07
[3H,d,J 7.3, C=O0CHCH,)]; - (100 MHz, CDCl;) 194.7, 173.6,
154.6, 97.8, 68.3, 53.0, 47.0, 39.4, 17.1 and 11.4; HRMS (ESI)
found 198.1137, C,(H;,NO; (M + H"*) requires 198.1130.

(2-RS)-1-(Methoxybenzyl)-2-methyl-5-phenyl-5,6-
dihydropyridone-2-carboxylic acid methyl ester 39

Phenylboronic acid (136 mg, 1.12 mmol) and Na,CO; (151 mg,
1.42 mmol) were added to a stirred solution of dihydropyridone 37
(230 mg, 0.56 mmol) and palladium/carbon (69 mg, 10% loading)
in 1,2-dimethoxyethane-H,O (5 mL, 1 : 1) at room temperature.
The reaction was stirred for 18 h and then filtered through Celite®
before being diluted with brine (5 mL). The resulting mixture was
extracted with Et,O (3 x 10 mL) and the combined organic layers
where dried (MgSO,) and concentrated in vacuo. The crude residue
was purified via flash column chromatography (SiO,, 7 : 3 Et,0—
petroleum ether) to yield the dihydropyridone 39 (184 mg, 90%)
as an oil. v, (thin film)/cm™': 2998, 2953, 1738, 1641, 1594, 1513,
1367, 1249; 6y (400 MHz, CDCl;) 7.36-7.33 (2 H, m, ArH), 7.30—
7.25(5H, m, ArH), 7.16 (1 H, tt, J 7.3 and 1.6, NCH), 6.93 (2 H,
d, /8.8, ArH),4.56 (1 H,d, J 154, NCH H3),4.46 (1H,d, J 15.4,
NCH, Hy), 3.82 (3 H, s, OCH,), 3.75 (3 H, s, CO,CH,), 3.09 (1 H,
d,J 16.2, C=0OCHH;), 2.79 (1 H, d, J 16.2, C=OCH, Hp), 1.59
(3 H, s, CH;); dc (100 MHz, CDCl,) 187.3, 173.3, 159.4, 153.3,
135.6, 129.0, 128.9, 128.1, 127.8, 125.9, 114.4, 112.4, 66.0, 55.3,
54.3, 53.0, 47.6, 22.4; HRMS (ESI) found 366.1698, C,,H,,NO,
(M + H*) requires 366.1705.

6-Methoxypyridine-2-carboxylic acid methyl ester 41

A suspension of 6-hydroxypicolinic acid 40 (2.53 g, 18.2 mmol),
silver carbonate (15.0 g, 54.6 mmol) and methyl iodide (9 mL) in
chloroform (100 mL) was heated at reflux for 18 h in the dark. The
reaction mixture was filtered through a silica pad and the filtrate
was concentrated in vacuo. Purification of the residue via flash
column chromatography (SiO,, 5 : 95 EtOAc—petroleum ether)
gave the product 41 (2.75 g, 91%) as colourless cubes, whose data
were consistent with those reported in the literature.”

1-Methyl-6-0x0-1,6-dihydropyridine-2-carboxylic acid methyl
ester 42

A solution of methoxypyridine 41 (4.00 g, 23.9 mmol) in methyl
iodide (7.44 mL, 120 mmol) was heated in a sealed tube at 200 °C
for 18 h. The methyl iodide was evaporated under reduced pressure
and the residue was purified by column chromatography (SiO,, 1 :
1 EtOAc—petroleum ether) to give pyridone 42 (3.65 g, 21.8 mmol,
91%) as colourless cubes. The data were consistent with those
reported in the literature.*
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6-Methoxy-2-carboxylic acid methyl ester-/V-methylpyridinium
trifluoromethanesulfonate 43

A solution of pyridine 41 (1.89 g, 11.3 mmol) and methyl trifluo-
romethanesulfonate (1.47 mL, 13.0 mmol) in CH,Cl, (50 mL) was
stirred at room temperature for 18 h. The solvent was removed
in vacuo and the resulting crude residue was purified via flash
column chromatography (SiO,, 3 : 97 MeOH-CH,Cl,) to furnish
the pyridinium salt 43 (3.73 g, 100%) as colourless needles. Mp
54-55 °C (CHCl;-Et,0); Anal. calc. for C,,H,,F;NO,S: C, 36.26;
H, 3.65; N, 4.23; S, 9.68. Found: C, 36.11; H, 3.60; N, 4.09; S,
9.60%0; Vimax (KBr)/cm=': 1745, 1628, 1590, 1511, 1438, 1349, 1271
and 1031; 5 (400 MHz, CDCl;) 8.52 (1 H, dd, J 8.9, 7.9 Hz,
4-H), 7.92-7.97 (m, 2 H, 3-H and 5-H), 4.46 (s, 3 H, OCHj;), 4.23
(s, 3 H, NCHj;) and 4.08 (s, 3 H, OCH,;); d¢ (100 MHz, CDCl,)
162.0, 160.2, 147.6, 140.8, 121.4, 115.2, 60.5, 54.5, 38.5; m/z (ESI)
182 (M*, 100%); HRMS (CT) found 182.0819, C,H,,NO; (M*)
requires 182.0817.

(2-RS)-1,2-Dimethyl-3,4-dihydropyridone-2-carboxylic acid
methyl ester 44

Sodium (173 mg, 7.5 mmol), naphthalene (960 mg, 7.50 mmol)
and pyridinium salt 43 (490 mg, 1.48 mmol) were subjected to
general procedure A using methyl iodide (0.62 mL, 7.5 mmol) as
the electrophile. Removal of the aqueous solvent in vacuo gave a
pale yellow crude residue which was added to an acetic anhydride—
pyridine solution (1 : 1, 1.5 mL). The reaction was stirred for 20 h
and concentrated in vacuo. NaOH (1 M, 10 mL) was added and
the reaction mixture extracted with CH,Cl, (6 x 20 mL). The
combined organic extracts were dried (MgSO,), concentrated in
vacuo and purified via flash column chromatography (SiO,, 5 : 95
acetone-CH,Cl,) to furnish dihydropyridone 44 (128 mg, 47%)
as a yellow solid. Mp 93-96 °C (acetone—petroleum ether); v,
(KBr)/cm™": 1738 and 1651; §; (400 MHz, CDCl;) 5.86 (1 H,
ddd, J 10.1, 3.6 and 3.5, CH,CH=CH), 5.61 (ddd, 1 H, J 10.1,2.2
and 2.0, CH,CH=CH), 3.72 (s, 3 H, CO,CH,), 3.00-3.04 (m, 2 H,
CH,), 2.92 (s, 3 H, NCH;) and 1.62 (s, 3 H, CHj;); ¢ (100 MHz,
CDCl;) 172.0, 167.7, 126.3, 123.9, 66.4, 53.0, 31.4, 30.3 and 23.9;
m/z (CI) 184 (M + H*, 100%), 124 (M — CO,Me, 65%); HRMS
(CI) found 184.0975, C;H,,NO; (M + H") requires 184.0974.

(2-RS)-1-Methyl-3,4-dihydropyridone-2-carboxylic acid methyl
ester 45

Sodium (115 mg, 5.0 mmol), naphthalene (641 mg, 5.0 mmol) and
pyridinium salt 43 (336 mg, 1.02 mmol) were subjected to general
procedure A using methanol (2 mL) as the electrophile. The crude
residue was purified via flash column chromatography (SiO,, 5 :
95 acetone-CH,Cl,) to furnish dihydropyridone 45 (34 mg, 20%)
as a pale yellow oil. Anal. calc. for CsH,;NO;: C, 54.60; H, 6.45;
N, 7.82. Found: C, 54.49; H, 6.43; N, 7.81%; vy, (thin film)/cm™":
2955, 1746 and 1652; 5, (400 MHz, CDCl;) 5.94 (1 H, dddd, J 9.9,
4.1, 3.0 and 1.5, CH,CH=CH), 5.82 (1 H, dddd, J 9.9, 4.8, 2.3
and 1.5, CH,CH=CH), 4.58 (1 H, dddd, J 4.8, 3.5, 3.5 and 1.5,
2-H), 3.78 (3 H, s, CO,CH;), 3.01-3.05 (2 H, m, CH,) and 2.98
(3 H, s, CH;); dc (100 MHz, CDCl;) 169.7, 167.7, 126.4, 119.6,
63.8, 52.8, 33.7, 32.0; m/z (CI) 170 (M + H*, 100%); HRMS (CI)
found 170.0822, CtH;,NO; (M + H*) required 170.0817.

(2-RS)-1-Methyl-3,4-dihydropyridone-2-carboxylic acid methyl
ester 45

Pyridone 42 (167 mg, 1.00 mmol) was reduced using the general
procedure B. After addition of the 1,2-dibromoethane, saturated
NH,CI solution (5 mL) was added. On work-up and purification
by column chromatography (SiO,, acetone-CH,Cl,, 20 : 80)
dihydropyridone 45 (98 mg, 0.58 mmol, 58%) was obtained as
colourless needles. Spectroscopic data were consistent with those
reported earlier.

1,2,5-Trimethyl-3,4-dihydropyridone-2-carboxylic acid methyl
ester 46

Lithium (28 mg, 4.0 mmol), DBB (1.05 g, 3.95 mmol) and pyridone
42 (175 mg, 1.05 mmol) were subjected to general procedure B
using methyl iodide (0.36 mL, 5.8 mmol) as the electrophile. The
crude residue was purified by flash column chromatography (SiO,,
70 : 30 Et,O—petroleum ether to Et,0O) to yield dihydropyridone 46
(121 mg, 58%, 4 : 1 dr) as a pale yellow oil. The diastereoisomers
were inseparable and the data are quoted for the mixture. v, (thin
film)/cm™": 2955, 1741, 1650; 6, (400 MHz, CDCl;) 5.80 (1 H, m,
4-H), 5.56 (1 H, d, J 10, 3-H), 3.74 (3 H, s, OCH,), 2.93-3.03 (1 H,
m, CHCH,), 2.89 (3 H, m, NCH,), 1.62 (3 H, m, C2-CH,), 1.33
(3H,d,J7.4,CHCH,);d. (100 MHz, CDCl;) 172.2,171.5,130.2 +
130.0, 125.0 + 124.9, 66.5 + 66.3, 53.0 + 53.0, 35.7 + 35.2, 30.6 +
30.5, 24.3 + 24.0, 19.4 + 19.1; MS (CI) 198 (M + H*, 100%),
138 (M — CO,Me, 38%); HRMS (CI) found 198.1130, C,,H ;NO;
(M + H*) requires 198.1123.
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An improved phosphoramidite method is described to prepare oligonucleotides modified with the
acyclic, achiral monomers 1. Examination of dimers, prepared on solid support or in solution, showed
that phosphortriester dimers containing the allylic unit 1 were unstable towards bases, whereas
phosphordiester dimers were stable. Phosphordiester dimers were obtained by replacing cyanoethyl
phosphoramidites 2 with phosphoramidites 3, which gave phosphordiesters directly upon oxidation.
The phosphordiester dimers were found to be stable towards capping and oxidation, but were
somewhat labile towards acids. By reducing the contact time to acids during detritylation it was possible
to prepare oligonucleotides containing 4 or 8 modified A, G or T units. The modified oligonucleotides
hybridized to complementary DNA and RNA, although with reduced affinity (AT, per modification

—1to —5°C).

Introduction

Modified oligonucleotides are of current interest as potential
therapeutic agents (antisense or antigene drugs)."* The oligonu-
cleotides need modification to be resistant to nucleases, but
the modified units should retain the high selectivity and strong
binding of natural DNA and RNA, based on Watson—Crick
(or Hoogsteen) bonding. For some years we have studied mod-
ified nucleosides where the sugar unit is replaced by a simple
achiral unit, N-1 or N-9-[3-hydroxy-2-(hydroxymethyl)prop-1-
enyl]nucleobases 1a-f (Fig. 1).>7

DMTO! B

HO B :>=/
:>=/ 0

HO

N O-R

NPr,
1a B = thymine 2a B = thymine
1b B = adenine 2b B = N-6-(4-tertbutylbenzoyl)-
1c B =cytosine adenine

1d B = 5-methylcytosine
le B = guanine
1f B = uracil 2e B = N-2-isobutyrylguanine

DMTO:>=/B DMTO%
= —
N N/\/

o-R__, o
NP, RO-R

2d B = N-4-(dibutylaminomethylen)-5-
methylcytosine

Me NPrl

2a' R = 2-cyanoethyl
3a' R = N-methyl-N-(2-pyridyl)-
2-aminoethyl

3a B =thymine
3b B = N-6-(4-tertbutylbenzoyl)adenine
3e B = N-2-isobutyrylguanine

Fig. 1

The central C=C bond restricts the molecules conformationally,
and molecular modelling and geometry calculations indicate that

Department of Chemistry, University of Copenhagen, Universitetsparken
5, DK-2100, Copenhagen, Denmark. E-mail: dahlo@kiku.dk; Fax: (+45)
35320212; Tel: (+45) 35320176

1a should be able to mimic thymidine in both A- and B-type
helices.* Synthetic problems concerning the preparation of the
monomers la—f have been solved,®” but incorporation into DNA
via the phosphoramidites 2 was troublesome, and DNA oligomers
containing only one or two thymine monomers have hitherto
been studied.® The resistance of these oligomers to snake venom
phosphordiesterase was satisfactory, but the binding affinity
towards complementary DNA and RNA strands was found to
be reduced compared to native DNA (AT,, — 2 to —6.5 °C per
modification).’

In our previous study,’ the phosphoramidite 2a was shown to
couple efficiently when activated with tetrazole. An aqueous wash
was introduced to remove unwanted phosphitylation at the bases.
Oxidation with Bu'OOH instead of I,-H,O-Py was necessary
since the latter reagent cleaved the allylic C—-O bond. However,
after detritylation with CCl;COOH-CH,Cl,, the next coupling
gave a low yield (DMT efficiency 80-85%), independent of the
identity of the next phosphoramidite, and prolonged or repeated
couplings did not improve the yield. Removal of the cyanoethyl
groups on the phosphortriesters flanking the modified unit was
problematic, probably due to competing removal of the allylic
modified unit. Thus, aqueous NH; mainly cleaved the sequences
at the position of the modification, whereas deprotection with neat,
dry Pr’,NH (a poorer nucleophile), followed by aq. NHj, did give
some full length product (10-20% after ion exchange purification
and desalting).

This paper describes our attempts to optimise the coupling and
deprotection conditions. Dimers derived from 2a, or from the a-
isomer 2a’ to obtain symmetrical dimers to ease the interpretation
of NMR spectra, have been prepared in solution or on solid
support, and their sensitivity to cleavage under different conditions
examined by P and '"H NMR. It is shown that oxidation with
Bu'OOH and capping with NMI-Ac,0-Py does not result in
cleavage, but that detritylation with 3% CCl;COOH in CH,Cl,
and in particular removal of the cyanoethyl group with dry
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Pri,NH results in partial cleavage. To avoid the latter step,
the phosphoramidites 3a and 3a’ with N-methyl-N-(2-pyridyl)-
2-aminoethyl instead of 2-cyanoethyl have been tested in dimer
experiments. The N-methyl-N-(2-pyridyl)-2-aminoethyl protect-
ing group has been introduced by Beaucage er al. and shown
to eliminate spontaneously upon oxidation of phosphorus by
a cyclodeesterification reaction.® Pure modified phosphordiester
dimers are formed from phosphite dimers prepared from 3a’ and
are shown to be stable to aq. NHj;, but acids used for detritylation
results in minor cleavage. The phosphoramidites 3a, 3b, and
3e have been used to prepare some more extensively modified
oligonucleotides, which are shown by UV melting experiments to
pair with both DNA and RNA, although with reduced affinity
compared to unmodified sequences.

Results and discussion
Dimer experiments with cyanoethyl phosphoramidites 2a and 2a’

Initial experiments to prepare a dimer from 2a and CPG-bound
dT, using the protocol described earlier,’ gave ca. 25% of the dimer
4a (0, 0.7) and ca. 75% of 5'-pdT 5a (Jp 4.2), according to *' P NMR
in D,0O (Scheme 1). The products were verified by ES MS ~ (4a
found 515.1, calc. 515.1; 5a found 321.0, calc. 321.0) and CE,
where the major peak coeluted with authentic 5'-pdT (6p ca. 4.3,
pH-dependent). Clearly the dimer 4a largely decomposed, but at
which step(s) was unknown. In order to clarify this another dimer
4c was prepared by solution chemistry (Scheme 2). Since 4¢ was
rather labile and attempts to purify it failed, all experiments were
done on 4c, freshly prepared from 4b. The phosphite dimer 4b,
prepared from the a-amidite 2a’, was stable and could be purified

NPFIZ

2a

HO T DMTO T
0 :>=/ o 0
+ 0 VL
NC/\/O—P\ ) 0—%_7

by column chromatography. This difference in stability reflects the
huge difference in leaving group ability between a phosphortriester
and a phosphite. Oxidation of 4b (6, 141.1) in CH;CN with
Bu'OOH gave 4c¢ (J, —0.5) without observable byproducts (*'P
NMR). The solvent was removed in vacuo and the residue treated
with dry Pri,NH in dry pyridine. The *'P NMR signal from 4¢ (Jp
—0.1) was over 2 h at rt replaced by two new signals (J, — 1.8 and
—2.0)inaca. 2: 3 ratio. After evaporation the residue was dissolved
in DMSO-d, and analysed by *'P and '"H NMR. The phosphorus
spectrum showed two products (0, —0.5 and —0.9, ratio ca. 2 : 3),
and the proton spectrum was in accordance with a ca. 2 : 3 mixture
of 4d and 5b (Scheme 2), containing some free thymine base and
unidentified products. This shows that the reaction with Pr',NH is
far from clean, since in competition with removal of the cyanoethyl
group to give 4d, the allylic modified unit is also removed from
the phosphortriester to give Sb. The dimer 4¢ was shown by 3'P
NMR to be stable to capping conditions (Ac,O-NMI-Py-THF)
for 24 h at rt. However, 4c¢ partly decomposed under detritylation
conditions. When a solution of 4¢ in CH,Cl, was treated with 3%
CCI;COOH in CH,Cl,, a precipitate formed. The precipitate was
dissolved in DMSO-d, and analysed by NMR. The phosphorus
spectrum showed one signal (6, —0.3), while the proton spectrum
was in accordance with a ca. 4 : 3 mixture of 4e and Sc (Scheme 3),
containing some free thymine base and unidentified products. In
D,0 the phosphorus spectrum showed the expected two signals
(0p —1.2 and 0.6). The ratio of these two signals changed with
time, leaving only the signal at J, 0.6 after 3 d. At that time
the proton spectrum showed no signals assigned to 4e, while
the signals assigned to Sc¢ remained. This indicates that 4e (Jp
—1.2) slowly decomposed to 5¢ (Jp 0.6) in the weakly acidic
solution.

OH

4a 25% 5a 75%

Scheme 1 Reagents: 1. tetrazole, 2. Bu'OOH, 3. CC;COOH, 4. Pr’,NH, 5. aq. NH;.

DMTO}
fo) T

DMTO
HO T :>: tetrazole L
:>=/ + IS T = ok Bu'OOH
DMTO o-P NC o} T
NG e, —
DMTO
2a' 4b
DMTO DMTO
D T g
o. 0 Pr';NH o O P
N4 — K + NCT—0"""0o T
N C/\/O (e} T (OIS T :>=/
O~ o
DMTO DMTO
4c 4d 5b
Scheme 2
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DMTO < 0-F. y o T
AO0R ; Me
NTON NPt =
DMTO
3a' 4f
DMTO% DMTO}
Bu'OOH @ 0. O T 2°c o0 T z |
—_— :p\ —> ___P + &
O N NMe
\N ,\NA/\/O O:>=/T O:>=/T +\_/
e
DMTO DMTO
4g 4d

Scheme 4

Dimer experiments with /NV-methyl-/V-(2-pyridyl)-2-aminoethyl
phosphoramidites 3a and 3a’

The phosphoramidites 3a and 3a’ were prepared from crude
[N-methyl-N-(2-pyridyl)-2-aminoethyl] N,N,N’,N’-tetraisoprop-
ylphosphorodiamidite® and DMT-protected 1a in 50-60% yield.
The o-amidite 3a’ was used to prepare the stable symmetrical
dimer phosphite 4f (Scheme 4). Oxidation of 4f (6, 140.9) in
CH;CN with Bu'OOH gave 4g (d, 0.2), which spontaneously
lost the protecting group to give 4d (dp 0.0) with #,,, ca. 20 min
at 25 °C. Both compounds were formed without byproducts
(*'P NMR). Extraction of a solution of 4d in CH,Cl, with aq.
NaHCO;-Na,SO; followed by removal of the DMT groups with
80% aq. CH;COOH gave reasonably pure 4h (Scheme 5) as the
sodium salt in 95% yield. The dimer 4h was used to evaluate
the stability of phosphordiester-linked modified units towards
aq. NH;. A solution of 4h in 32% aq. NH; in a sealed NMR
tube was kept at 55 °C, and the *'P NMR spectrum recorded
at intervals. A very slow decomposition was observed, 4h (Jp
0.5) being transformed to a new compound (0, 5.1, t, J 7 Hz),
probably 5d (Scheme 5), with ¢,,, ca. 430 h. Since this corresponds
to only 0.8% decomposition in 5 h at 55 °C we conclude that
the phosphordiester linkage flanking the modified unit is stable
enough under normal deblocking conditions to remove the usual
base protecting groups.

HO )
}; o, °
o, 0 T R

N 32% NHs, 55°C 0" Yo T
_ R —_— _
0" "o T  t,430h
:>=/ HO
HO
4h 5d
Scheme 5

Solid phase experiments with /NV-methyl-/V-(2-pyridyl)-2-
aminoethyl phosphoramidite 3a

A dimer 4i was prepared from 3a (50 pmol) and polystyrene-
bound dT (10 umol) (Scheme 6). After oxidation the support was
kept overnight in CH;CN to allow for complete cycloelimination
of the phosphorus protecting group. The support was dried and
divided in ca. 2 pmol portions. One portion of 4i was treated
with NHj; to give 4j, which was analysed by 'H and ¥P NMR in
D,0. Apart from 4j (6, 1.2) it contained ca. 10% 4a (d, 1.3) and
ca. 3% 5a (0p 4.9, t, J 6 Hz). Spontaneous loss of DMT from a
support-bound oligonucleotide on standing is well known, but the
formation of 5a indicates that ca. 3% decomposition occurs during
coupling. Another portion of 4i was treated with NHj, followed
by 80% aq. CH;COOH (steps 3 and 4 in Scheme 6) to give 4a,
shown by *P NMR to contain ca. 10% 5a. This indicates that
the diester dimer 4a, like the triester dimer 4e before, is not stable
under acidic conditions. A third portion of 4i was detritylated
on the synthesizer with 3% CCL;COOH in CH,CI, for 2 min,
then immediately washed with 1 M Pr',NH in CH;CN for 2 min,
to give 4k (Scheme 7). This compound was coupled with the
Beaucage phosphoramidite 6a to give the trimer 7 after oxidation,
cycloelimination overnight, detritylation followed immediately by
a Pri,NH wash as above, and cleavage from the support by aq.
NH;. NMR analysis in D,O showed 7 (6, 1.1 and 0.1, 1 : 1)
contaminated with ca. 7% 5a (J, 4.9) and ca. 1% of probably
3'-pdT Se (05 4.4).

The experiments described above show that phosphoramidites
like 3a, which spontaneously eliminate the phosphorus protection
group upon oxidation, are in this context wastly superior to
cyanoethyl phosphoramidites like 2a, because a basic elimination
step is avoided. Oligonucleotides which contain allylic phospho-
rtriesters like those described here are cleaved by bases even as
weakly nucleophilic as Pr',NH. However, when the phosphate

This journal is © The Royal Society of Chemistry 2006
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Scheme 6 Reagents and conditions: 1. tetrazole 10 min, then aq. wash; 2. Bu'OOH 30 min, then CH;CN wash, then 20 h wait; 3. 32% aq. NH; 2 h rt,
then evap.; 4. 80% aq. CH;COOH 30 min, then evap., extraction of DMTOH with ether, evap.

DMTO T HO T
:>=/ :>—/ o. 0
0o o, O 1-4 __P.

3 P
O“P’ —_— :\P —_— O \O T
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NG ®: :

4i 7
i 4k OH
DMTO o T HO T
Koy
z | 0o o. O
X AO-RC B
N" N NPr', 0 o

6a Se

Scheme 7 Reagents: 1. 6a + tetrazole; 2. Bu'OOH, then wait; 3.
CCI;COOH, then Pr',NH; 4. aq. NH;.

linkages are converted to phosphordiesters, they are highly inert
towards bases including aq. NH;. The allylic phosphordiesters are
likewise stable towards other conditions during oligonucleotide
synthesis (capping, oxidation) except the acidic treatment during
detritylation. The strongly acidic conditions necessary to remove
DMT probably leads to protonation of the phosphordiester
group,® thereby converting it into a good leaving group (like a
phosphortriester group). This results in partial cleavage of the
allylic P-O bond during detritylation. The cleavage is minimised by
a short exposure to 3% CCl;COOH in CH,Cl, (1-2 min) followed
immediately by a Pr',NH wash. By this procedure a trimer 7
could be prepared with concomitant cleavage of only 3-4% per
detritylation. These improved synthesis conditions were used to
prepare some oligonucleotides containing 4 or 8 modified units,
as described below.

Solid phase oligonucleotide synthesis using /V-methyl-/V-
(2-pyridyl)-2-aminoethyl phosphoramidite 3a, 3b, and 3e

The oligonucleotides prepared in this study are the 14-mers
dTT*,Ts, dA;A*,A;, and the 9-mer dG*T*G*A*T*A*T*G*C,

where N* are the allylic units corresponding to 1. Attempts to
prepare dT* ;T gave a very impure product which was not purified,
and attempts to use the 5-methylcytosine amidite 2d to obtain
oligonucleotides containing C* were abandoned because the prod-
ucts even with one modified C were very impure. This is in accord
with the high tendency of the cytosine compounds 1c¢, 1d, and
their N-protected derivatives to cyclise.” The A* phosphoramidite
3b and the G* phosphoramidite 3e were prepared in the same
way as the T* phosphoramidite 3a, and used together with the
Beaucage T phosphoramidite 6a and the A analogue 6b' which are
necessary as the 10th base in the 14-mers. The remaining T and A
phosphoramidites were commercial cyanoethyl phosphoramidites

The coupling cycle used to introduce N* was modified in
several ways from a normal phosphoramidite cycle. A normal
coupling with tetrazole as activator was followed by a 2-min
aqueous wash to remove amidites that had reacted at the bases.
Capping was performed normally, followed by normal oxidation
with Bu'OOH. A wait step of 0.5 h was then introduced to allow
the spontaneous elimination of the phosphorus protection group
to occur (experiments with 1 h and 2 h wait did not improve the
yields). Detritylation with 3% CCl;COOH in CH,Cl, and CH;CN
wash for a total of 1 min was immediately followed by a wash with
0.1 M Pr\,NH in CH;CN to remove acid which partially cleaves the
strand at allylic P-O positions. In case of the 14-mers, a standard
cycle was used for the first 4 couplings with normal cyanoethyl
phosphoramidites, but for the last 5 unmodified couplings the
basic wash after detrylation was included, and the 0.5 h wait
was used for the couplings with 6. A stepwise DMT efficiency of
92-94% was obtained for coupling with the N* phosphoramidites,
and 94-96% for the couplings with 6 and the remaining cyanoethyl
phosphoramidites, compared to ca. 99% for the first four cyano-
ethyl phosphoramidites. The support-bound oligonucleotides
were left overnight to complete the elimination of the N-methyl-N-
(2-pyridyl)-2-aminoethyl groups and then treated with conc. aq.
NH; at 55°C for 8 h (2hat25°C for dTsT*,Ts). After evaporation
the crude oligonucleotides were purified by reverse phase HPLC,
and the crude and purified products analysed by ion exchange
HPLC. Aproximate yields and MALDITOF MS data are given
in Table 1, and an HPLC profile of a crude product is shown
in Fig. 2.
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Table 1 Yields, purities, and MS data for the modified oligonucleotides

Scale/uM Crude yield, OD Purity (%) Purified yield, OD Purity (%) MS (calc.)
dTsT*,T; 0.25 12 34 2.5 85 4074 (4074)
dA;A* A 0.25 21 40 4 85 4202 (4200)
dG*T*G*A*T*A*T*G*C 1.0 51 14 5 90 2514 (2511)

140 ~3u-Meth 0

Sens 40 54

120

N R N R M N U N MR SR
0 5 10 15 20 25 30 35 40 45

Retention Time/min

Fig. 2 Ion exchange HPLC profile of crude dG*T*G*A*T*A*T*G*C.

Hybridization studies

The ability of the modified oligonucleotides to bind to com-
plementary DNA and RNA was examined by thermal melting
temperature (7,,) measurements at 260 nm. The results are given
in Table 2, together with previous results.

From the data in Table 2 it is seen that one modification in the
middle of a 14-mer gives a depression of the melting temperature
of 5-6 °C, but that four modifications are better tolerated. In
particular four modified As are well tolerated with a depression
of only 1-2 °C per modification. It was of interest to see whether
a fully modified sequence would bind better, as is known in cases
where the modified unit deviates strongly from natural nucleosides,
e.g. phosphonate analogues of PNA!" and xylo-LNA."? However,
this is not the case here. The mixed sequence 9-mer with eight
modifications binds with a depression of 2-3 °C per modification,
only marginally better than those with four modifications.

Conclusion

This paper describes our efforts to improve the preparation of
oligonucleotides modified with the acyclic, achiral monomers

1. Previous attempts to incorporate this monomer by standard
phosphoramidite chemistry gave low yields, and we have examined
the reasons for the low yields by dimer experiments analysed
by NMR. It is shown that cyanoethyl phosphoramidites 2 gave
phosphortriesters which largely decomposed during removal of
the cyanoethyl group with base, because the allylic backbone in
the phosphortriester, e.g. 4¢, was very sensitive to basic conditions.
A simple allyl group is known to be removable with aq. ammonia
from allyl dinucleoside phosphates,'® and in diallyl 2-cyanoethyl
phosphate, the cyanoethyl group is removed cleanly to give diallyl
phosphate with aq. ammonia.* Tt was unexpected that the allylic
backbone was more sensitive to base than a simple allyl group.
Since phosphordiester anions containing two modified units, e.g.
4h, are very resistant to bases, we decided to replace the cyanoethyl
protection group with a group which spontaneously eliminated
after oxidation, without base treatment. The N-methyl-N-(2-
pyridyl)-2-aminoethyl group introduced by Beaucage er al.® was
chosen, and NMR experiments showed that phosphoramidites
3 containing this protection group gave high yields of modified
dimers. The dimers were stable to oxidation and capping condi-
tions, as well as aq. ammonia necessary to remove base protection
groups. However the strong acid conditions necessary to remove
the DMT protection groups resulted in some cleavage, probably
because protonation of the phosphordiester group leads to some
elimination of the allylic modified unit. By introducing a basic
wash immediately after the DMT removal step the cleavage could
be reduced to 3-4% per coupling cycle.

Using these improved conditions we were able to prepare
oligonucleotides modified with 4 or 8 modifications from
monomers 3a, 3b, and 3e containing T, A and G. The correspond-
ing modified ™C monomer could not be incorporated in useful
amounts, probably because it cyclised after removal of the DMT
group. The oligonucleotides modified with 4 or 8 consecutive
modifications hybridized to both DNA and RNA complements,
but with reduced melting temperatures compared to unmodified
DNA. The reduction in T, per modification for the mixed 9-mer
with 8 modifications (2-3 °C) was less than previous results with

Table 2 Hybridization data (7,,, °C) for modified and unmodified oligodeoxyribonucleotides with DNA and RNA complements*

dA, AT.b 1Ay, AT," dAA*A;© AT, dAA*As AT,
dT,, 36 — 34 — 31 -5 27 -2
U, 12 — N.d. — 12 0 9 -1
dT,T*T; 317 =5 28 —6 N.d. — N.d. —
dT,, T*,T 31° -2.5 29° -2.5 N.d. — N.d. —
dTsT*,Ts 22 -3.5 15 -5 N.d. — 11 —
dGCATATCAC AT,* rGCAUAUCAC AT,’
dGTGATATGC 33 — 31 —
dG*T*G*A*T*A*T*G*C 8 =3 12 -2

“ T, was determined by measuring absorbance at 260 nm against increasing temperature (1 °C steps) on equimolar mixtures (3 M in each strand) of
the modified oligomer and its complementary DNA or RNA strand in medium salt buffer (10 mM Na,HPO,, 100 mM NacCl, 0.1 mM EDTA, pH 7.0).

® Change in T,, per modification. ¢ Prepared from 2b as described earlier.®
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one modification (5-6 °C), and the purines A and G seem to be
better tolerated than T.

Our original goal—to prepare a simple acyclic, achiral sub-
stitute for the natural nucleosides—has been achieved, but with
limited success. The monomers 1 are not simple to prepare,
and they are difficult to incorporate as phosphoramidites in
oligonucleotides because of their allylic structure. Since their
affinities towards DNA and RNA are lower than unmodified
DNA, we have decided to stop further work in this area.

Experimental

The compounds 1a,® 6-N-(4-tert-butylbenzoyl)-9-[3-hydroxy-
2(hydroxymethyl)prop-1-enyl]adenine,® 1-[3-benzyloxy-2-(benzyl-
oxymethyl)prop-1-enyl]-N-isobytyrylguanine,® [N-methyl-N-(2-
pyridyl)-2-aminoethyl] ~ N,N,N’,N'-tetraisopropylphosphorodi-
amidite,® 6a,> and 6b'° were prepared according to literature
procedures. Other chemicals were 97-99% pure from Aldrich,
Fluka, Sigma, or Merck. Solvents were HPLC grade from
LABSCAN. CH,Cl,, DMF, pyridine, Et;N and CH;CN were
dried over molecular sieves (4 A from Grace Davison) to a
water content below 20 ppm, measured on a Metrohm 652 KF-
Coulometer. TLC was run on Merck 5554 silica 60 aluminium
sheets, LC on either Merck 9385 silica 60 (0.040-0.063 mm) for
normal gravity chromatography, or Merck 15111 silica 60 (0.015-
0.040 mm) for dry column vacuum chromatography.®* RP HPLC
purifications were done on a Waters Prep LC 4000 System using
a Xterra MS C18-column (10 um, 7.8 x 150 mm) with a gradient
of 1.38% CH;CN per. min and UV detection at 254 nm. Ion
exchange HPLC analysis were performed on a LaChrom D-7000
System using a Gen-Pak Fax column (4.6 x 100 mm) with a
gradient of 1.07% 2 M NaCl per. min and UV detection at 254 nm.
NMR spectra (reference tetramethylsilane for dy and d, external
85% H;PO, for dp, J values are given in Hz) were run on a Varian
Mercury 300 MHz spectrometer. FAB MS data were obtained on a
JEOL HX 110/110 Mass Spectrometer with m-NBA as the matrix,
ES MS data on a Micromass Q-Tof Mass Spectrometer, and
MALDITOF MS data on a Bruker Ultraflex Il TOF/TOF System
using a HPA matrix. Thermal melting temperature measurements
were performed on a Cary 300 Version 9.00 UV spectrometer.

(E)- and (Z)-1-[2-(Dimethoxytrityloxymethyl)-3-hydroxyprop-1-
enyl]thymine

To a solution of dry 1a (0.212 g, 1.00 mmol) in dry pyridine (4 ml)
was added dropwise a solution of DMTCI (0.34 g, 1.00 mmol)
in dry pyridine (4 ml), and the mixture was stirred in the dark
under N, for 2 h at rt. Sat. aqueous NaHCO; (1 ml) was added
and the solvents removed in vacuo. The residue was dissolved in
a mixture of CH,Cl, (25 ml) and water (10 ml), the phases were
separated, the CH,Cl, phase extracted with water (2 x 3 ml),
and the combined aq. phases extracted with CH,Cl, (5 ml). The
CH,Cl, phase was dried (MgSO,) and the solvent removed in
vacuo to give the crude product (0.54 g), a mixture of hydrolysed
DMTCI, the bis-, and the two mono-dimethoxytrityl derivatives,
which was resolved into the components by normal gravity column
chromatography, eluted with EtOAc-MeOH-Py 98 : 1 : 1 v/v/v,
to give the di-DMT derivative (0.176 g, 22%, R; = 0.61), the (E)-
product (0.178 g, 35%, R; = 0.45), and the (Z)-product (0.135 g,

26%, R; = 0.29), all colourless solids. (E): NMR (DMSO-dy): dy4
11.39 (1H, s, NH), 7.43-6.89 (14H, m, Ar + H-6), 6.65 (1H, s,
NCH=C), 490 (1H, t, J 5.3, OH), 3.92 (2H, d, J 5.3, CH,OH),
3.74 (6H, s, OCH,), 3.70 (2H, s, CH,ODMT), 1.78 (3H, d, J 1.2,
T-CH;). FAB* MS: 5152 (M + H* cale. 515.2). (Z): NMR
(DMSO-dg): 0y 11.30 (1H, s, NH), 7.31-6.86 (14H, m, Ar + H-6),
6.49 (1H, s, NCH=C), 5.15 (1H, t, J 5.0, OH), 4.16 (2H, d, J 5.0,
CH,0H), 3.73 (6H, s, OCH,;), 3.47 (2H, s, CH,ODMT), 1.60 (3H,
d,J 1.2, T-CH;). ¢ 164.1, 158.9, 150.4, 144.5, 140.5, 136.1, 135.5,
130.1, 128.2, 127.3, 124.8, 113.5, 110.6, 87.3, 63.6, 58.9, 55.5, 12.6.
FAB* MS: 515.2 (M + H* calc. 515.2). The Z configuration of
the latter product was determined by '"H NMR NOE effects from
NCH=C to CH,OH, and l-alkylation of T by NOE effects from
NCH=C to H-6.

(E)- and (Z)-6-N-(4-tert-Butylbenzoyl)-9-[2-
(dimethoxytrityloxymethyl)-3-hydroxyprop-1-enyl]adenine

To a solution of dry 6-N-(4-tert-butylbenzoyl)-9-[3-hydroxy-
2(hydroxymethyl)prop-1-enyl]adenine (0.271 g, 0.710 mmol) in
dry pyridine (20 ml) was added dropwise a solution of DMTCI
(0.287 g, 0.85 mmol) in dry pyridine (4 ml), and the mixture
was stirred in the dark under N, for 3 h at rt. Sat. aqueous
NaHCO; (1 ml) was added and the solvents removed in vacuo.
The residue was dissolved in acetone (15 ml), filtered, and acetone
removed in vacuo to give the crude product (0.58 g), a mixture
of hydrolysed DMTCI, the bis-, the two mono-dimethoxytrityl
derivatives, and the starting material. This mixture was resolved
into the components by normal gravity column chromatography,
eluted with first EtOAc-hexane-MeOH-Et;N 49 : 49 : 1 : 1
v/v/v/v, then EtOAc-MeOH-Et;N 98 : 1 : 1 v/v/v, and last
EtOAc-MeOH-Et;N 79 : 20 : 1 v/v/v, to give the di-DMT
derivative (0.164 g, 23%, R; = 0.35 in EtOAc-hexane-MeOH-
Et;N 49 : 49 : 1 : 1 v/v/v/v), the (E)-product (0.150 g, 31%,
R; = 0.55 in EtOAc-MeOH-Et;N 98 : 1 : 1 v/v/v), the (Z)-
product (0.119 g, 24%, R; = 0.16 in EtOAc-MeOH-Et;N 98 :
1:1v/v/v), and the starting material (0.028 g, 10%, R; = 0.36
in EtOAc-MeOH-Et;N 79 : 20 : 1 v/v/v), all colourless solids.
(E): NMR (DMSO-d¢): 6, 11.13 (1H, s, NH), 8.79 (1H, s, H-2),
8.53 (1H, s, H-8), 8.00 (2H, d, J 8.2, tert-butylbenzoyl), 7.59-7.25
(12H, m, Ar + C=CH), 6.94 (4H, d, J 8.8, Ar), 5.07 (1H, t, J 5.3,
OH), 4.01 (2H, d, J 5.3, CH,0OH), 3.87 (2H, s, CH,ODMT), 3.75
(6H, s, OCHs), 1.34 (9H, s, Bu'). The (£) konfiguration was proven
by NOE (irradiation at CH,OH gave 5% enhancement of H-8).
NMR (CDCl;): 6y 9.08 (1H, s, NH), 8.79 (1H, s, H-2), 8.13 (1H, s,
H-8),7.97 (2H, d, J 8.2, tert-butylbenzoyl), 7.56-7.24 (11H, m, Ar),
6.94 (1H, s, C=CH), 6.86 (4H, d, J 8.5, Ar), 431 (1H, t, J 6.7,
OH), 4.08 (2H, s, CH,0ODMT), 3.96 (2H, d, J 6.7, CH,OH), 3.80
(6H, s, OCHj;), 1.37 (9H, s, Bu'). d. 164.5, 158.8, 156.8, 153.0,
151.8, 150.3, 144.7, 143.4, 139.0, 135.8, 130.7, 130.1, 128.1, 127.9,
127.2,126.0, 122.7, 116.9, 113.4, 87.3, 64.5, 57.6, 55.4, 35.3, 31.2.
FAB* MS: 684. 5 (M + H* calc. 684.3). (Z): NMR (DMSO-
de): 0y 11.08 (1H, s, NH), 8.67 (1H, s, H-2), 8.25 (1H, s, H-8),
7.99 (2H, d, J 8.5, tert-butylbenzoyl), 7.59-7.07 (11H, m, Ar),
7.03 (1H, s, C=CH), 6.77 (4H, d, J 8.4, Ar), 5.35 (1H, t, J 5.3,
OH), 4.30 (2H, d, J 5.3, CH,0H), 3.70 (6H, s, OCH,), 3.63 (2H, s,
CH,0ODMT), 1.34 (9H, s, Bu'). The (Z) konfiguration was proven
by NOE (irradiation at CH,ODMT gave 2% enhancement of H-
8). NMR (CDCL;): 64 9.0 (1H, br s, NH), 8.75 (1H, s, H-2), 7.97
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(2H, d, J 8.2, tert-butylbenzoyl), 7.96 (1H, s, H-8), 7.55-7.18 (11H,
m, Ar), 7.07 (1H, s, C=CH), 6.77 (4H, d, J 9.1, Ar), 4.49 (2H, s,
CH,0OH), 3.83 (2H, s, CH,ODMT), 3.75 (6H, s, OCH;), 1.37
(9H, s, Bu'). dc 164.5, 158.9, 156.8, 153.2, 151.9, 149.8, 1444,
142.6, 136.8, 135.4, 131.0, 130.1, 128.2, 128.1, 127.9, 127.3, 126.1,
122.4, 118.3, 113.5, 87.4, 63.8, 59.7, 55.5, 35.4, 31.4. FAB* MS:
684.6 (M + H* calc. 684.3).

1-[3-Hydroxy-2-(hydroxymethyl)prop-1-enyl}-/V-2-
isobutyrylguanine

To a stirred solution of 1-[3-benzyloxy-2-(benzyloxymethyl)prop-
1-enyl]-N-isobytyrylguanine (0.703 g, 1.44 mmol) in dry CH,Cl,
(25 ml) under N, at 0 °C was added dropwise BCl; (I M in
CH,Cl,, 15 ml, 15 mmol). After stirring for 1 h at 0 °C, MeOH-
CH,Cl, (1 : 1, v/v, 5 ml) was added, and the solvents removed in
vacuo. The residue was dissolved in MeOH-CH,Cl, (1 : 1, v/v,
20 ml) and solid NaHCO; was added to pH 7. The solids were
removed by filtration and washed with MeOH-CH,Cl, (1 : 1,
v/v, 25 ml). The combined filtrates were concentrated in vacuo,
and the residue partitioned between H,O (75 ml) and CHCI,
(50 ml). The aqueous phase was extracted with CHCI; (2 x 50 ml)
and evaporated in vacuo. Purification of the residue by normal
gravity column chromatography (elution with CH,Cl,-MeOH
9 :1 and 4 : 1, v/v) yielded the title compound as colourless
crystals (0.390 g, 88%, R; = 0.13 in CH,Cl,-MeOH (9 : 1)),
mp 205-206 °C (Found: C, 50.5; H, 5.5; N, 22.5. C;H;N;O,
requires C, 50.8; H, 5.6; N, 22.8%). NMR (DMSO-d,): oy 12.07
and 11.76 (2 x 1H, 2 x s, NH), 8.05 (1H, s, H-8), 6.80 (1H,
br s, NCH=C), 5.19 and 5.06 2 x 1H, 2 x t, 2 x J 5, OH),
421 (2H, dd, J 5 and 1.8, CH,C=CH), 3.99 (2H, d, J 5,
CH,C=CH), 2.74 (1H, septet, J 6.7, CH(CHj;),), 1.11 (6H, d,
J 6.7, CH(CH;),).0c 180.1,154.9, 148.7,148.2,139.5,139.2,119.7,
115.6,60.8, 56.2,34.7,18.8. FAB* MS: 308.2 (M + H* calc. 308.1).

(E)- and (Z)-2-N-Isobutyryl-9-|2-(dimethoxytrityloxymethyl)-3-
hydroxyprop-1-enyljguanine

To a solution of 2-N-isobutyryl-9-[3-hydroxy-2-(hydroxymethyl)-
prop-1-enyl]guanine (0.383 g, 1.2 mmol) in dry pyridine (15 ml)
was added dropwise a solution of DMTCI (0.380 g, 1.1 mmol) in
dry pyridine (5 ml), and the mixture was stirred in the dark under
N, for 48 h at rt. Sat. aqueous NaHCO; (1 ml) was added and
the solvents removed in vacuo to give the crude product, a mixture
of hydrolysed DMTCI, the bis-, the two mono-dimethoxytrityl
derivatives, and the starting material. This mixture was subjected
to normal gravity column chromatography, eluted with EtOAc-
MeOH-Et;N (94 : 5:1,89:10: 1 and 79 : 20 : 1, v/v/v) to
separate the starting material (0.132 g, 35%, R; = 0.04, the R,
values given are in EtOAc-MeOH-Et;N (94 : 5: 1, v/v/v)) from
the compounds containing DMT. The fractions containing the
bis- and the two mono-dimethoxytrityl derivatives were resolved
into the components by dry column vacuum chromatgraphy (0—
99% EtOAc in toluene, 10% increments, followed by 1-5% MeOH
in EtOAc, 1% increments, all containing 1% Et;N) to give the
di-DMT derivative (0.145 g, 13%, R; = 0.58), the (Z)-product
(0.196 g, 26%, R; = 0.26) and the (E)-product (0.125 g, 16%,
R; = 0.32), all as slightly yellow foams. (Z): NMR (DMSO-d;): dy
12.06 and 11.75 (2 x 1H, 2 x s, NH), 7.73 (1H, s, H-8), 7.27-7.14
(5H, m, Ar), 6.94 (8H, AB system, A 96.0 Hz, J 8.8, Ar), 6.83 (1H,

br s, NCH=C), 5.31 (1H, t, J 5.2, OH), 4.27 (2H, dd, J 5.2 and
1.5, CH,0OH), 3.70 (6H, s, OCH,), 3.56 (2H, s, CH,ODMT), 2.74
(1H, septet, J 6.7, CH(CH;),), 1.11 (6H, d, J 6.7, CH(CH};),). The
(Z) configuration was proven by NOE (irradiation at CH,OH gave
5% enhancement of NCH=C).J. 180.2, 158.1,154.8, 148.1, 144.6,
140.2, 138.8, 135.1, 129.5, 128.9, 127.8, 127.4, 126.7, 117.4, 113.1,
85.9, 61.0, 58.6, 55.0, 34.8, 18.8. FAB* MS: 610.2 (M + H* calc.
610.3). (E): NMR (CDCl;): 04 12.24 and 9.90 (2 x 1H, 2 x brs,
NH), 7.78 (1H, s, H-8), 7.43-7.14 (9H, m, Ar), 6.80 (4H, d, J 8.8,
Ar), 6.71 (1H, s, NCH=C), 4.04 and 3.99 (2 x 2H, 2 x s, CH,0),
3.76 (6H, s, OCHs;), 2.73 (1H, septet, J 6.8, CH(CH,),), 1.20 (6H,
d, J 6.8, CH(CH;),). FAB* MS: 610.1 (M + H* calc. 610.3).

(E)-1{3-(Dimethoxytrityloxy)-2{2-cyanoethoxy(diisopropylamino)-
phosphinoxymethyl]prop-1-enyljthymine (2a)

To a stirred solution of dry (Z£)-1-[2-(dimethoxytrityloxymethyl)-
3-hydroxyprop-1-enylJthymine (207 mg, 0.40 mmol) in dry CH,Cl,
(10 ml) under N, was added dry Et;N (0.19 ml, 0.80 mmol), fol-
lowed by 2-cyanoethyl N,N-diisopropylphosphoramidochloridite
(114 mg, 0.48 mmol). After 2 h at rt the solution was diluted with
CH,Cl, (10 ml), extracted with sat. aq. NaHCO; (3 x 10 ml), dried
(MgSO0,) and evaporated in vacuo to an oil. Purification by normal
gravity column chromatography (elution with EtOAc-Et;N 99 :
1 v/v) gave the product which was dissolved in EtOAc (2 ml),
precipitated from hexane (100 ml) at 0 °C, and lyophilised from
dry CH;CN (10 ml). Yield 194 mg (68%) of a colourless foam,
R; 0.53 (EtOAc-Et;N 99 : 1 v/v). NMR (CDCL): oy 7.40-7.18
(10H, m, Ar + NH), 7.14 (1H, s, H-6), 6.81 (4H, d, J 8.8, Ar), 6.70
(1H, s, NCH=C), 4.38 (2H, AB of ABX system, A =27.5 Hz, J x5
134, Jox = Jux = 8.2, CH,0P), 3.90-3.53 (6H, m, CH,ODMT,
CH,CH,CN, CHMe,), 3.78 (6H, s, CH;0), 2.61 (2H, t, J 6.3,
CH,CH,CN), 1.71 (3H, s, T-CH;), 1.19 (12H, “t”, J 7.0). 5. 164.1,
158.9, 150.2, 144.6, 140.7, 135.6, 133.3, 133.2, 130.2, 128.2, 128.1,
127.3, 125.3, 113.4, 110.4, 87.1, 64.0, 63.7, 58.9, 58.8, 55.5, 43.5,
43.4,24.9,24.8,20.7, 20.6, 12.6. 6, 149.8. FAB* MS: 715.3 (M +
H* calc. 715.3).

(Z£)-1{3-(Dimethoxytrityloxy)-2-2-cyanoethoxy(diisopropylamino)-
phosphinoxymethyl]prop-1-enyl]thymine (2a’)

This compound was prepared in the same way as 2a from (E)-1-
[2-(dimethoxytrityloxymethyl)-3-hydroxyprop-1-enyl]thymine in
70% yield, R; 0.13 (EtOAc-hexane-Et;N 49 :49: 2 v/v/v). NMR
(CDCL): 6y 7.39-7.14 (10H, m, Ar + NH), 7.12 (1H, q, J 1.2,
H-6), 6.76 (4H, d, J 8.8, Ar), 6.70 (1H, s, NCH=C), 4.11-3.96
(2H, m, CH,OP), 3.80-3.36 (6H, m, CH,ODMT, CH,CH,CN,
CH(CH,),), 3.72 (6H, s, CH;0), 2.41 (2H, t, J 6.3, CH,CH,CN),
1.87 (3H, d, J 1.2, T-CH;), 1.08-0.95 (12H, m, CH(CH,),). o
150.7.

(E)9-3-(Dimethoxytrityloxy)-2-2-cyanoethoxy(diisopropylamino)-
phosphinoxymethyl]prop-1-enyl]-N-6-(4-tert-butylbenzoyl)adenine
(2b)

This compound was prepared in the same way as 2a from
(Z2)-1-[2-(dimethoxytrityloxymethyl)-3-hydroxyprop-1-enyl]-N-6-
(4-tert-butylbenzoyl)adenine in 72% yield, R; 0.22 (EtOAc-
hexane-Et;N 49 :49 : 2 v/v/v). NMR (CDCl;): 0y 9.16 (1H, brs,
NH), 8.77 (1H, s, H-2), 8.02 (1H, s, H-8), 7.99 (2H, d, J 8.5,
tert-butylbenzoyl), 7.54 (2H, d, J 8.5, tert-butylbenzoyl), 7.42-7.19
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(9H, m, Ar), 7.14 (1H, br s, C=CH), 6.79 (4H, d, J 8.2, DMT),
4.53 (2H, AB of ABX system, A = 30.4 Hz, J x5 14.1, Jax = Jpx =
7.3, CH,OP), 4.00-3.62 (6H, m, CH,ODMT, CH,CH,CN,
CHMe,), 3.76 (6H, s, CH,0), 2.65 (2H, t, J 6.2, CH,CH,CN),
1.38 (9H, s, tert-butyl), 1.24 + 1.23 (12H, 2 x d, J 7.0, CHMe,).
Sc 164.5, 158.7, 156.5, 153.0, 151.7, 149.7, 144.4, 142.5, 135.3,
135.3, 134.2, 134.1, 130.9, 130.0, 128.0, 127.9, 127.8 127.0, 125.8,
122.2, 118.6, 117.6 113.3, 87.0, 63.8, 63.6, 59.0, 58.7, 58.5, 55.3,
43.4, 43.2, 35.1, 31.2, 24.8, 24.7,24.7, 24.6 20.5, 20.4. 3, 150.0.
FAB* MS: 884.5 (M + H* calc. 884.4).

(E)-1-[3-(Dimethoxytrityloxy){ N-methyl-N-(2-pyridyl)-2-
aminoethoxy } (diisopropylamino)phosphinoxymethyl]prop-1-
enyl|thymine (3a)

To a stirred solution of dry (£)-1-[2-(dimethoxytrityloxymethyl)-
3-hydroxyprop-1-enylJthymine (103 mg, 0.20 mmol) in dry
CH;CN (5 ml) under N, was added [N-methyl-N-(2-pyridyl)-2-
aminoethyl] N,N,N',N'-tetraisopropylphosphorodiamidite (90 mg,
ca. 88% pure, 0.27 mmol), followed by tetrazole (9 mg, 0.13 mmol).
After 2 h at rt the solution was concentrated in vacuo, and
the residue dissolved in EtOAc (10 ml), extracted with sat. aq.
NaHCO; (2 x 5 ml), the NaHCO; phase extracted with EtOAc
(5 ml), the EtOAc phase dried (MgSO,) and evaporated in vacuo
to an oil. The crude oil was purified by normal gravity column
chromatography, eluted with EtOAc-heptane-Et;N 58 : 40 : 2
v/v/v, to give the product (80 mg, 50%) as a colourless oil, R; 0.50
(EtOAc-Et;N 98 : 2 v/v). NMR (CDCl;): d4 8.6 (1H, br, NH),
8.12-8.10 (1H, m, Ar), 7.42-7.18 (10H, m, Ar), 7.10 (1H, d, J 1.2,
H-6), 6.81 (4H, d, J 8.8, Ar), 6.65 (1H, s, NCH=C), 6.51-6.47
(2H, m, Ar), 4.33 (2H, AB of ABX system, A = 22.3 Hz, J,;
13.8, Jax = Jpx = 7.0, CH,OP), 3.86-3.51 (8H, m, CH,ODMT,
NCH,CH,0, CHMe,), 3.77 (6H, s, CH;0), 3.09 (3H, s, NCH,),
1.71 (3H,d, J 1.2, T-CH;), 1.16 (6H, d, J 6.7, CHMe,), 1.15 (6H,
d,J 6.7, CHMe,). 5, 148.1. FAB* MS: 795.3 (M + H* calc. 796.4).

(Z)-1-[3-(Dimethoxytrityloxy){ /N-methyl- N-(2-pyridyl)-2-
aminoethoxy } (diisopropylamino)phosphinoxymethyl]prop-1-
enyl|thymine (3a’)

This compound was prepared in the same way as 3a from (E)-1-
[2-(dimethoxytrityloxymethyl)-3-hydroxyprop-1-enyl]thymine in
60% yield as a colourless foam, R; 0.55 (EtOAc-Et;N 98 : 2 v/v).
NMR (CDCL): d4 9.2 (1H, br, NH), 8.09 (1H, m, Ar), 7.47-
7.19 (11H, m, Ar + H-6), 6.84 (4H, d, J 8.8, Ar), 6.81 (1H, s,
NCH=C), 6.49 (1H, dd, J 5.0 and 7.0, Ar), 6.42 (1H, d, J 8.8, Ar),
4.02 (2H, AB of ABX system, A =22.4 Hz, J,3 12.0, Jox = Jpx =
6.2, CH,0P), 3.82-3.62 (6H, m, CH,ODMT, NCH,CH,0), 3.78
(6H, s, CH;0), 3.54-3.41 (2H, m, CHMe,), 3.01 (3H, s, NCH,),
1.92 (3H, d, J 0.6, T-CH;), 1.09 (6H, d, J 7.0, CHMe,), 1.03 (6H,
d,J 7.0, CHMe,). 5, 149.0. FAB* MS: 796.4 (M + H* calc. 796.4).

(E)-1-[3-(Dimethoxytrityloxy){ N-methyl- N-(2-pyridyl)-2-
aminoethoxy } (diisopropylamino)phosphinoxymethyl|prop-1-enyl]-
N-6-(4-tert-butylbenzoyl)adenine (3b)

This compound was prepared in the same way as 3a from
(Z)-1-[2-(dimethoxytrityloxymethyl)-3-hydroxyprop-1-enyl]- N-6-
(4-tert-butylbenzoyl)adenine in 70% yield as a colourless foam,
R;: 0.60 (EtOAc-Et;N 98 : 2 v/v). NMR (CDCl;): dy 8.9 (1H, br,

NH), 8.76 (1H, s, H-2), 8.10-8.08 (1H, m, Ar), 7.97 (1H, s, H-8),
7.96 2H, d, J 8.5, Ar), 7.55 2H, d, J 8.5, Ar), 7.40-7.14 (10H,
m, Ar), 7.08 (1H, s, NCH=C), 6.76 (4H, d, J 9.1, Ar), 6.50-6.44
(2H, m, Ar), 4.45 (2H, AB of ABX system, A = 30.7 Hz, J a3
14.1, Jox = Jsx = 7.0, CH,OP), 3.94-3.59 (8H, m, CH,ODMT,
NCH,CH,0, CHMg,), 3.75 (6H, s, CH;0), 3.10 (3H, s, NCH,),
1.37 (9H, s, tert-Bu), 1.20 (6H, d, J 6.7, CHMe,), 1.17 (6H, d,
J 6.7, CHMe,). 6, 148.3. FAB* MS: 965.5 (M + H* calc. 965.5).

(E)-1-[3-(Dimethoxytrityloxy){ N-methyl-N-(2-pyridyl)-2-
aminoethoxy } (diisopropylamino)phosphinoxymethyl]prop-1-enyl]-
N-2-isobutyrylguanine (3e)

This compound was prepared in the same way as 3a from
(Z2)-1-[2-(dimethoxytrityloxymethyl)-3-hydroxyprop-1-enyl]-N-2-
isobutyrylguanine in 35% yield after purification by normal
gravity column chromatography (first eluted with EtOAc-Et;N
98 : 2 v/v, then with EtOAc-MeOH-Et;N 93 : 5 : 2 v/v/v).
Colourless foam, R;0.32 (EtOAc-Et;N 98 :2 v/v). NMR (CDCl;):
oy 8.05-8.03 (1H, m, Ar), 7.59 (1H, s, H-8), 7.45-7.16 (10H, m,
Ar), 6.86 (1H, s, NCH=C), 6.78 (4H, d, J 9.1, Ar), 6.58-6.49
(2H, m, Ar), 4.38 (2H, AB of ABX system, A = 35.5 Hz, J3
14.7, Jax 8.5, Jex 7.9, CH,OP), 3.92-3.52 (8H, m, CH,ODMT,
NCH,CH,0, CHMgs,), 3.77 (6H, s, CH;0), 3.15 (3H, s, NCH,;),
2.57 (1H, septet, J 6.7, COCHMe,), 1.21-1.16 (18H, m, CHMe,).
op 148.2. FAB* MS: 891.1 (M + H* calc. 891.4).

2-Cyanoethyl bis-[(E)-2-(dimethoxytrityloxymethyl)-3-
(1-thyminyl)prop-2-enyl] phosphite (4b)

To a solution of (E)-1-[2-(dimethoxytrityloxymethyl)-3-hydroxy-
prop-1-enyljthymine (0.206 g, 0.40 mmol) and 2-cyanoethyl
N,N,N',N'-tetraisopropylphosphorodiamidite (0.075 g, 80% pure,
0.20 mmol) in dry CH;CN (5 ml) was added tetrazole (0.035 g,
0.50 mmol). The mixture was stirred under N, for 2.5 h at rt, and
concentrated in vacuo. The residue was dissolved in a mixture of
EtOAc (20 ml) and sat. aq. NaHCO; (5 ml), the EtOAc phase
extracted with sat. aq. NaHCO; (5 ml), the combined aq. phases
extracted with EtOAc (5 ml), and the combined EtOAc phases
dried (MgSO,) and evaporated in vacuo to an oil. The crude oil
was purified by normal gravity column chromatography, eluted
with heptane-EtOAc-MeOH-Py 50 : 43 : 5: 2 v/v/v/v, to give,
after lyophilisation from CH;CN (10 ml) the product (0.183 g,
81%) as a colourless solid, R; 0.10 (heptane—EtOAc-MeOH-Py
50 :43:5:2v/v/v/v). NMR (CDCl,): dy4 9.0-8.9 (2H, br m,
NH), 7.43-7.18 (18H, m, Ar), 6.91 (2H, d, J 1.2, H-6), 6.82 (8H,
d, J 8.8, Ar), 6.62 (2H, s, C=CH), 4.23 (4H, d, J 7.0, CH,OP),
3.77 (16H, s, CH;0 + CH,ODMT), 3.65 (2H, dt, J 7.0 and 6.2,
NCCH,CH,0), 2.35 (2H, t, J 6.2, NCCH,CH,0), 1.86 (6H, br s,
T-CH;). ¢ 163.9, 158.8, 149.9, 144.6, 140.3, 135.8, 134.0 (d, J 6),
130.1, 128.2, 128.1, 127.1, 124.5, 117.2, 113.4, 113.3, 110.9, 87.0,
63.1,57.7(d,J 11),57.4(d, J 11),55.4,20.2(d, J 5), 12.4. 6, 141.1.
FAB* MS: 1128.6 (M + H* calc. 1128.4).

Bis-[(E)-2-(dimethoxytrityloxymethyl)-3-(1-thyminyl)prop-2-enyl]
N-methyl-V-(2-pyridyl)-2-aminoethyl phosphite (4f)

To a solution of 3a’ (90 mg, 0.11 mmol) in dry CH;CN (2 ml)
was added (E)-1-[2-(dimethoxytrityloxymethyl)-3-hydroxyprop-1-
enyl]thymine (51.5 mg, 0.10 mmol) and tetrazole (7 mg, 1.0 mmol).
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Table 3 Coupling cycle to introduce N*, 0.25 pmol scale

Reagent

Time

3% CCl;COOH in CH,Cl,

0.1 M Pr',NH in CH;CN

Wash CH;CN*

0.2 ml 0.05 M amidite in CH;CN + 0.3 ml
0.50 M tetrazole in CH;CN

Wash CH;CN

10% H,O + 2% CAP A® in THF

Wash CH;CN

CAP A + CAP B, 1:1

Wash CH,CN

80% Bu'OOH in Bu',0, 0.5 M in CH,Cl,—acetone 1 : 1
Wash CH,;CN

Wait (elimination of phosphate protection)
Wash CH;CN

30 s + (5 s wait + 10 s CH;CN) x 2
(15s 4 10 s wait) x 3
3 min

6 min manually

1 min

2 min manually

2 min

(30 s + 30 s wait) x 4
1 min
(6s+ 90 s wait) x 2
1.5 min

30 min

0.5 min

“Wash CH;CN is a combination of flush, wash, and wait steps. * CAP A = 10% (CH;CO),0 + 10% lutidine in THF. ¢ CAP B = 16% N-methylimidazole

in THE.

The mixture was stirred under N, for 2.5 h at rt, and concentrated
in vacuo. The residue was dissolved in a mixture of EtOAc (20 ml)
and sat. aq. NaHCO; (10 ml), the aq. phase extracted with EtOAc
(5 ml), and the combined EtOAc phases dried (MgSO,) and
evaporated in vacuo to an oil. The crude oil was purified normal
gravity column chromatography, eluted with EtOAc-Py 99 : 1 v/v,
to give, after evaporation with CH;CN (2 x 5 ml) the product
(92 mg, 76%) as a colourless foam, R; 0.42 (EtOAc—Py 99 : 1
v/v). NMR (CDCl;): d4 8.6 (2H, br, NH), 8.04-8.01 (1H, m, Ar),
7.41-7.16 (19H, m, Ar), 6.90 (2H, s, H-6), 6.80 (8H, d, J 8.8, Ar),
6.62 (2H, s, C=CH), 6.50-6.46 (1H, m, Ar), 6.36-6.33 (1H, m,
Ar), 4.10 (4H, d, J 6.4, CH,OP), 3.78-3.74 (18H, m, CH;O +
CH,ODMT + NCH,CH,0), 3.60 (2H, t, J 6.2, NCH,CH,0),
2.88 (3H, s, CH;N), 1.80 (6H, s, T-CH;). J, 141.1. FAB* MS:
1209.2 (M + H* calc. 1209.5).

Sodium di-[(E)-2-(hydroxymethyl)-3-(1-thyminyl)prop-2-enyl|
phosphate (4h)

To a solution of 4f (0.060 g, 0.050 mmol) in dry CH;CN (2.0 ml)
was added Bu'OOH (5-6 M in decane, 0.020 ml, 0.10-0.12 mmol).
The reaction was monitored by *P NMR, to give first the trialkyl
phosphate 4g (dp 0.2) which slowly eliminated the protection
group to give the dialkyl phosphate 4d as the 1-methyl-2,3-
dihydroimidazo[1,2-a]pyridinium salt (6, 0.0, #,,, ca. 20 min at
25°C). After 20 h at rt the solvent was removed in vacuo, the residue
was dissolved in CH,Cl, (15 ml) and extracted two times with aq.
NaHCO; + Na,S0; (0.5 M in each, 2 x 5 ml). The aq. phase
was extracted with CH,Cl, (5 ml), the combined CH,Cl, phase
dried (MgS0O,) and the solvent removed in vacuo. The residue (4d,
sodium salt, 0.055 g) was dissolved in 80% aq. acetic acid (1 ml) and
kept for 1 h at rt to remove the DMT groups. After concentration
in vacuo, the residue in H,O (2 ml) was extracted with ether (4 x
2 ml), and the aq. phase concentrated in vacuo to give the product
(0.024 g, 95%) as a colourless powder, ca. 85% pure according to
NMR. NMR (D,0): 64 7.42 (2H, s, H-6), 6.61 (2H, s, C=CH),
4.40 (4H, d, J 6.2, CH,OP), 4.30 (4H, s, CH,OH), 1.88 (6H, s,
T-CH,). 6c 167.2, 152.2, 142.8, 137.3 (J 7.8), 125.1, 111.6, 61.3,
60.4 (J 5.2),12.0. 9, 1.1. FAB~ MS: 485.3 (M~ calc. 485.1).

Solid phase oligonucleotide synthesis

The syntheses were performed on 500 A CPG supports on
a Biosearch 8750 DNA Synthesizer. The coupling cycle used
for the modified phosphoramidites 3a, 3b, and 3e is given in
Table 3.
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The structures of polygonatines A and B, two simple but structurally novel alkaloids, have been
substantiated by synthesis. Cyclisation of 4-(1 H-pyrrol-1-yl)butanoic acid or its ethyl ester produced
6,7-dihydroindolizin-8(5H)-one 10, formylation of which at C-3 followed by reduction afforded
polygonatine A 7. Acetylation of this alkaloid followed by displacement of the acetate with ethanol

yielded polygonatine B 5, possibly via an azafulvenium cation.

Introduction

Alkaloids containing isolated pyrrole rings occur as secondary
metabolites in a variety of sources, including plants, invertebrates,
fungi and bacteria.! Especially prolific are those natural products
in which the pyrrole ring forms part of a fused bicyclic or polycyclic
system; in particular, the number of alkaloids containing indole,
carbazole or B-carboline substructures is enormous.? However, the
simple indolizine ring system 1 has not yet been found in a natural
product, even though the saturated analogue, indolizidine 2, is
extremely well represented in alkaloid chemistry.** Even partially
reduced indolizines are rare in nature; and naturally-occurring
5,6,7,8-tetrahydroindolizines, in which the pyrrole ring remains
intact, have until recently been found only as part of more complex
cyclic arrays, e.g., in the anticancer alkaloid (—)-rhazinilam 3%¢
and the ant alkaloid myrmicarin 217 4.7 The first simple bicyclic
5,6,7,8-tetrahydroindolizine alkaloid was reported in 1997 in
the relatively inaccessible Chinese literature as a metabolite of
Polygonatum sibiricum.® This unnamed compound, to which the
structure 5 was assigned, caught our attention because of its
unusual ring system, its curious ethoxymethyl substituent, and the
fact that it was found in a plant family (the Liliaceae) from which
indolizine derivatives (and, indeed, pyrrole alkaloids) had never
previously been isolated. However, the same compound turned up
some time later in an extract from the rhizomes of a related plant, P.
kingianum, together with the butoxymethyl homologue 6, to which
the name kinganone was given.” Both alkaloids showed moderate
antimicrobial activity against a range of microorganisms, thus
lending credence to the traditional uses of the plant in treating
lung diseases. Very recently, the original authors confirmed the
presence of 5—now given the name polygonatine B —in an alcoholic
extract from the rhizomes of P. sibiricum, which was also shown
to contain polygonatine A 7, the hydroxymethyl parent of both 5
and 6.° Although the spectroscopic evidence for these compounds
seemed unambiguous, we felt that their simple but unprecedented
structures merited substantiation by synthesis. In this article we
report the total synthesis of polygonatines A and B.
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Witwatersrand, Johannesburg, P.O. Wits 2050, South Africa E-mail:
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5 Polygonatine B R = Et
6 Kinganone R =n-Bu
7 Polygonatine A R=H

3 (-)-Rhazinilam

4 Myrmicarin 217

Results and discussion

Two complementary strategies for preparing the target alkaloids
were considered (Scheme 1). In the first, a late-stage intramolecular
cycloacylation on to the nucleophilic 5-position of a suitably N-
alkylated pyrrole 8 already bearing the alkoxymethyl or hydrox-
ymethyl substituent at C-2 was envisaged, the C-2 substituent
arising in turn by alkylation of a 4-(1 H-pyrrol-1-yl)butanoic acid
derivative 9. In the second approach, the order of the sequence
was reversed; that is, alkoxymethylation was planned as the final
process in a sequence involving initial formation of the known-""
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Y
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Scheme 1
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6,7-dihydroindolizin-8(5H)-one 10. This intermediate is itself also
accessible in principle from the generalised N-alkylpyrrole 9.

Our precursor of choice, ethyl 4-(1H-pyrrol-1-yl)butanoate
11, was prepared in consistent yields of ca. 80% by re-
action of ethyl 4-aminobutyrate hydrochloride 12 with 2,5-
dimethoxytetrahydrofuran 13 in a vigorously stirred mixture of
acetic acid, sodium acetate, water and 1,2-dichloroethane at 90 °C
(Scheme 2). This is a modification of a procedure developed
by Miiller and Polleux, who prepared the corresponding methyl
ester by this method.”® For the realisation of the first strategy,
the next step was the attachment of the ethoxymethyl substituent,
which we initially chose to introduce by formylation, reduction and
O-alkylation. Heaney and co-workers reported that the position
of formylation of N-substituted pyrroles depends on the size of
the substituent, the proportion of 3-formyl product increasing as
a function of the steric demand of the attached group.” In the
event, standard Vilsmeier-Haack formylation of 11 with N,N-
dimethylformamide and phosphoryl chloride in boiling toluene
gave the 2-formylpyrrole 14 in 74% yield; none of the 3-formyl
product was detected. Reduction of 14 to the hydroxymethyl
product 15 was achieved quantitatively with sodium borohydride
in ethanol at room temperature. However, at this point problems
began to appear. The alcohol 15 decomposed rapidly, especially
upon attempted chromatography. Attempts to convert it immedi-
ately into the desired ethoxymethyl product 16 by treatment with
various bases and iodoethane gave only unidentifiable products;
and one attempt to convert 15 into the corresponding bromide
17 prior to treatment with ethanol gave an even less stable
intermediate. It is highly probable that decomposition proceeds
through ready expulsion of the leaving group in the ‘benzylic’
position to give an azafulvenium ion intermediate 18,2**' which
can decompose by a variety of pathways, including polymerisation.

MeO
i -
kNHZ-HCI + Q ca. 80% k@
12 13 OMe 1

i | 74%

Et0,C Et0,C

EtO,C EtO,C
- m -
LD @ U
(R = OH)
15 R=0H CMR 14 CHO
16 R = OEt
17 R=Br
Et0,C EtO,C

LA
N
18 CH,

Scheme 2 Reagents and conditions: i, NaOAc, H,O-AcOH—(CH,Cl),,
90 °C, 16 h; ii, DMF, POCI,, 0 °C, then add 11, toluene, reflux, 3 h; iii,
NaBH,, EtOH, rt, 1 h.

1/@
2
19

CH,

An alternative attempt to introduce the ethoxymethyl sub-
stituent directly into 11 by Friedel-Crafts alkylation with
chloromethyl ethyl ether was also unpromising. When the reac-
tants were heated together in toluene in the absence of a Lewis
acid, the dark tar isolated from the reaction contained only traces

of the desired product 16, as indicated by mass spectrometry (M*,
239). Another attempt in the presence of the mild Lewis acid
stannic chloride at low temperature also produced only traces of
16, but the presence of a dimer (M*, 374) in the crude product,
perhaps having structure 19, supports the notion of interference
by azafulvenium ion formation after the initial alkylation process.

Not surprisingly, the m-excessive nature of the pyrrole ring
appears to be the problematic feature of our first strategy.
By contrast, the alternative approach (Scheme 1) involves the
intermediacy of a system 10 in which the pyrrole is substituted
at C-2 by an electron-withdrawing carbonyl group that should
deactivate it, thereby making it less susceptible to unfavourable
side reactions during the subsequent alkylation. The first task
was thus to effect cyclisation of 11 to the indolizinone 10.
Following a method introduced by Jefford et al. for the cyclisation
of a similar ester-containing pyrrole with boron tribromide in
dichloromethane,” Smith and co-workers were able to prepare 10
in 91% yield from the methyl ester 9 (R = Me)."” We succeeded in
cyclising the ethyl ester 11 under the same conditions, but we could
not raise the yield of the desired bicyclic product 10 above 35%
even by optimising the reaction time and temperature (Scheme 3).
Relevant alternative routes to 10 reported in the literature have
been by cyclisation of 4-(pyrrol-1-yl)butanenitrile'** or 4-(pyrrol-
I-yl)butanoic acid 20, the latter undergoing ready ring closure
upon treatment with hydrogen chloride gas in dry methanol. In
following the latter route, we prepared the acid 20* in 90% yield
by treating 2,5-dimethoxytetrahydrofuran 13 with 4-aminobutyric
acid under our modified Miiller—Polleux conditions — an improve-
ment over the reported yield of 50%. However, cyclisation in the
recommended acidic medium produced 10 in a disappointingly
low yield (16%). Fortunately, cyclisation in polyphosphoric acid
at room temperature under conditions described by Barton et al.
for similar systems'® afforded 10 in a workable yield of 61%. The
spectroscopic data for this product agreed with those reported in
the literature.'s"”

0
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Scheme 3 Reagents and conditions: i, BBr;, CH,Cl,, 5 °C, 20 min; ii, PPA,
rt, 16 h; iii, EtOCH,Cl, SnCl,, C4H,, 0 °C, 15 min.

EtO,C

The attempted Friedel-Crafts alkylation of 10 with
chloromethyl ethyl ether and stannic chloride in a variety of
solvents produced intractable products containing only traces
of the expected alkaloid polygonatine B 5. However, when the
reaction was performed in dry benzene, mass spectrometry of
the crude product showed the presence of traces of 5 as well as
the dimer 21 (M*, 282) and the benzyl-substituted product 22
(M*, 225), in which the solvent has participated in the reaction.
These observations once again suggest that, under the reaction
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conditions, the initially formed ethoxymethyl product readily
forms an azafulvenium ion, which can be intercepted by a second
equivalent of 10 or by the solvent.

This result, although undesirable in itself, suggested that if we
could control the formation of the putative azafulvenium ion,
we might be able to trap it with suitable nucleophiles such as
ethanol. The plan was thus to formylate 10 under Vilsmeier—
Haack conditions, then to reduce the aldehyde to a hydroxymethyl
group (thus giving polygonatine A 7 directly) before taking
advantage of azafulvenium ion formation from this product in
order to introduce other nucleophiles. However, when 10 was
treated with N,N-dimethylformamide and phosphoryl chloride in
toluene at reflux, the product obtained, in 54% yield, was not
the keto aldehyde 23, but the vinyl chloride 24, in which the
ketone had itself reacted with phosphoryl chloride (Scheme 4).
Replacing phosphoryl chloride with phosphoryl bromide gave the
bromo analogue 25 in comparable yield (58%). The formation
of vinyl chloride 24 was not a major setback since, after some
experimentation, we were able to hydrolyse it to 23 quantitatively
with a mixture of concentrated perchloric acid and formic acid
(1 : 10) at 80 °C.»* Other reported methods for hydrolysing
vinyl chlorides to ketones were less successful; for instance, with
concentrated sulfuric acid at room temperature, the yield of 23
was 20%; while hydrolysis with titanium tetrachloride in a water—
methanol-acetone mixture?® gave only a 15% yield.

0

- i i(X= CI)
N— 54% (X = Cl) N / 100% N /
58% (X = Br)

CHO
10 24 X=Cl
25 X=Br
il | 78%
CH,OEt CH,0AC CH,0H

Scheme 4  Reagents and conditions: i, DMF, POX;, (X = Cl or Br), 0 °C,
then add 10, toluene, reflux, 3 h; ii, aq. HCIO, (60%)-HCO,H (1 : 10),
80 °C, 1.5 h; iii, Zn(BH,),, THF, —10 °C, 0.5 h; iv, Ac,O, pyridine, 80 °C,
2 h; v, EtOH, reflux, 2 days.

The chemoselective reduction of the aldehyde functional
group in 23 was easily accomplished with freshly prepared zinc
borohydride.?” This afforded polygonatine A 7 in 78% yield.
The spectra obtained on this synthetic sample closely matched
those obtained on the natural product;’® in particular, all but
one of the "C NMR signals were within 0.7 ppm of those
reported. Interestingly enough, this compound has also been
reported by Allin et al., who obtained it in 65% yield as the
unexpected product of acyl radical cyclisation from the reaction
between Se-phenyl 3-(2-formyl-1H-pyrrol-1-yl)propaneselenoate
and tributyltin hydride.?®

The envisaged conversion of 7 into polygonatine B 5 via an
azafulvenium ion intermediate was then attempted by stirring the
former in ethanol with a catalytic amount of hydrochloric acid at

room temperature. Although 5 was indeed produced, the degree of
conversion was modest (43%) even after 16 hours, and decomposi-
tion was again apparent. This result necessitated the conversion of
the alcohol into a better leaving group. Accordingly, acetylation
of 7 with acetic anhydride and pyridine at 80 °C quantitatively
afforded the acetoxy product 26. When this compound was heated
with ethanol under reflux, the nucleophilic substitution proved
to be slow but efficient, giving polygonatine B 5 in 91% yield.
Once again, the spectroscopic data were in full agreement with
those reported for the natural product ("H signals 0.02 ppm; *C
signals 0.1 ppm),' thereby substantiating the assigned structure.
We have thus completed total syntheses of two novel natural
products and confirmed their unusual structures. Presumably,
analogous treatment of the acetate 26 with n-butanol would give
kinganone 6.

One final comment about the novel alkaloids is worth mak-
ing. In view of the unusual ethoxy and butoxy substituents in
polygonatine B 5 and kinganone 6, respectively, we doubt whether
these compounds are ‘natural’ products. We suspect that they
may actually be artifacts of the isolation procedure in view of
the relative reactivity of 2-hydroxymethyl or 2-acyloxypyrroles
towards nucleophiles. To support our contention, we note that
ethanol was in fact used in the extraction of 5 from the rhizomes of
Polygonatum sibiricum,*" while both ethanol and n-butanol were
used in extracting 5 and 6 from P, kingianum.® Since both 2-acyl-5-
hydroxymethylpyrroles and 2-acyl-5-acyloxymethylpyrroles occur
in nature,” the free hydroxymethyl-containing compound polyg-
onatine A 7, or an ester thereof, is more likely to be the naturally
occurring metabolite.

Experimental

All solvents used for reactions and chromatography were
distilled before use. Tetrahydrofuran (THF) was distilled
from Na/benzophenone; acetonitrile, N,N-dimethylformamide
(DMF), dichloromethane, 1,2-dichloroethane and triethylamine
from CaH,; pyridine from potassium hydroxide; and toluene from
Na metal. Commercially available chemicals were used as received.
Melting points, recorded on a Reichert hot-stage microscope
apparatus, are uncorrected. TLC was performed on aluminium-
backed Alugram Sil G/UV,,, plates pre-coated with 0.25 mm
silica gel 60. Column chromatography was carried out on silica
gel 60, particle size 0.063-0.200 mm (conventional columns).
FTIR spectra were recorded on a Bruker Vector 22 spectrometer.
NMR spectra were recorded on Bruker AC-200 (200.13 MHz
for 'H, 50.32 MHz for *C), Bruker 300 (300.139 MHz for 'H,
75.035 MHz for *C) or Bruker DRX 400 (400.132 MHz for 'H,
100.625 MHz for *C) spectrometers. CDCIl; was used as solvent
and TMS as internal standard. DEPT and CH-correlated spectra
were routinely used for assignment of signals. J values are given
in Hz. High-resolution mass spectra were recorded at 70 eV on a
VG 70 SEQ mass spectrometer with a MASPEC II data system.

Ethyl 4-(pyrrol-1-yl)butanoate 11

This compound was prepared by an adaptation of the method
of Miiller and Polleux."® Ethyl 4-aminobutyrate hydrochloride 12
(6.70 g, 40 mmol), H,O (60 cm?®), NaOAc (3.28 g, 40 mmol),
AcOH (20 cm®) and 1,2-dichloroethane (60 cm®) were heated
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together to 80 °C. 2,5-Dimethoxytetrahydrofuran 13 (5.20 cm?,
5.30 g, 40.1 mmol) was added to the mixture, which was stirred
vigorously at 90 °C for 16 h. The mixture was cooled, and the
organic layer was separated. The aqueous phase was extracted
with CH,Cl, (3 x 50 cm®). The combined organic extracts were
washed with water (2 x 50 cm?), dried (MgSQ,), filtered and
evaporated under reduced pressure. The residue was purified by
column chromatography on silica gel with EtOAc-hexane (3 : 17)
as eluent to give ethyl 4-(pyrrol-1-yl)butanoate 11 (5.85 g, 81%)
as a yellow oil; R, 0.31 (EtOAc-hexane, 3 : 17); vy, (film)/cm™
3101 (w), 2980 (m), 2925 (m), 1733 (s, C=0), 1501 (m), 1447 (m),
1375 (m), 1282 (m), 1185 (m), 1159 (m), 1090 (m), 1030 (m) and
736 (s); ou (200 MHz; CDCl;; Me,Si) 6.62 (2H, t, J 2.1, pyrrole
2-H, 5-H), 6.13 (2H, t, J 2.1, pyrrole 3-H, 4-H), 4.12 (2H, q, J 7.1,
OCH,CH,), 3.92 2H, t, J 6.7, NCH,), 2.24 (2H, t with further
fine coupling, J ca. 7.0, CH,CO,Et), 2.06 (2H, quintet with further
fine coupling, J ca. 7.0, CH,CH,CO,Et) and 1.24 (3H, t, J 7.1,
OCH,CH,); éc (50 MHz; CDCl,) 172.6 (C=0), 120.4 (pyrrole C-
2, C-5) 108.0 (pyrrole C-3, C-4), 60.3 (OCH,CH,), 48.3 (NCH,),
30.9 (CH,CO,Et), 26.6 (CH,CH,CO,Et) and 14.1 (OCH,CH,);
m/z 181 (M*, 100%), 136 (83), 130 (19), 108 (15), 94 (50), 93
25), 81 (89), 80 (64), 67 (10) and 53 (23) (Found: M*, 181.1105.
C,H,sNO, requires 181.1103).

Ethyl 4-(2-formyl-1H-pyrrol-1-yl)butanoate 14

A mixture of DMF (1.14 cm’, 1.08 g, 14.8 mmol) and POCI;
(1.56 cm?®, 2.57 g, 16.8 mmol) was briefly stirred at 0 °C in order to
form the Vilsmeier salt. The mixture was warmed to rt, after which
a solution of ethyl 4-(pyrrol-1-yl)butyrate 11 (2.00 g, 11.0 mmol)
in dry toluene (2 cm?®) was added. The reaction mixture was heated
at reflux for 3 h, then cooled to rt and quenched with saturated
aqueous NaHCO; solution. The resulting solution was extracted
with CH,Cl, (3 x 20 cm?®). The organic layers were combined,
dried (MgSO,), filtered and evaporated under reduced pressure.
The residue was purified by column chromatography on silica gel
with CH,Cl,—EtOAc (98 : 2) as eluent to give ethyl 4-( 2-formyl-
IH-pyrrol-1-yl)butanoate 14 (1.70 g, 74%) as a yellow oil; R, 0.58
(CH,CL-EtOAC, 98 : 2); vy (film)/cm~" 3110 (w), 2980 (w), 1732
(s, C=0), 1665 (s, C=0), 1481 (m), 1371 (m), 1324 (m), 1186 (m)
and 764 (m); oy (300 MHz; CDCl;; Me,Si) 9.52 (1H, d, J 0.9,
CHO), 6.96-6.92 (2H, m, pyrrole 3-H, 5-H), 6.22 (1H, dd, J 4.0
and 2.5, pyrrole 4-H), 4.38 2H, t, J 7.0, NCH,), 4.12 (2H, q, J
7.1, OCH,CH;), 2.28 (2H, t with further fine coupling, J ca. 7.2,
CH,CO,Et), 2.08 (2H, quintet with further fine coupling, J ca. 7.1,
CH,CH,CO,Et) and 1.25 (3H, t, J 7.1, OCH,CH;); é- (50 MHz;
CDCl;) 179.0 (CHO), 172.5 (C=0), 131.3 (overlapping pyrrole C-
2, C-5), 124.7 (pyrrole C-3), 109.5 (pyrrole C-4), 60.2 (OCH,CH,),
47.7 (NCH,), 30.6 (CH,CO,Et), 26.2 (CH,CH,CO,Et) and 14.0
(OCH, CHs;); m/z 209 (M*, 37%), 181 (67), 152 (5), 136 (100), 122
(72), 121 (15), 108 (26), 106 (13), 94 (19), 81 (29), 80 (21) and 53
(17) (Found: M+, 209.1065. C,;H;sNO; requires 209.1052).

Ethyl 4-(2-hydroxymethyl-1H -pyrrol-1-yl)butanoate 15

A suspension of NaBH, (77 mg, 2.04 mmol) was stirred at rt
in EtOH (2 cm?) under a nitrogen atmosphere. Ethyl 4-(2-formyl-
1 H-pyrrol-1-yl)butanoate 14 (388 mg, 1.85 mmol) in EtOH (2 cm?®)
was slowly added through a dropping funnel. After addition was

complete, the reaction mixture was stirred at rt for 1 h. The mixture
was quenched with water and extracted into CH,Cl, (3 x 10 cm?)
and EtOAc (2 x 10 cm?). The combined organic extracts were dried
(MgSO0,), filtered and evaporated under reduced pressure to give
ethyl 4-(2-hydroxymethyl-1H-pyrrol-1-yl)butanoate 15 (390 mg,
ca. 100%) as a brown oil that decomposed rapidly, making full
characterization impossible; R, 0.61 (MeOH-CH,CL,, 19 : 1); 64
(200 MHz; CDCl;; Me,Si) 6.65 (1H, apparent t, J 2.4, pyrrole
5-H), 6.08-6.03 (2H, m, pyrrole 3-H, 4-H), 4.55 (2H, s, CH,OH),
4.10 (2H, q, J 7.1, OCH,CH,), 3.99 (2H, t, J 7.1, NCH,), 2.31
(2H, brt, J ca. 7.0, CH,CO,Et), 2.11 (3H, m, CH,CH,CO,Et and
OH) and 1.24 (3H, t, J 7.1, OCH,CH;), . (50 MHz; CDCl;)
173.0 (C=0), 131.6 (pyrrole C-2), 122.0 (pyrrole C-5), 108.9
and 107.1 (pyrrole C-3, C-4), 60.5 (OCH,CH,), 56.3 (CH,OH),
45.6 (NCH,), 31.0 (CH,CO,Et), 26.5 (CH,CH,CO,Et) and 14.1
(OCH,CH,).

4-(Pyrrol-1-yl)butanoic acid 20

4-Aminobutyric acid (10.0 g, 97.0 mmol), H,O (144 cm’),
NaOAc (8.0 g 97.5 mmol), AcOH (48 cm?) and 1,2-
dichloroethane (144 cm®) were heated together at 90 °C. 2,5-
Dimethoxytetrahydrofuran 13 (12.6 cm?®, 12.85 g, 97.2 mmol) was
added to the mixture, which was stirred vigorously at 90 °C for
16 h. The mixture was cooled, and the organic layer was separated.
The aqueous layer was extracted with CH,Cl, (3 x 20 cm?).
The combined organic extracts were washed with water (2 x
200 cm?), dried (MgSO,), filtered and evaporated under reduced
pressure. The crude product was dissolved in CH,Cl, (20 cm®) and
extracted repeatedly with saturated aqueous NaHCO; solution.
The combined basic extracts were made acidic with aqueous HCI
solution and extracted with CH,Cl, (3 x 20 cm®). The organic
phase was dried (MgSO,) and the solvent was removed under
reduced pressure to give chromatographically homogeneous 4-
(pyrrol-1-yl)butanoic acid 20 (13.3 g, 90%) as a yellow oil; R,
0.74 (CH,CL-EtOAc, 98 : 2); vy, (film)/cm™ 3300-2600 (br,
OH), 1708 (s, C=0), 1501 (m), 1450 (m), 1425 (m), 1282 (m),
1245 (m), 1090 (m), 728 (s) and 618 (m); oy (300 MHz; CDCl;;
Me,Si) 10.5-9.5 (1H, br s, OH), 6.64 (2H, t, J 2.1, pyrrole 2-H,
5-H), 6.14 2H, t, J 2.1, pyrrole 3-H, 4-H), 3.95 2H, t, J 6.8,
NCH,), 2.32 (2H, t, J 7.1, CH,CO,H) and 2.08 (2H, quintet, J
7.0, CH,CH,CO,H); é. (75 MHz; CDCl,) 179.1 (C=0), 120.5
(pyrrole C-2, C-5) 108.3 (pyrrole C-3, C-4), 48.3 (NCH,), 30.7
(CH,CO,H) and 26.4 (CH,CH,CO,H); m/z 153 (M*, 82%), 108
(12), 94 (15), 93 (14), 81 (100), 80 (89), 67 (20) and 53 (21)
(Found: M*, 153.0787. CsH,;NO, requires 153.0790). The spectra
agree with those previously reported.”

6,7-Dihydroindolizin-8(5 H)-one 10

(a) BBr; (0.57 cm?, 1.51 g, 6.03 mmol) in CH,Cl, (4 cm®) was
added dropwise to a solution of ethyl 4-(pyrrol-1-yl)butanoate
11 (1.00 g, 5.52 mmol) in dry CH,Cl, (60 cm®) at 5 °C. The
solution was stirred for an additional 20 min while warming
to ambient temperature, then quenched with saturated aqueous
NaHCO; solution (20 cm?) with cooling, and vigorously stirred
for a few min. The aqueous layer was extracted with CH,Cl,
(3 x 20 cm®). The combined organic extracts were dried (MgSO,),
filtered and evaporated under reduced pressure. The residue was
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purified by column chromatography on silica gel with CH,Cl,—
EtOAc (19 : 1) as eluent to give 6,7-dihydroindolizin-8(5H )-one 10
(258 mg, 35%) as a brownish oil; see below for characterisation.

(b) 4-(Pyrrol-1-yl)butanoic acid 20 (1.00 g, 6.53 mmol) was
stirred in PPA (5.0 cm?®) at rt for 16 h. The reaction mixture was
quenched with water (ca. 50 cm?), and the resulting solution was
extracted with CH,Cl, (3 x 50 cm?®). The organic phases were
combined, dried (MgSO,), filtered and evaporated under reduced
pressure. The residue was purified using column chromatography
on silica gel using 95% CH,Cl,—EtOAc (19 : 1) as eluent (R;
0.29) to give 6,7-dihydroindolizin-8 (5H )-one 10 (0.54 g, 61%) as a
brownish oil; v, (film)/cm=" 3108 (w), 2956 (w), 2885 (w), 1653
(s, C=0), 1530 (m), 1484 (m), 1391 (m), 1339 (m) and 749 (m);
Jx (300 MHz; CDCl;; Me,Si) 7.00 (1H, dd, J 4.0 and 1.4, 3-H),
6.86 (1H, apparent t, J 1.8, 1-H), 6.25 (1H, dd, J 4.0 and 2.4,
2-H), 4.12 (2H, t, J 5.8, NCH,), 2.58 (2H, t with further fine
coupling, J ca. 6.4, CH,C=0) and 2.27 (2H, quintet with further
fine coupling, J ca. 6.1, CH,CH,C=0); 6. (75 MHz; CDCl;) 187
(C=0), 131.0 and 125.8 (C-3, C-8a), 113.8 and 110.2 (C-1, C-2),
45.0 (C-5), 36.0 (C-7) and 23.4 (C-6); m/z 136 M* + 1, 9%), 135
M+, 100), 107 (18), 106 (33), 93 (5), 80 (12), 79 (49), 65 (5) and
52 (14) (Found: M*, 135.0688. CyH,NO requires 135.0684). The
NMR spectra agree with those previously reported.'®”

8-Chloro-5,6-dihydroindolizine-3-carbaldehyde 24

A mixture of DMF (0.37 cm?, 352 mg, 4.81 mmol) and POCI;
(0.67 cm?, 1.10 g, 7.17 mmol) was briefly stirred at 0 °C in order
to form the Vilsmeier salt. The mixture was warmed to rt, after
which a solution of 6,7-dihydroindolizin-8(5H)-one 10 (0.65 g,
4.81 mmol) in dry toluene (1 cm?) was added. The mixture was
heated at reflux for 2 h, then cooled to rt and quenched with
a saturated aqueous NaHCO; solution. The resulting solution
was extracted with CH,Cl, (3 x 20 cm?). The organic layers were
combined, dried (MgSO,), filtered and evaporated under reduced
pressure. The residue was purified by column chromatography
on silica gel with CH,CL-EtOAc (98 : 2) as eluent to give 8-
chloro-5,6-dihydroindolizine-3-carbaldehyde 24 (0.47 g, 54%) as a
solid that darkened immediately upon isolation; R; 0.50 (CH,Cl,—
EtOAc, 98 : 2); Vpax (KBr)/cm™' 1637 (s, C=0), 1513 (m), 1474
(m), 1401 (m), 1314 (m) and 1232 (m); J, (400 MHz; CDCl;;
Me,Si) 9.54 (1H, s, CHO), 6.89 (1H, d, J 4.1, pyrrole-H), 6.41
(1H, d, J 4.1, pyrrole-H), 6.06 (1H, t, J 4.9, CH=C), 4.52 (2H,
t, J 7.6, NCH,) and 2.63 (2H, td, J 7.6 and 4.9, CH,CH=C); o
(100 MHz; CDCl;) 180.0 (CHO), 135.7 and 132.2 (C-3, C-8a),
123.7,122.7 and 122.3 (C-2, C-7, C-8), 108.5 (C-1), 41.5 (C-5) and
25.1 (C-6); m/z 183 (’CI-M*, 24%), 182 (33) 181 (*CI-M*, 75),
180 (100), 152 (7), 146 (12), 145 (21), 118 (11), 117 (31), 116 (8), 89
(10) and 63 (9) (Found: *CI-M~*, 181.0288. CyH*CINO requires
181.0294).

8-Bromo-5,6-dihydroindolizine-3-carbaldehyde 25

The title compound was prepared in a similar manner from
DMF (0.31 cm?, 295 mg, 4.02 mmol), POBr; (1.72 g, 6.00 mmol)
and a solution of 6,7-dihydroindolizin-8(5H)-one 10 (0.54 g,
4.00 mmol) in dry toluene (1 cm?). Column chromatography on
silica gel with CH,CL,—EtOAc (98:2) as eluent gave §-bromo-5,6-
dihydroindolizine-3-carbaldehyde 25 (0.52 g, 58%) as a solid that

darkened immediately upon isolation; R; 0.47 (CH,Cl,-EtOAc,
98 : 2); Vmax (KBr)/cm™' 1637 (s, C=0); d,; (200 MHz; CDCl;;
Me,Si) 9.53 (1H, s, CHO), 6.88 (1H, d, J 4.1, pyrrole-H), 6.39
(1H, d, J 4.1, pyrrole-H), 6.29 (1H, t, J 4.9, CH=C), 4.53 (2H,
t, J 7.6, NCH,) and 2.59 (1H, td, J 7.6 and 4.9, CH,CH=C);
dc (50 MHz; CDCl;) 180.1 (CHO), 136.4 and 132.2 (C-3, C-8a),
126.7 and 124.5 (C-2, C-7), 110.6 and 110.2 (C-1, C-8), 41.4 (C-
5) and 26.2 (C-6); m/z 227 (*' Br—M*, 5%), 226 (12), 225 (Br—
M+, 7), 224 (10), 149 (8), 82 (98), 81 (34), 80 (100), 79 (34)
and 57 (60) (Found: ”Br-M*, 224.9800. C,H;”BrNO requires
224.9789).

8-0xo0-5,6,7,8-tetrahydroindolizine-3-carbaldehyde 23

8-Chloro-5,6-dihydroindolizine-3-carbaldehyde 24 (21 mg,
0.12 mmol) was stirred at 80 °C in a mixture of 60% HCIO, and
HCO,H (1 : 10 v/v; 1.0 cm?®) for 1.5 h. The reaction mixture
was cooled to rt and extracted with CH,Cl, (3 x 10 cm’).
The combined organic extracts were washed with saturated
aqueous NaHCO, solution (20 cm®) and water (20 cm?), dried
(MgS0,), filtered and evaporated under reduced pressure to give
8-0x0-5,6,7,8-tetrahydroindolizine-3-carbaldehyde 23 (19 mg, ca.
100%) as a colourless solid; mp 105-107 °C; R; 0.55 (CH,CL,); Viux
(KBr)/em™" 3115 (w), 2870 (w), 1660 (s, C=0), 1479 (m), 1434
(m), 1403 (m), 1370 (m), 1350 (m), 1190 (m), 1173 (m) and 783
(m); dy (200 MHz; CDCl;; Me,Si) 9.76 (1H, s, CHO), 7.00 and
6.95 (2H, AB system, J 4.3, 2 x pyrrole-H), 4.59 (2H, apparent t,
Jca. 5.9, NCH,), 2.68 (2H, apparent t, J ca. 6.5, CH,C=0) and
2.42-2.27 (2H, m, CH,CH,C=0); 6. (75 MHz; CDCl;) 189.1
(C=0), 181.7 (CHO), 135.6 and 133.4 (C-3, C-8a), 122.2 (C-2),
113.1 (C-1), 44.7 (C-5), 36.5 (C-7) and 23.2 (C-6); m/z 164 (M* +
1, 13%), 163 (M*, 100), 162 (17), 135 (11), 134 (57), 107 (30),
106 (19), 78 (12) and 77 (10) (Found: M*, 163.0635. C,H,NO,
requires 163.0633).

3-(Hydroxymethyl)-6,7-dihydroindolizin-8(5 H)-one (polygonatine
A)7

To a solution of 8-0x0-5,6,7,8-tetrahydroindolizine-3-
carbaldehyde 23 (19 mg, 0.116 mmol) in dry THF (0.1 cm?®) at
—10 °C was added a freshly prepared solution of Zn(BH,), in
THF?” (0.15 M; 0.80 cm?, 0.12 mmol). The reaction mixture was
stirred at —10 °C for 0.5 h, then quenched by the addition of
water and extracted with CH,Cl, (3 x 10 cm?®). The combined
organic extracts were dried (MgSO,), filtered and evaporated
under reduced pressure to give polygonatine A 7 (15 mg, 78%)
as an off-white solid; mp. 98-99 °C (lit.,’* 101-103 °C); R; 0.16
(CH,Cl,-MeOH, 19 : 1); vy (KBr)/cm™' 3378 (br, OH), 2927
(w), 1624 (s, C=0), 1534 (m), 1487 (m), 1433 (m), 1341 (m), 1018
(m), 794 (m) and 756 (m); oy (200 MHz; CDCl;; Me,Si) 6.87 (1H,
d, J 4.0, pyrrole-H), 6.15 (1H, d, J 4.0, pyrrole-H), 4.59 (2H, s,
CH,0H), 4.10 (2H, apparent t, J ca. 5.8, NCH,), 3.80 (1H, br s,
OH), 2.68 (2H, apparent t, J ca. 6.5, CH,C=0) and 2.29-2.10
(2H, m, CH,CH,C=0),d. (75 MHz; CDCl,) 187.7 (C=0), 136.8
and 131.6 (C-3, C-8a), 113.3 and 110.5 (C-1, C-2), 56.6 (CH,OH),
42.5 (C-5), 35.9 (C-7) and 23.3 (C-6); m/z 166 (M* + 1, 9%), 165
(M, 89), 164 (15), 149 (11), 148 (100), 136 (16), 120 (20), 109 (12),
106 (8), 80 (13) and 78 (10) (Found: M*, 165.0787. C,H,,NO,
requires 165.0790).
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(8-Ox0-5,6,7,8-tetrahydro-3-indolizinyl)methyl acetate 26

Polygonatine A 7 (9 mg, 0.054 mmol), Ac,O (11.0 uL, 0.116 mmol)
and pyridine (0.5 cm?) were stirred at 80 °C for 2 h. The mixture
was cooled to rt, made acidic with conc. HCI, diluted with
water and extracted with CH,Cl, (3 x 20 cm®). The combined
organic extracts were washed further with water to remove the
pyridinium salt. The organic layer was dried (MgSO,), filtered
and evaporated under reduced pressure to give (8-0x0-5,6,7,8-
tetrahydro-3-indolizinyl)methyl acetate 26 (12 mg, ca. 100%) as a
brown oil; R; 0.67 (CH,Cl,-MeOH, 19 : 1); v, (thin film)/cm™!
2923 (w), 1729 (s, C=0), 1661 (s, C=0), 1539 (m), 1434 (m), 1337
(m), 1236 (m), 1036 (m) and 789 (m); 4 (200 MHz; CDCl;; Me,Si)
6.99 (1H, d, J 4.1, pyrrole-H), 6.33 (1H, d, J 4.1, pyrrole-H), 5.10
(2H, s, CH,0Ac), 4.09 2H, t, J 5.9, NCH,), 2.61 (2H, apparent
t, J ca. 6.5, CH,C=0), 2.32 (2H, apparent quintet, J ca. 6.1,
CH,CH,C=0) and 2.09 (3H, s, COCH;), d. (75 MHz; CDCl,)
187.4 (C=0), 170.5 (OC=0), 132.0 and 131.6 (C-3, C-8a), 113.4
and 112.6 (C-1, C-2), 57.1 (CH,0Ac), 42.5 (C-5), 35.9 (C-7), 23.2
(C-6) and 20.8 (COCH,); m/z 208 (M* + 1, 7%), 207 (M*, 52),
166 (7), 165 (9), 149 (10), 148 (100), 147 (8), 120 (9), 106 (5) and
78 (5) (Found: M*, 207.0898. C,,H;NO; requires 207.0895).

3-Ethoxymethyl-6,7-dihydroindolizin-8(5 H)-one
(polygonatine B) 5

(a) Polygonatine A 7 (66 mg, 0.40 mmol) was stirred in EtOH
(5 cm®) with a catalytic amount of conc. HCI (1 drop) for 16 h
at rt. The solvent was evaporated under reduced pressure and the
residue was dissolved in CH,Cl, (10 cm?®) and washed with water
(2 x 10 cm?). The organic layer was dried (MgSO,), filtered and
evaporated under reduced pressure to give chromatographically
homogeneous polygonatine B 5 (33 mg, 43%); see below for
characterisation.

(b) (8-Ox0-5,6,7,8-tetrahydro-3-indolizinyl)methyl acetate 26
(13.3 mg, 0.064 mmol) was heated under reflux in EtOH (5 cm?)
for 2 days. The mixture was cooled to rt and the solvent was
evaporated under reduced pressure to give polygonatine B 5
(11.3 mg, 91%) as a yellow oil; R; 0.30 (CH,Cl,-MeOH, 19 :
1); Vmax (thin film)/cm™" 2975 (w), 2928 (w), 2870 (w), 1658 (s,
C=0), 1538 (m), 1480 (m), 1435 (m), 1338 (m), 1120 (m), 1089
(m) and 787 (w); oy (300 MHz; CDCl;; Me,Si) 6.97 (1H, d, J 4.0,
1-H), 6.22 (1H, d, J 4.0, 2-H), 4.48 (2H, s, CH,0OEt), 4.11 (2H, t,
J 5.9,NCH,), 3.51 (2H, q, J 7.0, OCH,CH5;), 2.59 (2H, t, J 6.4,
CH,C=0), 2.30 (2H, apparent quintet, J ca. 6.1, CH,CH,C=0)
and 1.22 (3H, t, J 7.0, OCH,CH,); . (75 MHz; CDCl;) 187.5
(C=0), 134.3 and 131.8 (C-3, C-8a), 113.1 and 111.6 (C-1, C-2),
65.5 (OCH,CH,;), 63.9 (CH,OE), 42.5 (C-5), 36.0 (C-7), 23.3 (C-
6)and 15.1 (OCH,CHj;); m/z 193 (M*, 37%), 164 (3), 149 (12), 148
(100), 136 (3), 120 (10), 106 (4) and 78 (4) (Found: M*, 193.1104.
C, HsNO, requires 193.1103).
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(1R)-1-(9-Deazahypoxanthin-9-yl)-1,4-dideoxy-1,4-imino-L-ribitol [(+)-5] and
(35,45)-1-[(9-deazahypoxanthin-9-yl)methyl]-4-(hydroxymethyl)pyrrolidin-3-ol [(—)-6] are the
L-enantiomers of immucillin-H (D-ImmH) and DADMe-immucillin-H (D-DADMe-ImmH),
respectively, these D-isomers being high affinity transition state analogue inhibitors of purine nucleoside
phosphorylases (PNPases) developed as potential pharmaceuticals against diseases involving irregular
activation of T-cells. The C-nucleoside hydrochloride D-ImmH [(—)-5)-HCI], now “Fodosine™” is in
phase II clinical trials as an anti-T-cell leukaemia agent, while D-DADMe-ImmH is a second
generation inhibitor with extreme binding to the target enzyme and has entered the clinic for phase I
testing as an anti-psoriasis drug. Since the enantiomers of some pharmaceuticals have revealed
surprising biological activities, the L-nucleoside analogues (+)-5-HCI and (—)-6, respectively, of
D-ImmH and D-DADMe-ImmH, were prepared and their PNPase binding properties were studied. For
the synthesis of compound (—)-6 suitable enzyme-based routes to the enantiomerically pure starting
material (35,4.5)-4-(hydroxymethyl)pyrrolidin-3-ol [(—)-16] and its enantiomer were developed. The
L-enantiomers (+)-5-HCl and (—)-6 bind to the PNPases approximately 5- to 600-times less well than do
the D-compounds, but nevertheless remain powerful inhibitors with nanomolar dissociation constants.

Introduction

Chiral components of natural products occur predominantly in
one of their enantiomeric forms, these being, in particular, the L-
and D-modifications, respectively, of the a-amino acids and sugars.
Work in the area of synthetic drug discovery is usually restricted
to the investigation of compounds in their natural enantiomeric
forms and, in this context, it has been unusual until recently for
such substances as peptides and nucleosides to be made with D-
amino acids or L-sugars, respectively. It appears, however, from
many new observations, that this practice has been too restrictive.

Recent work has revealed that derivatives of the unusual L-
enantiomers of natural sugars and nucleosides can show con-
siderable potential as pharmaceuticals, and such is the perceived
value of L-nucleoside analogues that the chemistry and biological
activities of these compounds have been studied extensively and
reviewed on several occasions.'? 2'-Deoxy-L-cytidine (1) and
several other L-nucleosides show potent and specific activity
against hepatitis B virus replication, and related unnatural nu-
cleosides have been tested as potential anti-viral and anti-cancer
compounds.'™ More specifically, Ribavirin® and its L-enantiomer

“Carbohydrate Chemistry Team, Industrial Research Limited, P.O. Box
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Levovirin® (2) have widely different anti-viral activities and,
notably, the latter shows a much more favourable safety profile
than does the D-ribofuranose-based isomer.> Lamivudine® (3)
was the first L-nucleoside derivative to be approved by the FDA
for use in combination therapy against HIV and hepatitis B
virus.* In an entirely different sphere of fundamental biochemical
interest some L-sugars, particularly o-L-arabinopyranose, have
attracted attention since, when incorporated into (4'-2')-linked
oligonucleotides, they lead to unusually strong Watson—Crick
base-pairing.®

In our laboratories we have turned attention to the bio-activities
of L-enantiomers of sugar-based specific inhibitors of glycoside-
and nucleoside-processing enzymes, and have encountered L-
compounds with inhibitory activities quite different from those
of the D-analogues. For example, the L-enantiomer 4 (L-DMDP)
of 2,5-dideoxy-2,5-imino-D-mannitol is several times more active
against some o-D-glucosidases than is its enantiomer, while it
is inactive against some [-D-glucosidases which are inhibited
by D-DMDP.” These studies have been extended to compar-
isons of the inhibitory effects of the enantiomers of 5- and 6-
membered analogues of “nitrogen-in-the-ring compounds” on D-
glycohydrolases,® and other workers have investigated a range
of both D- and L-isomers of pyranoid analogues, i.e. of I-
deoxynojirimycin, as glycosidase inhibitors.®

The structures of the family of immucillins, which are high
affinity transition state analogue inhibitors of PNPases, are based
on “nitrogen in the ring” D-ribofuranosyl C-glycosidic analogues
of natural nucleosides (and closely related compounds), and
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their enzymic inhibitory actions have been studied in connection
with their development as pharmaceuticals, active in particular,
against T-cell-mediated disorders.”” We report now the synthesis
of the L-enantiomers (+)-5-HCI and (—)-6 of two of the most
biologically potent members of the group, D-ImmH!" and D-
DADMe-ImmH, > and a brief comparison of the activities as
inhibitors of PNPases of these four compounds.

Results and discussion

Preparation of (1R)-1-(9-deazahypoxanthin-9-yl)-1,4-dideoxy-
1,4-imino-L-ribitol hydrochloride [L-ImmH, (+)-5-HCI]|

For the synthesis of L-ImmH [(+)-5-HCI] the iminoribitol deriva-
tive 11 (the enantiomer of the compound used for the preparation
of D-ImmH") was made from 2,3-O-isopropylidene-D-lyxono-1,4-
lactone (7)* as outlined in Scheme 1. Reduction of the silylated
lactone 8 with lithium borohydride in THF afforded the readily
crystallised diol 9 in 75% yield, whereas other reducing agents
gave several products arising from silyl group migration to which
diol 9 is particularly prone. Mesylation of 9 afforded diester 10
which, with one equivalent of sodium azide in hot DMF, gave

HO TBDMSO TBDMSO,

0} OR
wo . -

7>< BX

i

S8 o8 S8
9R=H
°(10rR=Ms
a
Y . TBDMSO, OMs Ny
U ..
— j f — i(—Ns + TBDMSO™ ;_(ng

" 12 13

Scheme 1 Reagents and conditions: (a) TBDMSCI, imidazole, DMF,
N,, 20 °C, 4 h (91%); (b) LiBH,, THF, N,, —30 to 20 °C, 24 h, (75%);
(¢) (MeS0,),0, pyridine, N,, 0 to 20 °C, 18 h (88%); (d) NaN;, DMF,
N,, 100 °C, 2 h (42% 12, 15% 13); (e) H,, Pd black, NaOAc, 1,4-dioxane,
20 °C, 72 h, (94%).

mainly the product 12 by displacement of the primary ester
group (42%), together with the diazide 13 (15%), and the starting
material 10 (34%). Hydrogenation of compound 12 in 1,4-dioxane
in the presence of palladium black and sodium acetate gave the
iminoribitol derivative 11 (94%) required for the synthesis of
L-C-nucleoside analogues. That the ring-closure reaction 12 —
11 occurred with inversion of configuration is evidenced by the
structure of compound 11 which is the enantiomer of the D-
iminoribitol derivative used to make ImmH.'" All comparable
'"H NMR signals of these two enantiomers resonated within
0.02 ppm of each other, and the specific rotations of the D- and
L-compounds were (+)- and (—)-15.5, respectively. The former
figure is apparently recorded for the first time.'"'>* The structure
and absolute configuration of the D-enantiomer, and hence of
compound 11, follow from the X-ray diffraction analysis of D-
ImmH" and also from the method of synthesis of this compound
from D-gulono-lactone.™

Conversion of the iminoribitol 11 to the imine 14 was effected,
as for its enantiomer, by N-chlorination with N-chlorosuccinimide
in pentane followed by elimination of HCI by treatment of the
chloro derivative with lithium tetramethylpiperidide in THF.'"!516
Coupling of 14 with lithiated deazapurine derivative 15, and
modification of the product in the way described for mak-
ing D-ImmH,"* afforded the required L-enantiomer (+)-5-HCl
(Scheme 2). This product gave NMR spectral data that identified
it as the enantiomer of D-ImmH-HCI. While the L-salt (+)-5-HCI
had [a]5 +51.5, the literature value for the D-salt is recorded as
—0.50."'* Remeasurement of the latter figure during the present
work gave —53.6, the discrepancy being identified as being due to
a spurious factor of 100 mistakenly used in the calculation of the
first value.

OBn NH
HO H

TBDMSO f OMe N N / o

N\, N N : : Z

PN N

NN N NH
N/J HO OH -HCI

18 O O L 45 (+)-5-HCI

Scheme 2 Reagents and conditions: See ref. 115.

Preparation of (35,45)-1-[(9-deazahypoxanthin-9-yl)methyl]-4-
(hydroxymethyl)pyrrolidin-3-ol [L-DADMe-Imm H, (—)-6]

Our extensive studies in the immucillin field'™** have led to
the preparation of D-DADMe-ImmH [(+)-6] which is an even
more potent inhibitor of human PNPase than is D-ImmH [(—)-
5]-HCL."> The L-enantiomer [(—)-6], therefore, was of interest
within the present study, and we prepared it using the second
method previously adopted for making the b-compound,® i.e. by
Mannich coupling of amine (—)-16 with deazahypoxanthine 17
in the presence of formaldehyde as illustrated in Scheme 3. For
this purpose ready access to pyrrolidine (—)-16 was required, and
the opportunity was taken to develop efficient syntheses of both
the D- and L-isomers of this amine which were isolated as their
respective hydrochlorides [(+)- and (—)-16-HCI]. These salts have
been known as components of mixed stereoisomers since 1965,"
and for a few years, as the “carbohydrate-parts” of racemic N-C'**
and N-N'? linked nucleoside analogues.
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Scheme 3 Reagents and conditions: (a) HCHO (30%, aq.), H,O, 85 °C,
15 h (48%).
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As for the individual enantiomers of pyrrolidine 16-HCI,
the D-compound (3R,4R) has been made in high enantiomeric
excess by methods involving application of the asymmetric
Sharpless epoxidation reaction, followed by cyanide opening
of the epoxide, applied to an unsymmetrically substituted but-
2-en-1,4-diol,”* and by addition of (S)-1-phenylethylamine to
an ethyl 2-silyloxy-3-methoxycarbonyl-but-3-enoate.”? Both enan-
tiomers have also been obtained by a key 1,3-dipolar cycload-
dition of chiral azomethine ylides to 3-benzyloxy-substituted
alkenoylcamphorsultams,® and this procedure has been adapted
to afford a large scale synthesis of (+)-16.>* Otherwise, the D-
enantiomer has been obtained exclusively by multi-step, low
yielding routes from D-xylose* and D-glucose.?

Encouraged by the appreciable success reported for the lipase-
catalysed enantioselective acetylation of ferz-butyl trans-(+)-3-
hydroxy-4-(hydroxymethyl)pyrrolidine-1-carboxylate,”” and espe-
cially by the highly efficient resolution of cyclopentyl, cyclo-
hexyl and cycloheptyl cis- and trans-B-hydroxy esters permitted
by enantioselective acylation catalysed by lipase B of Candida
antarctica (Novozyme® 435),% we have applied this lipase to the
resolution of racemic ethyl trans-1-benzyl-4-hydroxypyrrolidine-3-
carboxylate' [(+)-18, Scheme 4]. This approach to the preparation
of the enantiomers (+)- and (—)-16 is very efficient. Before this

|

enantioselective work was commenced, however, the racemic
hydroxyester (+)-18 was converted by standard methods to diester
(£)-19 and diol (£)-20 which were required as reference materials.

The enzyme-catalysed trans-acetylation of racemic hydroxyester
(+)-18 from vinyl acetate was readily followed by 'H NMR
monitoring of the ring proton on the hydroxyl-bearing ring
carbon atom (C-4) which underwent deshielding from J 4.5
to 5.4 on esterification. When the acetylation was performed
in fert-butyl methyl ether at 40 °C, 50% conversion occurred
within 2 h, and after another 5 h insignificant further reaction
took place. Chromatographic separation gave the crystalline
unreacted alcohol (+)-18 and the ester (—)-19 in 85 and 97%
yields, with their specific rotations being +16.9 and —41.5,
respectively.

These products proved to be of surprisingly high enantiomeric
purity. Conversion of the alcohol (+)-18 to (+)-16-HCl was
achieved by LiAlH, reduction of the ester to give diol (+)-20
followed by de-N-benzylation (Scheme 4), and afforded a hy-
drochloride salt with [a]3] +19.1. Alternatively, the enantiospecific
sequence (+)-18 — (+)-20 — (+)-23 — (+)-16-HCI was employed,
(+)-23 being useful for preparing D-DADMe-ImmH derivatives.
Made by this route compound (+)-23 had [a]} +15.9, whereas
a sample prepared from 1,2:5,6-di-O-isopropylidene-o-D-glucose
via N-Boc-carbamate 22 (made in an analogous way to that used
previously to make the N-Fmoc carbamate 21%) had [«]} +16.2,
and that of the salt (+)-16-HCI derived from (+)-23 had [a]}
+18.9. This figure is in good agreement with that given by (+)-
16-HCI derived directly from diol (+)-20, and also with literature
data.” The specific rotation results show that the alcohol (+)-18
was of high enantiomeric purity, and attention turned to that of
the ester (—)-19. Conversion of this product of selective enzymic
acetylation to the corresponding hydrochloride (—)-16-HCI via
(—)-20 afforded the salt with [a]2} —18.9, indicating that it too was
of high enantiomeric purity. As expected, the '"H NMR spectra of

1
R, NBn
+
2,

HO R0 R%0

()18 o (+)-18 R1 = CO,Et, R22= H C (-)19 R"= CO,Et, R?= Ac

— ™ (+)-20 R' = CH,OH, R?=H (-)-20 R" = CH,OH, R?= H
b
l HO }d jd
1 h
c| R \GNB” NHHCI—— > (+)-6 HO\

\ \ (-)-6 h .. NH.HCI

R2(5 HO:
9 (+)-16-HCl o (-16HCI
(£)-19 R" = CO,Et, R? = Ac
— (#)-20 R" = CH,0H, R?= H
fT
HO
£ O
NBoc
oH s HO
L—— (+)-23
21 R=Fmoc 1
22 R=Boc €

Scheme 4 Reagents: (a) Novozyme® 435, reri-BuOMe, CH,=CHOAC; (b) Ac,0, Py; (¢) LiAlH,, THF, Et,0; (d) (i) HCO,H, MeOH, Pd/C; (ii) HCI,
MeOH, H,0; (e) (i) NalO,, H,O; (i) NaBHy,; (f) HCI, MeOH, H,O; (g) (tert-BuOCO),0, MeOH, H,, Pd/C; (h) as Scheme 3.
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the various samples of the enantiomeric hydrochlorides 16-HCl,
made by the different routes described above, were identical, and
were consistent with the spectrum described in the literature.”

It was not possible to determine the selectivity of the en-
zymic acetylation reaction by direct measurement. However, the
specific rotations of several samples of each enantiomer of the
hydrochlorides 16-HCl prepared during the present work, were
all 19.0 £ 0.1. In consequence, it was concluded that the enzyme
had acted, when presented with racemate (£)-18, efficiently and
also specifically with the (—)-enantiomer to within 3%, i.e. the
estimated error of measurement of the specific rotation of the
products. To test this conclusion, a further enzymic acetylation
of the substrate was conducted and stopped before completion
when the 18 : 19 ratio was approximately 1.2 : 1.0 ('"H NMR
determination). Consistent with expectations, the sample of the
ester 19 obtained by chromatographic separation in this case had
[a]3 —41.8, indicating it was the pure (—)-enantiomer. Further,
the alcohol 18 that remained had [a]} +14.0 showing that it
contained mainly the unreacted (+)-isomer, but was contaminated
with roughly 10% of the unreacted (—)-enantiomer.

Conversion of (+)-16:HCl to (+)-6 has been reported
previously;'" and the alternative synthesis of (+)-16 now de-
scribed opened an alternative pathway to this nucleoside analogue.
The sample of (+)-6 obtained in this way had [a]3] +16.9. Likewise,
the target compound (—)-6, derived from pure (—)-16 (Scheme 3),
gave a '"H NMR spectrum identical to that reported and observed
for the D-enantiomer,'>"* and had [a]}] —16.8.

Biodata of compounds

Kinetic studies of the interactions between compounds (+)-5-HCI,
(—)-5-HCl, (+)-6 and (—)-6 and human, plasmodial and bovine
PNPases were carried out by the methods previously reported,?-3
and the results are given in Table 1. The inhibition constants K;
are the dissociation constants for the enzyme—inhibitor complex
measured from initial reaction rates. For many, but not all,
immucillin inhibitors, a slow onset of inhibition then occurs
consequent upon a time-dependent conformational change in the
enzyme that leads to tighter binding characterised by the constant
K*3

Table 1
DADMe-ImmH [(+)-6 and (—)-6]

To ensure that the inhibition observed with the L-DADMe-
ImmH [(—)-6] was not due to small proportions of residual,
more active, D-compound, samples of the L-enantiomer were pre-
treated with 0.01 to 1.0 molar equivalents of human PNPase
and the mixtures were subjected to ultrafiltration. In this way,
L-DADMe ImmH [(+)-6] gave a sample that inhibited PNPases
with kinetic parameters unchanged relative to those of the original
preparation. Accordingly, based on the error limits of the kinetic
constant for inhibition, it was concluded that no more than 2% of
the D-enantiomer could have been present as a contaminant in the
initial inhibitor (—)-6.

The L-enantiomer (+)-5-HCI of ImmH is revealed to be a slow
onset tight binding inhibitor of the PNPases of human, bovine
and Plasmodium falciparum (the protozoan parasite responsible
for malaria) origins. While it is, approximately, 15- to 600-fold less
active than the D-enantiomer against the enzymes studied, it still
shows surprising potency, and it seems remarkable that it is more
active by factors of >10 as an inhibitor of the human enzyme
than are the 3'- and 5-monodeoxy analogues of b-ImmH.* The
L-DADMe-ImmH [(—)-6] shows similar tendencies being from
5- to 160-times less active than its D-enantiomer against the three
enzymes. Nevertheless, it is still a sub-nanomolar inhibitor against
both the human and bovine enzymes, and in other circumstances
could be considered potent.

Experimental
General

Imidazole was recrystallised from CH,Cl,. All other reagents were
used as supplied; anhydrous solvents were obtained commercially.
Air sensitive reactions were carried out under argon unless
otherwise stated. Organic solutions were dried over MgSO, and the
solvents were evaporated under reduced pressure. Chromatogra-
phy solvents were distilled prior to use. Thin layer chromatography
(t.l.c.) was performed on glass or aluminium sheets coated with
60 F,s, silica. Organic compounds were visualised under uv light
or by use of a spray or dip of cerium(1v) sulfate (0.2%, w/v) and
ammonium molybdate (5%) in sulfuric acid (2 M), one of I, (0.2%)
and KI (7%) in H,SO, (1 M) or, for nitrogen-containing
compounds, p-(N,N-dimethylamino)benzaldehyde (1%) in HCI

Kinetic data for the inhibition of human, plasmodial and bovine PNPases by the enantiomers of ImmH [(—)-5-HCI and (+)-5-HCI] and

Compound Enzyme source K;/nM K*/naM Reference
D-ImmH [(—)-5]-HCI H. sapiens 0.072 £ 0.026 29
33402 0.056 + 0.015 10, 30
Plasmodium falciparum 29 +£8 0.6 £ 0.1 32
0.86 33
B. taurus 41+8 0.023 £+ 0.005 29
L-ImmH [(+)-5]-HCI H. sapiens 18+ 6 0.9+0.5 This work
Plasmodium falciparum 32+9 9+6 This work
B. taurus 360 £ 60 14+4 This work
D-DADMe-ImmH [(+)-6] H. sapiens 1.1 £0.1 0.016 & 0.001 12
Plasmodium falciparum 0.50 £0.04 Not observed 34
B. taurus 2.1+£03 0.110 £ 0.014 This work
L-DADMe-ImmH [(—)-6] H. sapiens 1.5+0.1 0.68 £ 0.26 This work
Plasmodium falciparum 1700 £ 300 807 This work
B. taurus 19+5 0.5+0.1 This work
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(37%)-MeOH, 1 : 3 (100 ml) (Erlich reagent). Flash column
chromatography was performed on Sorbsil C60 40/60 silica,
Scharlau or Merck silica gel 60 (40-60 um). Melting points were
recorded on a Kofler hot block or a Reichert hot stage microscope
and are uncorrected. Optical rotations were recorded on a Perkin-
Elmer 241 polarimeter with a path length of 1 dm and are in units
of 10~'deg cm? g~'; concentrations are in g per 100 ml.

NMR spectra were recorded on a Bruker AC300E or Bruker
DPX 400 spectrometer. '"H spectra at 300 or 400 MHz were
measured in CDCl;, CD;0OD or CD;CN (internal reference
Me,Si, 6 0), and ®C spectra at 75.5 or 100.6 MHz in CDCI;
(reference, solvent centre line, 0 77.0), CD;OD (reference, solvent
centre line 6 49.0) or CD;CN (reference, solvent centre line
0 118.7, CN). Assignments of 'H and "C resonances were
based on 2D (‘H-'H DQF-COSY, 'H-"*C HSQC) spectra, and
DEPT experiments gave unambiguous data on the numbers of
protons bonded to each carbon atom. The assignments of the
BC resonances were consistent with the multiplicities observed.
Coupling constants (J) are quoted in Hz. Infrared spectra were
recorded on a Perkin-Elmer 1750 IR Fourier Transform, or Perkin-
Elmer Paragon 1000 spectrophotometer using thin films on NaCl
plates (thin film). Only characteristic absorptions are quoted.
Electrospray ionisation (ES) low resolution mass spectra (m/z)
were measured on a Micromass BioQ II-ZS mass spectrometer.
For high resolution mass spectra (HRMS), ES data were collected
on a Waters 2790-Micromass LCT mass spectrometer operated
at a resolution of 5000 full width half height. Positive ion
electrospray ionisation (ES+) spectra were calibrated relative to
PEG with tetraoctylammonium bromide as the internal lock
mass. Negative ion ES spectra were calibrated relative to poly-DL-
alanine with Leu-enkephalin as the internal lock mass. Chemical
ionization (CI, NH;) HRMS were recorded on a Micromass 500
OAT spectrometer. Positive ion fast atom bombardment (FAB+)
HRMS were measured on a VG 7070 instrument in a glycerol
matrix, and positive ion electron impact (EI+) HRMS were
measured on a VG 70SE instrument. Microanalyses were carried
out by the Campbell Microanalytical Laboratory, University of
Otago or in the Department of Chemistry, University of Oxford.

5-O-tert-Butyldimethylsilyl-2,3-O-isopropylidene-D-lyxono-1,4-
lactone (8)

The isopropylidene lactone 7' (3.84 g, 20.4 mmol), derived from
the unsubstituted lactone,’® was added to a solution of fert-
butyldimethylsilyl chloride (4.61 g, 30.6 mmol) and imidazole
(2.78 g, 30.6 mmol) in DMF (25 ml). The solution was stirred
at 20 °C under an atmosphere of nitrogen. After 4 h, t.1.c. analysis
(EtOAc—cyclohexane, 1 : 1) indicated complete conversion of
starting material (R; 0.12) into a major product (R, 0.52). The
reaction mixture was concentrated and coevaporated with toluene.
The residue was then purified by flash chromatography (EtOAc—
cyclohexane, 1 : 2) to give the fully protected lactone 8 (5.69 g,
91%) as a white crystalline solid, mp 90-91 °C, [a]5 +54.9 (c, 1.03,
CHCl,); Vpuy (thin film) 1773 (C=0); NMR Jy (400 MHz; CDCl;)
0.10 (6 H, s, SiMe,), 0.91 (9 H, s, Si‘Bu), 1.40, 1.47 [2 x 3 H,
2s, C(CHa),), 3.94 (1 H, dd, Js, 6.5, Js5 10.4, H-5), 3.99 (1 H,
dd, Jy, 6.1, H-5), 4.53 (1 H, m, H-4), 4.82 (2 H, m, H-2,3); J.
(100.6 MHz; CDCl;) —5.5, —5.4 [Si(CH,),], 18.3 [C(CH,);], 25.8
[C(CH,);], 25.9 [C(CH3),], 26.8 [2 x C(CHs;),], 60.9 (C-5), 75.7

(C-3),76.0 (C-2),79.4 (C-4), 114.1 [C(CH5;),], 173.7 (C-1); HRMS
(CI+) m/z 303.1625; C,H,;,05Si [(M + H)*] requires 303.1628.
(Found: C, 55.7; H, 8.2%; C,,H,,OsSi requires C, 55.6; H, 8.7%).

5-O-tert-Butyldimethylsilyl-2,3-O-isopropylidene-D-lyxitol (9)

Lithium borohydride (4 ml, 2 M in THF, 8 mmol) was added
dropwise to a stirred solution of the TBDMS ether 8 (1.21 g,
4.00 mmol) in THF (4 ml) and the stirring was continued at —30 °C
under an atmosphere of nitrogen. After 5 h, t.1.c. analysis (EtOAc—
cyclohexane, 1 : 1) showed residual starting material as well as a
major product (R; 0.35). More lithium borohydride (2 ml, 2 M
in THF 4 mmol) was added and the mixture was left stirring at
—30 °C for a further 2 h. The reaction mixture was then allowed
to assume room temperature. After a further 16 h, t.l.c. analysis
(EtOAc—cyclohexane, 1 : 2) indicated most of the starting material
had reacted. A solution of aqueous ammonium chloride (4 ml,
saturated) was then added dropwise to the reaction mixture which
was partitioned between EtOAc (20 ml) and brine (20 ml). The
organic layer was then collected, washed with water (3 x 10 ml) and
dried. The solvent was removed and the residue was crystallized
from THF to afford the diol 9 (910 mg, 75%), mp 67-68 °C,
[alg —9.2 (¢, 0.08, CHCL;); vy, (thin film) 3400 (broad, O-H);
NMR dy (400 MHz; CDCI;) 0.08 (6 H, s, SiMe,), 0.91 (9 H, s,
Si‘Bu), 1.38, 1.50 [2 x 3 H, 2s, C(CH;),], 2.78-2.91 (2 H, br s,
OH), 3.63 (1 H, dd, Js5 10.0, Js, 6.8, H-5), 3.73 (1 H, dd, Js,
6.2, H-5), 3.77-3.82 (3 H, m, H-1,1',4), 4.82 (2 H, m, H-2,3); J.
(100.6 MHz; CDCl;) —5.5, —5.4 [Si(CH,),], 18.3 [C(CH,);], 25.0
[C(CH,;),], 25.8 [C(CH5);], 27.1 [C(CH;),], 61.4 (C-1), 64.6 (C-5),
69.2 (C-4), 75.7, 77.3 (C-2, C-3), 110.4 [C(CH5;),]; HRMS (ES-)
m/z 305.1796; C,;H»O;Si ((M-H]") requires 305.1784. (Found:
C, 54.75; H, 10.0; C,H;,05Si requires C, 54.9; H, 9.9%).

5-O-tert-Butyldimethylsilyl-2,3-O-isopropylidene-1,4-di-O-
methanesulfonyl-p-lyxitol (10)

A solution of the diol 9 (2.40 g, 8.16 mmol) in CH,Cl, (3.5 ml) was
added dropwise to a mixture of 4-(N,N-dimethylamino)pyridine
(0.50 g, 4.08 mmol) and methanesulfonic anhydride (6.36 g,
36.5 mmol) in dry pyridine (13 ml) at 0 °C under an atmosphere
of nitrogen. The reaction mixture was stirred for 30 min at 0 °C,
then at 20 °C for 18 h, after which time t.l.c. analysis (EtOAc—
cyclohexane, 1 : 1) indicated the presence of a major product (R;
0.54). The reaction mixture was then diluted with CH,Cl, (100 ml)
and aqueous HCI (0.1 M, 50 ml) was added dropwise. The organic
layer was washed with aqueous NaHCO; (50 ml, saturated), water
(50 ml), dried and evaporated. The residue was purified by flash
chromatography (EtOAc—cyclohexane, 1 : 4) to give the dimesylate
10 (3.17 g, 88%) as a colourless oil, [a] +5.0 (¢, 0.14, CHCL;); vy
(thin film) 1360, 1178 (S=0); NMR ¢ (400 MHz; CD;CN) 0.12
(6 H, s, SiMe,), 0.92 (9 H, s, Si‘Bu), 1.37, 1.49 [2 x 3 H,
2s, C(CH,),], 3.09, 3.14 (2 x 3 H, 2s, 2SO,Me), 3.86 (1 H,
dd, Jsy 114, Js, 5.3, H-5), 393 (1 H, dd, Jy, 5.3, H-5),
4.33-4.39 (2 H, m, H-1,1"), 4.42-4.46 (1 H, m, H-2), 447 (1
H, dd, J;, 6.1, Ji34 9.7, H-3), 4.72 (1 H, dt, J,; 9.7, H-4);
Jc (100.6 MHz; CD;CN) —6.0 [Si(CH;),], 18.3 [C(CH,);], 25.1
[C(CH5;),], 25.6 [C(CH;);],26.9 [C(CH;),], 37.0,38.8 (2 x SO,Me),
63.4 (C-5), 69.2 (C-1), 74.7 (C-2), 75.5 (C-3), 80.1 (C-4), 109.6
[C(CH,;),]; HRMS (ES+) m/z 463.1490; C\sH;50,S,Si (M + H)*
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requires 463.1492. (Found C, 41.6; H, 7.4; C,;H5,0,S,Si requires
C, 41.5; H, 7.4%).

1-Azido-5-O-tert-butyldimethylsilyl-1-deoxy-2,3-O-
isopropylidene-4-O-methanesulfonyl-p-lyxitol (12) and
1,4-diazido-5-O-tert-butyldimethylsilyl-1,4-dideoxy-2,3-O-
isopropylidene-L-ribitol (13)

Sodium azide (0.133 g, 2.04 mmol) was added to a solution of the
dimesylate 10 (0.942 g, 2.04 mmol) in DMF (5 ml) and the reaction
mixture stirred at 100 °C under an atmosphere of nitrogen. The
formation of the monoazide 12 (R; 0.58, EtOAc—cyclohexane, 1 :
2) after 20 min was indicated by t.l.c., but much of the starting
material 10 (R; 0.27) remained. After 1 h, a minor second product
(13) (R; 0.74) started to form. The mixture was stirred at 100 °C
for another hour, allowed to cool to room temperature and the
solvent was removed. The resulting yellow oil was purified by
flash chromatography (EtOAc-cyclohexane, 1 : 4) to give the
azido mesylate 12 (0.35 g, 42%), [als +27.7 (c, 1.43, CHCL); Vi
(thin film) 2104 (N;), 1358, 1174 (S=0); NMR d, (400 MHz;
CDCl;) 0.09, 0.10 (2 x 3H, 2s, SiMe,), 0.90 (9 H, s, Si'Bu), 1.40,
1.53 [2 x 3 H, 2s, C(CH;),], 3.12 (3 H, s, SO,Me), 3.42 (1 H,
dd, J, 12.8, J,, 3.6, H-1), 3.50 (1 H, dd, J,, 7.6, H-1"), 3.82
(1 H,dd, Jss 11.2, Js5, 6.4, H-5), 3.93 (1 H, dd, Jy, 4.8, H-5),
431 (1 H, m, H-2), 4.36 (1 H, dd, J;, 13.2, J;, 6.0, H-3), 4.73
(1 H, ddd, H-4); . (100.6 MHz; CDCl;) —5.6 [Si(CHj;),], 18.2
[C(CH,;);], 25.4 [C(CHa),], 25.8 [C(CH;);], 27.6 [C(CH,),], 38.7
(SO,Me), 51.0 (C-1), 63.3 (C-5), 75.8 (C-3), 76.1 (C-2), 79.4 (C-4),
109.2 [C(CH;),]; HRMS (CI+) m/z 427.2052; C;5H;N,O4SSi
(IM + NH,]*) requires 427.2047. (Found: C, 44.35; H, 7.4; N,
10.1; C,5sH3 N5 O4SSi requires C, 44.0; H, 7.6; N, 10.3%).

This was followed by the bis-azide (13), (0.11 g, 15%), [a]> +87.1
(¢, 0.56, CHCL;); vy, (thin film) 2102 (N;); NMR Jy (400 MHz;
CD;CN) 0.15,0.16 (2 x 3H, 2s, SiMe,), 0.94 (9 H, s, Si'Bu), 1.33,
1.46 [2 x 3 H, 2s, C(CH,),], 3.47 2 H, d, J,, 13.2, H-1,1'), 3.53
(1 H, m, H-4), 3.84 (1 H, dd, Jss 10.8, Js, 6.0, H-5), 4.06 (1 H,
dd, Jy, 2.8, H-5),4.11 (1 H, dd, J;, 6.4, J;, 11.6, H-3),4.35 (1 H,
dd, H-2); 6. (100.6 MHz; CDCl;) —6.0 [Si(CHj;),], 18.2 [C(CH,);],
25.0 [C(CHs),], 25.5 [C(CH;)5], 25.7 [C(CHs),], 51.0 (C-1), 61.0
(C-4), 64.5 (C-5), 74.4 (C-3), 76.7 (C-2), 109.4 [C(CH,),]; (ES+)
m/z 329 ((M-N, + H]"), (75%), 301 ((M — 2N, + H]J"), (20%). The
starting dimesylate (10) (0.317 g, 34%) was also recovered from
the reaction.

5-O-tert-Butyldimethylsilyl-1,4-dideoxy-1,4-imino-2,3-O-
isopropylidene-L-ribitol (11)

The azidomesylate 12 (0.34 g, 0.84 mmol) in 1,4-dioxane (10 ml)
was stirred at 20 °C under an atmosphere of hydrogen in the
presence of palladium black (0.07 g) and sodium acetate (0.07 g,
0.825 mmol) for 3 d after which time t.l.c. analysis (EtOAc—
cyclohexane, 1 : 1) indicated complete conversion of starting
material (R;0.35) to a major product (R; 0.17). The suspension was
then filtered through Celite®, and the 1,4-dioxane removed. The
resulting yellow oil was dissolved in CH,Cl, (20 ml) and washed
with water (3 x 20 ml), dried and the solvent was removed to
afford the protected L-iminoribitol 11 (0.224 g, 94%) as a yellow
oil, [a]y —15.5 (¢, 0.56, CHCL); vy, (thin film) 3332 (sharp, N-
H); NMR Jy (400 MHz; CDCl;) 0.02, 0.03 (6 H, 2s, SiMe,), 0.91

(9 H, s, Si'Bu), 1.34, 1.48 (2 x 3 H, 2s, [C(CH,),], 2.54 (1 H, brs,
NH),3.02(2H,d,J,,2.7,H-1,1"),3.23 (1 H,dt, J,5, J,5 5.4, H-4),
3.56 (1 H, dd, Js5 10.4 Js, 5.8, H-5), 3.65 (1 H, dd, H-5), 4.65
(1H,d, J;, 5.8, H-3),4.70 (1 H, dt, H-2); d. (100.6 MHz, CDCl;)
—5.5 [Si(CHa;),], 18.1 [C(CH,);], 24.1 [C(CHs),], 25.9 [C(CH;);],
26.4 [C(CH,),], 53.4 (C-1), 63.8 (C-5), 66.3 (C-4), 82.2 (C-2), 83.4
(C-3), 110.9[C(CH5;),]; HRMS (ES+) m/z 288.1995; C,,H3NO;Si
(IM + H]") requires 288.1995.

(1R)-1-(9-Deazahypoxanthin-9-yl)-1,4-dideoxy-1,4-imino-L-ribitol
hydrochloride [(+)-5-HCI]

The L-iminoribitol derivative 11 (500 mg) was converted to the
imine 14 (186 mg, 39%) and hence to L-immucillin-H [(+)-5-HCI]
(75 mg, 29%), [alz +51.5 (¢ 0.8, H,0) as was described for the
analogues of the D-series."! The enantiomeric products (+)- and
(=)-5-HCI gave 'H and “C NMR spectra with corresponding
chemical shifts within 0.1 and 0.01 ppm of each other and *Jy
values within 0.2 Hz. The specific rotation of the D-enantiomer
was found in the present work to be —53.6 (¢ 2.7, H,0).

Ethyl (R,S/S,R)-1-benzyl-4-hydroxypyrrolidine-3-carboxylate
[()-18]

This compound was prepared by the method described by Jaeger
and Biel," but ethyl-N-benzyl-N-(2-carbethoxyethyl)glycinate, as
prepared by the method of Pinto et al,* was used as well as
the Dieckmann cyclization conditions described by Deshmukh
et al.* The racemic trans-isomer was purified by chromatography
(EtOAc-hexanes, 1 : 2 — 1 : 1 — EtOAc) and the resulting
gum crystallized at —20 °C (44% from the glycinate on the
5 mmol scale). A small sample was recrystallised at —20 °C from
EtOAc-hexanes to give colourless needles, mp 52-53 °C, NMR dy
(300 MHz; CDCl,): 1.26 3 H, t,J 7.1, CH,CH;), 2.32 (1 H, br. s,
OH, exchanged to D,0), 2.55(1 H, dd, J,» 9.4, J,5 7.4, H-2), 2.65
(1 H, dd, Jss 10.0, Js, 5.5, H-5), 2.76 (1 H, dd, Js, 2.8, H-5),
295 (1 H, dt, J,, = Js» 8.0, J3,4 3.3, H-3), 3.12 (1 H, t, J 9.0,
H-2), 3.64 (2 H, s, PhCH.), 4.16 2 H, q, J 7.1 CH,CHj;), 4.51
(1 H, m, H-4), 7.22-7.37 (5 H, m, Ar); 6 (75.5 MHz; CDCl;) 14.2
(Me), 53.1 (C-3), 55.3 (C-2), 59.7 (PhCH,), 60.8 (CH;CH,), 61.9
(C-5), 74.1 (C-4), 127.1 (ArH), 128.3 (ArH), 128.8 (ArH), 138.2
(Ar), 173.3 (CO); HRMS (EI+) m/z 249.1365; C,H,,)NO; (M*)
requires 249.1365. (Found: C, 67.6; H, 7.5; N, 5.6; C,,H;,)NO;
requires C, 67.5; H, 7.7; N, 5.6%).

Ethyl (R,S/S,R)-4-(acetyloxy)-1-benzylpyrrolidine-3-carboxylate
[(&)-19]

Racemate 18 (100 mg, 0.4 mmol) was dissolved in a mixture of
pyridine (4 ml) and Ac,O (2 ml) and left at 20 °C overnight. The
solvent was evaporated and the resulting oil dissolved in EtOAc
and washed with aqueous NaHCO; (saturated), dried and the
solvent was again evaporated. The residue was chromatographed
(EtOAc-hexanes, 15 : 85) to afford diester (+)-19 as a colourless
oil (111 mg, 95%) which was stored at —20 °C, NMR d (300 MHz;
CDCly) 1.25(3H,t,J 7.1, CH,CH;), 2.04 (3 H, s, COCH), 2.50
(1 H, t, J,» = Jy; 8.3, H-2), 2.74-2.87 (2 H, m, H-5,5), 3.06
(1 H, dt, J5, = J5» 7.9, J54 3.9, H-3), 3.15 (1 H, t, J 8.5, H-
2),3.59 (1 H, d, J 12.9, PhCHH), 3.65 (1 H, d, Ph\CHH), 4.16
(2 H,q,J 71, CH,CH,) 540 (1 H, m, H-4), 7.22-7.38 (5 H,
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m, Ar); dc (75.5 MHz; CDCl;) 14.1 (CH,CH;), 21.0 (COCH,),
50.1 (C-3), 56.0 (C-2), 59.5 (PhCH, or C-5), 59.6 (PhCH, or C-
5), 61.0 (CH,CH,), 76.0 (C-4), 127.2 (ArH), 128.3 (ArH), 128.7
(ArH), 138.0 (Ar), 170.5 (CO), 172.3 (CO); HRMS (FAB+) m/z
292.1563; C,sH,,NO, (M + H)* requires 292.1549.

(R,R/S,S)-1-Benzyl-4-(hydroxymethyl)pyrrolidin-3-ol [(£)-20]

Racemate 18 (500 mg, 2.01 mmol) was dissolved in dry Et,O-
dry THF, (10 ml : 5 ml) and cooled in an ice bath. Lithium
aluminium hydride in Et,O (4.2 ml, 1 M, 4.2 mmol) was added,
and the mixture warmed to 20 °C and stirred for 1 h. After
cooling of the solution in an ice bath excess hydride was quenched
by the dropwise addition of water (0.50 ml) and the mixture
was extracted with EtOAc. The organic extract was washed with
aqueous NaHCO; (saturated), dried and evaporated to give an
oily residue that was chromatographed [CH,Cl,-MeOH-NH,OH
(0.88),95:5:0.5— 90 : 10 : 0.5] to give racemic diol 20 as a
colourless gum (364 mg, 88%), NMR dy (300 MHz; CD,0D) 2.18
(1 H, m, H-4),2.34 (1 H, dd, J55 9.6, J5, 6.6, H-5), 2.55 (1 H, dd,
J,» 10.0, J,; 4.1, H-2),2.72 (1 H, dd, J,; 6.3, H-2),2.89 (1 H, t,
Jy4=J558.8,H-5),3.47-3.68 (4H, m, PhCH,, CH,0),4.00 (1 H,
m, H-3), 7.20-7.42 (5 H, m, Ar); d. (75.5 MHz; CD;0D) 51.2 (C-
4), 57.3 (C-5), 61.5 (PhCH, or CH,0), 63.1 (C-2), 64.2 (PhCH,
or CH,0), 74.1 (C-3) 128.3 (ArH), 129.3 (ArH), 130.2 (ArH),
139.4 (Ar); HRMS (FAB+) m/z 208.1346; C,,HsNO, (M +
H)* requires 208.1338.

Ethyl (3S,4R)-1-benzyl-4-hydroxypyrrolidine-3-carboxylate
[(+)-18] and ethyl (3R,4.5)-4-(acetyloxy)-1-benzylpyrrolidine-3-
carboxylate [(—)-19]

Vinyl acetate (6.66 ml, 72.21 mmol) and Novozyme® 435 lipase
from Candida antarctica (4.2 g, Novozymes Australia Pty. Ltd,
batch LC200207) were added sequentially to a solution of (&)-
18 (6.00 g, 24.1 mmol) in tert-butyl methyl ether (200 ml). The
mixture was stirred at 40 °C for 2.5 h, filtered through Celite®,
the solids were washed with a little ethyl acetate and the combined
filtrates were washed with aqueous NaHCO; (saturated), dried and
evaporated. '"H NMR analysis indicated that the residue consisted
of alcohol 18 and acetate 19 in equimolar proportions. It was
chromatographed (EtOAc-hexanes, 6 : 4) to give first (—)-19 as
a colourless gum (3.44 g, 97%) that was stored at —20 °C, [a]}
—41.5 (¢ 0.74, CHCI;). The '"H NMR spectrum was identical to
that for compound (£)-19 above. Further elution of the column
with EtOAc gave (+)-18 also as a colourless gum which crystallized
at —20°C (2.53 g, 85%), mp 51-52 °C, [a]5 +16.9 (¢ 0.71, CHCL,).
The "H NMR spectrum was identical to that for compound (+)-18
above.

Repetition of the enzymic acetylation with (£)-18 (0.80 g,
3.21 mmol) under the same conditions, but for 100 min, gave a
mixture of 18 and 19 in the approximate ratio of 1.2: 1 ('"H NMR
determination). After chromatographic separation, pure (—)-19
(406 mg, 96%), [a]} — 41.8 (¢ 0.895, CHCL;) and impure (+)-18
(0.393 g, 89%), [a]y +14.0 (c 0.81 CHCl,) were isolated. The latter
contained about 10% of the unreacted (—)-enantiomer.

(3R,4R)-1-Benzyl-4-(hydroxymethyl)pyrrolidin-3-ol [(+)-20]

Compound (+)-18 (2.53 g, 10.15 mmol) was reduced, as indicated
for the racemic compound, to give (+)-20 as a colourless gum

(1.54 g,73%), [a]5 +33.0 (¢ 0.75, MeOH). The '"H NMR spectrum
was identical to that of compound (+)-20.

tert-Butyl (3R,4R)-3-hydroxy-4-(hydroxymethyl)pyrrolidine-1-
carboxylate [(+)-23]

A. From diol (+)-20. Pd/C (300 mg, 10%) was added to a
stirred solution of the diol (+)-20 (1.49 g, 7.19 mmol) and di-
tert-butyl dicarbonate (1.63 g, 7.47 mmol) in MeOH (30 ml),
and hydrogen was added from a balloon over 24 h. The mixture
was filtered through Celite®, the solvent was evaporated and the
residue was chromatographed (EtOAc-MeOH, 19 : 1) to afford
the N-Boc protected pyrrolidine (+)-23 as a colourless gum (1.56 g,
100%), [a]y +15.9 (¢ 1.09, MeOH), in good agreement with the
value derived from the sample made by method B.

B. From 1,2:5,6-di-O-isopropylidine-o-D-glucose. 3-C-Azido-
methyl-3-deoxy-1,2:5,6-di-O-isopropylidene-a-D-glucose (42.6 g,
142 mmol), which was made from 1,2:5,6-di-O-isopropylidine-
a-D-glucose, hydrolysed and reduced as previously described,?
gave the unprotected pyrrolidine from which, in MeOH, (500 ml),
compound 22 was obtained by treatment with di-zers-butyl
dicarbonate (40 g, 185 mmol) and Et;N (25.7 ml, 185 mmol). The
volatiles were removed and the residue was adsorbed on silica gel
and chromatographed to give crude carbamate 22 (26.7 g, 68%).
The product was dissolved in EtOH (500 ml), cooled in an ice bath
and oxidised by the dropwise addition of NalO, (47 g, 0.22 mol)
in water (500 ml). After recooling of the products in an ice-bath
the product was reduced with NaBH, (7.3 g, 0.19 mmol) added
portion-wise. The mixture was warmed to room temperature, the
solids were removed by filtration, the volatiles by evaporation and
the residue was purified by chromatography (CHCL,-MeOH, 9 :
1). Compound (+)-23 was obtained as a light yellow syrup (17 g,
81%) which gave 'H and *C NMR data in agreement with those of
the sample made by method A and with literature data.'? A sample
of compound (+)-23 (50 mg), prepared in this way, in EtOAc was
further purified by washing with water and then brine to give a
colourless syrup (28 mg) after solvent evaporation, [a]} +16.2 (¢
0.795, MeOH).

(3R, 4R)-4-(Hydroxymethyl)pyrrolidin-3-ol [(+)-16] and its
hydrochloride [(+)-16-HCI]

A. From carbamate 23. A sample of compound (+)-23 (28 mg)
was dissolved in MeOH (2 ml) and HCI (37%, 1 ml) and after a few
mins the solvent was evaporated to give (+)-16-HCL, [a]3 +18.9 (¢
0.92, MeOH). The '"H NMR spectrum was identical to that of the
sample made from diol (+)-20 (method B).

B. From (+)-20. Diol (+)-20 (52 mg, 0.25 mmol) was dissolved
in MeOH, HCOOH (98%) (9 : 1, 8 ml) and Pd/C (10%, 80 mg) was
added.*® The mixture was heated under reflux for 30 min, filtered
through Celite® and the solvent evaporated. Chromatography
[CH,Cl,-MeOH-NH,OH (0.88)-H,0, 4 : 3 : 0.5 : 0.5] gave the
unprotected pyrrolidine as a colourless gum (16 mg, 55%) which
darkened slowly on standing. The "H NMR spectrum (CD,0OD)
was in agreement with literature spectral data.” The product was
dissolved in MeOH (2 ml), HCI (5%, 1 ml) and the solvents were
evaporated to give the hydrochloride (+)-16-HCI1 (21 mg, 55%)
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as a colourless gum, [a]3] +19.1 (¢ 1.05, MeOH), lit.” [a]5 +19.0
(¢ 1.0, MeOH). The '"H NMR spectrum (D,0) was in agreement
with the literature spectral data®® and was identical to that of the
compound made by method A.

(35,45)-1-Benzyl-4-(hydroxymethyl)pyrrolidin-3-ol [(—)-20]

Compound (—)-19 (400 mg, 1.37 mmol) was dissolved in Et,O
(9 ml) and THF (4 ml) and treated with lithium aluminium hydride
in Et,O (5.62ml, 1 M, 5.62 mmol) as described for the preparation
of compound (+£)-20 above to afford (—)-20 as a colourless gum
(190 mg, 67%), [aly —33.4 (c 0.805, MeOH). The 'H NMR
spectrum was identical to that of (£)-20.

(35,45)-4-(Hydroxymethyl)pyrrolidin-3-ol [(—)-16] and its
hydrochloride [(—)-16-HCI]

Compound (—)-20 (189 mg, 0.91 mmol) was de-N-benzylated®
as for the (+)-enantiomer to give the unprotected amine (—)-16
as a colourless gum (107 mg, 100%), a portion of which (30 mg)
was converted to the hydrochloride salt (—)-16-HCI (39 mg), [a]}
—18.9 (¢ 0.74, MeOH), lit.”® [a]Z —18.7 (¢ 1.2, MeOH). The 'H
NMR spectrum (D,0) was in agreement with the literature data®
and was identical to that of (+)-16-HCI.

(35,4.5)-1-[(9-Deazahypoxanthin-9-yl)methyl]-4-
(hydroxymethyl)pyrrolidin-3-ol [L-DADMe-ImmH, (—)-6]

To a solution of (3S,4S)-4-(hydroxymethyl)pyrrolidin-3-ol free
base (—)-16, (77 mg, 0.66 mmol) in H,O (1.5 ml) were added
9-deazahypoxanthine (17)* (81 mg, 0.60 mmol) and aqueous
formaldehyde (53 pl, 12.3 M, 0.65 mmol). The mixture was heated
at 85 °C for 15 h (a small amount of precipitate formed), silica gel
was added to absorb the solvent, the solvent was evaporated and
the granular residue added to a column of silica gel and eluted
with CH,Cl,-MeOH-NH,OH (0.88), 5 : 4.5 : 0.5 to afford the
nucleoside analogue (—)-6 as a colourless solid (82 mg, 48%) after
washing with a little cold MeOH, [a]5 —16.8 (¢ 0.71, H,0). A
sample of the (3R,4R)-enantiomer (+)-6, prepared during the
present work, and ultimately derived from D-glucose via the
sequence (+)-22 — (+)-23 — (+)-16 — (+)-6, had [a]} +16.9
(¢0.935, H,0). The 'H NMR spectrum of compound (—)-6 was in
agreement with the literature data for (+)-6'* and with the spectrum
of the latter isomer made during the present work.
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Acid-base properties of the nucleic-acid model 2’-deoxyguanylyl(5’— 3')-
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The dinucleotide d(pGpG) is an often employed DNA model to study various kinds of interactions
between DNA and metal ions, but its acid—base properties were not yet described in detail. In this study
the six deprotonation reactions of H,[d(pGpG)]* are quantified. The acidity constants for the release of
the first proton from the terminal P(O)(OH), group (pK, = 0.65) and for one of the (N7)H" sites

(pK, = 2.4) are estimated. The acidity constants of the remaining four deprotonation reactions were
measured by potentiometric pH titrations in aqueous solution (25 °C; I = 0.1 M, NaNO,): The pK,
values for the deprotonations of the second (N7)H*, the P(O),(OH)~, and the two (N1)H sites are 2.98,
6.56, 9.54 and 10.11, respectively. Based on these results we show how to estimate acidity constants for
related systems that have not been studied, e.g. pGpG, which is involved in the initiation step of a
rotavirus RNA polymerase. The relevance of our results for nucleic acids in general is briefly indicated.

1 Introduction

The anticancer drug Cisplatin, cis-(NH;),PtCl,, is well known
to interact with DNA.! Due to the preferential binding of cis-
(NH,),Pt** to the N7 sites of two consecutive guanine residues
in DNA, the dinucleotide d(pGpG) has relatively often been
studied as model compound."* There are also studies with
a novel antitumor-active dirhodium(ii,i1) complex® and fur-
ther platinum(1r) compounds* as well as with closely related
oligonucleotides.® In addition, the interaction of d(pGpG) with
Na* and K*,° the antibiotic actinomycin D,” as well as the human
immunodeficiency virus type 1 integrase® have received attention.

Whereas the d(pGpG) unit serves as the primary target in DNA
for Cisplatin and related compounds, its ribose relative pGpG does
occur in living cells. The cyclic dimer of GMP, ¢c-di-GMP plays a
critical role in bacterial cell signaling and is thereby hydrolyzed to
pGpG and finally to GMP by a phosphodiesterase.” Interestingly,
this hydrolysis reaction is strongly Mg?* dependent. The formation
of pGpG has also been observed during the replication of the
viral RNA by the rotavirus RNA-dependent polymerase:'® During
replication, the dinucleotide pGpG (as well as ppGpG) is formed
and serves subsequently as a specific primer for the (—) strand
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synthesis leading to the conclusion that this dinucleotide is the
initiator of replication.'

In the course of our attempts to reveal the interrelations between
metal ions and nucleic acids,!"'? we started to use dinucleotides
as models to quantify the metal ion-binding properties of single-
stranded RNA and DNA..** Besides the phosphate diester bridge,*
the N7 site of guanine residues is especially important for metal
ion binding to nucleic acids."* Thus, we selected d(pGpG)*~ (see
Fig. 1) as a ligand to be studied because of its wide use as a DNA-
model compound!=%*® as well as in various other investigations;’
furthermore, its relative pGpG occurs in nature as indicated above.
To our surprise we discovered that the acid—base properties in
aqueous solution of these dinucleotides have never been described
in detail."®

| 1
“O—P= 6 NH
I <, |
O 5 9 3
CH, N)\NHZ
(0]
4 HA1
HT 21 H
(0]
H
d(pGpG)*

Fig. 1 Chemical structure of the trianion of 2’-deoxyguanylyl(5'— 3')-
2'-deoxy-5'-guanylic acid, ie, 2'-deoxyguanylyl(5'—3')-2'-deoxy-5'-
guanylate, abbreviated as d(pGpG)*~, and also known® as 2'-deoxy[5'-
phosphate-guanylyl-(3'-5')-guanosine]. The two guanosine units are shown
in their dominating anti conformation.” Note, species written in the text
without a charge, e.g., d(pGpG), either do not carry one or represent the
species in general (i.e., independent of their protonation degree); which of
the two possibilities applies is always clear from the context.
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Here, we report the six equilibrium constants for the stepwise
deprotonation of nearly fully protonated d(pGpG)*, i.e. of the
H,[d(pGpG)]* species. Encompassing the pH range of about 10.5
to 1, our study also includes the acidity constants for the release
of the protons from the two (N1)H sites of the guanine residues.
The site attribution for the various deprotonation reactions could
be achieved in an unequivocal way by comparisons with (mostly)
other guanine derivatives. One of the surprising conclusions of
this study is that the two nucleobase residues in d(pGpG) react
rather independently and thus, do not “feel” much of each other.
Regarding nucleic acids this is a remarkable result and different
from the observations made with pUpU,"”® where the mutual
nucleobase effects are also minor but where the deprotonation
of the (N3)H sites of the pyrimidine bases is somewhat shifted
towards a lower pH range. Furthermore, the here presented
new data, now allows by sophisticated comparisons to estimate
the corresponding acidity constants for H,(pGpG)* and other
dinucleotides, which so far have also not been described.

2 Results

The dinucleoside monophosphates GpG and d(GpG), i.e. without
a 5-terminal phosphate group, are known for their tendency to
undergo aggregate formation via self-association by nucleobase
stacking and guanine-guanine hydrogen bonding.”?* Such an
aggregation is much smaller with the here investigated d(pGpG)*~,
as a comparison of the self-association properties of d(GpG)~ and
d(pGpG)*~ has shown.® Evidently, the addition of a phosphate
group to the 5-OH of the 2'-deoxyribose residue significantly
inhibits this tendency. This agrees with observations made for
guanosine and GMP*~ where the equilibrium constants defined
according to the isodesmic model for an indefinite noncooperative
self-association?! in aqueous solution are K = 8 M~' (¢f*') and
1.3 M~ (¢f*), respectively. Calculations for various guanine
derivatives reveal that with the ligand concentrations used in this
study, i.e., 0.15 mM (section 4.3), more than 99% of the species are
present in their monomeric form.?® Hence, the following results
refer in all instances to the monomeric species.

The dinucleotide d(pGpG)*~ (Fig. 1) can accept three protons at
its phosphate groups; however, two of these protons are released at
a very low pH. For the 5'-terminal P(O)(OH), group, a pK, value
can be estimated (see below), though it needs to be emphasized that
the pH range of the deprotonation reaction of this proton certainly
overlaps with that of the proton released from the phosphate
diester bridge, for which in a first approximation a similar pK,
value is expected. Because one proton each can be accepted at
the N7 sites of the two guanine residues, the six deprotonation
reactions considered here begin with H,[d(pGpG)]* and terminate
with d(pGpG-2H)*~, i.e. the species where the two (N1)H sites
have also lost their proton. This then leads to the following six
deprotonation reactions:

H,[d(pGpG)]* = H;[d(pGpG)] + H" (1a)
Kt popon = H[d(GpGIHY/[H,[d(pGpG)]'] (I1b)
H;[d(pGpG)] = H,[d(pGpG)]” + H” (2a)
Kt popoy = (Ha[d(GpG)] TTH'1/[H;[d(pGpG)]] (2b)

H,[d(pGpG)]” = H[d(pGpG)I"” + H* (3a)

K upopen = (HIAPGPG)I IH']/[H,[d(pGpG)] ] (3b)

H[d(pGpG)I” = d(pGpG)™ + H* (4a)

Kiupaney = [A(PGPG) H']/[H[d(pGpG)I ] (4b)
d(pGpG)"”~ = d(pGpG-H)* + H* (5a)

K6 = [d(PGpG-H)* JH")/[d(pGpG) '] (5b)
d(pGpG-H)"” = d(pGpG-2H)"™ + H* (6a)
Klfoop6-m = [d(PGpG-2H)" [H']/[d(pGpG-H)" ] (6b)

It should be noted that d(pGpG-H)*~ in equilibrium (5a) is to be
read as “d(pGpG) minus H”, meaning that one of the two (N1)H
sites has lost a proton, without defining which one. Analogously,
in the species d(pGpG-2H)’~ both (N1)H sites are deprotonated.

Acidity constants for equilibria (1a) and (2a) could only be
estimated (see Table 1 and section 2S in the ESI), whereas the
values for the other four equilibria were measured by potentio-
metric pH titrations. The results are listed in Table 1 together with
the acidity constants for several related species.** Comparisons
of the given data allows clear-cut site attributions for the various
deprotonation reactions of H,[d(pGpG)]* as is for example evident
when comparing the acid-base values for the equally charged
d(pGpG)*~ (entry 5) and GDP?*- (entry 11) species.

3 Discussion

The here-determined acid-base properties of H,[d(pGpG)]* do
not stand alone. Together with the additional data on related
compounds, as summarized in Table 1, we can now analyze and
quantify in detail the mutual effects of the distinct subunits on each
other, e.g. of the nucleobase, the 2’-OH group or the phosphate
residue. Many comparisons and conclusions are possible, some of
which are discussed in the following paragraphs.

At first sight it is somewhat surprising that the 5'-P(O),(OH)~
group of H(pUpU)*~ (Table 1; entry 6; column 5) is slightly more
acidic than the same group of H[d(pGpG)]*~ (entry 5; column 5),
i.e., ApK, = PKiiyoepey — PKiipupyy = (6.56 £ 0.03) — (6.44 &
0.02) = 0.12 £ 0.04. However, from a structural point of view,
two differences between pUpU?*~ and d(pGpG)*~ are immediately
obvious: Not only the nucleobase moieties, but also the sugar
residues differ in the two dinucleotides.

Indeed, it is well known that the replacement of a ribose
residue by a 2’-deoxyribose unit in a nucleotide leads to a slight
basicity increase.”! This increase occurs irrespective of the type
of nucleobase attached to the sugar moiety as the following
comparisons of H{dGMP)~ with H(GMP)~ and d(CMP)~ with
H(CMP)~ show: ApK,juoy = PKjuamry — PKiiamry = (6:29 £
0.01) — (6.25 £ 0.02) = 0.04 &+ 0.02 (Table 1; entries 8,9; column
6) and pKji cmp — PKiiemp = (6.24 £ 0.01) — (6.19 £ 0.02) =
0.05 £ 0.02 (¢f- ref. 31).

Similarly, from a comparison of the acid-base properties of
H(UMP)~ and H(GMP)-, it follows that the guanine residue
causes an increase in basicity at the 5'-terminal phosphate group:
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Table 1 Negative logarithms of the acidity constants for the deprotonation of the P(O)(OH),, (N7)H*, and (N1)H sites in H,[d(pGpG)]* [entry 5;

eqn (1-6)], together with some related data®*

pK, of the sites

Number  Acids® P(O)(OH), (NT)H* P(0),” (OH) (NDH Ref.
1 H(Guo)* 2.11£0.04 9.22 £ 0.01 23
2 H(dGuo)* 2.30 +0.04 9.24 £ 0.03 24
34 H,(GpG)* 1.49 + 0.03/2.51 + 0.03 9.34 £0.07/10.38 £0.10 25,26
4 H.[d(GpG)]* 1.69 £ 0.10/2.71 £ 0.10 9.37£0.03/10.39 £ 0.07 25
5 Hd(pGpG)*  0.65+0.% 2440.2/2.98 £0.13 6.56 + 0.03 9.54+0.08/10.11 £0.14  —
6 H,(pUpU)- 1.0+0.3 6.44 £ 0.02 8.9 = 0.03/9.63 = 0.08¢ 13
7 H,(UMP) 07+0.3 6.15 £ 0.01 9.45 £ 0.02¢ 27
8 H,(GMP)* 03402 2.48 +0.04 6.25+0.02 9.49 £ 0.02 23
9 H,(dGMP)* 0.35 4 0.2" 2.69 £ 0.03 6.29 £ 0.01 9.56 £ 0.02 28

10¢ H,(3dGMP)* 2.29 +0.04 6.14 £ 0.01 9.45 £ 0.02 —

11 H,(GDP)* 0774020  2.67£0.02 6.38 £ 0.01 9.56 & 0.03 29

12 H.,(pGpG)* 0.6+0.3 22402/2.80£0.16 6.52 £ 0.01 9.50 £0.09/10.10 £0.18  —

« All constants were determined by potentiometric pH titrations in aqueous solution (25 °C; I = 0.1 M, NaNO;) except for a few, which were estimated
(see below). The errors given are three times the standard error of the mean value or the sum of the probable systematic errors, whichever is larger.
The error limits of differences between constants as they appear in the text were calculated according to the error propagation after Gauss. * So-called

practical, mixed or Brensted acidity constants® are listed (section 4.2).
d(GpG)~, 2'-deoxyguanylyl(3'— 5')-2'-deoxyguanosine; 3 dGMP*-,
5'-diphosphate; GMP?*~,

¢ Definitions: dGMP?~ (= 5dGMP?"), 2'-deoxyguanosine-5'-monophosphate;
2'-deoxyguanosine-3’-monophosphate; dGuo, 2'-deoxyguanosine; GDP*~, guanosine-
guanosine-5'-monophosphate; GpG~, guanylyl(3'— 5)guanosine, Guo, guanosine; pGpG*~, guanylyl(5'— 3')-5-guanylate;

pUpU*, uridylyl-(5—3')-5-uridylate; UMP?~, uridine-5'-monophosphate.  The values for the (N7)H* sites are from ref. 26. ¢ The values for the
(N7)H* sites are estimates; see ref. 25. /Estimated values; see text in sections 2 and 3. € These protons are released from the (N3)H sites of the uracil
residues. * This constant was estimated by correcting the value of H;(GMP)* for the effect of the 2'-deoxyribose residue which amounts to 0.05 £ 0.02
log units (see text in section 3). * B. Song, J. Zhao, H. Sigel, results to be published./ For details see section 3S in the ESI.

i.e., ApK. e = PKjwpy — PKjompy = (6.25 £ 0.02) —
0.01) = 0.10 £ 0.02 (Table 1; entries 7,8; column 5).

By using the two increments described above for 2’-OH and
nucleobase substitution, one can estimate the acidity constant
for H[d(pGpG)J*: pK:[d(pGpG)]eslimale = pK:(pUpU) + ApKujgeow +
ApK ,jxvp = (6.44 +0.02) + (0.04 £ 0.02) + (0.10 £ 0.02) = 6.58 +
0.03. This estimated acidity constant is in excellent agreement
with the measured one, pKH[d wapay = 0-56 £ 0.03 (Table 1; entry
5; column 5), thereby proving the internal consistency of the
constants listed in Table 1.

Application of comparisons as described above also allows cal-
culation of pK, values for other (2'-deoxy)dinucleotides based on
the acidity constants available for the corresponding nucleoside 5'-
monophosphates.'#?*?72 For example, the differences (see Table 1)
PK Haearoy — PKiaame = (6.56 £ 0.03) — (6.29 £0.01) = 0.27 +
0.03 and pKjj i,,u, — PKjump = (6.44 £ 0.02) — (6.15 + 0.01) =
0.29 £ 0.02, which are on average ApK,,pxnve = 0.28 £ 0.03, may
be used to estimate acidity constants for H(pApA)*~, H(pCpC)*,
H[d(pCpCO)F~ and H[d(pTpT)J*~. The results are pKjj,,.n =
6.49 + 0.03, pKjj ., = 6.47 + 0.04, pK}lcocy = 60.52 + 0.03,
and pKijjorory = 664 £0.03 (25°C; 1 = 0.1 M, NaNO;).§

As the nature of the nucleobase residue has an effect on the
acidity of the 5'-terminal phosphate group, one can expect that
changes at the phosphate-sugar moiety will also have an effect
on the acid-base properties of the nucleobase. Comparison of the
acid-base properties of the various guanine derivatives containing
either a ribose or a 2’-deoxy unit (Table 1; entries 1,2; 8,9; column
4), reveals that the N7 site of the deoxy compounds are by

(6.15 £

§ The above values follow from pKjj ..., = PKiiamp + APKuonnme =
(6.21 £ 0.01) [¢f*] + (0.28 £ 0.03) = 6.49 £ 0.03, pK}j o) = mecmp)
+ ApK pname = (6.19 £+ 0.02) [¢f*] + (0.28 £ 0.03) = 6.47 + 0.04,
PKecren = PKiwemey + APKuonave = (6.24 £ 0.01) [¢f*'] + (0.28 £
0.03) = 6.52 % 0.03, and pKijrmy = PKiirap) + APKupname = (6.36 £
001)[c/zs]+(028i003)_664i003.

ApK, = 0.2 more basic. On the other hand, when considering the
deprotonation of the (N1)H site in the same pairs of compounds
(column 6), the effect of the 2-OH group is very minor; on
average the 2'-deoxy compounds are only by 0.04 + 0.015 (1o)
log units more basic. Interestingly, the acidifying effect of the
2'-OH group on the first and second deprotonation step of the
5'-terminal phosphate group is with ApK, values of about 0.04
also very small but of the same order as observed at the (N1)H
site (Table 1; entries 5,12 and 8,9; columns 3 and 5). Overall, these
results indicate that the electron-withdrawing influence of the 2'-
OH is strongest experienced at N7 of the nearby imidazole moiety,
which is attached to C1’, and it has only very little influence on
the more distant (N1)H and 5'-terminal phosphate positions.

Another interesting observation is that the release of the two
(N1H protons from d(pGpG)*~ (entry 5; column 6) occurs with
a ApK, difference of 0.57 £ 0.16, and this is within the error
limits identical with the statistically expected value of 0.6 for
a symmetrical diprotonic acid.”® Exactly the same observation
is made for pUpU?*- where ApK, = 0.64 &+ 0.08 (entry 6).
These results indicate that the two nucleobase residues present
in each of the two nucleotides react rather independently and
do not “feel” much of each other. This is different for the two
dinucleoside monophosphates GpG~ and d(GpG)~ where the
acidity differences are about 1.0 pK unit (Table 1; entries 3,4). This
is an indication that in the two latter cases some intramolecular
stacking occurs between the guanine residues whereas, once a
5'-phosphate group is present, this appears no longer to be the
case. It follows that d(pGpG) occurs in dilute solution in an open
form. This conclusion is in perfect agreement with the mentioned
observation (section 2; first paragraph) that d(GpG)*~ stacks much
better than d(pGpG)*~.6

With the above considerations in mind, and seeing in Table 1 for
H,(GpG)* that ApK, for the two (N1)H and the two (N7)H"* sites
is identical, one may also estimate the pK, value for the release
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of the first proton from the two (N7)H* sites in H;[d(pGpG)] by
deducting the (N1)H difference (0.57 &+ 0.16; Table 1; entry 5;
column 6) from the pK, value of the second (N7)H* site (2.98 +
0.13) to give pK}| yoapay = 2-4 £ 0.2; this value is listed in entry
5 of Table 1 (column 4) (see also section 3S in the ESI). It
should be noted in this context that pKjj,,c.q, = 2:98 £ 0.13 for
the deprotonation of the second (N7)H* site was experimentally
determined only at pH > 3.6 (see section 4.3) which means that in
this pH range any contribution of the first (N7)H* site is negligibly
small.

Application of the discussed systematic variations allows an es-
timation of the various acidity constants for the ribose-containing
dinucleotide H,(pGpG)*, which has widely been studied.*** Be-
cause to the best of our knowledge no such values exist in the
literature, the estimations are listed in entry 12 of Table 1 (for
details see section 3S in the ESI).

At this point is seems appropriate to ask which of the two
(N7)H* or (N1)H sites, respectively, is deprotonated first, the 5’ or
the 3’ guanine residue? Interestingly, addition of the 3'-P(O),(OH)~
group to dGuo has no effect on the basicity of N7; both pK,
values are within their error limits identical (Table 1; entries 2,10;
column 4), whereas addition of the same group to the 5'-position
enhances the basicity of N7 remarkably, i.e., ApK, = pKi} 4amp) —
PK e = (2.69 £0.03) — (2.30£0.04) = 0.39 £ 0.05. Presumably
there are two reasons for this behavior: (i) the negative charge of
the P(O),(OH)~ group is closer to (N7)H* in H,(5-dGMP)* than
in H,(3'-dGMP)*. (ii) The proton at N7 is sterically in a position to
form a hydrogen bond (possibly also involving a water molecule)
with the 5-P(0O),(OH)~ group. Both effects will inhibit the release
of the proton from the (N7)H* site in H,(5YGMP)*. It may be
added that the formation of similar hydrogen bonds between NH
sites and phosph(on)ate groups is known.** Clearly, formation of
the indicated hydrogen bond is not possible in H,(3'-GMP)* for
steric reasons.

However, when pKjj soup = 2-69 is compared with the average
pK, value [=2.69 = (1/2)(2.4 + 2.98)] of the two (N7)H* sites in
H;[d(pGpG)], one notes with surprise that the values are identical.
However, one should point out that the charge effect and hydrogen
bond formation can also operate in this case as described above.
Consequently, these comparisons indicate that the two N7 sites
in H[d(pGpG)]*~ have the same basicity and this conclusion is
in accordance with the mentioned statistical difference of 0.6
pK units between the two pK, values of the (N7)H* sites (Table 1;
entry 5; column 4). Furthermore, because the same difference of
0.6 pK units also applies to the pK, values for the two (N1)H sites
of d(pGpG)*~ (column 6), one has to conclude that the acid—base
properties of the two guanine residues in d(pGpG)*~ are identical
because they behave as is expected for symmetrical diprotonic
acids. This is an important conclusion regarding nucleic acids.

Finally, we want to discuss the effect of a phosphate group
on the deprotonation reaction of a (N1)H unit. Addition of a
PO,* group to the 3’ or 5 site of dGuo to give 3-dGMP*~ or
5-dGMP?*~ enhances the basicity of the (N1)~ sites by ApK, =
0.21 £ 0.04 or 0.32 + 0.04, respectively.q The effect of a further

9§ The above differences result from pKY .\ — PKh,., = (9.45 £ 0.02) —
(9.24 + 0.03) = 0.21 + 0.04 (see Table I; entries 2,10; column 6) or
pKY o — pKI = (9.56 & 0.02) — (9.24 = 0.03) = 0.32 = 0.04 (sce

dGuo
entries 2,9).

phosphate group, and thus a negative charge, can be determined
by comparing the pK, values of 3-dGMP*~ (9.45 £ 0.02) and 5-
dGMP* (9.56 + 0.02) with the first one of the d(pGpG)*~ species
(9.54 £+ 0.08). As these values are rather similar, this indicates that
the difference in charge between the two mononucleotides and
the dinucleotide as well as the presence of two guanine residues
in the latter, has little influence on the release of the first proton
from the d(pGpG)*~ species. This observation differs from the one
made"® with pUpU?*~ where the two neighboring uracil residues
show an increased acidity relative to that of an isolated uracil
group (see also entries 6 and 7 in Table 1, column 6). Consequently,
predictions about the mutual influence of neighboring nucleobases
in nucleic acids are difficult to achieve at this stage and clearly,
more data for comparisons are needed to reach this goal.

4 Experimental
4.1 Materials

The synthesis of 2'-deoxyguanylyl(5'— 3')-2'-deoxy-5'-guanylate,
i.e., of the trisodium salt of d(pGpG)*-, was achieved by the in-
solution phosphoramidite methodology.** Thus, 5'-O-dimethoxy-
trityl-N*-isobutyryl-2’-deoxyguanosine-3'-O-(2-cyanoethyl)-N,N-
diisopropylphosphoramidite was reacted with 3'-O-acetyl-N>-
isobutyryl-2’-deoxyguanosine in the presence of 1H-tetrazole
in CH;CN solution to give after I,—pyridine-H,O oxidation
of the intermediate phosphite, the fully protected dinucleoside
monophosphate. After selective removal of the dimethoxytrityl
group with 3% dichloroacetic acid in CH,Cl,, the dinucleoside
monophosphate was 5-O-phosphorylated with bis-0,0-(2-
cyanoethyl)-N,N-diisopropylphosphoramidite reagent followed
by oxidation of the phosphite intermediate with I,—pyridine—
H,0.3% The obtained fully protected 5-O-phosphorylated
dinucleotide was purified by silica gel chromatography and
deprotected by a 20 h treatment with 30% aqueous ammonia
at 55 °C. The crude product was purified by ion-exchange
chromatography on DEAE Sephadex A-25 (elution with a linear
gradient of triethylammonium bicarbonate from 0.05 to 0.5 M).
The purified dinucleotide was then transformed into its trisodium
salt by passing through Dowex 50 W x 8 (Na* form) and
lyophylized to give a white solid in 34% yield (based on the
protected nucleoside). The compound gave with analytical
reversed phase HPLC a single peak. The structure of d(pGpG)
was confirmed by using spectroscopic methods: proton-decoupled
'P NMR (Bruker Avance, 200 MHz; D,0) showed two singlets
at 0 = —0.40 ppm (internucleotide phosphorus) and 4.35 ppm
(terminal phosphate); FAB MS (Finnigan MAT 95; negative
ions) gave m/z 675.0 (calculated MW 676.42 for free acid). The
observed *'P NMR chemical shifts are fully consistent with the
data reported for d(pGpG) salts;* other synthetic routes®” have
also been applied.?

All the other materials and reagents were the same as used
previously and the NaOH stock solutions were also prepared as
described.”® The aqueous stock solutions of d(pGpG) were freshly
prepared daily and the pH of the solutions was adjusted close to
8.0 with sodium hydroxide. The exact concentration of the ligand
solutions was determined in each experiment by evaluation of the
corresponding titration pair, that is, the differences in NaOH con-
sumption between solutions with and without ligand (see below).
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4.2 Potentiometric pH titrations

The pH titrations were carried out with a Metrohm ES536
potentiograph connected to a Metrohm E665 dosimat and a
Metrohm 6.0253.100 Aquatrode-plus combined double-junction
macro glass electrode. This equipment was calibrated with
buffer solutions (pH 4, 7, 9; all based on the NBS scale,
now U.S. National Institute of Science and Technology, NIST)
obtained from Metrohm AG, Herisau, Switzerland. The acidity
constants determined at 7 = 0.1 M (NaNO;) and 25 °C are
so-called practical, mixed or Brensted constants’®** which may
be converted into the corresponding concentration constants by
subtracting 0.02 from the measured and listed pK, values.* The
ionic product of water (Ky/) and the conversion term mentioned
do not enter into the calculations because the differences in NaOH
consumption between solutions with and without ligand (see
below) are evaluated.

4.3 Determination of the acidity constants

The acidity constants K7j ;s.cu0) > Kiiiaeeno Kaeops 04 Kloape—n
of H,[d(pGpG)]™ [eqn (3-6)] were determined by titrating aqueous
solutions (30 mL) of HNO; (0.5 mM) (25 °C; I = 0.1 M, NaNO;)
under N, with NaOH (up to 3.5 mL, 0.02 M) in the presence and
absence of d(pGpG)*~ (0.15 mM). The experimental data were
evaluated with a curve-fitting procedure using a Newton—Gauss
non-linear least-squares program by employing every 0.1 pH unit
the difference in NaOH consumption between the two mentioned
titrations, i.e., with and without ligand. The acidity constants
of H,[d(pGpG)]~ were calculated in the pH range 3.6 to 10.2,
corresponding to 81% neutralization (initial) for the equilibrium
H,[d(pGpG)]~/H[d(pGpG)]*~ and about 50% (final) for d(pGpG-
H)* /d(pGpG-2H)’~. These neutralization degrees explain why
the error limits of the first and the last acidity constant are
relatively large. The final results for K} |, .coop Kiaparar Kipors)
and K¥{ , ;_y,, are the averages of the values from four independent
pairs of titrations.
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Anhydroerythromycin A arises from the acid-catalysed degradation of erythromycin A both in vitro and
in vivo. It has negligible antibacterial activity, but inhibits drug oxidation in the liver, and is responsible
for unwanted drug—drug interactions. Its structure has 18 chiral centres common with erythromycin A,

but C-9 (the spiro carbon) is also chiral in anhydroerythromycin and its stereochemistry has not
previously been reported; both 9R- and 9S-anhydroerythromycin A are plausible structures. An
understanding of the chirality at C-9 was expected to throw light on the mechanism of acid-catalysed
degradation of erythromycin A, a subject that has been debated in the literature over several decades.
We now report a determination of the three-dimensional structure of anhydroerythromycin A,
including the stereochemistry at C-9, by NMR and molecular modelling. In parallel, the relative
stereochemistry of anhydroerythromycin A 2’-acetate was determined by X-ray crystallography. Both
compounds were shown to have 9R stereochemistry, and anhydroerythromycin A exhibited

considerable conformational flexibility in solution.

Introduction

Anhydroerythromycin A (1) is the principal product of the acid-
catalysed degradation of the antibiotic erythromycin A (2), both
in vitro and in the body. Erythromycin A is sensitive to acid below
pH 6.9, and despite enteric coating (for adults) or formulation as
esters (for children), formation of 1, in vivo, is an appreciable
problem."? Compound 1 has been reported to be a potent
drug oxidation inhibitor? through the inhibition of steroid 6 -
hydroxylase activity; this can result in overdosing of drugs such
as theophylline, when they are administered concurrently with
erythromycin.

The kinetics and pathway of the acid-catalysed degradation of
erythromycin A have been studied extensively** and the consensus
is that the drug degrades as shown in Scheme 1. Surprisingly,
however, the stereochemistry of 1 at C9, though it is usually
drawn as S, has not been determined. In fact, both 9R- and 9S-
anhydroerythromycin A are plausible structures.

It is known that erythromycin A exists in aqueous solution
as a mixture of the 9-ketone (2a) and the 9,12-hemiacetal (2b).
Compound 2b is a possible intermediate in the formation of 1
from 2, as is compound 2¢, which has been observed in DMSO
solution.* We would expect that knowledge of the chirality of C9
of 1 would throw light on the mechanism of the degradation of
erythromycin A.

We were therefore interested to determine the stereochemistry
of 1 at C-9.
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T Electronic supplementary information (ESI) available: complete 'H and
13C assignments of compounds 1 and 4. See DOI: 10.1039/b518182h

Results

The formation of 1 from 2b or 2¢ would be expected to proceed
via the 12,9-cyclized or 6,9-cyclized oxonium ions respectively.
Scheme 2 shows these two planar oxonium ions as generated by
Macromodel.® In the virtual 6,9-cyclized oxonium ion (Scheme 2,
structure A) the 12-OH lies 4.80 A from C-9 and attack of
the hydroxy group at C-9 would be from above leading to
9S stereochemistry. In the virtual 12,9-cyclized oxonium ion
(Scheme 2, structure B), the 6-OH lies 4.44 A from C-9 and attack
of the hydroxy group at C-6 would again be from above, leading
to 9R stereochemistry.

Anhydroerythromycin A was prepared by a published
procedure’ through the treatment of erythromycin A with
aqueous hydrochloric acid, in 81% yield. Its stereochemistry was
investigated by molecular modelling, NMR spectroscopy and
by X-ray crystallography. Erythromycin A has 18 chiral centres,
whose absolute stereochemistry is known. All our experiments
were strictly determinations of relative stereochemistry; the
absolute stereochemistry was deduced from the structure of
erythromycin A.

Unconstrained molecular modelling

Initially, 9R-anhydroerythromycin A (1R) and 9S-anhydro-
erythromycin A (1.S) were created using Macromodel version 6.5
and subjected to local minimization. The resulting structures were
then submitted to unconstrained Monte Carlo search routines
both in vacuo and in water, using the MM2 and AMBER force
fields, both of which are suitable for molecules of this size. Searches
were halted when a global minimum had been found at least
30 times or 10 000 steps had been completed and good convergence
had been obtained. The results are shown in Table 1.
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2a R=H: Erythromycin A 9-ketone

2 NMe 5
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OH

3 R=H: Erythromycin A enol ether

o gNMe,
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OMe

1 R=H: Anhydroerythromycin A

4 R=COCHgy: Anhydroerythromycin A 2'-acetate

5 R=CO(CH5):COOEt: Anhydroerythromycin A
2'-ethyl succinate

Scheme 1 Acid-catalysed degradation of erythromycin A.

Table 1 Energies of the global minima of Monte Carlo conformational
searches of 9 R-anhydroerythromycin A (1R) and 9S-anhydroerythromycin
A (18) in vacuo and in water. (Note that energies in different rows are not
directly comparable; only comparisons within a row are valid)

Energy of global minimum/kJ mol~! 1S 1R

in vacuo (MM2) —90.58 -95.67

In water (MM2) —263.61 —285.14

In water (AMBER) 21.78 0.1
ROESY NMR analysis

Compound 1 was now dissolved in D,0-based buffer at apparent
pH 7, and a ROESY NMR spectrum acquired. The ROESY
experiment is generally preferred to the NOESY experiment
for erythromycin derivatives because NOEs are close to zero
and may be positive or negative, whereas in the corresponding
rotating frame experiment, ROEs are positive and quantifiable.

The resulting spectrum is shown in the Supplementary Material,
as is the Table of Connectivities derived from analysis of this
spectrum. There were 128 cross-peaks in the ROESY spectrum,
leading to 64 constraints. Of these, 25 were obligatory, that is they
were between protons such as H2 and H16, which will always be
close together, irrespective of the conformation or stereochemistry.

The NMR data were compared with the global minima obtained
by modelling 1R and 1S. Discrepancies between the NMR data
and the modelled structures are shown in Table 2. It can be
seen that the MM2 global minimum conformation of 1R largely
satisfies the ROESY data, with just six cross-peaks not indicated by
this structure. For 1, there are 14 signals in the ROESY spectrum
that could not be accounted for. Similarly, when the AMBER
force field was used, just two cross-peaks were not satisfied by 1R,
whereas for 15 there were 11 constraints not satisfied. Attempts
were made to generate structures that satisfied all the constraints
by carrying out restrained Monte Carlo searches. However, only
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Scheme 2 Plausible intermediate oxonium ions in the acid-catalysed
conversion of 2 to 1.

very high energy structures (>150 kJ mol~! in MM?2) were found,
and some internuclear distances still remained outside the required
range. It is clear that anhydroerythromycin A does not exist as a
single conformer in aqueous solution.

Attention was now turned to the higher energy structures found
by the unconstrained Monte Carlo searches. When the MM2 force
field was used, a second structure with energy —269.90 kJ mol~!
(i.e. 16.24 kJ mol™' above the global minimum) satisfied the
remaining six constraints. The AMBER force field, however,
gave a structure less than 1 kJ mol™' above the global minimum
(structure 2), which satisfied the two constraints not satisfied by
the AMBER global minimum. It seems likely that the calculations
using the AMBER force field better represent the conformations of
anhydroerythromycin A in aqueous solution. These two structures
are shown in Fig. 1 and their key structural details are summarized
in Table 2.

In parallel with the NMR and modelling analyses, we attempted
to determine the crystal structure of compound 1. Unfortunately,
however, even after slow crystallization from five different solvent
systems, no large crystals of 1 were obtained. We attempted
to introduce a heavy atom by preparing anhydroerythromycin
A 2'-tribromoacetate, but the preparation failed, yielding only
an intractable oil. Two esters, anhydroerythromycin A 2'-acetate
(4) and anhydroerythromycin A 2'-ethyl succinate (5), were,
however, synthesized successfully. The full characterization of 5
is described elsewhere.? Compound 4 was fully characterized by

Torsion angles/® ®

Table 2 Key structural details of compound 1 resulted from molecular modelling or were derived from the crystal structure. Energy has been measured in water. When the isomer does not satisfy the
Internuclear distances/A ¢

ROESY data, the internuclear distance is given in bold type

Energy/
kJ mol~!

Force
field

Cll-C12 Cl-C2

2-20 C5-C6 C8C9 C9-Cl0 Cl0-Cl1

14r-21  17-8"

11-19

7520 8-18

5-17 5-18 5-5”

2-10 3-18 4-10 4-U

2-4

Compound

107
~26
20
-1
145
-7
21

—152
—142
—87
—80
—152
—83
—84

—-107

-89
—152
—164
—106
—155
—152

84
—1

—108
46
—104
96
—110

156
~113
—74
-77
140
-79
—74

1
58
0

137
—43
—68
—65

7.39
6.83
3.30
5.96
8.48
5.64
3.04

4.65
4.08
441
3.93
4.34
4.10
4.40

4.33
3.31
3.33
3.50
4.28
3.14
3.12

5.33
5.26
3.68
3.29
5.14
3.58
3.70

4.40
2.94
291
2.79
4.37
2.86
5.22

553 534
2.65 259 4.64
2.77 5.06 3.01
243 255 299
271 229 537
245 238 299
2.80 511 298

438 340 3.40
3.06
3.21

4.10

226 249
240 4.24 286

432 2.88

240 249

5.95
3.99
4.39
4.32

292 221
2.84

5.14
2.53
2.79
230 3.00 2.87
294 745 447 512 431

217 2.82

336 7.79
2.57 231

21.78

0.1

—285.14 223 5.70
1.0

—269.90 2.56 2.40

—263.61
—254.74

MM2
MM2
MM2
MM2
AMBER
AMBER
AMBER

1R crystal-derived
1S global minimum®
1R global minimum

1R global minimum
1R structure 2

1S global minimum
1R structure 14

H8-C8-C9-06,9; 012,9-C9-C10-H10; HI0-C10-C11-H11; H11-C11-C12-012,9; 013,1-C1-C2-H2. These are abbreviated to the central bond in the table header. ¢ In addition, the constraint

“Internuclear distances are H-H for methane and methylene carbons, H-C or C-C where one or both partners are methyl groups. ® Torsion angles were measured consistently: H5-C5-C6-C18;
H17-HS"” is not satisfied in this structure.
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Fig. 1

9R-Anhydroerythromycin A in AMBER: structure with the global minimum energy (A), structure 2 (B) and structure with the correct

C9-stereochemistry (D). 9 R-Anhydroerythromycin A 2'-acetate: crystal-derived structure (C).

two-dimensional NMR spectroscopy and complete '"H and “C
assignments are given in the ESIL.{ Although the ethyl succinate
ester (5) did not yield good crystals, crystallization of the acetate
ester (4) from acetone was successful and crystallographic data for
this compound were obtained as described in the Experimental
section. The X-ray crystal structure for anhydroerythromycin A
2'-acetate shows R stereochemistry at C-9. Table 2 also shows
the structural torsion angles and key internuclear distances of the
global minimum for anhydroerythromycin A obtained through
modelling analysis, compared with those of anhydroerythromycin
A 2'-acetate obtained via X-ray crystallographic analysis.

Fig. 1 shows the lowest energy structure of anhydroery-
thromycin A derived from the NMR and AMBER modelling
analysis, compared with the structure of anhydroerythromycin
A 2'-acetate derived from X-ray crystallographic analysis. Both
the crystal structure and the global minimum from modelling
the ROESY data clearly have the R-configuration at C-9 and the
differences between them are small (see Table 2 for details); since
the comparison is between two slightly different molecules (1 and
4) small differences would be expected. In anhydroerythromycin
A, unlike erythromycin A itself, there is considerable flexibility
about the glycosidic linkages. Thus, in solution, 1 is quite flexible
and able to adopt a range of conformations, not identical with
the crystal structure. Fig. 1B shows structure 2 from the AMBER
modelling calculation. This is rather different from the crystal

structure, especially in the orientation of the desosamine sugar,
but appears to be significantly populated in aqueous solution.

Discussion

We have shown by NMR spectroscopy and molecular modelling
that anhydroerythromycin A (1) adopts the 9R stereochemistry
and not that suggested by the Chemical Abstracts Service. This
conclusion was found independently by X-ray crystallographic
analysis of the 2-acetate ester of 1. This suggests that erythromycin
A 12,9-hemiacetal (2b), which exists in equilibrium with ery-
thromycin A ketone (2a), is an intermediate in the formation
of 1. The mechanism of the degradation of erythromycin in
acid has been the subject of continuing debate in the literature
because of the importance of this antibiotic in clinical use.**® The
intermediacy of 2b has not previously been suggested.

The results also indicate that erythromycin A anhydride shows
considerable flexibility in solution. No single conformer, whether
derived from crystallography or from modelling, satisfied all the
ROESY NMR constraints. In this case the AMBER force field
gave slightly different results from the MM2 force field and the
AMBER results were more consistent with the experimental crys-
tallographic data, suggesting that they more accurately represent
the conformational space occupied by 1 in aqueous solution. We
have recently suggested a systematic approach for the derivation
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of macrolide conformers from NMR data.' If this approach is
to be extended to flexible molecules and to commercial modelling
packages with built-in force fields, it is desirable to use two or more
appropriate force fields for detailed conformational analysis.

Experimental
Syntheses

Synthesis of anhydroerythromycin A (1). Anhydroerythro-
mycin A was prepared by a minor adaptation of the procedure used
by Stephens and Conine.” To a solution of 2 (1 g) in water (30 ml),
concentrated HCI, diluted with 3 parts water, was gradually added
until the pH reached 1.7. The resulting mixture was stirred until the
solid dissolved. The pH was again adjusted to 1.7 and the reaction
was allowed to proceed at room temperature for 20 min. The
mixture was then neutralized with saturated sodium bicarbonate
solution (to pH 6.5-7). The resulting mixture was extracted with
chloroform (3 x 50 ml). The combined organic layers were
washed with saturated sodium bicarbonate solution (150 ml) and
finally with water (150 ml). The organic layer was dried over
anhydrous sodium sulfate and the solvent removed in vacuo.
Finally, anhydroerythromycin A (1) was recrystallized from
dichloromethane to give white crystals (0.79 g, 81%). The structure
of 1 was confirmed by NMR spectroscopy.!! Mp 140-149 °C (from
dichloromethane) (lit.,”> 142-150 °C); m/z (electrospray) 716
M + HJ*.

Preparation of anhyroerythromycin A 2'-acetate (4). Anhydro-
erythromycin A 2’-acetate was prepared in an analogous way to
1 from erythromycin A 2'-acetate (1 g), which was synthesized by
the literature method given in ref. 13. It was finally recrystallized
from acetone as white crystals (0.68 g, 70%). The full 'H and
C assignments of 4 are given in the ESL.§ Mp 165.5-174.5 °C
(from acetone); (Found: C, 60.70; H, 9.03; N, 1.65. Calc. for
C3Hg;NO,;-0.5H,0: C, 61.08; H, 8.94; N, 1.83%).

Preparation of anhyroerythromycin A 2'-ethyl succinate (5).
Anhydroerythromycin A 2'-ethyl succinate was prepared by an
adaptation of the published procedure for the preparation of 2'-
esters of erythromycin.” To a solution of anhydroerythromycin A
(1 g) in acetone (10 ml, previously dried over anhydrous sodium
sulfate) dried sodium bicarbonate (0.533 g) was added. To the
reaction mixture a solution of ethyl succinyl chloride (0.23 ml)
previously dissolved in dried acetone (2 ml) was added dropwise.
The reaction was stirred overnight at room temperature. The
volume of the reaction mixture was then reduced to 5 ml in vacuo.
Sodium phosphate buffer (0.2 M, pH 6.5, approx 15 ml) was
added to a final pH of above 6 and the mixture was stirred
for 10 min. The white residue was filtered off and dissolved in
chloroform (30 ml). The organic layer was washed with water
(30 ml), dried over anhydrous sodium sulfate and reduced to
dryness in vacuo. Compound 5 was recrystallized from a small
volume of dichloromethane-hexane with difficulty (0.77 g, 65%).
Its structure was confirmed by NMR spectroscopy. Mp 92-102 °C
(from dichloromethane-hexane); m/z (electrospray) 844 [M +
HJ*; (Found: C, 60.89; H, 8.85; N, 1.52. Calc. for CzH;NO;s:
C, 61.19; H, 8.72; N, 1.66%).

Attempted preparation of anhydroerythromycin A 2'-tribromo-
acetate. We attempted to prepare anhydroerythromycin A 2'-

tribromoacetate in the same way as 5. The reaction yielded a thick
intractable tar which failed to crystallize.

Molecular modelling

Unconstrained Monte Carlo searches on 9R- and 9S-anhydro-
erythromycin A. 9R- and 9S-anhydroerythromycin A were con-
structed from erythromycin A on a Silicon Graphics Iris 4D Indigo
workstation using Macromodel 6.5 software.® The structures
were minimized using the Truncated Newton Conjugate Gradient
(TNCG) method in order to obtain local minima.

The Monte Carlo Multiple Minimum (MCMM) confor-
mational search was used to find the global minima.* The
TNCG method was used as the minimization procedure. A water
solvation option using the GB/SA model (Still et al, 1990)**
was used for calculations in water. The search was set for 10 000
structures to be minimized and all structures within 50 kJ mol™!
energy range were stored. Online manuals describing the Monte
Carlo protocols in details are available at http://www.chem.
arizona.edu/facilities/cgf/mm6/batchmin/bmintoc.htm  and
http://www.psgvb.com/MacroModel/primer/prmrindx.htm.

Fully constrained Monte Carlo searches of 9R- and 9S-anhydro-
erythromycin A. A second constrained Monte Carlo conforma-
tional search in vacuo was carried out using constraints derived
from ROESY experiment. The cross-peaks from the ROESY
spectrum were given the following constraints, based on known
internuclear distances within the molecule: very small (3.5 +
1.5 A), small (2.5 £ 1.0 A), medium (2.3 £ 0.5 A) or large
(2.0+04A).

Monte Carlo search of 9R-anhydroerythromycin A constrained
between H10 and H4. This was carried out in the same way, with
the single H10-H4 (small) constraint.

NMR studies

ROESY NMR of anhydroerythromycin A. The ROESY spec-
trum was obtained using 2 mM solution of 1 in deuteriated sodium
phosphate buffer (50 mM, apparent pH 7.0). The spectrum was
acquired at 25 °C using data matrices of 2048 x 2048 complex
points and a mixing time of 0.5 ms. The spectrum was processed
using a Gaussian window function with zero-filling in F1. All
negative ROESY cross-peaks were plotted.

Crystallography

Crystal data for 4. C;H;NO;-0.5H,0, M = 766.94, mono-
clinic, a = 28.764(3), b = 12.3834(13), ¢ = 11.8736(13) A,
B = 104.728(2)°, U = 4090.4(8) A3, space group C2 (no. 5),
Z = 4, uMoKa) = 0.093 mm~', 16413 reflections measured,
4428 unique reflections (R;,, = 0.0464), 4096 reflections with I >
2.000(I). The structure was solved by direct methods and refined
using full matrix least squares on F? using all the data. The
asymmetric unit contains a molecule of 4 together with half a
molecule of water, which is located on a two-fold axis; its hydrogen
atom was found by difference Fourier methods and refined
isotropically, the other water hydrogen atom being generated by
rotation about the two-fold axis. All the remaining hydrogen atoms
were included in calculated positions. The final R, = 0.0314,
wR, =0.0722 [for I > 20(I)]; R, = 0.0343, wR, = 0.0731 (all data).
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CCDC reference number 286533. For crystallographic data in CIF
or other electronic format see DOI: 10.1039/b518182h.
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The coupled activation of two enzymes: glucose dehydro-
genase (GDH) and horseradish peroxidase (HRP), is used
to construct the parallel-operating AND and InhibAND
logic gates. The added substrates for the respective enzymes,
glucose and H,0,, act as the gate inputs, while the biocata-
lytically generated NADH and gluconic acid provide the
output signals that follow the operations of the gates. The two
gates are generated in the same vial, thus allowing the logic
operations to take place in parallel, and the simultaneous
readout of the functions of the gates.

Substantial research efforts are directed towards the development
of molecule- and biomolecule-based logic gates.’* For example,
molecular assemblies that use optical readout of chemical and light
inputs enabled the construction of different AND gates.** Also, the
photoisomerization of a quinone-functionalized monolayer with
the parallel input of a pH signal was employed to construct an
AND gate that allowed the electrochemical readout of the gate
function.’ Similarly, molecule-based XOR or InhibAND logic
gates were designed.® The parallel operation of different gates
was used to develop systems capable of performing arithmetic
operations. For example, a molecular structure that exhibited
XOR and AND logic gate functions was used to construct a
half-adder system,” and a molecular assembly that performed
InhibAND and XOR operations was employed to construct a
half-subtractor.® In analogy, biomolecules were used as computing
elements.® For example, gene-based artificial circuits that per-
form a bistable toggle switch function were developed.® Also,
DNA-enzyme systems were coupled to perform programmable
biochemical transformations that mimicked the basic computing
of finite automatons that logically analyzed the content of RNA,
and generated a product that acted as an output that controlled
the levels of gene expression.! The use of enzymes as computing
elements is, however, scarce. For example, a XOR gate was
constructed using the dynamic conformational perturbation of
malate dehydrogenase in response to added ions,”? and an AND
gate was generated by the application of a structurally modified
enzyme and its inhibitor.”® The use of enzymes as logic gate
components is particularly attractive as numerous biocatalysts
require two co-substrates for their activation, e.g., a substrate—
cofactor pair or substrate-O, for an oxidase. Furthermore, the
possible regulation of enzymes by other stimuli such as inhibitors,
pH or temperature, paves the way to regulating the biocatalysts
by different input signals, thus allowing the design of different
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gates. In the present study we demonstrate the use of two coupled
enzymes for the construction of an AND and an InhibAND gate.

For the construction of the logic gates, we have employed
two redox enzymes and their substrates as the input units.
The computational functions were read out by optical means
(Scheme 1). The two enzymes are glucose dehydrogenase and
horseradish peroxidase, and the two chemical inputs are glucose
(input A) and hydrogen peroxide (input B). Moreover, the cofactor
NADH was added to the system, and it acts as a ‘bridging relay’
between the two biocatalysts. The outputs of the biocatalytic
logic gates are read out in terms of the absorbance change at
the appropriate wavelength. For each enzymatic logic gate, two
distinct regions for the absorbance changes, |AA4|, are defined.
One region of the absorbance change that is going from 0 to 0.15
a.u. was defined as the low level output and corresponds to a
logical ‘0’. A second region of the absorbance change which is
going from 0.25 to 1 a.u. was defined as a high level output, and
corresponds to a logical ‘1’ state.f

! Glucose Dehydrogenase

Glucose

Horseradish
Peroxidase

Gluconic acid ¢

&HH!? AND

InhibAND

Scheme 1 Schematic parallel operation of the coupled two-enzyme
system that performs the AND and InhibAND logic gate functions.

The InhibAND gate is generated by reading out the concen-
tration of NADH in the system after the biocatalytic enzymatic
reaction was allowed to take place for 20 minutes. To obtain
this gate, NAD* is initially absent in the system. The output
corresponds to the variation of the absorbance of NADH followed
spectroscopically at 4 = 340 nm, (Scheme 1, output 1). When both
inputs are FALSE, configuration (0,0), no significant absorbance
variation is measured at 340 nm (Fig. 1(A), curve (a)) leading to a
FALSE output. Indeed, as previously reported in the literature,'*
NADH was found to be stable enough at pH 6.8 within the time-
scale of our experiment. If input A is FALSE and input B is
TRUE, configuration (0,1), a clear decrease in the absorbance at
340 nm, that results in a TRUE output, is observed (curve (b)).
This observation shows that, in these conditions, the biocatalytic
oxidation of NADH leads to a decrease in the concentration
of NADH. When input A is TRUE and input B is FALSE,
configuration (1,0), no change is observed in the absorbance at
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Fig. 1 (A) Absorbance features of the InhibAND gate. (B) Bar pre-
sentation of the InhibAND gate absorbance outputs. (C) Truth table
corresponding to the InhibAND gate. (D) Absorbance features of the
AND gate. (E) Bar presentation of the AND gate absorbance outputs.
(F) Truth table for the AND gate. For both spectra, inputs correspond
to: (a) (0,0), (b) (0,1), (c) (1,0), (d) (1,1) and curve (e) corresponds to the
absorbance of the biocatalytic system prior to activation by the inputs.
For both bar presentations, the regions of output ‘0’ and output ‘1’ are
indicated.

340 nm and the system provides a FALSE output (curve (c)).
In this case the system lacks NAD* and the oxidation of glucose
cannot proceed. When both inputs are TRUE, configuration (1,1),
a low change of absorbance is observed, giving a FALSE output
(curve (d)). In this case, the enzymatic transformation of H,O,
occurs, resulting in a decrease of the concentration of NADH,;
however, the enzyme concentrations are balanced in such a way
that the NAD* produced is rapidly reduced back to NADH during
the biocatalytic oxidation of glucose by glucose dehydrogenase.
The bar presentation of the modulus of the absorbance change
is shown in Fig. 1(B). In summary, the two-enzyme system can
perform the InhibAND logic operation that is TRUE only if input
B is TRUE, in accordance with the truth table given in Fig. 1(C).

The AND gate is generated by reading out the concentration
of gluconic acid in the system, under the same conditions that
were employed for the InhibAND gate operation, namely, after
the biocatalytic reaction was allowed to proceed for 20 minutes.
The gluconic acid produced is reacted with hydroxylamine, and
the hydroxamate produced is complexed with Fe(in) to yield
a red colour.”® The output corresponds to the variation of the
absorbance of the hydroxamate—Fe(111) complex that was followed

spectroscopically at A = 500 nm, (Scheme 1, output 2). If no
substrate is added to the system, both inputs are FALSE, and no
absorbance change is measured at 500 nm, and thus, the output is
FALSE (Fig. 1(D), curve (a)). When input A is FALSE and input B
is TRUE, configuration (0,1), no gluconic acid is detected leading
to a FALSE output (curve (b)). Here, the peroxidase reduces
H,0, and oxidizes NADH to NAD*, but the lack of glucose
prevents the formation of gluconic acid and the development of the
colour. If input A is TRUE and input B is FALSE, configuration
(1,0), a very low amount of gluconic acid is detected (curve (c)).
This minute amount originated from the oxidation of glucose by
glucose dehydrogenase which takes place due to the existence of
small amounts of NAD* in the reaction system (this low amount
of NAD" in the system is due to the spontaneous decomposition
of NADH). When both inputs are TRUE, configuration (1,1),
a large absorption change is observed at 500 nm, revealing that
gluconic acid was generated (curve (d)). In the later configuration
of the system, the NAD* necessary for the oxidation of glucose
is provided by the oxidation of NADH by the peroxidase. The
bar presentation of the modulus of the absorbance changes is
presented in Fig. 1(E). That is, the AND logic gate operation,
that yields a TRUE output only when both inputs are TRUE,
was achieved (truth table given in Fig. 1(F)). We thus conclude
that the two-enzyme system, described herein, allows the parallel
operation of both InhibAND and AND logic operations.

Our study has demonstrated that a simple system consisting
of two coupled native enzymes, glucose dehydrogenase and
horseradish peroxidase, perform the AND and InhibAND logic
gate operations in vitro. Furthermore, we emphasize that this
system allows the reading of the two gates in ‘one pot’. The
availability of numerous enzymes that may be coupled (or operated
in series) suggests that logic gate circuits of enhanced complexity
may be envisaged. Moreover, an alternative to the optical readout
of the operations of enzyme-based logic gates might be an electrical
readout using electrically ‘wired” enzymes with electrodes.'® An
electrical readout would considerably shorten the response time
of the systems, and will allow the resetting of the systems. The
use of enzymes and their substrates as the active components of
logic gates has significant advantages over molecule-based logic
gates. The availability of diverse enzymes, and the high catalytic
functions of biocatalysts may exclude the need to synthesize
complex molecular structures.
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Notes and references

+ Materials and methods: all chemicals and enzymes were purchased from
Aldrich or Sigma. The enzymes employed in the study include glucose
dehydrogenase from Thermoplasma acidophilum (E.C. 1.1.1.47) and perox-
idase from horseradish (E.C. 1.11.1.7). All measurements were performed
at 25 £+ 2 °C. A Shimadzu UV-2401PC UV-visible spectrophotometer
was used to record the absorbance features of the samples. Composition
of the system: the absorbance variations correspond to the differences in
absorbance values before and after the enzymatic reaction was allowed
to proceed. The inputs that were used for all of the coupled two-enzyme
systems corresponded to added B-D-(+)-glucose, 1 M, (input A) and added
H,0,, 0.1 M, (input B). The system is composed of a 250 ul solution of
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4.5 U horseradish peroxidase, 12 U glucose dehydrogenase and 1 x 10-* M
NADH in 0.01 M phosphate buffer, pH = 6.8. For both gates the modulus
of the absorbance change, |AA|, was measured after a time interval of
20 min. This time interval was selected by following the kinetics of the
operation of the logic gates, that revealed a tendency towards saturation of
the absorbance values after this time interval. The deviation of the |AA |
values did not exceed +5%. Gluconic acid was detected colorimetrically
using a procedure adapted from the literature.'s First, 250 pl of a solution
1 (EDTA 5 x 10 M, TEA 0.15 M in water) and 25 pl of a solution 2
(NH,OH 3 M in water) were added to the 250 pl solution that included the
two-enzyme system, and the reaction was allowed to proceed for 15 min.
Then, 125 pl of a solution 3 (HCI 1 M, FeCl; 0.1 M, CCl;COOH 0.25 M in
water) were added to the previous mixture and the reaction was allowed to
proceed for 5 min. The above detailed procedure enables the quantitative
detection of gluconate by following the resulting absorbance at 500 nm.
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The reactivity of neurotransmitters toward hydrogen abstrac-
tion by an active oxygen species (the cumylperoxyl radical) is
comparable to that of a strong antioxidant such as catechin
due to the strong intramolecular hydrogen bonding, which
has been successfully detected by ESR.

Neurotransmitters are small molecules with pivotal biological im-
portance. Norepinephrine, epinephrine, serotonin, and dopamine
have neurotransmitter function in the human organism."? Since
human beings consume more than 20% of their oxygen in the
brain, neurotransmitters are exposed to considerable amounts of
active oxygen species. Active oxygen species such as superoxide
or peroxide and their metabolic products may play a key role in
the etiology of certain disorders of the central nervous system.*”’
The patients of schizophrenia are also known to be quite sensitive
to the mental and physiological stress that usually increases the
concentration of active oxygen species.® Under such conditions,
the catecholamine moiety of neurotransmitters may be easily
oxidized to the corresponding quinone, which might disturb
neurotransmission by sending abnormal signals to the receptors
or by behaving as an agonist like methamphetamine. Despite such
importance in understanding the possible roles of the active oxygen
species in disorders of the central nervous system, the reactivities
of neurotransmitters toward active oxygen species have yet to be
reported.

We report herein the determination of the rates of a series of neu-
rotransmitters (epinephrine, dopamine, L-DOPA, norepinephrine,
tyrosine and serotonin, which are shown in Chart 1) with an active
oxygen species (the cumylperoxyl radical), in order to evaluate
the reactivity of neurotransmitters toward active oxygen species

OH COOH
HOD)\/NHCHS HO:@/\/NHz HO:©)\/NH2
HO HO HO

epinephrine dopamine L-DOPA
OH
HO D)\/ NH, /@/\(
COCH /E I <
HO
norepinephrine tyrosine serotonin
Chart 1
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for the first time. The radical intermediates, formed by hydrogen
abstraction from the neurotransmitters, have been successfully
detected by electron spin resonance (ESR) spectroscopy at low
temperature in solution.

The rates of the hydrogen transfer reactions of a series of
neurotransmitters with the cumylperoxyl radical to produce phe-
noxyl radical species were measured using ESR. The cumylperoxyl
radical is formed via a photoinduced radical chain process shown
in Scheme 1. Under photoirradiation of an oxygen-saturated
propionitrile (EtCN) solution of cumene and di-#-butyl peroxide,
the O-O bond of di-z-butyl peroxide is cleaved to produce the #-
butoxyl radical,>'® which abstracts a hydrogen atom from cumene
to produce the cumyl radical. The cumyl radical is readily trapped
by oxygen to produce the cumylperoxyl radical. The ESR signal
of the cumylperoxyl radical has the typical g value of a peroxyl
radical as shown in Fig. la. The cumylperoxyl radical can
abstract a hydrogen atom from cumene in the propagation step
to yield cumene hydroperoxide, accompanied by regeneration
of the cumyl radical (Scheme 1)." In the termination step,
cumylperoxyl radicals decay via a bimolecular reaction to yield
the corresponding peroxide and oxygen (Scheme 1).2* When the
illumination is cut off, the ESR signal intensity of the cumylperoxyl
radical (Fig. 1a) decays obeying second-order kinetics due to the
bimolecular reaction (Fig. 1b).

hv
1/2 BulOOBu! — Bu'O"

o

Bu‘OH
CMeZOOH >< CMe2 y
CHMe; CMeZOO *NHZCH3
Kobs D)\/NHZCHS

1/2 CMeZO +1/20, CMeZOOH

2

Scheme 1

In the presence of epinephrine, the decay rate of the cumylper-
oxyl radical after the light cutoff becomes much greater than
that in the absence of a neurotransmitter. The decay rate in the
presence of a neurotransmitter (e.g., epinephrine) obeys pseudo-
first-order kinetics rather than second-order kinetics. In such
a case, the decay of the ESR signal due to the cumylperoxyl
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Fig. 1 (a) ESR spectrum of the cumylperoxyl radical in EtCN at —70 °C
generated by the photoirradiation of an O,-saturated EtCN solution
containing di-z-butyl peroxide (1.0 mol dm~?) and cumene (1.0 mol dm—?)
with a 1000 W high-pressure mercury lamp. (b) Time dependence of the
ESR signal intensity of the cumylperoxyl radical in the presence of the
various concentrations of epinephrine in O,-saturated EtCN at 193 K.

radical is ascribed to the hydrogen atom transfer from epinephrine
to the cumylperoxyl radical (Scheme 1). The pseudo-first-order
rate constant (k) exhibits first-order dependence with respect to
the concentration of epinephrine. The slope gives the second-
order rate constant (k) for the hydrogen transfer process of
epinephrine. The rate constant of the hydrogen transfer from
epinephrine to the cumylperoxyl radical was determined as 2.9 x
10> mol~" dm?®s~'. This value is the largest among the examined rate
constants and is comparable to the value (6.0 x 10> mol~! dm?s™')
of catechin, which is one of the strongest antioxidants.'>'
The rate constants of the hydrogen transfer reactions of other
neurotransmitters have also been determined and the results are
summarized in Table 1, together with the energy difference values
(Dyr) between the phenoxyl radicals and the phenols determined
by the density functional theory (DFT) calculations.™* All the
neurotransmitters afford significantly larger hydrogen transfer rate
constants than tyrosine (<5 x 10 mol™ dm?® s7"),’>!¢ which is a
precursor of neurotransmitters. The k.., values of serotonin and
4-methylphenol were also small, and this is consistent with the
large Dyr values. The k,,, value increases with the decrease of
the calculated Dy value. In the case of catechin, the hydrogen
abstraction from catechin by the cumylperoxyl radical occurs
via electron transfer from catechin to the cumylperoxyl radical,

Table 1 Rate constants (k) for hydrogen abstraction from neurotrans-
mitters by the cumylperoxyl radical in O,-saturated EtCN at 193 K, energy
difference values (Dyr) between phenoxyl radicals and phenols in reference
to epinephrine and energies of the HOMO level determined by DFT
calculations

Neurotransmitter ky,,/mol™ dm®s™! ¢ Dyr/kJmol™! ¢ HOMO/eV
Catechin 6.0 x 10*° =25 —5.73
Dopamine 2.0 x 10? -2.9 —8.53
L-DOPA 3.5 x 10? -2.1 —8.61
Epinephrine 2.9 x 10? 0° —8.68
Norepinephrine 1.8 x 10? 1.7 —8.76
4-Methylphenol 1.1 x10° 7.9 —-5.74
Serotonin <5x 10 7.9 —8.09
Tyrosine <5x 10 46 —-8.99

“Determined in MeCN. ?ref. 12. “ref. 15.  Values were determined by
ROHF formalism with the B3LYP/6-31G* basis set. ¢ 1665.5 kJ mol~'.

because catechin has a much higher HOMO level than the
neurotransmitters (see Table 1 where the HOMO energies are
given) and the one-electron oxidation potential is more negative
than that of the cumylperoxyl radical.’* In contrast to the case
of catechin, electron transfer from the neurotransmitters, which
have much lower HOMO levels, to the cumylperoxyl radical is
energetically not feasible and thus, the hydrogen abstraction from
the neurotransmitters by the cumylperoxyl radical occurs by a one-
step hydrogen transfer, when the k., value increases with decrease
of the calculated Dy value (Table 1).

A radical intermediate, the phenoxyl radical species in Scheme 1,
was detected by ESR in the hydrogen abstraction from epinephrine
with the 7-butoxyl radical. Photoirradiation of an EtCN solution
containing di-#-butyl peroxide and epinephrine with a 1000 W
mercury lamp at 193 K affords the corresponding phenoxyl
radical. Under photoirradiation, the O-O bond of di-z-butyl
peroxide is cleaved to produce the #-butoxyl radical which can
abstract hydrogen from epinephrine to produce the phenoxyl
radical. The ESR spectrum of the phenoxyl radical thus produced
under photoirradiation is shown in Fig. 2a. The well-resolved
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Fig. 2 (a) ESR spectrum of a phenoxyl radical observed under photo-
irradiation of a deaerated EtCN solution containing epinephrine
(0.1 mol dm=) and Bu'OOBu’ (0.1 mol dm~?) at 193 K. (b) Com-
puter simulation spectrum; the maximum slope linewidth (AH,y) =
0.033 mT. (c) Afc values (in mT) together with the calculated val-
ues given in parentheses with the chemical structure of the phenoxyl
radical. (d) DFT optimized structure with spin distribution of the
phenoxyl radical, calculated using the UB3LYP/6-311+G(d,p) basis set.
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-
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ESR spectrum in Fig. 2a allows us to determine the hyperfine
coupling constants (sfc) from the simulation spectrum as shown in
Fig. 2b. The computer simulation spectrum using these Afc values
(Fig. 2b) agrees well with the observed ESR spectrum (Fig. 2a).
The hfc assignment is also supported by the DFT calculation
using B3LYP/6-3114+G(d,p) (see the calculated Afc values in
parentheses in Fig. 2¢)."*!” The ESR spectrum of the hydrogen
bonded radical in Fig. 2a is quite different from that reported for
the free epinephrine semiquinone radical anion.'® The existence of
strong intramolecular hydrogen bonding in the phenoxyl radical is
clearly indicated by the a(H) value (0.220 mT) at the phenol proton
(Fig. 2¢). This is supported by the DFT calculation (Fig. 2d).”
The high hydrogen abstraction reactivity of epinephrine may be
ascribed to the strong intramolecular hydrogen bonding, which
stabilizes the hydrogen abstracted radical.?

In conclusion, neurotransmitters are susceptible to hydrogen
abstraction by an active oxygen species (the cumylperoxyl radical).
In particular, the hydrogen abstraction reactivity of catechol
amines is found to be comparable to that of a strong antioxidant
such as catechin due to the strong intramolecular hydrogen
bonding in the phenoxyl radical, which has been successfully
detected by ESR.
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