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The design and synthesis of several bis-macrocyclic cyclen (1,4,7,10-tetraazacyclododecane) ligands
and their corresponding lanthanum or europium complexes is described; these dinuclear lanthanide
systems were made by connecting two macrocyclic cyclen moieties through a rigid, covalent,
p-xylylenediamide bridge or a flexible aliphatic hexane bridge. These ligands were subsequently
functionalised with six acetamide pendant arms (CONR,R,: R, =R, =H or CH;, orR, = H, R, =
CHs). The corresponding lanthanide bis-complexes were then formed by reaction with La(1i1) and

Eu(mn) triflates, yielding overall cationic (+VI charged) complexes.

Introduction

Currently, there is significant interest in the development of
synthetic enzyme mimics, based on functionalised macrocyclic
ligands, which can catalyse or accelerate the hydrolysis or cleavage
of phosphate esters."** Such macrocycle design gives rise to a
reorganised platform where cofactors commonly employed by
natural substrates can be included with the aim of achieving fast
and affective hydrolysis. We have, over the past few years, synthe-
sised many such mimics based on the use of divalent transition
and trivalent lanthanide ion coordination complexes.* For the
latter, we have focused our efforts on the use of the macrocycle
1,4,7,10-tetraazacyclododecane, or cyclen, as such a structural
platform for the synthesis of mononuclear lanthanide complexes.
In these, the four ring nitrogen moieties of cyclen have been func-
tionalised using acetamides, small peptides, simple amines and
heterocyclic units as cofactors. These structures have given rise to
kinetically and thermodynamic stable complexes with lanthanide
ions such as Eu(1r) and La(iin). These aforementioned synthetic
modifications have also given rise to significant enhancements in
the rate of hydrolysis of the RNA model compound HPNP (2-
hydroxypropyl-p-nitrophenylphosphate), commonly used for such
studies, and in the cleavage of mRNA strands.

Many enzymes that promote phosphodiester hydrolysis utilise
more than one metal centre.%*>%%” Because of this, ribonuclease
mimics have recently been reported where two or more transition
metal ions have been employed within a single molecule.?#%-1%-20-24
However, the development of such lanthanide-based macrocycles
is less common. Herein, we present the design and synthesis of
several bis-macrocyclic, dinuclear lanthanide systems 1-3 and 16,
and their Eu(11) and La(11) complexes with the aim of achieving
cooperative effects between two metal centres, and hence faster
hydrolysis of phsophodiesters. Our strategy was to connect the
two macrocyclic complexes together with a covalent spacer that
would be either rigid (as in the case of 1-3) or flexible, e.g. 16.
The cyclen macrocycle was chosen as the basic template for the
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ligand in order to allow comparison with mononuclear lanthanide
systems previously reported by us* and by Morrow et al.* To the
best our knowledge, 1-3 and 16 are the first examples of such
dinuclear cyclen lanthanide complexes.

Results and discussion
Design and synthesis

Our design consisted of a simple spacer (aliphatic or aromatic)
separating the cyclen lanthanide complexes. Each cyclen structure
has eight coordinating sites, with four of these coordination
sites provided by the nitrogens of the ring and the remaining
four provided by amide functionalities, three of which consist of
simple acetamide pendant arms, while the fourth amide is part
of the spacer structure itself. As the lanthanide ions have high
coordination requirements, the remaining coordination sites are
expected to be occupied by solvent molecules such as water, one
for Eu(1r) and two for La(1n).f

Our first target in the current study was the incorporation of a
xylylene bridge into the cyclen structure, yielding the ligands 1, 2
and 3, Scheme 1. The synthesis of 1,4-bis-(2-chloro-acetylamino)-
xylylene, 7 was attempted in several organic solvents, by acylation

+ Even though this design was aimed towards achieving enhanced activity
in phosphodiester hydrolysis, it is also applicable for use in other fields
such as the development of novel contrast agents for magnetic resonance
imaging. We are currently investigating this.
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Scheme 1 Attempted synthesis of 1-3 using the alkylation of 7 by the
heptadentate cyclen ligands such as 6 in DMF.

of p-xylylenediamine using chloroacetyl chloride in the presence
of a base, such as triethylamine. Unfortunately, these conditions
only gave the desired product in low yield and often highly impure.
Consequently, we attempted the synthesis of 7 using modified
Schotten—Baumann conditions, by carrying out the reaction in
water in the presence of NaOH, rather than in the usual two
solvent phase mixture. This modified procedure involved reacting
the diamine, along with four equivalents of NaOH in H,O with
four equivalents of chloroacetyl chloride. The resulting solution
was left to stir overnight and the desired product 7, precipitated out
of solution and was isolated by filtration in 75% yield with no need
for further purification. This method was further investigated in
our laboratory and extended to the formation of a range of other
aliphatic and aromatic based a-chloroamides and shown to be
highly successful.

We have recently developed a method for the formation of
heptadentate triamide ligands of cyclen in one-step synthesis from
the corresponding o-chloroamides and cyclen.”* Consequently,
the synthesis of 1-3 was attempted by reacting the corresponding
ligands 4-6, with 7. The synthesis of 3 was first attempted
by reacting 6 with 7 in DMF and in the presence Cs,CO; at
80 °C, Scheme 1. Unfortunately, the desired product was only
obtained in low yield of 16% after a tedious workup. Due to
the insolubility of 7 in many organic solvents such as CH;CN,
THF and CH;Cl (only partially soluble) this alkylation was
not particularly successful and as a result this approach was
abandoned. Instead, we attempted the synthesis of 1-3 using an
alternative method developed by Parker et al., which involved
the use of a molybdenum carbonyl protected cyclen complex,
formed by reacting cyclen with molybdenum hexacarbonyl under
inert atmosphere in dry dibutyl ether.”® The product, 1,4,7-
molybdenum tris carbonyl-(1,4,7,10-tetraazacyclododecane) 8,
which allows for the selective functionalisation of one of the
amino moieties of the ring, was isolated by filtration in 88% yield.
This was reacted with half an equivalent of 7, in the presence
of one equivalent of both Cs,CO; and KI in DMF, Scheme 2.
The resulting solution was then heated at 85 °C for 40 h. After
filtration, the DMF was removed under reduced pressure and
the resulting residue was left stirring overnight in an aqueous
solution of HCI (15% v/v), in order to deprotect the cyclen
moieties. Following this, the solution was washed with CH,Cl,
and the pH of the aqueous fraction was adjusted to ca. 13 using
KOH (pellets). This solution was then extracted with CH,Cl, and
the resulting organic solution was dried over K,CO; before the
solvent was removed under reduced pressure. The desired product
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Scheme 2 Synthesis of the bis-cyclen macrocycle 10 from molybdenum
tris carbonyl-(1,4,7,10-tetraaza-cyclododecane) (8).

10 was isolated as yellow oil in 41% yield. The inherent symmetry
of 10 was evident in the'H NMR where the aromatic protons
resonated as a singlet at 7.25 ppm (overlapping with the CDCI;
signal). The four benzylic protons appeared at 4.38 ppm, while the
acetamide protons resonanced at 3.19 ppm. The cyclen protons
appeared as two singlets at 2.61 and 2.50 ppm, respectively. The
BCNMR spectra of 10 showed the presence of one carbonyl group
at 171.1 ppm, while the aromatic signals were observed at 137.2
and 127.7 ppm, respectively. The mass spectrum presented signals
at m/z 561.4, 583.4, 599.4 and 281.2 corresponding to the [M +
H], [M + Na], [M + K] and [M + 2H]/2 species, respectively.

The intermediate 10 allows for the incorporation of six further
amide or carboxylate pendant arms, and as such is an ideal scaffold
for the further development of new lanthanide ion complexes. We
are currently in the process of constructing a large library of such
molecules using amino acids, dipeptides, amines and heterocyclic
moieties which can be incorporated into 10, via the corresponding
a-chloroamide.

The hexane spacer analogue 11, was also synthesised under
similar conditions by stirring 8 with half an equivalent of 12 in
DMF at 85 °C for 40 h, in the presence of two equivalents of
Cs,CO, and KI, Scheme 3. However, unlike 10, 11 was isolated
as its hydrochloride salt in 37% yield after precipitation from a
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Scheme 3 Synthesis of the bis cyclen macrocycle unit 11, from the
aliphatic diamide spacer 12.
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EtOH-conc. HCI1 5 : 1 solution. As in the case of 10, the 'H NMR
of 11 in D, O was relatively simple due to the high degree of symme-
try in the molecule. The two acetamide protons were observed at
3.31 ppm, while the cyclen protons resonated as two broad signals
at 3.06 and 2.88 ppm, respectively. The three sets of methylene
protons from the alkyl spacer were observed at 2.88 ppm (over-
lapping with 8 cyclen protons), 1.39 and 1.20 ppm, respectively.
The mass spectrum contained two signals at m/z 541.6 and 271.4
corresponding to the [M + H] and [M + 2H/2] species. Elemental
analysis confirmed the presence of the six HCI molecules.

Having obtained 10 and 11, the remaining amino moieties of
the cyclen rings were functionalised with pendant amide arms,
which would fulfil the high coordination requirements of the
lanthanide ions. Initially, simple acetamide arms (Scheme 4) were
investigated in order to probe the validity of the bis lanthanide
systems as cleaving agents for phosphodiester hydrolysis as they
would allow comparison with analogous mononuclear lanthanide
systems previously reported by Morrow et al. The three pendant
arms employed in this case were, 2-chloroacetamide, 13, 2-chloro-
N-methylacetamide 14 and 2-chloro-N,N-dimethylacetamide, 15.
As previously mentioned, the bis-cyclen ligand 10, was only
sparingly soluble in solvents such as MeCN, CH,Cl, and CHCl,
and using these solvents, the alkylation did not proceed, even under
reflux. Consequently, the reactions were conducted in refluxing
EtOH solution in the presence of KI and the relevant base. The
primary amide 1, was isolated in 57% yield, after precipitation
from CH,Cl,, followed by recrystallisation from boiling EtOH. In
a similar way, 2 was isolated in 30% yield, whereas, 3 was found
to be soluble in CH,Cl, and so was isolated in 38% yield after
washing with H,O and 0.1 M HCl solutions.
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Scheme 4 Synthesis of the three ligands 1-3 and their corresponding
La(1r) and Eu(1ir) complexes.

The 'H NMR in D,0 (400 MHz) of 1, revealed the expected
high degree of symmetry, where four aromatic protons resonated at
7.16 ppm while the benzyl protons were observed at 4.26 ppm. The
3C NMR was more confirmative, revealing the presence of three
signals at 173.8, 173.4 and 170.2 ppm for the amide carbonyls,

respectively, while the aromatic carbon signals were observed at
136.6 and 127.1 ppm, respectively. Eight methylene signals were
also observed between at 58.1 and 42.2 ppm. High-resolution
mass spectrometry and elemental analysis both confirmed that
the desired product had been formed. Characterisation of 2 and 3
yielded similar results (see the Experimental section).

In a similar manner the hexane linker analogue of 1 was
synthesised by refluxing 11 in EtOH, with seven equivalents of
bromoacetamide in the presence of fourteen equivalents of Et;N. A
large excess of Et;N was needed, as 11 had been synthesised
as the hexa-HCI salt. The desired product 16, Scheme 5, was
isolated in 83% yield, after precipitation from CH,Cl,, followed
by further precipitation from i-propanol-EtOH 3 : 1 mixture. As
anticipated, the '"H NMR (400 MHz, D,0) revealed the high
degree of symmetry inherent in the molecule, as four of the
methylene resonances of the alkyl chain appeared at 1.38 and
1.19 ppm, respectively. Moreover, the *C NMR revealed the three
carbonyl peaks at 174.2, 173.5 and 169.7 ppm as well as eight
methylene resonances between 56.1 and 25.3 ppm, respectively.
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Scheme5 Synthesis of the bis acetamide cyclen ligand 16 and the resulting
La(11r) complex 16La,.

The La(1) and the Eu(ir) complexes of 1-3 (Scheme 4) and
the La(1m) complex of 16 (Scheme 5) were prepared by refluxing
each ligand with two molar equivalents of the relevant lanthanide
triflate salt in dry MeOH for 16 h. The resulting solution was
filtered and reduced in volume to ca. 5 mL, and added dropwise to
a swirling solution of ether. This produced white precipitates that
were collected by filtration and washed with ether. The resulting
complexes were subsequently further purified by precipitation
from CH,Cl,, giving the desired complexes 1La,, 1Eu,, 2La,, 2Eu,,
3Eu,, and 16La, in 50-90% yields.

Analysis of the resulting Eu(ii1) complexes using 'H NMR
(400 MHZ) confirmed that the desired bis complexes were formed
successfully. For instance, the '"H NMR spectrum of 1Eu,, shown
in Fig. 1, showed resonances appearing at 26.16, —2.66, —5.25,
—9.09, —11.28, and —13.56 ppm. These are indicative of the pres-
ence of the Eu(1) ion, that acts as a paramagnetic shift reagent,
which in the cyclen complexes results in shifted axial and equato-
rial protons of the cyclen and acetamide CH,s, implying a square
antiprismatic geometry for each of the lanthanide centres.?**” The
electrospray mass spectrum (ESMS) also showed that complexa-
tion had occurred, as seen by the characteristic europium isotope
distribution pattern for [1Eu, + 4Trif]/2 in Fig. 2, which shows
the calculated and the observed isotopic distribution patterns.
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Fig. 1 The '"H NMR (400 MHz, D,0) of 1Eu, showing the shifted axial
and equatorial protons of the ring and the a-protons.
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Fig. 2 Top: the calculated isotopic distribution pattern for [1Eu, +
4Trif]/2. Bottom: the obtained ESMS (+ mode) isotopic distribution
pattern for the same.

The europium complexes 2Eu, and 3Eu, gave similar results to
that observed for 1Eu,, e.g. their 'H NMR spectra (in D,0) showed
the expected shifted resonances for the a-methylene protons and
the axial and the equatorial protons of the cyclen macrocycle
between +30 and —16 ppm. Moreover, as in the case of 1Eu,,
the correct europium isotope distribution pattern was observed
in the ESMS for both of these complexes. The '"H NMR and
the ESMS of the corresponding La(ii1) complexes also revealed
that the desired products were obtained. IR spectroscopy also
confirmed the formation of the desired lanthanide complexes as
the carbonyl vibration bands were shifted to lower frequency upon
complexation of the metal ions, e.g. for 1, 2, 3 and 16 the carbonyl
stretch occurred at 1678, 1657, 1647 and 1670 cm™, respectively,
whereas for the corresponding Eu(1r) complexes 1Eu,, 2Eu,, and
3Eu,, these were shifted to 1665, 1638 and 1621 cm™', respectively.
For the La(1ir) complexes, this shift was even more pronounced
being 1634, 1638 and 1635 cm™' for 1La,, 2La, and 16La,,
respectively.

Determination of the hydration state of the Eu(iir) complexes

As previously discussed, the above bis-cyclen Eu(iir) complexes
1Eu,, 2Eu,, and 3Eu,, were expected to have one free coordination
site, and this vacant site was expected to be occupied by a metal
-bound water molecule. In order to confirm this, the excited state

Table 1 Results from the excited state lifetime measurements and the
determination of the hydration state (¢) of 1Eu,, 2Eu,, and 3Eu,*

Complex  7y,0/ms ky,o/ms™ Tp,o/ms  kp,o/ms™ q (£0.5)
1Eu, 0.507 1.971 2.265 0.440 0.9
2Eu, 0.553 1.808 2.451 0.408 1.0
3Eu, 0.553 1.808 1.851 0.541 1.1

“ All measured at neutral pH or pD at room temperature.

lifetimes (7) for these complexes were measured in D,0 and H,O,
respectively, after direct excitation of the Eu(im) ion at 395 nm.
The lifetimes obtained from these two solvents were then used to
determine the hydration state of the complexes, or the ¢ value,
using eqn (1):

Gewm = 1.2 [(1/ 710 — 1/75,0) — 0.25-0.075x] (1)

which was developed by Horrock et al.®® and later modified by
Parker et al.® to allow for the quenching of N-H oscillators. The
results of these measurements and the resulting g-values are shown
in Table 1. As expected, each of the Eu(1r) complexes were found
to have one metal bound water molecule per Eu(im) ion, giving
an overall nine coordinate environment at each metal ion centre
within the complexes.

Conclusion

In this article we have presented the synthesis of several bis
cyclen ligands that were bridged by either flexible hexyl diamide
or rigid p-xylyl diamide spacers 1, 2, 3 and 16. The lanthanide
complexes of these ligands, 1La,, 1Eu,, 2La,, 2Eu,, 3Eu,, and
16La,, were characterised using conventional methods. We are
currently carrying our a comprehensive study of the ability of
these complexes to cleave HPNP and RNA molecules. i

Experimental

Starting materials were obtained from Sigma Aldrich, Strem
Chemicals and Fluka. Solvents used were HPLC grade unless
otherwise stated. "H NMR spectra were recorded at 400 MHz
using a Bruker Spectrospin DPX-400, with chemical shifts ex-
pressed in parts per million (ppm or J) downfield from the
standard. "C NMR were recorded at 100 MHz using a Bruker
Spectrospin DPX-400 instrument. Infrared spectra were recorded
on a Mattson Genesis II FTIR spectrophotometer equipped
with a Gateway 2000 4DX2-66 workstation. Mass spectroscopy
was carried out using HPLC grade solvents. Mass spectra were
determined by detection using Electrospray on a Micromass
LCT spectrometer, using a Water’s 9360 to pump solvent. The
system was controlled by MassLynx 3.5 on a Compaq Deskpro

1 Preliminary evaluation of the ability of these compounds to cleave HPNP
has been undertaken. All complexes promote the hydrolysis of HPNP, e.g.
for 1La,, the rate enhancement (k) was ca. 733 fold. In comparison 16La,,
was significantly faster with ca. 2058 fold enhancement at pH 7.4, over the
unanalysed reaction. This is a four fold enhancement over the mononuclear
analogue, indicating a cooperative rate enhancement. Moreover, as a
function of pH the rate profile for 16La, gave rise to a bell-shaped pH-
dependent curve which peaked at physiological pH. We are currently
evaluating these phenomena in greater detail; results will be published
in due course.
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workstation. Uv-Vis spectroscopy analysis was carried out on
a Varian Cary 100 UV-Vis spectrophotometer. Luminescence
measurements were carried out on Varian Carey Eclipse spectro-
photometer.

1,4-Bis-(2-chloroacetylamino)xylyene (7)

p-Xylylenediamine (0.50 g, 3.67 mmol), was placed in a 100 mL
RBF with NaOH (0.59 g, 14.70 mmol), and dissolved in H,0
(10 mL). The solution was placed in an acetone-ice bath and al-
lowed to cool. Chloroacetyl chloride (1.66 g, 14.70 mmol) was then
added dropwise over 1 h. The solution was left to stir overnight and
the resulting precipitate was then filtered and washed with water
and ether. The product was isolated as white solid, 0.79 g, 75%
yield. Mp 206-207 °C. Calculated for C,H;;N,0,Cl,: C, 49.85;
H, 4.88; N, 9.69. Found: C, 49.64; H, 4.75; N, 9.55. Calculated
for C,,H;4,N,0,Cl,Na [M + Na] m/z = 311.0330. Found m/z =
311.0339 (+ 2.8 ppm). o (400 MHz, DMSO) 8.72 (b.s, 2H, N-H),
7.22 (s, 4H, Ar-H), 4.26 (d, 4H, J = 6.0 Hz, CH,NH), 4.11 (s, 4H,
CH,CI). d. (100 MHz, DMSO) 165.9, 137.5, 127.3, 42.6, 42.2.
Mass spectrum: (MeOH, ES+): m/z. Expected: 288.0. Found:
311.0 [M + Na], 326.9 [M + K]. IR v, (cm™) 3280, 3072,
2952, 1656, 1549, 1415, 1267, 1235, 1066, 1001, 831, 769, 680,
547, 416.

2-Chloro-N-[3-(2-chloroacetylamino)propyljacetamide (12)

Compound 12 was synthesised using 1,3 diamino propane (0.44 g,
6.00 mmol), was placed in a 100 mL RBF with NaOH (0.72 g,
18 mmol) and dissolved in H,O (25 mL). The solution was placed
in an ice bath at 0 °C and allowed to cool. Chloroacetyl chloride
(1.65 g, 15.00 mmol) was then added dropwise over 1 h and
the solution left to stir overnight. The solution was then filtered
and the precipitate was washed with ether. The solution was
then extracted with CH,Cl, (4 x 20 mL) and the solvent was
subsequently evaporated and the residue suspended in ether and
filtered. The product was isolated as a white solid, 0.28 g, 20%
yield. Mp 128-129 °C. Calculated for C,;H;N,0,Cl,Na [M +
Na] m/z = 249.0174. Found m/z = 249.0168 (—2.2 ppm). oy
(400 MHz, CDCl;) 7.17 (s, 2H, NH), 4.09 (s, 4H, CH,Cl), 3.38
(dt, 4H, J = 6 Hz, J = 6 Hz, CH,NH), 1.73 (quintet, 2H, J =
6 Hz, CH,). d. (100 MHz, CDCl;) 166.3, 42.2, 35.9, 28.9. Mass
spectrum: (MeOH, ES+): m/z. Expected: 226.0. Found: 249.0
[M + Na). IR v, (cm™) 3283, 3078, 3005, 2970, 2953, 2879,
2361, 1675, 1638, 1554, 1464, 1448, 1401, 1316, 1292, 1269, 1249,
1194, 1128, 923, 759, 626, 574, 469, 414.

2-(1,4,7,10-Tetraazacyclododec-1-yl)-N-{4-[(2-1,4,7,10-tetra-
azacyclododec-1-yl-acetylamino)methyl]benzyl } acetamide (10)

1,4,7,-Molybdenum tris carbonyl-(1,4,7,10-tetraazacyclodo-
decane) 8% (1.08 g, 3.07 mmol), 1,4-bis-(2-chloroacetylamino)-
xylyene (7) (0.44 g, 1.5 mmol), Cs,CO; (1.00 g, 3.07 mmol) and
KI (0.49 g, 3.07 mmol) were placed in a 100 mL RBF. To this was
added DMF (50 mL) under vacuum and the solution was freeze—
pump-thawed three times. The resulting solution was left to stir
for 40 h at 85 °C, under argon. After cooling to room temperature,
the resulting cream precipitate was filtered off and the DMF
removed under reduced pressure. The residue was dissolved in
HCI (15% v/v; 25 mL) and left stirring overnight. This aqueous

solution was filtered and washed with CH,Cl, (3 x 20 mL). The
aqueous layer was then basified to pH >13 with KOH pellets and
was subsequently filtered and extracted with CH,Cl, (5 x 20 mL).
The organic extracts were combined and dried over K,COj;. The
solvent was removed under reduced pressure to yield 10 as a
yellow oil (0.35 g), in 41% yield. Calculated for CyHs;N(Os:
[M + H] m/z = 561.4353. Found: m/z = 561.4340 (—2.4 ppm).
Jou (400 MHz, CDCl;) 8.45 (s, 2H, NH), 7.25 (s, 4H, Ar-H),
4.39 (d, J = 6.0 Hz, 4H, CH,NH), 3.18 (s, 4H, CH,CO), 2.61
(s, 24H, cyclen CH,), 2.50 (s, 8H, cyclen CH,).0. (100 MHz,
CDCly) 171.1,137.2,127.7, 58.6, 52.8, 46.6, 46.2, 45.1, 42.4. Mass
spectrum (MeOH, ES+) m/z. Expected: 560.4. Found: 561.4
[M + H], 583.4 (M + Na), 599.4 M + K), 281.2 [M + H]/2. IR
Umax (cm™') 3194, 2724, 2362, 1640, 1543, 1269, 1170, 1076, 1020,
972,941, 722.

2-{4,10-Bis-carbamoylmethyl-7-[(4-{[2-(4,7,10-tris-
carbamoylmethyl-1,4,7,10-tetraazacyclododec-1-yl)-
acetylamino]methyl }benzylcarbamoyl)methyl]-1,4,7,10-
tetraazacyclododec-1-yl }acetamide (1)

The bis-cyclen ligand 10 (0.11 g, 0.19 mmol), bromo acetamide
(0.19 g, 1.36 mmol) and Et;N (0.19 g, 1.95 mmol) were placed
in a 50 mL RBF. EtOH (20 mL) was added and the solution
was refluxed at 85 °C for 40 h. After cooling, the solution
was filtered and then reduced in volume (5 mL) before it was
added dropwise to a solution of CH,Cl, (150 mL). The resulting
precipitate was filtered, dissolved in hot EtOH (5 mL) and
left to stand. The resulting precipitate was filtered, yielding a
pale yellow solid (0.10 g), in 57% yield. Mp decomposes above
163 °C. Calculated for C,H;,N,,O5-(CH,Cl,),-(H,0),-MeOH: C,
45.26; H, 7.24; N, 19.64. Found: C, 45.19; H, 6.89; N, 19.51.
Calculated for CyH,,N(Os: [M + 2H] m/z = 904.5719. Found:
m/z = 904.5726 (+ 0.8 ppm). Jy (400 MHz, D,O) 7.16 (s, 4H,
Ar-H), 4.26 (s, 4H, CH,NH), 3.46 (bs, 4H, CH,CO), 3.27 (s, 4H,
CH,C=0), 3.19 (s, 6H, CH,C=0), 3.12 (s, 2H, CH,C=0), 2.75
(bs, 32H, cyclen CH,). 6. (100 MHz, D,0O) 173.8, 173.4, 170.2,
136.6, 127.1, 58.1, 56.9, 56.7, 56.1, 55.5, 55.3, 50.2, 42.2. Mass
spectrum: (MeOH, ES+) m/z. Expected: 902.6. Found: 902.7
(M+),924.7 (M + Na), 451.9 (M + 2H)/2,301.7 (M + 3H)/3. IR
Umax (cm™') 3336, 2949, 2831, 2074, 1959, 1678, 1551, 1420, 1288,
1117, 971, 902, 806, 647, 469.

2-{4,7-Bis-methylcarbamoylmethyl-10-[(4-{[2-(4,7,10-tris-
methylcarbamoylmethyl-1,4,7,10-tetraazacyclododec-1-yl)-
acetylamino]methyl }benzylcarbamoyl)methyl]-1,4,7,10-
tetraazacyclododec-1-yl}acetamide (2)

The bis-cyclen ligand 10 (0.28 g, 0.50 mmol), K,CO; (0.25 g,
1.85 mmol) and 2-chloro-N-methylacetamide (0.35 g, 2.25 mmol)
were placed in a 100 mL RBF. EtOH (30 mL) was added and
the solution was refluxed at 85 °C for 40 h. After cooling, the
solution was filtered to remove the cream precipitate and the
EtOH was removed under reduced pressure. The residue was
suspended in CH,Cl, (30 mL) and filtered. The resulting solid
was dissolved in EtOH (5 mL) and added to CH,Cl,-Et,025: 7.
The resulting precipitate was filtered and then dissolved in a small
volume of EtOH (<10 mL) and left to sit overnight. The resulting
precipitate was filtered and was then dissolved in DMF and
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filtered, before being precipitated from Et,O to yield a yellow solid
(0.15 g), in 30% yield. Mp decomposes above 139 °C. Calculated
for C,H;, N,,0-CH,CL,-H,O-EtOH: C, 51.79; H, 8.16; N, 19.72.
Found: C, 51.72; H, 7.48; N, 19.67. Calculated for C,,HgN,(Oq
[M + 2H] m/z = 988.6658. Found m/z = 988.6623. (—3.6 ppm).
On (400 MHz, D,0) 7.12 (s, 4H, Ar-H), 4.22 (s, 4H, CH,NH),
3.21 (s, 4H, CH,CO), 2.86 (bs, 12H, CH,CO), 2.57 (s, 8H, cyclen
CH,), 2.52 (s, 18H, CHs), 2.43 (s, 24H, cyclen CH,). d (100 MHz,
D,0) 173.6, 172.9, 136.7, 127.1, 62.8, 57.4, 51.3, 41.9, 25.0. Mass
spectrum: (MeOH, ES+): m/z. Expected: 986.6. Found: 987.9
[M + H], 1024.9 [M + K], 531.9 [M+ 2 K]/2, 512.9 [M + K]/2,
494.0 [M + 2H]/2. IR v, (cm™") 3453, 3276, 3080, 2943, 2820,
2067, 1657, 1549, 1449, 1412, 1371, 1308, 1245, 1152, 1116, 972,
870, 707, 587.

2-{4,10-Bis-dimethylcarbamoylmethyl-7-[(4-{[2-(4,7,10-tris-
dimethylcarbamoylmethyl-1,4,7,10-tetraazacyclododec-1-
ylacetylamino]methyl} benzylcarbamoyl)methyl]-1,4,7,10-
tetraazacyclododec-1-yl}-N,N-dimethylacetamide (3)

The bis-cyclen ligand 10 (0.15 g, 0.26 mmol), Cs,CO; (0.30 g,
0.92 mmol), 2-chloro-N,N-dimethylacetamide (0.21 g, 1.70 mmol)
and KI (0.13 g, 0.92 mmol) were placed in a 100 mL RBF
and dissolved in EtOH (20 mL). The solution was refluxed at
85 °C for 4 d. The solution was filtered to remove the cream
precipitate and the solvent removed under reduced pressure. The
residue was dissolved in CH,Cl, (30 mL) and filtered. The CH,Cl,
was extracted with 0.1 M HCI (4 x 20 mL), which was then
washed with CH,Cl, (4 x 15 mL). The pH was adjusted to 7
using K,CO; (10%) and the solution extracted with CH,Cl, (4 x
15 mL). The solvent was then removed to give a clear oil which
solidified after drying under vacuum over P,Os (0.11 g), in 38%
yield. Mp decomposes above 124 °C. Calculated for Cs;HosN;4O5
[M + 2H]m/z =1072.7597. Found m/z = 1072.7567 (—2.8 ppm).
on (400 MHz, CDCl;) 7.17 (s, 4H, Ar-H), 4.31 (s, 4H, CH,NH),
3.49 (s, 4H, CH,CO), 3.09 (bm, 12H, CH,CO), 2.89 (bm, 68H,
cyclen and CH;). d. (100 MHz, CDCl;) 170.8, 170.4, 169.4, 139.8,
126.7, 63.6, 59.8, 55.6, 50.3,48.3,42.1, 36.5, 35.7, 35.3, 34.9. Mass
spectrum: (MeOH, ES+) m/z. Expected: 1070.7. Found: 1071.9
[M + H], 535.9 [M + 2H]/2, 357.9 [M + 3H]/3. IR vy, (cm™)
3448, 3279, 3055, 2933, 2817, 1647, 1542, 1508, 1450, 1403, 1348,
1301, 1262, 1102, 1062, 1006, 950, 900, 822.

General procedure for synthesis of lanthanide complexes

Lanthanide complexes were prepared by refluxing each ligand with
the relevant lanthanide triflate (2.1 equivalents) in MeOH (15 mL)
for 16 h. The resulting solution was filtered and reduced in volume
to ca. 5 mL. This solution was added dropwise to swirling Et,O
(100 mL) and the resulting precipitate was collected by filtration.
The complexes were further purified by precipitation from CH,Cl,
(75 mL) and isolated by filtration. The complexes were dried under
vacuum over P,O;.

1La,. The complex 1La, was synthesised using 1 (41.0 mg,
45.40 pmol) and La(CF;SO;); (53.2 mg, 90.80 pmol) giving an
oil which became a yellow solid upon drying in a dessicator (83
mg), in 88% yield. Mp decomposes above 227 °C. Calculated
for C,H;N,;O5-La,-(CF;S0;)¢-(H,0),-(MeOH),: C, 26.39; H,
4.16; N, 9.85. Found: C, 26.26; H, 3.76; N, 9.51. Calculated

for C;3Hy N ;O,,FoS;La, [M + 3 triflate]/3 m/z = 1627.2250.
Found m/z = 1627.2285 (+ 2.1 ppm). Jy (400 MHz, D,0)
7.26, 4.36, 3.54, 3.52, 3.37, 3.22. Mass spectrum: (MeOH, ES+):
m/z. Expected: 542.4. Found: 542.4 [M + 3Trif]/3, 885.11 [M +
4Trif]/2. IR v, (cm™) 3401, 2872, 1669, 1634, 1466, 1253, 1169,
1084, 1029, 913, 639, 575, 518.

1Eu,. The complex 1Eu, was prepared using 1 (0.13 g,
0.15 mmol) and Eu(CF;SOs); (0.20 g, 0.33 mmol) yielding a pale
yellow solid upon drying (0.25 g), in 80% yield. Mp decomposes
above 215 °C. Calculated for C, H,N4Og-Eu,-(CF;S0;)s(H,0),:
C, 25.85; H, 3.49; N, 10.48. Found: C, 26.31; H, 3.48; N, 10.03.
Calculated for C,H;0N ;0 F¢S,'Eu'¥Eu [M + 2triflate] m/z =
1504.3014. Found m/z = 1504.3027 (0.9 ppm). dy (400 MHz,
D,0)27.10,26.28,7.33,7.16,5.87,4.20,3.61,3.22,2.87,1.93, 1.75,
1.55, 1.14, 1.04, —2.65, —5.25, —8.22, —9.09, —11.28, —13.55.
Mass spectrum: (MeOH, ES+): m/z. Expected: 1208.4. Found:
901.1 [M + 4Trif]/2, 376.5 [M + 2Trif]/4. IR v, (cm™) 3374,
1665, 1459, 1252, 1150, 1082, 1029, 989, 638.

2La,. The complex 2La, was synthesised using 2 (35.20 mg,
35.66 umol) and La(CF;SO;); (42.00 mg, 71.67 pumol). The
resulting yellow—brown precipitate was dried in a dessicator
(53 mg), in 69% yield. Mp decomposes above 215 °C. Calculated
for CyHg,La,NsO4-(CF;S05),-(H,0),-(CH,CL)s: C, 25.77; H,
3.79; N, 8.44. Found: C, 26.17; H, 3.39; N, 8.35. dy (400 MHz,
D,0) 7.26, 4.37, 3.23, 2.74. Mass spectrum: (MeOH, ES+): m/z.
Expected: 1264.4 Found: 930.5 [M+ 4Trif]/2, 570.4 [M+ 3Trif]/3,
390.9 [M+ 2Trif]/4. IR v, (cm™") 3518, 3326, 3131, 2955, 1638,
1417, 1255, 1168, 1086, 1029, 761, 639, 575, 517.

2Eu,. The complex 2Eu, was prepared by using 2 (36.40 mg,
36.88 umol) and Eu(CF;SO;); (46.40 mg, 77.45 umol). This
yielded a pale yellow solid (66.00 mg), in 81% yield. Mp
decomposes above 215 °C. Calculated for C,;H,xNOsEu,-
(CF;S05)s-(H,0),-(CH,Cl,)s: C, 25.87; H, 3.66; N, 8.47. Found:
C, 25.75; H, 3.29; N, 8.31. dy (400 MHz, D,0) 26.81, 8.41, 5.62,
3.51, 2.60, 2.04, 1.03, 0.78, —2.47, —6.26, —8.14, —11.88, —13.76.
Mass spectrum: (MeOH, ES+): m/z. Expected: 1292.5. Found:
944.3 [M+ 4Trif]/2, 580.0 [M+ 3Trif]/3. IR v,,, (cm™) 3504,
3324, 3134, 2951, 1638, 1419, 1256, 1168, 1083, 1029, 978, 639,
575, 517.

3Eu,. The complex 3Eu, was synthesised using 3 (58.00 mg,
54 ymol) and Eu(CF;S0;); (90.00 mg, 120 umol, 2.2 equivalents).
The product was successfully isolated as a yellow solid (58.00
mg), in 47% yield. Mp decomposes above 235 °C. Calculated for
Cs,Hoy N O3Eu,-(CF;S0;),-(H,0),-(CH,Cl,): C, 27.30; H, 3.94;
N, 7.96. Found: C, 27.02; H, 3.61; N, 8.33. dy (400 MHz, D,0)
31.63, 9.90, 3.21, 2.81, 2.56, 1.51, 1.14, 1.00, 0.76, 0.24, —1.04,
—5.89, —7.44, —7.94, —12.30, —13.22, —16.19. Mass spectrum:
(MeOH, ES+) m/z. Expected: 1376.6. Found: 985.1 [M + 4trif]/2,
607.1[M + 3trif]/3, 557.1 [M + 2trif]/3, 343.1. IR v,,, (cm™") 3465,
2872,2350, 1621, 1463, 1253, 1163, 1081, 1029, 957,911, 824, 758,
638, 574, 427.

2-(1,4,7,10-Tetraazacyclododec-1-yl)-V-[6-(2-1,4,7,10-
tetraazacyclododec-1-yl-acetylamino)hexyl]acetamide (11)

1,6-Bis-(2-chloroacetylamino)hexane (12) (0.40 g, 1.49 mmol),
molybdenum cyclen (8) (1.05 g, 2.97 mmol), Cs,CO; (1.45 g,

This journal is © The Royal Society of Chemistry 2006

Org. Biomol. Chem., 2006, 4, 1572-1579 | 1577





4.46 mmol) and KI (0.20 g, 0.12 mmol) were placed in a 100 mL
RBF. DMF (35 mL) was added under vacuum and the suspension
was freeze—pump-thawed three times. The reaction was left to
stir for 120 h at 85 °C under argon. After cooling, the solution
was filtered and the DMF was removed under reduced pressure.
The residue was suspended in HCI (15%; 25 mL) and left stirring
overnight. The solution was filtered and then washed with CH,Cl,
(3 x 20 mL). The aqueous solution was basified with KOH
and extracted with CH,Cl, (4 x 20 mL). The CH,Cl, was dried
over K,CO;, filtered and the solvent removed. The residue was
dissolved in EtOH (15 mL) and conc. HCI (3 mL) was added and
the solution. The resulting precipitate was filtered and washed with
EtOH to yield a brown solid (0.42 g), in 37% yield. Mp decomposes
above 178 °C. Calculated for C,sH¢, N,,O,Cl-MeOH: C, 40.97; H,
8.40; N, 17.69. Found: C, 41.14; H, 7.97; N, 17.77. d,; (400 MHz,
D,0) 3.31 (s, 4H, CH,CO), 3.06, (s, 24H, cyclen CH,), 2.88 (bs,
12H, cyclen CH, & CH,NCO), 1.39 (bs, 4H CH,), 1.20 (s, 4H,
CH,). ¢ (100 MHz, D,0) 172.4, 54.9,49.2,43.9,42.2,41.8, 39.1,
27.6, 25.3. Mass spectrum: (MeOH, ES+) m/z. Expected: 540.5.
Found: 541.6 [M + H], 271.4 [M + 2H/2]. IR v,,, (cm™") 3427,
2935, 2648, 1647, 1554, 1444, 1375, 1271, 1175, 1075, 1009, 947,
728, 574, 489.

2-[4,7-Bis-carbamoylmethyl-10-({ 6-[2-(4,7,10-tris-
carbamoylmethyl-1,4,7,10-tetraazacyclododec-1-yl)-
acetylamino]hexylcarbamoyl } methyl)-1,4,7,10-
tetraazacyclododec-1-yllacetamide (16)

The bis-cyclen ligand 11 (0.10 g, 0.14 mmol), bromo acetamide
(0.13 g, 0.97 mmol) and Et;N (0.21 g, 2.07 mmol) were placed
in a 100 mL RBF and dissolved in EtOH (35 mL). The solution
was heated at 70 °C for 96 h. The solvent was removed under
reduced pressure and the residue was triturated with CH,Cl,. The
residue was dissolved in EtOH (2 mL) and added dropwise to
swirling CH,Cl, (100 mL). The resulting precipitate was filtered.
This was then dissolved in boiling i-propanol-EtOH 3 : 1 (5 mL)
and left to stand. The resulting precipitate was filtered, isolating
a pale yellow solid (0.10 g), in 83% yield. Mp decomposes above
147 °C. Calculated for C3;H,N,,04-(CH,Cl,);-MeOH: C, 43.12;
H,7.24; N, 19.16. Found: C,43.12; H, 7.61; N, 19.55. 6y (400 MHz,
D,0) 3.35 (m, 12H, CH,,co), 3.12 (bm, 4H, CH,COpig) 3.08 (bm,
12H, 4 x CH,qyaen + 2 X CHy1 ), 2.87 (bs, 24H, CHoyeten), 1.38 (s,
4H, CHyp5), 1.19 (s,4H, CH,4)). d¢ (100 MHz, D,0) 174.2, 173.5,
169.7, 56.1, 55.6, 50.1, 49.8, 48.9, 38.9, 27.8, 25.3. Mass spectrum:
(MeOH, ES+) m/z. Expected: 882.6. Found: 883.7 [M + H], 442.5
[M + 2H/2]. IR v, (cm™") 3388, 3187, 2935, 2851, 1670, 1551,
1457, 1407, 1288, 1161, 1118, 1088, 974, 888, 772, 592.

16La,. The complex 16La, was prepared using 16 (65.00 mg,
74.06 pmol) La(CF;SO;); (91.00 mg, 155.53 pmol). The
residue was triturated with acetone and dried under vac-
uum, yielding a yellow solid (13.70 mg), in 87% yield.
Mp decomposes above 127 °C. Calculated for Ci;H.,N;Oq
La,-(CF;S0;),(H,0),-(CH,Cl,),. MeOH),: C, 24.07; H, 4.12; N,
8.64. Found: C, 24.05; H, 4.22; N, 8.38. dy (400 MHz, D,0) 4.03,
3.76, 3.43, 3.27, 2.89, 2.59, 1.45, 1.25. Mass spectrum: (MeOH,
ES+) m/z. Expected: 1160.4. Found: 535.7 [M + 3Trif]/3, 364.5
[M + 2Trif]/4. IR vy, (cm™) 3377, 2975, 2868, 1669, 1635, 1466,
1270, 1169, 1085, 1030, 974, 913, 819, 762, 639, 576, 517, 434,
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Whole cells of the microalga Chlorella sorokiniana were
evaluated in the oxidation of prochiral thioethers as regards
conversion, enantiomeric excess and enantioselectivity.

Biocatalysis is now a well established approach to obtain valuable
compounds which are difficult to synthesise by conventional chem-
istry. Indeed biocatalysts can modify compounds with inherent
high regio- and stereoselectivities. Moreover the use of whole cells
prevents problems of expensive cofactor recovery in comparison
with isolated enzymes.

Bacteria and fungi are commonly used microorganisms because
of their rapid growth, ease of handling and well established DNA
technology. Many people have also studied biotransformations
with plant cultured suspension cells that possess the ability to
transform exogeneous substrates."> However the longer dou-
bling times of undifferentiated plant cells and the lower production
of the desired enzymes in comparison with microbial cells are
major drawbacks.> On the other hand microalgae, phototrophic
unicellular microorganisms, are the fastest growing plants on earth
and thus constitute an interesting option in comparison with plant
cells. Surprisingly little attention has been focused on microalgae
until recently. Despite the fact that the estimated 30000 species
possess extraordinary biochemical diversity, they remain largely
unexploited. The only activities studied up to date are the reduc-
tion of aldehydes® and ketones,* the reduction and decarboxylation
of B-keto esters,” N- and O-dealkylation,® and the hydroxylation
and biotransformation of terpenoids (progesterone).” Up to now
lack of appropriate technologies for culture® and molecular
engineering has limited their use in biotransformations. However
recent progress in methods for culturing these microorganisms
(ultrahigh-density cultures,” photobioreactor engineering,'® use
of heterotrophic conditions' or even trophic conversion'? for
growth) and in molecular biology*® (development of new markers,
promoters and reporters) should change this fact.

In our efforts to elucidate the mechanism of desaturases
the microalga Chlorella sorokiniana 211-8k (Chlorella species have
been used for many years as a higher plant model in the study
of lipid metabolism and desaturation), we have demonstrated the
ability of whole cells to enantioselectively oxidise thiostearates
after intracellular conversion to mono-unsaturated analogues.'
However we noticed a non-desaturase oxidation of these substrates
under particular conditions.'® In the present paper, we report on a
systematic study of the stereochemistry of thioether oxidation by
autoheterotrophically grown whole cells (Scheme 1).
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Scheme 1

Sulfoxides were chosen as targets because of their great interest
not only as valuable asymmetric starting materials and chiral
auxiliaries'” in synthetic chemistry, but also in biochemistry
since sulfoxides occur as natural products (flavour and aroma
precursors, antibiotics), as enzyme inhibitors, pharmaceuticals or
metabolites.'®"

Results and discussion

The thioethers used in this study consisted in alkylarylsulfides
(phenyl, benzyl and phenethyl series) and a few dialkylsulfides.
Chlorella sorokiniana CCAP 211-8k (also known as Chlorella vul-
garis) is a green unicellular, non motile, photosynthetic microalga
(Chlorophyta).

The cells were harvested in the middle of the log phase
and resuspended in phosphate buffer (pH = 7.4). The auto-
oxidation of the substrates was checked with blanks using the
same experimental conditions as for the biotransformation assays
but without cells; this one was negligible (<2%). The absence of
sulfone formation, which could lead to the kinetic resolution of
sulfoxides, i.e. to an enantiomeric enrichment, was assessed by
TLC referring to sulfone standards. Finally the effect of dead
cells on the thioethers was evaluated in the same conditions after
heating the cells at 90 °C during 10 min before adding the substrate.
Consequently, in this latter case an amount of racemic sulfoxide
was formed (from 5% to 78% according to the substrate).

The configuration of the sulfoxides was attributed by HPLC
with respect to the order of elution on a Chiralcel OB column
(Daicel®). Sulfoxides 1a, 2a, 3a, 4a, 7a, 9a, 10a, 11a, 12a,
14a, 15a, 16a, 17a, and 20a have been studied on Chiralcel OB
previously.? Sulfoxides 6a, 18a, 22a, 23a and 24a were synthesised
in enantiomerically pure form according to the method developed
by Alcudia et al. and used as standards for chiral HPLC.*!
Compounds 5a, 8a, 19a and 25a have not been synthesised in
enantiomerically pure form because of the very low enantiomeric
excess obtained during this study. Compounds 13a and 21a were
not synthesised in enantiomerically pure form. Compound 13a
was supposed to elute as all para-substituted S-oxide thioanisoles
analysed so far on Chiralcel OB. Sulfoxide 21a could not be
obtained in enantiomerically pure form by the method of Alcudia
et al.; the order of elution was deduced from that of methyl
phenethyl sulfide and is subject to discussion.?

Table 1 shows the results obtained in the oxidation of sulfides 1-
25 in terms of conversion, enantiomeric excess and predominant
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Table 1 Bioconversion of thioethers

Substrate Conversion® (%) ee (%) Configuration

1 Methyl phenyl sulfide 10 58 R
2 Ethyl phenyl sulfide 10 44 S
3 Propyl phenyl sulfide 15 21 R
4 Butyl phenyl sulfide 7 22 R
5 Pentyl phenyl sulfide 7 2 —
6 Octyl phenyl sulfide 1 10 R
7 Isopropyl phenyl sulfide® 5 <1 —
8 Isopentyl phenyl sulfide 5 <1 —
9 Vinyl phenyl sulfide 1 10 R
10 p-Tolyl methyl sulfide 40 42 R
11 p-Methoxyphenyl methyl sulfide 49 39 R
12 p-Bromophenyl methyl sulfide 15 51 R
13 p-Cyanophenyl methyl sulfide 7 41 R
14 p-Nitrophenyl methyl sulfide 1 19 R
15 Methyl benzyl sulfide 32 57 S
16 Butyl benzyl sulfide 17 13 S
17 Hexyl benzyl sulfide 26 5 S
18 Octyl benzyl sulfide 11 4 S
19 Isopropyl benzyl sulfide 10 1 —
20 Isopentyl benzyl sulfide 10 1 —
21 Ethyl phenethyl sulfide 67 22 Se
22 Heptyl phenethyl sulfide 19 5 S
23 Allyl butyl sulfide 3 10 S
24 Homoallyl butyl sulfide 17 5 —
25 2-Pentenyl butyl sulfide — € —

424 hours of incubation. ® Only one experiment. ¢ Not significant. ¢ Although sulfoxide 2a has already been studied on this column,? it was synthesised in
enantiomerically pure form in order to check the order of elution because of the change in the enzymatic enantioselectivity between compounds 1a and
2a on one side, and 2a and 3a on the other side. ¢ Extrapolated from compounds with very close structures (see text)./ No separation on Chiralcel OB.

absolute configuration of the products 1a-25a. According to these
data, the oxidation of the thioethers proceeded enantioselectively,
demonstrating that an enzymatic reaction took place. It must
be emphasised that each ee value reported (except for isopropyl
phenyl sulfide) is a mean of 3 experiments for which cells were
viable during the whole biotransformation, as checked by the
green colour (microalgae) of the medium (death of cells leads
to a brown medium). In each series the yield was maximal for
the smallest alkyl group (R = Me for the phenyl (1) and benzyl
(15) series, R = Et (21) for the phenethyl series). We noticed that
the longer the alkyl chain was, the lower the conversion was, a
phenomenon probably related to aqueous solubility and micelle
formation® (a non quantified amount of substrate was extracted
from the supernatant after 24 hours of incubation, as detected by
HPLC). It is noteworthy that the conversion increased with the
distance between the aromatic ring and the sulfur atom, i.e. from
the phenyl to the phenethyl series (substrates 1, 15 and 21). The
presence of an unsaturation next to the sulfur atom seemed to
prevent oxidation since the substrates 9 and 23 showed very low
or no conversion, whereas if the unsaturation lay farther away,
oxidation took place normally (substrate 24).

These data also showed the influence of the alkyl group on the
enantioselectivity of the sulfoxidation. In the case of unbranched
alkyl chains, the enantiomeric purity of the sulfoxides tended to
decrease while the chain length increased. For branched alkyl
chains (substrates 7, 8, 19 and 20), the sulfoxides obtained were
racemic with very low conversion (<10%). Moreover, we observed
a reversed enantioselectivity between the phenyl series on one
side ((R)-sulfoxides) and the benzyl and phenethyl series on
the other side ((S)-sulfoxides). The change of stereoselectivity
observed for ethylphenylsulfide 2 still remains unexplained at

present. Biotransformed dialkylsulfides led to sulfoxides with low
(24a) or moderate (23a) enantiomeric excess.

Different para-substituted thioanisoles were also incubated in
order to evaluate the influence of electronic effects (substrates
10-14). These effects are usually rationalised by considering
the g, value of the substituents. This parameter, introduced by
Hammett in his equation, represents the electronic effects of
substituents, composed of a field/inductive component and a
resonance component.”® In our case compounds with negative
values of g, (10-11) were oxidised with fourfold to fivefold higher
yields (relative to thioanisole 1 for which ¢, = 0), whereas
compounds with positive values of o, showed similar (12) or
lower yields (13-14).2* The very low conversion obtained for p-
nitrothioanisole 14 is not so surprising. As reported by Noma
et al* in the reduction of substituted aromatic aldehydes with
Dunaliella tertiolecta (a halophilic unicellular green microalga),
such compounds with strong electron withdrawing groups in the
para position seem difficult to transform. Moreover, sulfoxidation
studies carried out with different kinds of isolated enzymes
(chloroperoxidase from Caldariomyces fumago (CPO), lactoperox-
idase isolated from mammalian milk (LPO), vanadium peroxidase
from Ascophyllum nodosum (VBrPO)) usually reveal a lower extent
of biotransformation for compounds with para nitro substituents
in comparison with compounds with other substituents (methoxy,
halogens, methyl- - -).% This was also true for p-cyanothioanisole
(CN is also a strong electron withdrawing group) with VBrPO?*
and LiP (lignin peroxidase from Phanerochaete chrysosporium).*’
Where the sulfoxidation using whole cells is concerned, a similar
phenomenon was observed with the fungus Mortierella isabellina®®
(very important for p-nitrothioanisole and in a lesser extent for
p-cyanothioanisole). However the results obtained with another
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fungus, Helminthosporium sp., did not reveal any significantly
different conversion yields between these substrates and the
others.”® All the para substituted sulfoxides obtained with whole
cells of C. sorokiniana (compounds 10a—13a), with the exception
of p-nitrophenyl methyl sulfoxide 14a, showed nearly the same ee
(between 39% and 51%)).

All these experiments were carried out with intact whole cells
of C. sorokiniana. Microalgae are supposed to possess several
classes of oxidative enzymes (cytochrome P450s or peroxidases
for example) which can lead to enantiodivergent sulfoxidations as
well as to extensive degradation of the metabolites (unidentified
polar compounds from the substrates 6, 9, 14, 20, 22 and 23 were
detected by HPLC, which likely resulted from hydroxylation or
epoxidation of the aromatic ring). Moreover moderate yields of
sulfoxidation may reflect other problems such as the transport
through the membrane or the distribution into the cell. Finally,
if uncatalysed oxidation occurred, it could not be responsible for
results such as 58% ee since we observed that blanks (medium
alone or dead cells) led to racemic sulfoxide.

Sulfoxidation is usually performed by oxygenases (cytochrome
P450s, flavin monooxygenases) or peroxidases. This strain of C.
sorokiniana is assumed to contain cytochrome P450° and lipoxyge-
nase activities.” Well-known inhibitors of cytochrome P450 such
as l-aminobenzotriazole (ABT) and piperonyl-butoxide (PBO)
have been successfully used with whole cells of C. sorokiniana for
inhibiting O- and N-dealkylations of coumarin, resorufin ethers
and Metflurazon.® On the basis of this previous work, we realised
a few experiments in order to elucidate the enzymatic activities
responsible for sulfoxidation. These specific inhibitors added to
whole cells of our strain in the same concentrations,® did not
prevent sulfoxidation. Lipoxygenase inhibitors, i.e. nordihydro-
guaiaretic acid (NDGA) and phenidone, were also ineffective.
Nevertheless the implication of lipoxygenase cannot be ruled
out since our experiments were done with whole cells whereas
Kulkarni and Naidu’s experiments concerned the oxidation of
thiobenzamide by enzymatic extracts.*® These results might be
explained by the lack of inhibitor availability to the cell. A
final duplicate experiment carried out in the darkness induced
a decrease of the relative sulfoxidation activity (about 18%) as well
as a 20% increase of the sulfoxide enantiomeric excess. This result
can be explained by the participation of an NADPH,H* dependent
enzyme which is partially inhibited in the darkness due to a
limited regeneration of the cytosolic NADPH,H" (the essential
cosubstrate of cytochrome P450 and flavin monooxygenases).

Conclusion

The ability of the microalga Chlorella sorokiniana to enantioselec-
tively oxidise prochiral thioethers was demonstrated. The structure
of the sulfide deeply influenced the yield, the enantiomeric excess
and the enantioselectivity of the oxidation. The enzymatic activity
responsible for the sulfoxidation remains to be highlighted since
it was not possible to conclude in this regard with inhibition
studies. However, the participation of an NADPH,H* dependent
enzyme different from cytochrome P450 is highly suspected. The
inhibition of the lipoxygenase activity has never been studied in
C. sorokiniana before and more experiments are needed for ruling
out its implication in the sulfoxidation. The yields (up to 67%)
and the enantioselectivities (up to 58%) remain quite modest

in comparison with other microorganisms such as the fungi
Mortierella isabellina or Helminthosporium sp. The low ees can
be explained by the lack of enzymatic stereoselectivity, enantio-
divergent oxidation by different enzymes, extensive degradation
of metabolites or limited uncatalysed racemic oxidation. Never-
theless it is the first example of an enantioselective sulfoxidation
of prochiral thioethers carried out by microalgae, microorganisms
not often used in biotransformations. It has been demonstrated
that the enantiomeric excess and even the stereoselectivity of the
reduction of some keto esters by Chlorella sorokiniana could be
influenced by growth conditions (heterotrophic or autotrophic)
and additives in the medium.** Such an approach could be used
for improving the yield and the enantiomeric excess of sulfoxides,
as well as for extending the scope of the application of Chlorella
sorokiniana as a new oxidative biocatalyst.
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Photochemistry of 17 aryl alkyl ketones included within cation exchanged zeolites has been examined.
In solution five of the 17 ketones undergo intramolecular hydrogen abstraction reaction even in the
presence of a chiral amine and the rest are photoreduced to the corresponding alcohol. Within zeolites
all 17 ketones yielded in presence of a chiral amine, the corresponding alcohol as the major product.
When a chiral amine was used as the coadsorbent within alkali ion exchanged zeolites, enantiomerically
enriched alcohol was formed in all cases. The best chiral induction was obtained with phenyl cyclohexyl
ketone (enantiomeric excess: 68%). "H-"*C Cross Polarization Magic Angle Spinning (CP-MAS)
experiments, with a model ketone (perdeuterated acetophenone) and chiral amine (pseudoephedrine)
included within MY zeolites, suggested that the cation brings the reactant and the chiral amine closer.
The role of the cation in such a process is also revealed by the computation results. The results presented

here highlight the importance of a supramolecular structure in forcing a closer interaction between a
reactant and a chiral inductor that could be used to achieve asymmetric induction in photoproducts.

Introduction

During the last decade interest has been growing in the topic
of asymmetric induction in photochemical reactions and a few
remarkable methodologies have been developed.! In the early days
of development, chiral solvents, circularly polarized light and
chiral sensitizers were utilized to conduct enantioselective pho-
toreactions and unfortunately they all yielded less than satisfactory
results.>® Recent efforts with chiral auxiliaries, chiral sensitizers
and chiral templates have led to remarkable success.*® Organized
media have also been used to achieve asymmetric induction in
photoreactions and of these, the crystalline state” and solid host—
guest assemblies® have provided the most encouraging results. Our
contribution to this topic has been to establish the utility of zeolites
as media to achieve asymmetric induction.*'° In the absence of
chiral zeolites, our approach has been to render the zeolite cages
‘chiral’ by absorption of an optically active molecule.

The strategy of employing chirally modified zeolite as a reaction
medium requires inclusion of two different molecules: C (a chiral
inductor) and R (a reactant), within the interior spaces of a
zeolite. This strategy by its very nature does not allow quantitative
chiral induction. When two different molecules C and R are
included within a zeolite, the distribution is expected to follow
the pattern shown in Fig. 1. The six possible modes of distribution
of guest molecules are: type I (cages containing a single C), type
II (two C’s), type III (single R), type IV (two R’s), type V (one
C and one R molecule), and type VI (empty cages). The chiral
induction obtained from the photoreaction of R is an average

“Department of Chemistry, University of Miami, Coral Gables, Florida,
33124, USA. E-mail: murthyl@miami.edu; Fax: 305 284 4571; Tel: 305
284 1534

*Department of Chemistry, Tulane University, New Orleans, LA, 70118,
USA

type 1 type 11

type V

type 111

type IV type VI

R = Reactant
C = Chiral Inductor

Fig. 1 Six possible modes of distribution of two different molecules, C
and R, within zeolite supercages.

of the inductions that occur in cages of types III, IV (racemic
products) and V (enantiomerically enriched product).

For the above approach to be successful (to avoid products from
cages of types III and IV) every reactant molecule (R) has to be
placed next to a chiral inductor molecule (C). Recognizing the
current lack of knowledge concerning the distribution of guest
molecules within a zeolite and the highly unlikely probability
of placing every chiral inductor molecule next to a reactant
molecule in the absence of any specific interaction between them,
we have explored a strategy that would limit the photoreaction
of interest to reactant molecules next to a chiral inductor. Such
a condition eliminates the possibility of formation of the product
of interest in the cages of types III and IV. The photoreaction
we have investigated in this context is the well-known electron
transfer initiated intermolecular hydrogen abstraction reaction
of carbonyl compounds." Under the conditions employed, one
of the guest molecules (e.g., ephedrine) assumes the dual role
of a chiral inductor and an electron donor. We term such a
strategy the ‘chiral inductor as a reagent’. The goals of the current
investigation are: (a) to explore the generality of the chiral inductor
as a reagent strategy and (b) to establish that both the reactant
ketone and chiral inductor molecules are present in a single
supercage of a zeolite. For the former purpose we have investigated
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the photoreduction of 17 aryl alkyl and diaryl ketones (la-1q;
Scheme 1) within chirally modified Y zeolites. To reach the second
goal we have probed the model systems through solid state NMR
and computational methods.

Results

To establish the versatility of zeolites to obtain high enantiose-
lectivity, the chiral amine mediated photoreduction of 17 ketones
(la-1q) was investigated within alkali ion exchanged Y zeolite
(Scheme 2). In solution, five of these ketones gave only products
of intramolecular y-hydrogen abstraction even in the presence of
chiral amines. The remaining twelve ketones underwent photore-
duction to the corresponding alcohol in the presence of chiral
amines. No asymmetric induction was observed in solution. On
the other hand, within zeolites all ketones gave the corresponding
alcohol via an electron transfer process. Photoreduction was
attempted with numerous chiral inductors whose structures are
provided in Scheme 3.

A typical experimental procedure involved the addition of
250 mg of activated NaY zeolite to a solution of 7 mg (3.87 x
10~ moles) of 1a—1q, 26-30 mg of chiral inductor and 20 mL of
hexanes. The mixture was allowed to stir under nitrogen for 2-3 h
and then irradiated for 3 h. The conversions in most experiments
were in the range of 20 to 35% as monitored by GC. The zeolite was

1a 1b 1c
(0] (0]
H3CO/(>)k H3;CO : : F

1e 1f
0 L
o O
Nege
1j

1i

filtered and the organic contents were extracted using acetonitrile.
The chiral inductor was removed from the solution by column
chromatography (silica gel/hexane—ethyl acetate) and the solution
was concentrated and analysed using chiral GC/HPLC column.
Both the reactant ketones and the product alcohols are known
compounds and were synthesized by the literature methods (see
experimental). Structures of the product alcohols were confirmed
by comparing with authentic samples.

All 17 substrates, when irradiated within NaY zeolite in the
presence of a suitable chiral amine, gave significant amounts of
optically active alcohol (Scheme 2). The enantiomeric excesses
(ee) obtained with ketones 1la—1q included in NaY are listed in
Table 1. For the sake of brevity we have provided results only in
NaY. We have carried out experiments with several chiral amines
in each case and the results reported correspond to the chiral
amine that gave the best number. This clearly illustrates that there
is no single chiral amine that works best for all ketones. The results
(ee) obtained with various chiral inductors in the case of 1a are
summarized in Table 2. Data in Table 2 show that the extent of
chiral induction depends on the structure of the chiral amine.
Since detailed study was carried out only with ketone 1a, the
absolute configuration of the product alcohol in this case alone
was identified by following the literature method.” In all other
cases the first peak to elute from the chiral column is arbitrarily
assigned as A and the second peak as B (Table 1). Once again

80l

1d

(o]
~o o
3C
1h

19
% ’O‘
1k

11

Fo oo & UL

1m 1

Scheme 1 List of aryl alkyl ketones investigated in this study.

hv
NaY, Chiral Inductor

Scheme 2 Photoreduction of ketones within chirally modified NaY zeolite.
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Scheme 3  Structures of chiral inductors explored in this study.

we wish to emphasize that no detailed studies on ketones 1b-1q
were conducted and a brief study on them helped us establish the
generality of the zeolite based chiral induction strategy.

To probe the importance of alkali ions present in a zeolite in
the chiral induction process several experiments were carried out
with 1a. The following observations are noteworthy: while the
dry NaY containing optically pure norephedrine gave 68% ee,
the same zeolite complex when it was intentionally made ‘wet’ by
adsorption of water and irradiated gave <2% ee. Although the ee
was influenced by the cation, the ratio of 2a to 3a remained the
same under dry and wet conditions (for structures 2a and 3a see
Scheme 5). We believe that hydrated Na* ions are unable to interact
with the reacting ketone and the electron donor amine. If the cation
present in a zeolite is important in aiding the necessary interaction
between the ketone and the chiral inductor, the photoreduction
and ee should depend on the nature and number of the cation. Y-
Sil, a zeolite with morphology similar to Y zeolite but with very few
cations gave negligible ee (<5%) with norephedrine as the chiral
inductor. Similarly norephedrine when adsorbed onto MCM-41,
a mesoporous zeolite, and silica gel containing no cation failed
to induce enantioselectivity in the product alcohol. Examination
of the photoreduction, with norephedrine as the chiral inductor
within various alkali ion exchanged zeolites (LiY, NaY, KY, RbY
and CsY), revealed that the nature of the cation is also important
in the process of chiral induction. For the identical loading level
of 1a (one molecule per ten supercages) and norephedrine (one
molecule per supercage), the ee within LiY, NaY, KY, RbY and
CsY were 45%, 68%, 30%, 10% and zero respectively. From the
above studies it is clear that the cation plays a crucial role during

the chiral induction process and also that NaY is the best zeolite
for the present purpose.

To establish the role of a cation in bringing the reactant
ketone and the chiral amine closer we have carried out NMR
polarization experiments of solid zeolite samples. Solid state NMR
experiments such as intermolecular 'H-">C Cross Polarization
Magic Angle Spinning (CP-MAS) can provide insight into the
existence of interactions between adsorbed molecules within a
zeolite and can also provide evidence regarding the relative
proximity of the two molecules.**® In a CP-MAS experiment,
the CP part of the experiment involves selective ' H magnetization
followed by dipolar transfer to the less abundant *C nuclei under
Hartman-Hahn matching conditions. Our study was prompted
by the work of Garcia-Garibay and co-workers on benzophenone
and cyclohexane in NaY.'* By comparison of the “C signal
intensities of benzophenone, due to '"H-*C Cross Polarization
Magic Angle Spinning (CP-MAS) measured with deuterated and
non-deuterated benzophenone samples, Garcia-Garibay and co-
workers established that the intermolecular C-D-H-R distances
between carbon atoms of deuterated benzophenone and hydrogens
of cyclohexanes have an average value of ca. 2.2 A within
NaY. This suggested that CP-MAS experiments could be useful in
establishing the presence of an interaction between the cation, the
ketone and the chiral inductor.

The CP-MAS experiments were carried out with perdeuterated
acetophenone as the ketone and pseudoephedrine as the chiral
amine. The choice of acetophenone as the model compound was
dictated by the ready availability of deuterated acetophenones such
as C¢H;COCD,, C,DsCOCH; and C;,D;COCD;. The observation
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Table 1 Enantiomeric excess in the alcohol products of ketones 1a-1q included in NaY zeolite in presence of a chiral inductor®?
Substrate Zeolite Chiral inductor %Enantiomeric excess®*
la NaY (+)-Norephedrine 68R
1b NaY (—)-Norephedrine 67S
1b NaY (+)-Norephedrine 50
1c NaY (4)-Pseudoephedrine 30
1d NaY (+)-Pseudoephedrine 25
le NaY (+)-Ephedrine 47A
le NaY (—)-Ephedrine 53B
1f NaY (+)-Pseudoephedrine 30
1g NaY (+)-Ephedrine 35
1h NaY (1R,2R)-(1,2-Diaminocyclohexane) 42B
1h NaY (18,25)-(1,2-Diaminocyclohexane) 44A
1i NaY (—)-Ephedrine 40B
1i NaY (+)-Ephedrine 42A
1j NaY (+)-Pseudoephedrine 43A
1j NaY (—)-Pseudoephedrine 43B
1k NaY (—)-Pseudoephedrine 36B
1k NaY (+)-Ephedrine 24A
1k NaY (—)-Ephedrine 23B
1k NaY (+)-Pseudoephedrine 28A
11 NaY (—)-Pseudoephedrine 22A
1 NaY (+)-Pseudoephedrine 22B
1m NaY (+)-Pseudoephedrine 24A
1m NaY (—)-Ephedrine 34B
1n NaY (+)-Pseudoephedrine 24A
1n NaY (—)-Pseudoephedrine 23B
1o NaY (+)-Pseudoephedrine 30A
1o NaY (—)-Pseudoephedrine 27B
1p NaY (—)-Ephedrine 64B
1p NaY (+)-Ephedrine 65A
1q NaY (—)-Ephedrine 57B
1q NaY (+)-Ephedrine S8A

“The numbers reported are the average of at least three independent runs. ® The loading level was maintained at one ketone per 10 supercages and one
chiral amine per cage. ¢ In the case of ketone 1a, the absolute configuration of the product alcohol has been identified. R and S refer to the isomer being
enhanced. ? In ketones 1b—1q the absolute configuration of the product alcohol was not identified. The first peak to elute from the GC or HPLC column

was noted as A and the second as B.

Table 2 Enantiomeric excess of alcohol product of ketone 1a with various

chirally modified NaY zeolites*®

Medium Chiral inductor

%Enantiomeric excess*

NaY (+)(S,R)-Norephedrine 68R
NaY (—)(R,S)-Norephedrine 67S
NaY (4+)(S)-Aminophenylethanol 26R
NaY (S,S)-Aminophenylpropanediol 548
NaY (S)-Valinol 98

NaY (R)-Valinol 10R
NaY (+)(S,R)-Ephedrine 16R
NaY (—)(R,S)-Ephedrine 118
NaY (4+)(S,S)-Pseudoephedrine 37R
NaY (—)(R,R)-Pseudoephedrine 358
NaY (S)-Phenylglycinol 11R
NaY (S,S)-Diaminocyclohexane 268
NaY (4+)(S,R)-N-methylephedrine 27R
NaY (—=)(R,S)-N-methylephedrine 238
NaY (S,S)-Aminomethoxyphenylpropanol 305
NaY (S)-Phenylalaninol 13R
NaY (S)-Methylbenzylamine 8S

NaY (S)-Alaninol 28

NaY (S)-Diphenylpyrrolidine methanol 25R

“The numbers reported are the average of at least three independent runs.
® The loading level was maintained at one ketone per 10 supercages and one
chiral amine per cage. ¢ In the case of ketone 1a, the absolute configuration
of the product alcohol has been identified. R and S refer to the isomer
being enhanced.

of BC signals from perdeuterated acetophenone relies on
the polarized 'H source and cannot be observed unless we have a
hydrogen source that is relatively rigid and is in closer proximity
to the perdeuterated acetophenone molecule. The absence of
BC signals in the 'H-"*C CP-MAS spectra of perdeuterated
acetophenone adsorbed within NaY indicates that there is no
source of hydrogen present inside the zeolite from which the
polarization transfer could take place. But when 'H-*C CP-MAS
spectra of perdeuterated acetophenone and (—)-pseudoephedrine
adsorbed within NaY were recorded, along with the signals of the
chiral inductor, a new "*C signal at 8 25 ppm was observed. Based
on the fact that the *C signal of CH; in acetophenone comes at
8 25 ppm, we assign the new "*C signal at § 25 ppm to be that of
CD;, perdeuterated acetophenone. The maximum distance up to
which intermolecular polarization transfer can take place is 10 A
and since the diameter of the supercage is 13 A, it is quite possible
that both the chiral inductor and perdeuterated acetophenone are
present in the same or adjacent supercages of NaY.

Support for the above interaction between the ketone and the
amine also comes from the contact time variation study. In this
study we assume that the polarization transfer occurs through
interaction between the 'H of (—)-pseudoephedrine and the BC
of perdeuterated acetophenone. Cations are assumed not to play
a role in this process. In a '"H-"*C CP-MAS experiment, the *C
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signals grow during '"H-"3C contact times and then decay by virtue
of their spin lattice relaxation. If the polarization transfer is taking
place between two molecules (intermolecular), the intensity of
the new "C signal observed should increase with the increase in
contact time. As shown in Fig. 2, when '"H-3C CP-MAS spectra of
(—)-pseudoephedrine and perdeuterated acetophenone adsorbed
within NaY were recorded with varying contact times (2500 ps to
50 ps), the intensity of the *C signal due to CD; at § 25 was at
a maximum when the contact time was 2500 ps and it decreased
with the decrease in contact time. In order to provide further
support for the above proposition of intermolecular polarization
transfer, a contact time variation study of (—)-pseudoephedrine
and acetophenone (C,H;COCH;) adsorbed within NaY was
performed. Unlike the perdeuterated acetophenone case, here the
proton source required for polarization transfer is present within
the acetophenone molecule itself and hence one would expect no
significant change in the relative intensity of the signal with varying
contact times used in this study. The contact time variation did
not affect the relative intensity of the *C signal due to the CH; of
acetophenone at 6 25 in the contact time range of 50-2500 ps.

/W\
PAANEAAN

40 30 20 ppm 40

ge :

T 1
30 20 ppm

Fig. 2 Contact time dependent 'H-*C CP-MAS spectra for
(—)-pseudoephedrine and perdeuterated acetophenone adsorbed within
NaY zeolite. Only a narrow region corresponding to the *C signal due
to CD; is shown. The arrow points to the *C signal due to CD;. Note
the intensity change with contact time. The other signals correspond to
(—)-pseudoephedrine. (a) 2500 ps, (b) 1500 ps, (c) 500 ps, (d) 300 us and
(e) 50 ps.

The importance of the charge density of the cation in bring-
ing the ketone and chiral amine closer is evident when 'H-
BC CP-MAS spectra of perdeuterated acetophenone and (—)-
pseudoephedrine adsorbed within Li*, Na* and K* exchanged
Y zeolites for the same loading level of ketone and chiral inductor
were recorded. It can be inferred from Fig. 3 that, on going
from Li* to K*, the intensity of the *C signal due to CD, (8 =

M
A

40 30 20 ppm 40

éé

T
30 20 ppm

Fig.3 'H-"*C CP-MAS spectra for (—)-pseudoephedrine and perdeuter-
ated acetophenone adsorbed within alkali ion exchanged Y zeolites and
onto silica gel. Only a narrow region corresponding to the *C signal due
to CD; is shown. The arrow points to the "*C signal due to CDj;. Note the
intensity change with the nature of the alkali ion present in a zeolite. Other
signals correspond to (—)-pseudoephedrine. (a) LiY, (b) NaY, (c) KY and
(d) silica gel.

25 ppm) changed with the relative intensity being large in LiY and
smaller in KY. Because of the poor baseline, the intensities of the
signals are not reliable and therefore no quantitative comparison
between the cations could be made. Alternative experiments of
varying the contact time to achieve the same intensity were
not conducted. However the importance of zeolite framework
and cations is revealed when 'H-"*C CP-MAS spectra of (—)-
pseudoephedrine and perdeuterated acetophenone adsorbed on
silica gel were recorded. From the spectra in Fig. 3 it is clear that
the intensity of the new signal was least when silica gel was used
as a medium, suggesting that silica gel that lacks cations is not
able to interact strongly with the adsorbed organic molecules and
thus bring them closer for intermolecular polarization transfer to
occur.

Results of 'H-"*C CP-MAS experiments confirm that there are
cages of type V (Fig. 1) within NaY zeolites. We believe that
photoreduction occurs in such cages. To provide further support to
our assumption that the cation plays an important role in the chiral
induction process we decided to probe, through computations, the
possibility of a cation forcing an interaction between the reactant
ketone 1a and norephedrine. Computations were carried out with
the Gaussian 98 suite of programs at the RB3LYP level with the
6-31G(¥) basis set.”” The goal of the computations is simple: can
an alkali ion force an interaction between a reactive ketone and
a chiral amine? We recognize that the computationally generated
structures that refer to the gas phase may be of limited value
in the development of a mechanistic model where the cations are
embedded within the walls of a zeolite. Although the computations
relate to free cations, we felt that the trends observed in the gas
phase would be useful in gaining an insight into the origin of chiral
induction within a zeolite.

Computations with (+)-norephedrine, phenyl cyclohexyl ketone
(1a) and Li* were performed in three stages. In stage 1, the most
computationally favored conformations of the chiral amine, (4)-
norephedrine, were determined. In stage 2, the Li* ion was allowed
to interact with the conformers of (4)-norephedrine to determine
the computationally favored structures for the Li*—chiral amine
complex. In the final stage, the ketone was allowed to interact
with the Li*—chiral amine complex.

Chiral inductor molecule (+)-norephedrine on geometry opti-
mization at RB3LYP/6-31G* level, resulted in three conformers
close in energy (difference in energies <1 kcal mol™'). Energies
and optimized structures of the conformers are shown in Fig. 4.
The three conformers represent the three Newman projections that
would be obtained for norephedrine. In two of these, as expected,
there is hydrogen bonding between the amino and hydroxyl groups.
The structures and energies reported here are similar to the ones
recently computed at the MP2/6-311 + G** level by Simons and
co-workers.'®

Each conformer was independently allowed to interact with Li*
ion, and re-optimized. During the calculation, Li* ion was free
to move to find the most stable position. Seven structures were
obtained, inclusive of bidentate and monodentate interactions
of Li* with (4)-norephedrine (Fig. 5). In the bidentate modes
shown in Figs. Sa—c, Li* interacted with amino nitrogen and
hydroxyl oxygen in a, amino nitrogen and phenyl in b, hydroxyl
oxygen and phenyl in ¢ and in the monodentate modes shown in
Figs. 5d—g it interacted with amino nitrogen in d, hydroxyl oxygen
in e, phenyl from face-1 in f and with phenyl from face-2 in g.
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Conformer b Conformer ¢

Conformer a

Energy = -480.7437 a.u. Energy = -480.7454 a.u. Energy = -480.7441 a.u.

H Me Me NH; HoN H

. HzN"-'-OH H H E A Me o
Fig.4 The three conformers of (+)(1S,2R)-norephedrine chiral inductor
optimized at the RB3LYP level with the 6-31G* basis set in Gaussian 98.

Assuming the least stable structure as zero, the relative energies
of various structures are listed in Fig. 5. Perusal of Fig. 5 reveals
that structures in which cation is bound to two functional groups
(a—c in Fig. 5) are more stable than those possessing a single
interaction (d—g in Fig. 5). According to computation, the cation
interacting with amino nitrogen and alcohol oxygen is the most
stable (structure a in Fig. 5).

Structure a in Fig. 5 was re-optimized at the RB3LYP/6-31G*
level in the presence of cyclohexyl phenyl ketone. During the
calculation, the alkali ion was free to move to find the most

a) E=-488.1523a.u.
(30.24 kcallmol)

N--Li"

d) E=-488.1193 a.u.
(9.5 kcal/mol)

N-Li*~Ph

b) E= - 488.1437 a. u.
(24.8 kcal/mol)

stable position. Calculations were repeated by placing the alkali
ion at various locations. Independent of the starting location of
the cation, structure h shown in Fig. 6 was obtained for the
supramolecular complex of Li*, cyclohexyl phenyl ketone and
norephedrine. It is important to note in structure h that a newer
interaction between Li* cation and the carbonyl of the cyclohexyl

i) E=-1068.4574 a.u.
(20.2 keal/mol)

j) E =-1068.4535 a.u.
(17.7 keal/mol)

k) E=-1068.4252 a.u.
(0 keal/mol)

Fig. 6 Interaction between the ketone, lithium cation and
(4)-norephedrine chiral inductor in the gaseous state as obtained
by computations. The relative energy differences in kcal mol~' between
the given complex k and the conformers h—j are shown in parentheses.

O--Li*~Ph

c) E=-488.1355a. u.
(19.7 kecal/mol)

e) E=-488.1115 a.u.
(4.64 kcal/mol)

Ph--Li' face-1

f) E=-488.1048 a.u.
(0.4 kcal/mol)

Ph--Li" face-2

g) E=-488.1041 a.u.
(0 keal/mol)

Fig.5 Various modes of lithium cation binding to (4)-norephedrine chiral inductor (Gaussian 98/RB3LYP/6-31G*). The relative energy differences in
kcal mol~! between the given conformer g and the most stable conformers a—f are shown in parentheses.

1566 | Org. Biomol. Chem., 2006, 4, 1561-1571

This journal is © The Royal Society of Chemistry 2006





phenyl ketone has developed. To identify other possible structures
for the ternary complex, structures b—g in Fig. 5 were indepen-
dently optimized in the presence of cyclohexyl phenyl ketone at
the RB3LYP/6-31G* level. Three supramolecular structures (i-k
in Fig. 6) were obtained. Vibrational frequencies with no Raman
intensities were computed for all four structures and were found
to be positive. Positive frequencies suggest that all three cation
bound structures are true minima. We do not know which one of
the four structures is present within a zeolite. Independent of this
limitation the computational results unequivocally suggest that
an alkali ion can bring a reactive ketone and an electron transfer
agent, chiral amine, closer. Existence of closer interaction between
alkali ion, reactive ketone and chiral amine is consistent with
the results of CP-MAS experiments and photochemical product
studies.

Discussion

From the results presented above it is clear that the phenomenon of
asymmetric induction during electron transfer mediated photore-
duction within alkali ion exchanged zeolites is general. Cations
present within a zeolite play an important role in this process.
The results of solid-state NMR experiments and computational
studies suggest that alkali ions help to bring the reactant ketone
and the chiral amine closer.

Perusal of Table 1 reveals that ketones la, 1b, le, 1i, 1p
and 1q give moderate enantioselectivity (e.e) within NaY: la,
(+)-norephedrine (68%); 1b, (4)-norephedrine (50%); le, (—)-
ephedrine (53%); 1i, (+)-ephedrine (42%); 1p, (—)-ephedrine (64%)
and 1q, (—)-ephedrine (57%). We recognize that the ee obtained is
certainly not in the range to be synthetically useful. However,
we wish to emphasize that our studies are directed towards
understanding supramolecular interactions and in this context the
results reported here are significant. One of the earliest reports of
the use of amines as chiral reagents is by Seebach and coworkers in
the solution phase photopinacolization of aromatic ketones.” A
mixture of 1 : 5 chiral amine to pentane as solvent at —72 °C gave

0 3*
(¢]
R hv

ISC

OH

RRC—N
N
R

19 or 29 amine

about 23.5% ee in the DL-pinacol formed from acetophenone. It is
important to note that in our studies no pinacol was obtained and
in the majority of the cases the only product is the corresponding
alcohol and the ee obtained within zeolites is in the range between
22-68%. When the irradiation was carried out in solution in all
cases only racemic products were obtained.

The general mechanism of amine-mediated photoreduction of
carbonyl compounds is shown in Scheme 4. This process involves
three steps: first, an electron transfer from the amine to the excited
carbonyl chromophore, second, proton transfer from the radical
cation to the radical anion and third, the reaction of the radical
intermediates, yielding either a pinacol or the corresponding
alcohol. One of the important aspects of this reduction is that
it is independent of the nature of the lowest excited state (nm* or
nn*) of the reacting carbonyl compound. The mechanism shown
in Scheme 4 works best for primary and secondary amines, but
tertiary amines also initiate photoreduction through an electron
transfer pathway. We believe that photoreduction of all ketones
examined in this study proceeds by the electron transfer pathway
shown in Scheme 4. Although we carried out preliminary studies
on 17 ketones, in depth investigation was pursued only on ketone
la. As emphasized earlier, the study on the other sixteen ketones
helped us establish the generality of the zeolite based ‘chiral
inductor as a reagent’ strategy. However, we are unable to establish
any structure—asymmetric induction relationship with the ketones
investigated. The excited state behavior of la within zeolites
discussed in detail below helps to establish the various factors that
need to be controlled during the chiral photoreduction process.

Phenyl cyclohexyl ketone (1a)**' in isotropic solution gives
a y-hydrogen abstraction Norrish-Yang cleavage product (2a;
Scheme 5). As expected based on solution behavior, irradiation
as a hexane slurry of la included within NaY gave 2a as the
only product. On the other hand, irradiation of la included
within optically pure ephedrine, pseudoephedrine or norephedrine
modified NaY gave intermolecular hydrogen abstraction product
3a, in addition to 2a. The alcohol 3a was the product of electron
transfer from the amino group of the above chiral inductors to

RRHC R4
NS R
RRHC_ , Ri
” NS "SR

Iz

19 or 29 amine

OH
R4 .

NS R

Scheme 4 Mechanism of electron transfer mediated photoreduction.

hU, Nz
NaY, Chiral Inductor
1a 2a

Y3a

Scheme 5 Inter and intramolecular photoreduction of cyclohexyl phenyl ketone.
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the excited ketone. Absence of formation of 3a when ephedrine
hydrochloride and (—)-diethyltartarate (no amino group) were
used as chiral inductors confirms the need for a good electron
donor to initiate the hydrogen abstraction process.

If the role of the amine was to serve as the electron donor, the
ratio of inter vs. intramolecular hydrogen abstraction products
(2a to 3a) should depend on the electron donating ability of
the chiral inductor. The ratio of 2a : 3a is expected to be lower
when secondary amine chiral inductors such as ephedrine and
pseudoephedrine are the donors than when the chiral inductor is
a primary amine such as norephedrine. As predicted, for the same
loading level of the chiral amine (one molecule per supercage)
the ratio of 2a : 3a with norephedrine was 5 while that with
pseudoephedrine was 0.20.

As indicated above, ketone la included within a chirally
modified (bearing amino group) NaY zeolite undergoes two
primary photoreactions, one dependent and the other independent
of the chiral inductor. For example, 1a present in cages of types
IIT and IV (Scheme 1) would give only 2a whereas those present
in cages of type V are expected to yield both 2a and 3a. This
generalization predicts that the 2a : 3a ratio would depend on the
ratio of the cages that contain the chiral inductor and those that
do not, which in turn depends on the loading level of the chiral
inductor. This expectation was also realized. Upon irradiation of
1a included within NaY containing pseudoephedrine the ratio
of 2a : 3a varied; at a loading level of one chiral amine per five
supercages the ratio was 1.27 whereas at a loading level of one
chiral amine per supercage the ratio was 0.20. Clearly, the amount
of intermolecular reduction product increased with the increased
loading level of pseudoephedrine. An additional important point
to note is that although the ratio of 2a to 3a was dependent on the
loading level of the chiral inductor, the ee was independent of the
loading level of the chiral inductor. This observation supported
the view that reduction occurred only in cages containing the
chiral inductor. Had there been intermolecular reduction (to yield
racemic products) in cages that do not contain the chiral inductor
the ee would have increased with increased loading levels of the
chiral inductor

While the ee obtained in this study is the highest amongst the
thus far reported examples of photoreduction of achiral ketones,"
unfortunately we are unable to develop a model that could be used
to predict the extent of chiral induction within a zeolite. Several
observations suggest that one must include the alkali ion in any
mechanistic understanding of the asymmetric induction process
within zeolites. The following experimental observations relating
to the measured ee in the case of 1a should be noted in this context:
(a) the ee depends on the water content within NaY. Dry zeolites
give higher ee than wet ones, (b) the ee depends on the number
of alkali ions, (c) most importantly, the % ee depends on the
nature of the alkali ion. Thus it is clear that to obtain maximum
ee one should use a dry zeolite with moderate number of alkali
ions (preferably Y zeolite). At this stage we are unable to predict
which alkali ion would work best. Alkali ions play two roles in the
chiral induction process. They forge a closer interaction between
the ketone and the chiral amine. In addition they modulate the
electron donating ability of the amine. Smaller ions such as Li*
force a closer interaction but they drastically reduce the ability of
the amine to donate electrons. Further larger ions such as Rb* and
Cs* may not allow both the ketone and the amine to occupy the

same cage. In addition one should keep in mind that the ability
to dry zeolites with various alkali ions might differ. It is especially
important to note that LiY is harder to dry than other zeolites. In
general we have found that, to achieve chiral induction, Na* and
K* ions are better than Rb* and Cs* ions.

One disappointing observation is that despite the entire reaction
occurring within chirally modified cages, the ee is not quantitative.
This, we believe, is due to the multi-step nature of the reaction
involving at least three distinct intermediates, the triplet ketone, the
radical ions and the radicals (Scheme 4). All three intermediates
possess pro-chiral faces and the factors that control the addition to
the pro-chiral faces of these intermediates are likely to be different.
Both computational and solid state NMR results relate only to
the ground state ketone and at this stage we do not have any
experimental results that provide an understanding of the nature
of interaction between the three reactive intermediates and the
chiral amines. In spite of this deficiency we have been able to make
some generalizations that are presented below.

We believed that to make generalizations it is important to
assign the absolute configuration of the two alcohols formed
during the photoreduction of cyclohexyl phenyl ketone and
identify the peaks A and B in the GC/HPLC traces. This was
achieved by synthesizing the optically enhanced a-cyclohexyl
benzyl alcohol by a known procedure.”> When ketone la was
reduced thermally by a known literature procedure using chiral
inductor (S)-diphenyl pyrrolidine methanol, enantiomerically
enriched a-cyclohexyl benzyl alcohol was obtained. About 65%
enrichment of the R enantiomer was obtained in the product
mixture which corresponded to the A isomer on the chiral GC
trace. The authenticity of the configuration of the enantiomer was
confirmed with the literature report. In Table 2 the enantiomer
that is enhanced by each chiral amine is indicated.

On examination of the results of chiral induction with various
chiral amines a few generalizations result. The ephedrine family of
inductors comprising norephedrine, ephedrine, pseudoephedrine,
N-methylephedrine, aminophenylethanol, aminophenylpropane-
diol and aminomethoxyphenylpropanol provided an interesting
comparison. It was observed that chiral inductors with the S
configuration at the benzylic alcohol part always favored the R
enantiomer of a-cyclohexyl benzyl alcohol. This point becomes
clear when one notices that the inductor (S)-aminophenylethanol
that does not have any chiral carbon connected to the amino group
gave an ee of 26% R. We tentatively conclude that the configuration
at the benzylic alcohol portion of the chiral inductor determines
the absolute configuration of the alcohol product.

Perusal of Table 2 reveals that the probability of getting chiral
induction from chiral inductors possessing two or more functional
groups like amino and hydroxyl was greater than for those with
monofunctional groups. For example, norephedrine (68% ee)
and pseudoephedrine (37% ee) gave higher ee’s compared to o-
methylbenzylamine (8% ee). It was also seen that the phenyl group
was important in the chiral induction process. Norephedrine and
other ephedrine family inductors that possess hydroxyl, phenyl
and amino groups were very successful compared to the ones
lacking a phenyl group such as valinol and alaninol. The nature
of the amine also seems to matter: Comparing norephedrine,
ephedrine and N-methyl ephedrine (Scheme 3), it can be seen
that all three inductors have similar structural features and chiral
configurations (1S,2R), except that norephedrine is a primary
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amine, ephedrine is a secondary amine and N-methyl ephedrine is
a tertiary amine. The ee’s obtained from these vary from 68%
to 16% to 27%, all enhancing the R(+) enantiomer in the o-
cyclohexyl benzyl alcohol. Thus there is a complex relationship
between the chiral inductor and the extent of chiral induction.
With the results on hand it is too difficult to present a model for
electron transfer mediated photoreduction within zeolites. We have
established that with the help of zeolites one can obtain significant
chiral induction in the electron transfer mediated photoreduction
of carbonyl compounds. The mechanistic details are yet to be
established.

Conclusions

We have shown with several examples that electron transfer medi-
ated photoreduction of carbonyl compounds could be achieved
within zeolites. More importantly, the product obtained when
a chiral amine is used is enantiomerically enriched. The role of
zeolite is obvious when one recognizes that the product alcohol is
formed as a racemic mixture in solution. The best enantiomeric
excess obtained within a zeolite is 68%. This chiral induction
is far higher than that reported in solution during the electron
transfer mediated photopinacolization of acetophenone at room
temperature. The role of cations in forcing a closer interaction
between a reactant and a chiral amine is revealed by solid state
NMR and computational results. At this stage we are unable to
present a model that would predict the absolute configuration of
the optical isomer that would be enhanced. Further experiments
are needed to achieve this goal.

Experimental
(a) Materials

Sigma-Aldrich samples of phenyl cyclohexyl ketone (1a),
phenyl isopropyl ketone (1b), phenyl cyclopentyl ketone
(1¢), 4-methoxyacetophenone (1e), 2-methylbenzophenone (1k),
4-methylbenzophenone (1l1), 2-chlorobenzophenone (1m), 4-
chlorobenzophenone (1n) and 2-methoxyacetophenone (10), and
2-methoxybenzophenone (1h) from Lancaster synthesis were used
as received. Ketones 1d, 1f and 1g were synthesized following the
procedure reported in the literature.”* Ketone 1i was synthesized
by refluxing sodium methoxide (1 eq.) and the corresponding
hydroxybenzophenone (1 eq.) and dimethyl sulfate (excess) in
methanol for 12 h. Methanol was removed under reduced pressure,
and the reaction mixture was dissolved in ether and washed
several times with water. Products were isolated from the reaction
mixtures by silica gel column chromatography using 10% ethyl
acetate and hexane mixture as eluent. Ketone 1j was prepared by
refluxing 2-hydroxybenzophenone (1 eq.), potassium carbonate
(1 eq.), dibenzo-18-crown-6 (0.5 eq.) and ethyl iodide (2 eq.) in
acetonitrile for 12 h. Product was isolated by silica gel column
chromatography using 10% ethyl acetate and hexane mixture as
eluent. The procedure for the synthesis of ketones 1p and 1q was
kindly provided by J. R. Scheffer and C. Scott. The chiral inductors
used in this study were obtained from Aldrich and Fluka and used
as received.

Commercial samples (Aldrich) of acetophenones for solid state
NMR studies were distilled twice prior to use. Perdeuterated ace-

tophenone was obtained from Cambridge Isotope Laboratories,
Inc.

Zeolite NaY (Si/Al 2.4) was obtained from PQ Corporation.
Zeolites LiY, KY, and RbY and CsY were prepared from the
NaY zeolite sample by cation exchange using appropriate nitrate
solution and refluxing at 90 °C for at least 3 h. A 10 mL aliquot of
a 10% nitrate solution was used for each gram of zeolite, and the
cation exchange was repeated three times. The exchanged samples
were then thoroughly washed with water to remove sulfate and
chloride ions. Exchange loading was typically between 60 and
84%.

Characterization of reactant ketones. Reactants 1a, 1b, 1c, le,
1h, 1k, 11, 1m, 1n and 1o are commercially available from Sigma-
Aldrich and Lancaster synthesis.

Reactant 1d. "H NMR (400 MHz, CDCL,) 8: 7.54-7.51 (m, 2H),
7.42-7.36 (m, 3H), 2.06-1.99 (m, 9H), 1.73-1.72 (m, 6H).

GC-MS (EI): 240 (M* 88), 135 (41), 105 (100), 77 (67).

Reactant If. "H NMR (400 MHz, CDCl,) & 1.12-2.22 (10H,
m), 2.92-3.24 (1H, m), 3.82 (3H, s), 6.82 (2H, d, J = 9 Hz), 7.84
(2H, d, J = 9 Hz).

GC-MS (EI): 218 (M* 5), 135 (100), 107 (8), 92 (11), 77 (14).

Reactant 1g. GC-MS (EI): 256 (M* 16), 201 (18), 187 (40), 173
(100), 145 (48), 83 (38).

Reactant 1i. "H NMR (400 MHz, CDCL,) & 7.8-7.6 (m, 4H),
7.5-7.3 (m, 3H), 6.9-6.8 (2H, m), 3.8 3H, s).

Reactant 1j. "H NMR (400 MHz, CDCL) &: 1.01 (t, J = 8 Hz,
3H), 3.93 (q, J = 8 Hz, 2H), 6.94 (br d, J = 8.4 Hz, 1H), 7.02 (m,
J =17.1,0.9 Hz, 1H), 7.36-7.46 (m, 4H), 7.52 (m, J = 7.4, 1.2 Hz,
1H), 7.78 (dd, J = 8.4, 1.1 Hz, 2H).

Reactant Ip. "H NMR (400 MHz, CDCl,) &: 1.14-1.19 (m, 2H),
2.0-2.06 (m, 2H), 3.45 (t, 1H, J = 1.3 Hz), 3.64-3.65 (dd, 2H, J =
3.6 Hz), 7.12 (m, 2H), 7.19 (m, 2H), 7.45 (m, 2H), 7.55 (m, 1H),
7.95 (m, 2H)

GC-MS (EI): 248 (M*, 30), 247 (3), 229 (3), 143 (21), 133 (17),
128 (92), 115 (21), 105 (100), 89(2), 77 (35).

Reactant 1q. "H NMR (400 MHz, CDCl,) &: 1.14-1.19 (m, 2H),
2.0-2.06 (m, 2H), 3.45 (t, 1H, J = 1.3 Hz), 3.64-3.65 (dd, 2H, J =
3.6 Hz), 7.1-7.22 (m, 6H), 7.96-8.0 (m, 2H).

GC-MS (EI): 266 (M*, 7), 247 (1), 151 (19), 143 (20), 129 (12),
128 (88), 123 (100), 115 (22), 95 (35), 89(3), 75 (5).

(b) Activation of zeolites

About 300 mg of the zeolite was placed in a silica crucible and
heated at 500 °C for 12 h. The freshly activated zeolite samples
were rapidly cooled in air to ca. 50 °C and then transferred into
glass sample tubes, connected to a vacuum manifold, and degassed
at 80 °C under low pressure (10~* Torr). We observed that such
a procedure facilitates the complete removal of water and other
adsorbents.

(c) Characterization of photoproducts

Photoproducts were identified to be the corresponding alcohols
from 1a-1q. Their authenticity was confirmed by comparing with
synthetic samples prepared from 1a-1q through NaBH, reduction.
Spectral data are provided below.
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Alcohol from 1a. 'H NMR (400 MHz, CDCl,) J: 0.85-1.42
(m, 6 H), 1.54-1.81 (m, 4 H), 1.89 (s, 1H), 1.92-2.03 (m, 1 H), 4.35
(d, 1 H,J =7.2Hz), 7.22-7.36 (m, 5 H).

GC-MS(EI): 190 (M*, 7), 107(100), 79(34).

Alcohol from 1b. 'H NMR (400 MHz, CDCl,)d: 0.79 (d, 3H),
1.02 (d, 3H), 1.92-1.99 (m, 2H), 4.35 (d, 1H), 7.25-7.37 (m, SH).
GC-MS (EI): 150 (M*, 13), 107 (100), 79 (50).

Alcohol from 1c. 'H NMR (400 MHz, CDCl;) d: 7.35-7.22
(m, SH), 4.39 (d, 1H), 2.24 (m, 1H), 1.92-1.15 (m, 8H).

GC-MS (EI): 176 (M7, 8), 158 (52), 129 (32), 115 (36), 107 (100),
91 (40), 79 (56), 67 (64).

Alcohol from 1d. 'H NMR (400 MHz, CDCl,) d: 7.25-7.33
(m, SH), 4.2 (d, 1H), 1.96 (m, 3H), 1.84 (d, 1H), 1.47-1.72 (m,
12H).

GC-MS (EI): 242 (M*, 4), 135 (100), 107 (13), 93 (18), 79 (30).

Alcohol from 1e. 'H NMR (400 MHz, CDCl;)0: 1.44 (d, J =
6.3 Hz, 3H), 2.76 (br, 1H), 3.77 (s, 3H), 4.78 (q, J/ = 6.3 Hz, 1H),
6.83-6.91 (d, J = 8.3 Hz, 2H), 7.22-7.31 (d, J = 8.3 Hz, 2H).

GC-MS (ED): 152 (M*, 31), 137 (100), 109 (65), 94 (38), 77 (43).

Alcohol from 1f. 'H NMR (400 MHz, CDCL,) 7.18 (d, J =
8.4 Hz, 2H), 6.84 (d, J = 8.4 Hz, 2H), 4.25 (d, J = 7.6 Hz, 1H),
3.77 (s, 3H), 1.99-1.97 (m, 2H), 1.75-1.72 (m, 1H), 1.63-1.54 (m,
3H), 1.34-1.31 (m, 1H), 1.29-0.83 (m, 5H).

GC-MS (EI): 220 (M*, 3), 202 (8), 137 (100), 121 (10), 109 (20),
94 (13), 77 (10).

Alcohol from 1g. GC-MS (EI): 258 (M*, 4), 175 (100), 147 (8),
127 (30), 83 (92).

Alcohol from 1h. 'H NMR (400 MHz, CDCl,) 6: 3.12 (s, br,
1H), 3.80 (s, 3H), 6.05 (s, 1H), 6.89 (d, 1H, J = 8.3 Hz), 6.92-6.96
(m, 1H), 7.20-7.33 (m, 5H), 7.37-7.41 (m, 2H).

Alcohol from 1i. 'H NMR (400 MHz, CDCl,) J: 2.19 (s, br,
1H), 3.78 (s, 3H), 5.80 (s, 1H), 6.84-6.89 (m, 2H), 7.24-7.39 (m,
7H).

Alcohol from 1k. 'H NMR (400 MHz, CDCl,) d: 2.26 (s, 3H,
CH,;), 2.38 (s, 1H), 6.00 (s, 1H), 7.15-7.36 (m, 8H), 7.53 (d, J =
8.0 Hz, 1H).

Alcohol from 11. 'H NMR (400 MHz, CDCl;) J: 2.00 (s, br,
1H), 2.32 (s, 3H), 5.76 (s, IH), 7.05-7.38 (m, 9H).

Alcohol from Im. 'H NMR (400 MHz, CDCl;) 0: 2.46 (s, 1H),
6.11 (s, 1H), 7.11-7.30 (m, 8H), 7.51 (d, J = 7.5 Hz, 1H).

Alcohol from In. 'H NMR (400 MHz, CDCl,) §: 2.21 (s, br,
1H), 5.76 (s, 1H), 7.20-7.45 (m, 9H).

Alcohol from 1o. 'H NMR (400 MHz, CDCL,) 6: 1.50 (d, 3H,
J = 6.6 Hz),2.72 (s, 1H), 3.86 (s, 3H), 5.08 (m, 1H), 6.86-7.36 (m,
4H).

Alcohol from 1p. 'H NMR (400 MHz, CDCl;) : 1.14-1.19
(m, 2H), 2.0-2.06 (m, 2H), 2.17-2.22 (m, 1H), 2.7 (m, 1H), 3.6 (m,
1H), 4.5 (d, 1H), 6.8-7.1 (m, 4H), 7.19 (m, 2H), 7.3-7.42 (m, 3H).

GC-MS (EI): 250 (M*, 30), 230 (4), 219 (10), 204 (16), 190 (13),
176 (6), 148 (18), 143 (100), 133 (47), 130 (87), 129 (24), 128 (77),
116 (35), 115 (60), 107 (34), 105 (27), 91(10), 77 (37), 58(27).

Alcohol from 1q. 'H NMR (400 MHz, CDCl,) J: 1.14-1.18
(m, 2H), 1.98-2.03 (m, 2H), 2.17-2.2 (m, 1H), 2.7 (m, 1H), 3.6
(m, 1H), 4.5 (d, 1H), 6.8-7.1 (m, 4H), 7.19 (m, 2H), 7.33-7.38 (m,
2H).

GC-MS (EI): 268 (M*, 23) 250 (2), 229 (5), 219 (5), 151 (13),
144 (16), 143 (100), 130 (62), 129 (24), 128 (48), 116 (22), 115 (50),
97 (19), 77 (16).

(d) Analysis of the enantiomeric excess of optically active alcohol
products

Enantiomers were resolved either with a HP 5890 series II
gas chromatograph with Supelco f-dex 350/0V-1701, B-dex 120
capillary chiral columns or in Rainin HPLC with chiralcel OD,
chiralpak AD and chiralpak AD-RH chiral columns depending
upon the benzylic alcohol products. Enantiomeric excesses (%oee)
were calculated using the formula [(area of A — area of B)/(area
of A + area of B)] x 100.

(e) Asymmetric reduction of phenyl cyclohexyl ketone (1a)

Freshly distilled trimethylsilyl chloride (130 mg, 1.2 mmol) was
added to a suspension of NaBH, (45 mg, 1.2 mmol) in dry
THF (5 mL). After the mixture was heated at 70 °C for 1 h
and allowed to cool to room temperature, a solution of (S)-a,a-
diphenylpyrrolidinemethanol (25 mg, 0.1 mmol) in THF (2 mL)
was added. When there was no gas emitted, a solution of phenyl
cyclohexyl ketone (188 mg, 1 mmol) in THF (2 mL) was added very
slowly with a gas-tight syringe. After the addition was complete,
the mixture was hydrolyzed with 2 M HCI (5 mL) and extracted
with ether (3 x 10 mL). The combined organic layers were washed
with brine, and dried with sodium sulfate. Filtration followed by
evaporation of solvent yielded the alcohols 65% enriched in the
R isomer as determined by analysis on GC with Supelco B-dex
350/0V-1701 chiral column. The configurations of the alcohols
were confirmed by comparing and verifying them with various
literature reports on a-cyclohexyl benzyl alcohol.*

(f) Sample preparation for solid-state NMR

The preparation of samples for solid state NMR experiments
consisted of two steps. The first one involved the loading of chiral
inductors within the zeolite. About 300 mg of the activated zeolite
was added to a solution (9.0 mL hexane and 1 mL chloroform) of
about 20-25 mg of chiral inductor (ephedrine, pseudoephedrine
or norephedrine) and was stirred for 12 hours. The loading of
chiral inductor within zeolite was one molecule per supercage.
The solution was then filtered using a sintered crucible. The
zeolite/chiral inductor complex was then degassed on a vacuum
line at 60 °C, typically for 12 hours under low pressure (10-*
Torr). To the degassed zeolite/chiral inductor complex, about
4 mg of acetophenone sample (acetophenone or perdeuterated
acetophenone) (equivalent to one molecule per four supercages of
MY zeolite) was added in a glovebag under a nitrogen atmosphere.
The sample was then transferred to a vacuum manifold and
degassed at 60 °C for typically 12 h under low pressure (103 Torr).
Such a heating of the sample ensured the uniform adsorption
of acetophenone or perdeuterated acetophenone. The degassed
sample was then packed into a zirconia rotor with an O ring in a
glove bag under nitrogen atmosphere. '"H NMR studies of these
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solid samples revealed that there was no adsorption of atmospheric
moisture during the course of sample preparation.

(g) Solid-state NMR spectra

Solid-state *C NMR spectra were recorded at room temperature
with a Bruker AVANCE DSX 300 spectrometer at a *C resonance
frequency of 75.47 MHz. Each acquisition typically consisted of
12000 to 16000 free induction decay scans. The "H-"*C cross-
polarization spectra (“C CP-MAS) were obtained with a recycle
delay of 2 s using a 90° pulse width of 6.5 us and a contact
time of 1.5 ms. All CP-MAS experiments were processed with
line broadening at 100 Hz. The spectra were referenced at room
temperature relative to TMS. All NMR figures were plotted using
Bruker XWINPIot software.

(h) Computational details

All the computations were done using the Gaussian 98 suite of
programs with the RB3LYP method and 6-31G(d) basis set. For
all the computed structures, frequencies were calculated and were
found to be positive.
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Pathogenesis in Staphylococcus aureus is dependent on local cell density and is regulated in part by
small macrocyclic peptides. Natural and artificial peptide inhibitors of this quorum sensing response
have been synthesized and evaluated in structure-activity relationship studies. These investigations have
illuminated the quorum sensing mechanism and set the stage for the design of biostable,
peptidomimetic inhibitors that could be developed ultimately as therapeutics.

Staphylococcus aureus is a prevalent and highly adaptable Gram-
positive bacterium responsible for numerous clinical infections.
The emergence of antibiotic resistance in this species and others
has therefore become a serious concern in the medical community.>
Unfortunately, pathogens continue to adapt more quickly than
new antimicrobial agents can be developed to control them.
One appealing approach to this problem is to target bacterial
systems associated with virulence rather than essential cellular
processes. It is hoped that this strategy will reduce selective
survival pressures and slow the development of resistance.?
Regardless of long-term efficacy, this tactic provides new targets
for therapeutics that could preemptively deactivate the defenses
of a developing colony. These defensive mechanisms, such as
biofilm formation and secretion of virulence factors, pose the
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greatest threat to the host, rather then common commensal
behaviors.

The discovery of a global regulatory system for virulence
in S. aureus mediated by small autoinducing peptides (AIPs)
has provided an avenue for interrupting these defenses.** AIPs
function as extracellular signaling molecules that allow individ-
ual cells to sense the surrounding population density. Once a
“quorum” of cells has been achieved, the bacteria modulate their
gene expression to facilitate cooperative behaviors that confer
survivability to the developing colony. AIP mimics that perturb
this system would be useful chemical probes and could potentially
be developed for therapeutic applications. Organic chemists,
particularly those working in the field of peptidomimetics, are
in a unique position to design and synthesize these compounds.
Here, we provide a brief review of the progress that has been
made towards understanding quorum sensing in S. aureus and
discuss the implications for the design of new peptidomimetic AIP
analogues.

Benjamin Gorske is a fourth-year graduate student at the University of Wisconsin-Madison pursuing his PhD in organic chemistry in the
laboratory of Professor Helen Blackwell. A native of Wisconsin, Ben received his BS in chemistry at Lawrence University ( Appleton, W1I)
in 1995. His thesis research is focused on the design and synthesis of new classes of peptidomimetics and their application to the control of

bacterial quorum sensing pathways.

Helen E. Blackwell

Benjamin C. Gorske

Helen Blackwell was born in Cleveland, Ohio and attended Oberlin
College for her undergraduate studies, graduating with highest honors
in chemistry in 1994. She pursued her graduate training in organic
chemistry at the California Institute of Technology with Professor
Robert Grubbs. Helen received her PhD in 1999 and then spent
three years as a postdoctoral fellow in the lab of Professor Stuart
Schreiber at Harvard University. In 2002, she returned to the Midwest
and joined the faculty of the University of Wisconsin-Madison, where
she is presently an Assistant Professor of Chemistry. Research in her
group is focused broadly on the development of new combinatorial
chemistry methods and their application to design molecular tools to
ask important questions in bacteriology and ecology.

This journal is © The Royal Society of Chemistry 2006

Org. Biomol. Chem., 2006, 4, 1441-1445 | 1441





bacterium HK = histidine kinase

Fig. 1 Proposed mechanism of the two-component agr autoinduction
system in S. aureus. AgrB processes the propeptide AgrD to generate
an AIP and secretes it into the extracellular environment. The AIPs
bind to the AgrC receptor, a histidine-kinase that phosphorylates the
intracellular response regulator AgrA. This second signalling component
then promotes gene transcription that induces virulence and produces the
agr proteins, completing the autoinduction circuit.

The Staphylococcal agr system

The quorum sensing system in S. aureus is encoded by the
accessory gene regulator (agr) locus and is shown schematically
in Fig. 1. Each bacterium secretes AIPs that accumulate in the
extracellular environment. Once these ligands reach a threshold
concentration, they will bind to a cognate receptor protein located
on the cell exterior named AgrC. AIP binding activates a two-
component intracellular signaling system that ultimately triggers
the virulence response and also up-regulates production of the
four agr proteins: AgrA through D (Fig. 1). This up-regulation
creates a positive feedback loop in which both the extracellular
and intracellular signaling components are amplified. Although
several of the Agr proteins are viable targets for therapeutic
control, the surface receptor protein AgrC is especially attractive
in this regard, as inhibitors need not permeate the cell membrane.
This greatly relaxes the typical pharmacokinetic design constraints
requiring low molecular weight and sufficient hydrophobicity for
membrane permeability. However, the situation of AgrC within the
membrane also is responsible presumably for the dearth of crystal
structures that would permit rigorous, structure-based design of
inhibitors. Fortunately, Nature has effectively provided peptidic
leads for further antagonist development—the agr system has
evolutionarily diverged into four distinct subgroups (I-1V), each
with its own unique AIP that typically cross-inhibits the quorum
sensing response in the other three competing strains of S. aureus.
Researchers have seized the opportunity to delineate structure—
activity relationships (SARs) in these systems in order to better
understand quorum sensing and develop agents to intercept this
signaling network. These relationships are likely to prove useful in
the development of new peptidomimetic inhibitors.

Synthesis and SAR studies of AIPs

SAR studies require precise but flexible control of AIP structure
in order to effectively probe ligand-receptor interactions. This
has spurred the development of efficient chemical routes to both
natural AIPs and rationally modified analogues. The wild-type
AlPs in S. aureus are biosynthesized from the propeptide AgrD
and are characterized by a thiolactone macrocycle and conjoined
linear “tail” (Fig. 2). These unique molecules have been chemically
synthesized using solid-phase peptide synthesis techniques and
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Fig. 2 Top: Chemical structure of AIP-1. Bottom: Peptide sequences of
AIPs I through IV. The cysteine residue that forms the thiolactone is
highlighted in blue.

a variety of cyclization strategies. The most commonly used
methodology is shown in Scheme 1, in which the peptide is
assembled using N-Boc-O-Bn chemistry, culminating with a
cyclization—cleavage step.® Solution-phase cyclizations were later
developed in order to better monitor the kinetics of the cyclization
reaction.”® A solid-phase synthetic route to AIPs utilizing the
popular N-Fmoc strategy has yet to be reported. Such a route
would not only make the natural peptides accessible to more
researchers, but would facilitate the synthesis of novel hybrid
peptide—peptidomimetic structures; for example, peptoid and B-
peptide units could be incorporated easily using this strategy.

H
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Scheme 1 Solid-phase synthesis and cyclization of AIPs (AIP-I shown.)
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Numerous such hybrids of peptidomimetics and a-peptides have
been reported already in the literature®! and could be used to
great advantage in this context (see below).

In initial studies, the biological activities of chemically synthe-
sized AIPs I and II were confirmed to be identical to those of
the naturally-derived ligands.® Lactone, lactam, and acyclic AIP
analogues were also synthesized and assayed for activity in order
to derive preliminary SARs.

These studies established that the macrocycle is crucial for
biological activity, as the linear structures functioned neither as
activators nor inhibitors of the quorum sensing response. The
lactam and lactone derivatives were found to be effective cross-
strain inhibitors, although the lactams remained weak agonists of
their cognate receptors.’>!* The labile thioester linkage in AIPs
led to the initial speculation that a covalent bond could be made
to the AgrC receptor, but subsequent experiments demonstrated
that AIP-binding is a reversible and competitive process.!® Alanine
scans, in which single amino acids are replaced systematically with
alanine, were performed on AIP-II and revealed that although
residues in both the macrocycle and the tail are required for ag-
onism, only the macrocyclic residues are essential for antagonism.
This finding strongly implied that ligand binding to the receptor
need not be coupled to activation and suggested a strategy for
designing an inhibitor of the agr response that was soon exploited.
Specifically, a truncated derivative of AIP-II consisting of only the
macrocycle was synthesized and found to be an antagonist (ICs:
10-272 nM) in all four agr systems.™ Interestingly, the truncated
ATIP-I remained a modest group I agonist, intimating that this
strategy is not general for all AIPs.” Overall, these studies showed a
trend in which agonism seemingly required precise orientations of
functionality in both the macrocycle and the tail, while antagonism
was subject to relatively fewer constraints.

Subsequent alanine and D-amino acid scans of AIP-I under-
scored the importance of the endocyclic residues for antagonism
as well.”? Notably, replacement of the endocyclic aspartate with
alanine converted AIP-I into a potent group I inhibitor, while
replacement of the more hydrophobic phenylalanine or isoleucine
residues seriously compromised the activity of the ligand. In
contrast, replacement of phenylalanine with the non-natural
D-enantiomer had little effect. These observations were soon
rationalized based upon the results of studies carried out by Muir,
Novick, and co-workers using chimeric AgrC receptors, in which
the two halves of the receptor domain had been systematically ex-
changed with those of the other four agr groups.'>'¢ The responses
of the chimeric receptors to both natural and synthetic AIPs
were then assessed. The authors hypothesized that the ostensibly
independent binding and activating modes might be localized
in different areas of the receptor, and that these experiments
would elucidate the mechanisms of each. The selectivity of the
receptor for its cognate AIP ligand was indeed found to reside
mostly in the distal subdomain (relative to the N-terminus),
while the cross-inhibitory response was closely associated with
the proximal subdomain (Fig. 3). This trend, in conjunction with
the observation of an increasing hydrophobicity gradient from tail
to macrocycle in nearly all of the AIPs,"” lead to the commonly
accepted model of AgrC activation and inactivation shown above.
The macrocycles of both agonists and antagonists bind to a
relatively promiscuous hydrophobic pocket in the putative dimeric
receptor. Activation requires additional specific contacts between

distal

subdomains hydrophobic

signaling

proximal
subdomain

Fig. 3 Model of AgrC-AIP interactions. Antagonists need only contain
residues that bind to a promiscuous hydrophobic pocket (circle) in the
proximal subdomain (red), while agonists must also make specific contacts
(square, triangle) to the distal subdomains (rectangles) to activate the
signaling cascade.

the distal subdomains and the AIPs, which presumably triggers a
conformational change in the receptor that, in turn, initiates signal
transduction.'

Designing peptidomimetic effectors of the agr response

The SAR studies outlined in the previous section provide a
framework for designing non-native inhibitors of AgrC function.
Although effective peptide-based inhibitors have been identi-
fied, the generally low bioavailability and in vivo instability of
peptides make these molecules poor candidates for therapeutic
development.’ This is particularly the case for AIPs, which
contain thioester linkages that are likely to impart half-lives of
less than three hours in biological media’® Replacement of the
thioester with a lactam or lactone linkage, however, significantly
alters biological activity (see above), presumably by perturbing
both the conformation of the macrocycle and the stereoelectronic
profile of the carbonyl.® While the relative importance of such
changes is not yet well understood, the undesirable conformational
effects of thioester replacement conceivably could be minimized
by incorporation of non-peptidic units. These strategies are
being explored in our laboratory and others; few peptidomimetic
inhibitors of AgrC have been reported to date, however, and the
field remains largely wide-open.?

Several peptidic antagonists have been developed that may
provide insight for designing peptidomimetic inhibitors. AIP-II is
an attractive target for mimicry, as its truncated, or “tail-less”,
derivative 1 was observed to exhibit universal cross-inhibition
of AgrC function in all four subgroups (shown in Fig. 4a,
below)." Alanine scans of AIP-II, however, did not yield a
cross-group inhibitor superior to the natural peptide, although
some potent group I antagonists were discovered.® One strategy
for improving activity would be to incorporate residues with
more hydrophobic character near the C-terminus to increase
affinity for the hydrophobic pocket. Although relatively non-
discriminatory, binding in this pocket is apparently still subject to
some steric constraints, as the 9-naphthylalanine derivative of AIP-
11 (2) exhibited significantly reduced inhibitory activity.'S However,
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Fig. 4 Structures of designed universal inhibitors of the quorum sensing
system in S. aureus (1-5).

other more compact means of increasing hydrophobicity, such as
halogenated side chains, could be exploited in this context.

Williams and co-workers have recently focused their attention
on developing analogues of a different ATP—AIP-1."* Solution-
phase NMR data indicated that substitution of the endocyclic
aspartate with alanine (3, Fig. 4b) does not significantly affect
the conformation of the macrocycle, but instead perturbs the
tail relative to the macrocycle such that it facilitates universal
antagonism across the agr subgroups. Therefore, the researchers
proposed that non-native tails could be effectively utilized as
components of new inhibitors. A hybrid AIP 4, in which the
AIP-I tail and AIP-II macrocycle were fused, was shown to
be significantly more potent than 1 and demonstrated the le-
gitimacy of this concept.® Analogously to AIP-II, replacement
of the tail in 3 with an acetyl group (5) also increased its
cross-inhibitory activity, yielding a highly potent cross-inhibitor
(ICs: 0.1-5 nM).” The tolerance for residue substitution in
this macrocycle, coupled with the conformational constraints
it enforces, invites the incorporation of peptidomimetic units
to generate isosteric, but biostable, adaptations of these in-
hibitors. N-Methylated o-amino acid, B-amino acid, D-amino
acid, and peptoid units (see below) are all promising candidates
that have been or are currently being investigated within this
context.”

A role for peptoids

Recent experiments suggest that quorum-sensing inhibition dur-
ing the first few hours of infection may be crucial for virulence
suppression in S. aureus.” This finding underscores the therapeutic
potential of biostable inhibitors that could be developed as
“vaccines” to prevent pathogenesis. Moreover, the retention of
weak agonistic activity by several lactone and lactam analogues
suggests an alternative approach in which virulence is prema-
turely up regulated, triggering an immune response before the
bacterial colony is well-established. The high proteolytic stability
of peptoids makes this class of peptidomimetics an attractive
candidate for further research in this area.” They are also among
the more versatile foldamers in terms of their synthetic scope,
which continues to expand as demonstrated by our group and
others.?>? Peptoids are synthesized using the “submonomer”
synthesis protocol (Scheme 2), in which a wide variety of amines
can be incorporated to generate structural diversity.** We believe
this flexibility can be utilized to tune uniquely the conformational
and stereoelectronic properties of AIP mimics in both rational
design and combinatorial formats. Little is currently known
about the synthesis and conformational preferences of cyclic
peptoid systems. Therefore, the development of peptoid cyclization
chemistry would not only benefit quorum sensing research, but
would also open the door to a new class of macrocycles that
could be exploited across a broad spectrum of peptidomimetic
applications.?>*

o] ?1
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Scheme 2 Submonomer methodology for peptoid synthesis on
amine-functionalized solid-support. Reagents: a. bromoacetic acid, N,N’-
diisopropylcarbodiimide, DMF. b. primary amine building block NH,R,,
DMEF.

Summary and perspective

In summary, we contend that peptidomimetics are poised to play
a leading role in the advancement of S. aureus virulence control
and will likely pervade the next generation of non-native quorum
sensing effectors. Several design strategies have been suggested,
including replacement of labile thioester and/or peptide linkages
and incorporation of non-natural amino acids.”” Peptidomimetic
systems will facilitate the implementation of these design strategies
and permit the straightforward integration of a wide variety
of non-natural functionality. This tremendous versatility also
entreats the use of combinatorial techniques to further explore the
mechanism of AgrC function. Indeed, it has been suggested that
several of the more promiscuous AgrC chimeras discussed above
could be used to screen for lead compounds in high-throughput
assays.’ Clearly, an understanding of the complex behavior of
the AgrC receptor is still in its infancy and will benefit from
further fundamental studies involving peptidomimetic-receptor
interactions. Quorum sensing control promises to be an exciting
therapeutic avenue, and chemists undoubtedly will continue to
advance this field.
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The influence of hydrogen bonding and n—n stacking interactions on the
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Three C;-symmetrical discotics containing a 1,3,5-benzenetricarboxamide unit functionalized with
n-conjugated oligo(p-phenylenevinylene)s (OPV)s have been synthesized and fully characterized. For
the two amide OPV discs a two-step transition from helical stacks to molecularly dissolved species was
observed and surprisingly, the topology of the amide determines the stability and helicity of the fibers in
solution and the length of the fibrils at a surface. In case of the bipyridine disc, aggregates were formed
that show little chiral ordering while the stacks remain present over a large temperature range. At a
surface, completely disordered structures exist probably as a result of competing types of n—x stacking
interactions that differ in strength and orientation. The results show that the design of functional
self-assembled architectures based on hydrogen bonding and n—r stacking interactions is an extremely
delicate matter and reveal that special demands have to be taken into account to balance the topology,

directionality and strength of multiple secondary interactions.

Introduction

Discotic molecules have intensely been used as building blocks in
self-assembled cylindrical shaped fibers.! Such fibers are attractive
for nano-sized electronics because they possess the necessary one-
dimensionality leading to anisotropic properties.> An interesting
class of fibers consists of aggregates based on C;-symmetrical discs
containing a 1,3,5-benzenetricarboxamide unit.* Solvophobic
effects, hydrogen bonding and m—m stacking interactions, have
been used to organise the building blocks into fibers.>* These
compounds are liquid crystalline and by introducing chiral side
chains helical fibers can be constructed. Some of these aggregates
form organogels: entangled three-dimensional, continuous net-
works of fibers or are used as nucleation agents for polyolefins.’
Interestingly, some long fibers can be homeotropic aligned with
an electric field, presumably because of a net dipole moment that
exists as a result of hydrogen bonding in the stacking direction.’/
These features motivated us to synthesize C;-symmetrical discotics
containing a 1,3,5-benzenetricarboxamide unit functionalized
with chiral oligo(p-phenylenevinylene)s (OPVs). Three differ-
ent building blocks have been synthesized (Scheme 1, OPV1,
OPV2 and OPV3) and the influence of hydrogen bonding
and m-m stacking interactions on the self-assembly behavior
has been studied. The first two differ only in topology of
the amide moieties and the third one contains an additional
bipyridine n-fragment coplanarized by intramolecular hydrogen
bonds.

Laboratory of Macromolecular and Organic Chemistry, Eindhoven Univer-
sity of Technology, P.O. Box 513, 5600 M B, Eindhoven, The Netherlands.
E-mail: A.P.H.J.Schenning@tue.nl, E. W. Meijer@tue.nl

T Electronic supplementary information (ESI) available: Figures showing:
optical microscopy image of 3, temperature dependent UV-Vis, CD and PL
measurements of OPV3 in dodecane, Tapping mode AFM height image
of drop-cast films of OPV1 and GPC chromatogram of OPV3. See DOI:
10.1039/b517993a

Results and discussion
Synthesis

OPV1 was synthesized by the reaction of 1,3,5-triaminobenzene
with OPV acid chloride 1.° The disc with the reversed amide
linkage, OPV2, was synthesized by reacting 1,3,5-trimesic acid
trichloride, with OPV amine 2.°* From precursor 1 also OPV
aminobipyridine 3 was made by reacting it in equimolar amounts
with 3,3’-diamino-2,2-bipyridine.** Finally, after purification
by column chromatography this compound was reacted with
1,3,5-trimesic acid trichloride, to yield the OPV-substituted C;-
symmetrical disc OPV3.

Intermediate 3 and the disc molecules OPV1, OPV2 and OPV3
were characterized by 'H and “C NMR, APT, 'H-'H COSY,
HETCOR,” infrared, mass spectroscopy and gel permeation
chromatography (GPC). In contrast to OPV1 and OPV2, broad
"H NMR spectra for the large OPV3 were obtained at 25 °C in
different solvents, such as deuterated chloroform, 1% methanol
in chloroform and THF. This is probably the result of the strong
stacking of the discs in these solvents. At 50 °C in chloroform
the peaks in '"H NMR were sharper. The “C NMR spectrum
at 50 °C in chloroform, however, only showed sharp peaks in
the aliphatic region while the aromatic signals are extremely
broadened. The NMR study indicates that OPV1 and OPV2 are
molecularly dissolved under the conditions used, while OPV3 is
aggregated. Surprisingly, for the new disc molecules no clear liquid
crystalline phase could be determined by polarization microscopy.
Intermediate 3 showed, however, a clearing temperature of 56—
58 °C and upon slow cooling (1 °C min™') a liquid crystalline
cone-like texture was observed between crossed polarizers.?

Self-assembly in solution

The self-assembly of the disc-shaped derivatives OPV1 and OPV2
in methylcyclohexane (MCH) was studied by a variety of optical
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Scheme 1 Synthesis of three C;-symmetrical oligo(p-phenylenevinylene)
(OPV) discs. (a) 1,3,5-Triaminobenzene, NEt;, CH,Cl,; (b) 1,3,5-trimesic
acid trichloride, NEt;, CH,Cl,; (c) 3,3'-diamino-2,2"-bipyridine, NEt;,
CH,Cl,; (d) 1,3,5-trimesic acid trichloride, NEt;, CH,Cl,.

techniques. The UV-Vis absorption and circular dichroism (CD)
experiments in MCH pointed out that OPV1 is aggregated over
a large concentration range (10°-10-* M).” In the absorption

spectrum a diagnostic shoulder at higher wavelengths was present
while in CD a bisignated Cotton effect was observed having
a positive sign at high wavelength and a negative sign at low
wavelength. The CD measurements show that the chiral packing
of the S-2-methylbutoxy side chains causes a helical packing
of the OPV segments. Temperature dependent UV-Vis, CD and
PL (photoluminescence) measurements showed a transition from
aggregated to molecularly dissolved species upon heating (Fig. 1).
The vibronic shoulder in UV-Vis as well as the CD-effect grad-
ually disappeared. Furthermore, the fluorescence simultaneously
shifted towards a spectrum similar to the one recorded in THF
with the maximum at 4 = 493 nm and the shoulder at 1 =
524 nm, typically for molecularly dissolved OPVs.” The transition
temperatures observed in UV-Vis and PL were 50 °C and 49 °C,
respectively; whereas in CD this transition temperature is lower’
indicating that helical stacking occurs in two steps. First, non-
helical stacks are formed which subsequently rearrange into a
helical conformation. Remarkably, this has previously not been
observed for apolar analogues lacking the OPV segments®** but
only for discs equipped with polar ethylene oxide tails in butanol.'

The two-step assembly process is also observed for OPV2
(Fig. 2). Remarkably, the transition from molecular dissolved
species to non-helical stacks is much broader when compared
to OPV1, while the melt temperature (T, = ~80 °C) is higher.
In contrast with the strong bisignated CD spectrum of OPV1
only a small positive Cotton effect exists below 54 °C. This
behavior illustrates that a subtle difference like an amide sequence
alternation has significant influence on the self-assembly behavior.

To shed more light on this remarkable phenomenon, we per-
formed infrared experiments to see if hydrogen bonds exist in both
OPV systems (Fig. 3). In case of OPV2 (MCH, 10-* M), the N-H
stretch vibration is present at 3225 cm™' similar as found earlier
for the C;-analogues lacking the oligo(p-phenylenevinylene)s,
indicating hydrogen bonds. Surprisingly, for OPV1 (MCH, 10~*
M), this vibration is positioned at 3422 cm~' which is typical
for non-hydrogen-bonded species. Similarly, the C=0 stretch
vibration for OPV2 was found at 1648 cm™' whereas for OPV1
this vibration was situated at 1671 cm™~' showing again that only
hydrogen bonds are present in case of OPV2. When OPV1 and
OPV2 are dissolved in THF solution, the N-H and C=O0 stretch
vibration of both molecules are positioned at 3422 cm™' and
1671 cm™', respectively, indicating non-hydrogen bonded species.
It is not easy to relate this difference in hydrogen bonding to
electron or steric effects. In addition, it was not seen in the related
C,; symmetrical discs lacking the OPV segments. In this case,
both isomers show hydrogen bonding upon aggregation.*”!* The
aggregation of our disc molecules is probably mainly caused by
n—n interactions of the OPV segment. In case of OPV2, a more
planar core, as a result of conjugation, can be expected since the
carbonyl functionalities are directly linked to the benzene core. In
contrast to OPV1, stacking of the OPV segment in OPV2 probably
causes an orientation that allows hydrogen bonding.

Based on the data above, we propose that OPV1 forms helical
stacks similar as previously found for related fibers based on
the same chiral OPVs.”? However, the positive couplet found in
the CD spectra of OPV1 reveals right handed helical whereas
the previously reported fibers have the opposite handedness.'? In
case of OPV2 the stacks are more stable probably as a result
of additional hydrogen bonds. However, the small Cotton effect
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Fig. 3 IR spectra of OPV1 and OPV2 recorded at 23 °C in MCH.

and the broad melting curve indicate that non-helical stacks are
present which are formed in a less cooperative fashion. Apparently,
n—7 interactions between adjacent OPV molecules only allow such
a helical arrangement if hydrogen bonding and m—r interactions
both exist in the stacking direction (OPV2) and the strength and
the precise direction of both interactions compete, resulting in
non-helical stacks. This behavior could be similar to previously
reported oligo(p-phenylenevinylene) systems where n—n stacking
interactions are frustrated by covalent linkers between adjacent
stacked oligomers.'

This conflicting nature between different secondary interactions
is even more pronounced in the self-assembly properties of

bipyridine disc OPV3. The fluorescence of OPV3 in THF® shows
a maximum at A, m.x = 504 nm and a shoulder at A = 550 nm,
typical for molecularly dissolved OPV tetramers.” In MCH at
room temperature using the same concentration as in THF, the
fluorescence of the OPV segments is quenched and the maximum is
red-shifted indicating aggregated species (Fig. 4).” Upon heating,
a gradual transition towards molecularly dissolved species took
place as the observed fluorescence increased and shifted to the
blue. However, at 90 °C the fluorescence is still approximately
three times quenched with respect to THF. Surprisingly, only a very
weak bisignated CD effect is observed, which remains very weak
even at high temperatures.® This emphasises that the aggregates
possess only a little chiral ordering. UV-Vis measurements showed
that upon heating a blue shift is observed instead of the expected
red shift towards the THF absorption maximum where molec-
ularly dissolved species are present.® These optical studies show
that for bipyridine disc OPV3 aggregation takes place without a
clear transition temperature to a molecularly dissolved state. From
earlier work it is know that the bipyridyl parts are planar in the
C, symmetrical core due to intramolecular hydrogen bonds and
contribute to the stability of the self-assembled stacks.** It could
well be that in case of OPV3, the strength and directionality of the
n—n stacking caused by the bipyridyl and the OPV segments are
so different that it results in ill-defined objects (vide infra).

Self-assembly at surfaces

The self-assembly properties of our disc molecules were also
studied as individual fibers at surfaces by atomic force microscopy

This journal is © The Royal Society of Chemistry 2006
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Fig. 4 Temperature dependent PL measurements (left) and the PL intensity at 536 nm versus the temperature (right) of OPV3 in MCH (5.3 x 107° M).

(AFM) operated in tapping mode. For OPV1, fibers with a length
of approximately 20 nm and a uniform height were observed
on graphite after drop-casting a 1 x 10> M MCH solution.?
Extended fibers ranging from 50 to 100 nm were observed for
OPV2whena 5.3 x 107 M MCH solution was drop-cast (Fig. 5).
A dense network of fibers was found from a 1 x 10~° M MCH
solution. The height of the fibers is on average 5 nm, which is in
fairly good agreement with a CPK model that predicts 5.2 nm when
the dodecyloxy tails are tilted and comparable to related OPV
fibers.” Drop-cast films from MCH at different concentrations of
bipyridine OPV3 on several substrates resulted in all cases in ill-
defined structures.

In solution, self-assembled stacks of OPV2 are more stable
than that of OPV1 which is also expressed in the solid state.
On graphite the OPV2 stacks are longer than those of OPV1
showing the importance of additional hydrogen bond interactions.
This agreement between stacks in solution and on surfaces is also
present for OPV3.

Conclusions

Three C;-symmetrical discotics substituted with n-conjugated
tetra(p-phenylenevinylene)s were synthesized and fully character-
ized. Infrared, absorption, circular dichroism and fluorescence
studies in methylcyclohexane revealed that a competition exists be-
tween the different supramolecular interactions of adjacent discs.
In the case of the bipyridine disc, aggregates were formed that show
little chiral ordering and remain present over a large temperature
range while in the solid state, completely disordered structures
exist probably as a result of different types of m—m stacking
interactions that differ in strength and orientation. For both amide
OPYV discs in solution a transition from aggregated to molecularly
dissolved species was observed. Surprisingly, the topology of the
amide determines strongly the stability and helicity of the fibers in
solution and the length of the fibrils at a graphite surface.
Importantly, our results show that the design of functional
self-assembled architectures based on hydrogen bonding and n-rn

3.00

[

.00

un

Fig. 5 Tapping mode AFM height image of 10.0 x 10.0 um (left) with inset to show smaller area (bar = 250 nm) of drop-cast films of OPV2 from a
5.3 x 10=* M MCH solution on a graphite substrate and a height image of 3.5 x 3.5 um (right) from a 1 x 10~* M MCH solution, both showing the

formation of fiber-like structures.
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stacking interactions is an extremely delicate matter and reveal
that special demands have to be taken into account to balance
the topology, directionality and strength of multiple secondary
interactions.

Experimental

General: UV/Vis, fluorescence and circular dichroism measure-
ments were performed on a Perkin Elmer Lambda 40 UV/Vis
Spectrometer, a Perkin Elmer LS-50 B and a JASCO J-600
spectropolarimeter respectively. Atomic force microscopy (AFM)
measurements were carried out at room temperature with a Digital
Instruments Nanoscope IV controller operating in the tapping
mode. Substrates were freshly cleaved and used as such. Solutions
of OPV1, OPV2 and OPV3 in MCH were drop-cast on highly
oriented pyrolitic graphite (HOPG) substrates. '"H NMR and “*C
NMR spectra were recorded in CDCl; at 25.0 °C on a Varian Gem-
ini (300 MHz) or a Varian Mercury Vx (400 MHz). Additionally
"H-"H COSY, APT and HETCOR experiments were carried out
to assign all peaks. Chemical shifts () are given in ppm relative to
tetramethylsilane, which was used as internal standard. Abbrevi-
ations used are s = singlet, d = doublet, dd = double doublet, t =
triplet, m = multiplet and br = broad. Infrared spectra were run on
a Perkin Elmer Spectrum One UATR FT-IR spectrophotometer.
MALDI-TOF MS spectra were measured on a Perspective DE
Voyager spectrometer utilising an a-cyano-4-hydroxycinnamic
acid matrix; mode of operation: reflector (3, OPV1 and OPV2)
and linear (OPV3); polarity: positive. Optical properties were
studied using a Jeneval polarisation microscope equipped with
crossed polarisers and a Linkam THMS 600 hot stage. All solvents
were of AR quality and chemicals were used as received.

3-[(E,E,E)-4-<4-{4~(3,4,5-Trisdodecyloxystyryl)-2,5-bis[(S)-2-
methylbutoxy]-styryl}-2,5-bis[(.S)-2-methylbutoxy]-
styryl>benzoylamino]-2,2’-bipyridine-3-amine (3)

To an ice-cooled solution of 3,3'-diamino-2,2"-bipyridine* (24 mg,
0.13 mmol) and triethylamine (0.5 ml) in dry dichloromethane
(15 ml) a solution of benzoyl chloride derivative 1°¢ (170 mg,
0.13 mmol) in dry dichloromethane (10 ml) was added dropwise
under an argon atmosphere. After complete addition the ice bath
was removed and the mixture was stirred at room temperature for
4 hours. The mixture was evaporated in vacuo and purification by
column chromatography on silica gel (ethyl acetate-hexane 1 : 3)
yielded pure 3 (90 mg, 48%) (Chart 1). R; = 0.5. T, = 56-58 °C.

'H-NMR (400 MHz, CDCl,, 25 °C, TMS):  0.89 (t, 9 H, 7 and
13), 1.03 (m, 12 H, 41, 46, 59 and 64), 1.13 (m, 12 H, 39, 44, 57
and 62), 1.2-1.4 (m, 24 H, 2-9 and 14-21), 1.5 (m, 6 H, 10 and
22), 1.68 (m, 8 H, 40, 45, 58 and 63), 1.83 (m, 6 H, 11 and 23),
2.0 (m, 4 H, 38, 43, 56 and 61), 3.85-3.95 (m, 8 H, 37, 42, 55 and
60), 3.95-4.05 (m, 6 H, 12 and 24), 6.62 (br, 2 H, 83), 6.75 (s, 2 H,
27),7.04 (d, J = 16.5 Hz, 1 H, 29), 7.11-7.25 (m, 7 H, 32, 35, 47,
48, 65, 80 and 81), 7.32 (dd, 1 H, 79), 7.40 (d, J = 16.5 Hz, 1 H,
30), 7.54 (s, 2 H, 50 and 53), 7.62 (d, J = 16.2 Hz, 1 H, 66), 7.67
(d, J = 8.2 Hz, 2 H, 68), 8.08 (m, 3 H, 69 and 76), 8.33 (dd, 1 H,
75), 9.30 (dd, 1 H, 74), 14.69 (br, 1 H, 72). *C-NMR (75 MHz,
CDCl,, 25°C, TMS): 6 {11.30 (1 C), 11.39 (1 C), 11.43 2 C)} (41,
46, 59 and 64), 14.00 (3 C, 1 and 13), {16.69 (1 C), 16.77 (3 C)}
(39, 44, 57 and 62), {29.26, 29.29, 29.34 (8 C), 29.56, 29.61, 29.66
(17 C)} (2-9, 11 and 14-21), 26.03 (3 C, 10 and 22), 26.30 (4 C,
40,45, 58 and 63), 30.36 (1 C, 23), {34.87 (1 C), 34.99 (1 C), 35.05
(2 C)} (38, 43, 56 and 61), 69.00 (2 C, 12), 73.45 (1 C, 24), {73.99
(1C), 74.10 (1 C), 74.31 (1 C), 74.39 (1 C)} (37, 42, 55 and 60),
104.99 (2 C, 27), 109.52 (1 C, 48), 109.82 (1 C, 47), 110.32 (1 C, 32),
111.00 (1 C, 35), 122.39 (2 C, 30 and 50), {122.67, 125.14, 127.20,
134.76, 136.26, 138.50, 140.61, 143.43, 145.04} (9 x 1 C, 73-82),
122.94 (1 C, 53), 124.03 (1 C, 81), 125.66 (1 C, 66), 125.98 (1 C,
52), 126.43 (2 C, 68), 126.83 (1 C, 49), 127.49 (1 C, 34), 127.84
(2 C, 69), 128.17 (1 C, 31), 128.46 (1 C, 65), 128.54 (1 C, 29),
133.12 (1 C, 28), 134.00 (1 C, 70), 138.07 (1 C, 25), 141.39 (1 C,
67),{150.86 (1 C), 151.02 (1 C), 151.06 (1 C), 151.46 (1 C)} (33, 36,
51and 54),153.16 (2 C, 26), 165.86 (1 C, 71). IR (UATR): v (cm™):
3448, 3212, 3058 (N-H stretch); 2957, 2922, 2853 (C-H stretch);
1660 (C=0 stretch); 1598, 1574, 1520, 1504 (C=C stretch); 1466,
1434, 1421, 1397, 1334, 1306, 1295, 1241, 1202 (C-O-C), 1152,
1116, 1068, 1040, 1010, 962, 917, 893, 854, 838, 808, 796, 773, 761,
731, 697, 672. MALDI-TOF MS (MW = 1494.24): m/z: 1494.07
[M]*. Anal. Caled. For CyH,,N,O: C 77.97, H 9.71, N 3.75.
Found: C 77.39, H 9.85, N 3.51%.

N,N",N"-Tris{3|3-[(E,E,E)-4-<4-{4-(3,4,5-
trisdodecyloxystyryl)-2,5-bis[(.S)-2-methyl-butoxy]-styryl }-2,5-
bis|(S)-2-methylbutoxy]-styryl>benzoylamino]benzene (OPV1)

1,3,5-Triaminobenzene was synthesized in a Parr reactor from
3,5-dinitroaniline by reduction with H, and a catalytic amount
of 10% Pd/C in methanol. After filtration and evaporation in
vacuo it was dissolved in dry dichloromethane (5 ml) and added
dropwise to a solution of benzoyl chloride 1° (110 mg, 0.082 mmol)

Chart 1

Numbering of the protons and carbon atoms of 3.
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Chart 2 Numbering of the protons and carbon atoms of OPV1.

and triethylamine (13 pl) in dry dichloromethane (5 ml). The
mixture was stirred at room temperature for 4 hours, evaporated
in vacuo. Purification by column chromatography on silica gel
(dichloromethane—pentane 3 : 1) yielded pure OPV1 (46 mg, 42%)
(Chart 2). T, = 249-253 °C. '"H-NMR (400 MHz, CDCl;, 25 °C,
TMS): 6 0.89 (t, 27 H, I and 13), 1.03 (m, 36 H, 41, 46, 59 and
64), 1.13 (m, 36 H, 39, 44, 57 and 62), 1.2-1.4 (m, 72 H, 2-9
and /4-21), 1.5 (m, 18 H, 10 and 22), 1.68 (m, 24 H, 40, 45,
58 and 63), 1.84 (m, 18 H, /7 and 23), 2.0 (m, 12 H, 38, 43,
56 and 61), 3.85-3.95 (m, 24 H, 37, 42, 55 and 60), 3.95-4.05
(m, 18 H, /2 and 24), 6.75 (s, 6 H, 27), 7.04 (d, J = 16.2 Hz, 3 H,
29),7.11(s,3H,32),7.14(s,3H, 35),7.17(d,J =15.8 Hz, 3 H, 47),
7.20(d,J=159Hz,3H,65),7.24(d,J=15.8 Hz,3H, 48),7.40(d,
J=16.2Hz,3H,30),7.54(s,6 H, 50 and 53), 7.63 (d, / = 15.9 Hz,
3 H, 66),7.63(d,J=28.1 Hz 6 H,68),7.89(d,J =8.1Hz 6 H,
69), 8.11 (s, 3H, 74), 8.22 (s, 3H, 72). *C-NMR (75 MHz, CDCl;,
25°C, TMS): 6 {11.31 (3 C), 11.37 (3 C), 11.43 (6 O)} (41, 46, 59
and 64), 14.00 (9 C, I and 13), {16.68 (3 C), 16.74 (3 C), 16.77 (6 C}
(39, 44, 57 and 62), {22.58 (9 C), [29.26, 29.29] (9 C), 29.33 (9 O),
[29.55,29.60,29.65] (42 C), 31.95(9 C)} (2-9, 11 and 14-21),26.03
(9 C, 10 and 22), 26.29 (12 C, 40, 45, 58 and 63), 30.24 (3 C, 23),
{34.87 (3 C), 34.98 (3 C), 35.05 (6 O)} (38, 43, 56 and 61), 68.99
(6 C, 12),73.45 (3 C, 24), {73.94 (3 C), 74.08 (3 C), 74.30 (3 O),
74.36 (3 C)} (37, 42, 55 and 60), 105.0 (6 C, 27), 109.5 (3 C, 48),
109.8 (3 C, 47), 110.3 (3 C, 32), 110.9 (3 C, 35), 122.4 (6 C, 30
and 50), 123.0 (3 C, 53), {125.8, 126.0, 126.5, 126.8, 127.1, 127.2,
127.4, 128.3, 128.5} (36 C, 29, 31, 34, 49, 52, 65, 66, 68, 69, 73,
74), 132.7 (3 C, 28), 133.1 (3 C, 70), 138.1 (3 C, 25), 141.8 (3 C,

67), {150.9 (3 C), 151.0 (3 ©), 151.1 3 C), 151.5 (3 C)} (33, 36,
51 and 54), 153.2 (6 C, 26), 165.5 (3 C, 71). IR (UATR): v (cm™"):
3347, 3061 (N-H stretch); 2958, 2922, 2822, 2853 (C-H stretch);
1649 (C=0 stretch); 1604, 1579, 1540, 1504 (C=C stretch); 1465,
1422, 1386, 1340, 1258, 1238, 1201 (C-O-C), 1152, 1116, 1068,
1040, 1010, 962, 917, 893, 854, 838, 808, 796, 773, 761, 731, 697,
672. MALDI-TOF MS (MW = 4047.18): m/z = 4046.36 [M]*,
4069.24 [M + Na]*. Anal. Calcd. For C,;H,;;N;0,,: C 79.24, H
10.24, N 1.04. Found: C 78.46, H 10.40, N 1.08%.

N,N",N"-Tris{3[3'-|(E,E,E)-4-<4-{4-(3,4,5-
trisdodecyloxystyryl)-2,5-bis[(.S)-2-methyl-butoxy]-styryl }-2,5-
bis[(.5)-2-methylbutoxy]-styryl> } benzene-1,3,5-carboxamide
(OPV2)

To a solution of OPV aniline 2¢ (200 mg, 0.15 mmol) and
triethylamine (21 pl) in dry dichloromethane (10 ml) a solution
of 1,3,5-benzenetricarboxylic acid chloride (11.8 mg, 0.045 mmol)
was added dropwise. The mixture was stirred for 6 hours and
the solvent was evaporated in vacuo. Purification by column
chromatography on silica gel (dichloromethane—pentane 3 : 1) and
BioBeads SX-1 (dichloromethane) yielded pure OPV2 (150 mg,
82%) (Chart 3). 'H-NMR (400 MHz, CDCl;, 25 °C, TMS): 6 0.89
(t,27 H, I and 13), 1.03 (m, 36 H, 41, 46, 59 and 64), 1.13 (m, 36
H, 39,44,57 and 62), 1.2-1.4 (m, 72 H, 2-9 and 74-21), 1.5 (m, 18
H, 10 and 22), 1.68 (m, 24 H, 40, 45, 58 and 63), 1.84 (m, 18 H, 1/
and 23), 2.0 (m, 12 H, 38, 43, 56 and 61), 3.85-3.95 (m, 24 H, 37,
42, 55 and 60), 3.95-4.05 (m, 18 H, 12 and 24), 6.75 (s, 6 H, 27),

Chart 3 Numbering of the protons and carbon atoms of OPV2.
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Chart4 Numbering of the protons and carbon atoms of OPV3.

7.02 (s,3 H, 32),7.06(d,J =162 Hz 3 H, 29),7.11 (s, 3 H, 35),
7.15(d,J =15.8Hz,3H, 47),7.20(d, J = 159 Hz, 3 H, 65), 7.24
(d, J = 15.8 Hz, 3 H, 48), 7.43 (d, J = 16.2 Hz, 3 H, 30), 7.50
(d, J =159 Hz, 3 H, 66), 7.53 (s, 6 H, 50 and 53), 7.58 (d, J =
8.1 Hz, 6 H, 68), 7.73 (d, J = 8.1 Hz, 6 H, 69), 8.27 (s, 3H, 74),
8.62 (s, 3H, 71). IR (UATR): v (cm™): 3634, 3347 (N-H stretch);
3061, 2957, 2922, 2853 (C-H stretch); 1649 (C=O0 stretch); 1589,
1504 (C=C stretch); 1466, 1422, 1388, 1339, 1247, 1201 (C-0-C),
1157, 1117, 1043, 962, 914, 852, 810, 719, 695. MALDI-TOF MS
(MW = 4047.18): m/z = 4046.65 [M]*.

N,N",N"-Tris{3[3-{(E,E,E)-4-<4-{4-(3,4,5-
trisdodecyloxystyryl)-2,5-bis[(S)-2-methylbutoxy]-styryl }-2,5-
bis|(.S)-2-methylbutoxy]-styryl > benzoylamino]-2,2'-
bipyridyl] } benzene-1,3,5-tricarbonamide (OPV3)

To a solution of 3 (80 mg, 0.054 mmol) and triethylamine
(8 ul) in dry dichloromethane (5 ml) a solution of 1,3,5-
benzenetricarboxylic acid chloride (4.3 mg, 0.016 mmol) in dry
dichloromethane (0.5 ml) was added dropwise. The mixture was
heated under reflux for 18 hours and evaporated in vacuo. Pu-
rification by column chromatography on silica gel (ethyl acetate—
hexane 1 : 3, product comes off first), preparative size-exclusion
chromatography (Bio-Beads) with tetrahydrofuran as eluent and
finally precipitation from methanol yielded pure OPV3 (32 mg,
43%) (Chart 4). T, = 253-254 °C. '"H-NMR (300 MHz, CDCl,,
50 °C, TMS): 6 0.89 (t, 27 H, 1 and 13), 1.03 (m, 36 H, 41, 46,
59 and 64), 1.12 (m, 36 H, 39, 44, 57 and 62), 1.2-1.4 (m, 72 H,
2-9 and 14-21), 1.5 (m, 18 H, 10 and 22), 1.66 (m, 24 H, 40, 45,
58 and 63), 1.79 (m, 18 H, /7 and 23), 1.96 (m, 12 H, 38, 43, 56
and 617), 3.80-3.90 (m, 24 H, 37, 42, 55 and 60), 3.95-4.05 (m,
18 H, 12 and 24), 6.73 (s, 6 H, 27), {6.98 (6 H), [7.04, 7.08] (6 H),
[7.15, 7.17] (6 H)} (29, 32, 35, 47, 48, 65), {7.34 (3H), 7.43 (m,
9 H), 7.50 (9 H)} (30, 50, 53, 66, 68, 75), 7.86 (d, 6 H, 69), 8.14
(br, 3 H, 80), 8.31 (br, 3 H, 86), 8.82 (br, 3 H, 76), 9.03 (br, 3 H,
79), 9.39 (br, 6 H, 74 and 81), 14.64 (br, 3 H, 72), 15.30 (br, 3 H,
83). IR (UATR): v (cm™): 3644, 3412, 3060 (N-H stretch); 2957,
2923, 2872, 2854 (C—H stretch); 1725, 1674 (C=0 stretch); 1600,
1568, 1505 (C=C stretch); 1467, 1444, 1423, 1374, 1331, 1300,
1260, 1242, 1233, 1202 (C-O-C), 1158, 1116, 1073, 1041 (br), 961,
915, 859, 802, 775,768, 756, 730, 719, 693, 663. MALDI-TOF MS
(MW = 4638.83): m/z: 4633.17 [M]*.
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The skeletal rearrangement of bicyclo[2.2.2]lactones, involv-
ing a mild and chemoselective palladium-catalysed translo-
cation key-step, provides an efficient and diastereoselective
access to synthetically useful bicyclo[3.3.0]lactones.

The advent of transition metal-mediated transformations con-
siderably enhanced the ability of synthetic chemists to assemble
complex molecular structures. In particular, the generalised use of
palladium complexes as mediators or catalysts for carbon—carbon
and carbon-heteroatom bond forming reactions has clearly revo-
lutionised the field of organic chemistry.! Most importantly, these
palladium-based transformations often occur with high levels of
selectivity and under exceptionally mild conditions.

We have recently reported a novel tandem radical-initiated
Bronsted-acid catalysed skeletal rearrangement of bicyclo[2.2.2]-
lactones 1a (Scheme 1).2 This rearrangement proceeds with com-
plete transfer of relative and absolute stereochemistry and yields,
depending upon the conditions employed, either the bicyclo[3.2.1]-
lactone 2a or its isomer 3a. The synthetic usefulness of this
sequence was demonstrated by the ready conversion of derivative
4 into Corey’s lactone (Scheme 1).}

[o]
H
CO,Me O,
o 2 PhaSnH o
; / AIBN
SePh H CoMe
1a 3a 2
‘ Silica gel
O
(MeSi);SiH M
AIBN CO,Me
2a
ol o}
H Q—<
0 | -COMe O, 4 steps RO
- . 0o —» q;
/ —_—
[ S
SePh H $
oo MeO COMe AcO OMe
4 5 Corey's lactone

Scheme 1  Previously reported skeletal rearrangement and application to
a short synthesis of Corey’s lactone.

Université catholique de Louvain, Département de Chimie, Bdtiment
Lavoisier, Place Louis Pasteur 1, 1348, Louvain-la-Neuve, Belgium

T Electronic supplementary information (ESI) available: Instrumentation
and procedures. See DOI: 10.1039/b518121f

Whilst seeking to extend the scope of this methodology, we
became aware of a potential limitation in our two-step protocol
(Scheme 2). Indeed, whereas skeletal rearrangement of lactones
1b and 1c took place smoothly under the “standard” conditions
(TTMSS-AIBN in boiling benzene, followed by stirring with
silica gel in dichloromethane), the translocation of bridged
bicyclo[3.2.1]lactone 2d (formed by radical rearrangement of o-
substituted selenide 1d) to its fused counterpart 3d, required
more vigorous conditions (PTSA, refluxing benzene).? It appears
that the strain induced by the additional bridgehead substituent
considerably raised the energetic barrier for the acid-catalysed
reorganisation of the allylic lactone moiety in 2d.

o)
by O CoMe 0 v
MesSi);SiH "
Ry Y, _(MesSi);SiH_ R, O Silica gel o
SePh AIBN CO,Me 4
Ry R RIR, H CoMe
1b Ry =Me, Ry =H 2b 88% 3b 80%
1cRy=H, Ry=Me 2c 89% 3¢ 79%
o)
O H
COo,M e
Me M (MegSisSiH o Conditions O o
i AIBN Me COMe
SePh Me CO,Me
1d 2d 98% 3d
silica gel: 0%

PTSA, benzene, A: 90%
Scheme 2 Skeletal rearrangement of substituted bicyclo[2.2.2]lactones.

Recognising that the compatibility of these strongly acidic
conditions with potentially sensitive functional groups, present
in more elaborated substrates, would significantly impair the
scope of our methodology, we became interested in the possibility
of effecting this crucial cationic rearrangement under neutral
conditions. The palladium-catalysed allylic alkylation reaction
(also known as the Tsuji—Trost reaction) has received considerable
attention and ranks amongst the most reliable transition metal-
mediated carbon—carbon bond forming reactions.* Since allylic
lactones react with Pd(0) complexes,” we envisioned that the
treatment of 2 with a suitable palladium(0) catalyst could lead
to the m-allyl complex 6, which could be driven to cyclise to the
thermodynamically more stable fused lactone 3, under neutral
conditions (Scheme 3).

Our preliminary experiment involved the addition of 10 mol%
palladium(11) acetate and triphenylphosphine to a THF solution
of racemic, bridged bicyclo[3.2.1]lactone 2a (Table 1, Entry 1).
Pleasingly, smooth isomerisation of 2a ensued and fused lactone 3a
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Table 1 Pd-catalysed translocation of lactones 2*

Entry Substrate Product Catalyst Yield (%)
o) H
o
1 o o Pd(OAc),—PPh, 90
COZMe
2a H co,Me
3a
o) H
o)
2 o 0 Pd(PPh,), 90
CO,Me
2a H Cto,Me
3a
o} H
o)
3 O 0 Pd(PPh,), 92
CO,Me s
Me Me CO,Me
2b 3b
o) H
o}
4 Me o o Pd(PPh,), 91
CO,Me
2c Me H Co,Me
3c
o) H
o)
5 O o] Pd(PPh,), 90
Me COsMe
24 'V'ed CO,Me

« All reactions performed in THF from 0 °C to rt. For the synthesis of lactones 2, see ref. 6.

-0,

(0]
Pd‘i Z

CO,Me

Pd° -Pd°

—_

CO,Me

(o}

H Cco,Me
6 3

Scheme 3 Proposed palladium-catalysed translocation of bicyclo[3.2.1]-
lactones.

was isolated in high yield. In order to rule out a possible mediation
by traces of acetic acid formed in situ, this experiment was
repeated using palladium tetrakis(triphenylphospine). A similar
result was obtained, clearly establishing the viability of the allylic
rearrangement under non-acidic conditions (Table 1, Entry 2).

These conditions were then applied to the rearrangement of
a selection of other bridged bicyclic lactones (Table 1). Thus,
bicyclo[3.2.1]lactones 2b and 2¢® smoothly reacted in the presence
of the palladium catalyst affording the desired, fused lactones
3b and 3c in 92 and 91% yields, respectively. The crucial test
came with the more resilient bicyclo[3.2.1]lactone 2d® (Table 1,
Entry 5). In the event, this bridged lactone also underwent clean
rearrangement into its fused isomer 3d.

Having established that these neutral conditions were broadly
applicable, we next sought to apply this novel radical-mediated/
palladium-catalysed skeletal rearrangement sequence to a short

synthesis of the angular triquinane core structure, in racemic
form. Triquinanes are a well-known family of biologically relevant,
naturally occurring substances, and numerous approaches towards
their synthesis have been described.” Angular triquinanes typically
possess an intricate tricyclic structure, featuring two to three all-
carbon quaternary centres, as in the case of isocomene (Scheme 4).

Me
isocomene
Metine ""Me
O
Q
o — g
un
COOMe
COOMe COoMe
X
7 8 9
X
O
CO,Me
X 0 | -COMe NGO PhSe X
[ — y [ e— + \”A/\
i ~©
SePh
10 1 12

Scheme 4 Antithetic analysis of angular oxa-triquinane core structure 7.
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Our proposed retrosynthetic analysis of the angular oxa-
triquinane core 7 is depicted in Scheme 4. Intramolecular alky-
lation of a-carbomethoxylactone derivative 8 (X = leaving group)
should lead to the desired tricyclic system 7 by generating ring C.
Application of the Pd-catalysed retron to 8 reveals lactone 9 as
the bridged intermediate. Retro-radical rearrangement ultimately
produces bicyclic lactone 10. Finally, straightforward IEDDA
(Inverse Electron-Demand Diels—Alder) disconnection of bicy-
clo[2.2.2]lactone 10 reveals 3-carbomethoxy-2-pyrone (3-CMP) 11
and the a-substituted vinyl selenide 12, bearing on the terminal
carbon, either a protected alcohol or a suitable leaving group.

The synthesis of 7 begins with the preparation of suitably
functionalised dienophiles 12a—d (Scheme 5). Lithiation of readily
available vinylphenyl selenide 13 by LDA,? followed by reaction
of the in situ generated alkenyllithium species 13a with TBS-
protected 3-bromopropanol 14, afforded selenide 12a in 70% yield.
Analogously, alkylation of 13a with 3-chloro-1-bromo-propane
15 provided the corresponding dienophile 12b in similar yields.
Fluoride-induced deprotection of the TBS ether in 12a, followed
by acylation of the alcohol function under standard conditions,
then provided the Ac- or Boc-protected dienophiles 12¢ and d in
high overall yields.

™07 " Br 14

or PhSe
PhSe._ LDA, HMPA | PhSe "> g15 T(\/\X
\" THF, -78°C \“/
12a X=0TBS 70%
13 12b X=ClI 78%

TBAF  PhSe
12a — A T\/\OH PhSe OR
THF, 0°C to rt
quant.
16 12c R=Ac 95%
12d R=Boc 60%

R,0, NEt;, DMAP
CH,Cl,

Scheme 5 Synthesis of dienophiles 12a-d.

These four diversely decorated dienophiles were then submitted
to the IEDDA reaction with 3-CMP 11, under our typical high-
pressure conditions (CH,Cl, as solvent, 16 kbar, 40 °C, 3 d).>* The
results are depicted in Scheme 6.

o]

CO,Me
A0 Phse 16 kbar, 40°C X 0 ) -COMe
. WX
~ 0 CH,Cl, 1 /
SePh
1" 12a-d 10a X=0TBS 62%
10b X=Cl 0%
10c X=0Ac 60-70%
o 10d X =OBoc 60-70%
TTMSS 0
AIBN, benzene CO,Me

reflux
9a X=0TBS 0%
9¢ X=0Ac quant
X 9d X=OBoc quant.

Scheme 6 IEDDA reaction and radical-initiated rearrangement.
Whilst the w-chloro selenide 12b afforded only a complex
mixture of products, from which no lactone 10b could be iso-
lated, all the hydroxy-protected dienophiles underwent smoothly
the IEDDA cycloaddition with 3-CMP 11, providing the bicy-
clo[2.2.2]lactones 10a, 10c and 10d in good yields. Interestingly,
adduct 10a was obtained as a 10 : 1 endo—exo (relative to the
selenide substituent) mixture of bicyclic lactones, as opposed to
the exclusive endo-selectivity in the case of the acetate- and Boc-

protected derivatives 10c and 10d. The generation of a mixture of
epimers is, however, inconsequential as this stereogenic centre will
be destroyed upon the subsequent radical-initiated rearrangement.

These bicyclo[2.2.2]lactones were then subjected to the action of
TTMSS and AIBN, in boiling benzene (Scheme 6). Gratifyingly,
lactones 10c and 10d underwent clean skeletal reorganisation,
affording adducts 9¢ and 9d in quantitative yields, following
purification. Much to our surprise, the TBS-protected derivative
10a failed to provide the desired, bridged lactone 9a. Although
complete consumption of the starting material 10a was observed
by TLC, only a complex mixture of products was obtained."

The stage was now set for the application of our palladium-
catalysed allylic translocation on these functionalised substrates
(Scheme 7). In the event, the conversion of lactones 9¢ and 9d to
their fused bicyclo[3.3.0] counterparts 8¢ and 8d smoothly took
place under our newly-developed conditions, providing the desired
adducts in essentially quantitative yields. It thus transpires that
this neutral palladium-catalysed rearrangement protocol is a mild,
highly chemoselective and reliable alternative to our previously
reported acid—based procedure.

o H o H
O,
o PA(PPhy)s o KiCOs . MeOH o
CO;Me  PPhs, THF reflux
COOMe >90% COOMe
X OH
X 9c 8c X=OAc quant. 17
9d 8d X =OBoc quant,

H

0]
o
""COOMe

7

MsClI, pyridine, THF
—_—

then 2.1 eq. NaH
60-70%

Scheme 7 Palladium-catalysed allylic rearrangement and completion of
the synthesis of 7.

To complete our preparation of 7, all that remained was a depro-
tection step, followed by the conversion of the hydroxyl function
into a suitable leaving group and intramolecular cyclisation to
deliver ring C.

This sequence of events could be attained in only two synthetic
operations (Scheme 7). Thus, chemoselective deprotection of 8¢
and 8d, using potassium carbonate in refluxing methanol, led
to the same alcohol 17. Mesylation of this compound, followed
by addition of NaH to the reaction mixture, finally afforded the
desired tricyclic compound 7, possessing the oxatriquinane core
structure and featuring two contiguous quaternary centres built
with complete diastereocontrol.

In summary, a novel tandem sequence, featuring a rad-
ical rearrangement—palladium-catalysed translocation of bicy-
clo[2.2.2]lactones, provides an efficient and versatile access to a
variety of fused, bicyclo[3.3.0]lactones. The scope of this procedure
has been evaluated and its synthetic utility demonstrated by the
expeditious assembly of the tricyclic lactone 7, bearing the angular
triquinane core structure, in a small number of steps and good
overall yields. Current efforts are now directed towards expanding
the scope of this unique methodology and applying it to the
synthesis of triquinanes, as well as other relevant natural products.
The results of these investigations will be reported in due course.
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Contrary to earlier suggestions of an Sy1 pathway for solvolyses of N,N-dimethylsulfamoyl chloride
(1), an extended Grunwald-Winstein equation treatment of the specific rates of solvolysis in 32 solvents
shows an appreciable sensitivity towards changes in both solvent nucleophilicity and solvent ionizing
power. The actual values are very similar to those obtained in earlier studies of the solvolyses of

sulfonyl and phosphoryl chlorides, solvolyses which are believed to proceed by an Sy2 pathway. The

observation of similar selectivities in aqueous-alcohol solvents further supports this assignment. In a
recent report, an addition—elimination (association—dissociation) pathway was proposed for solvolyses
of 2-propanesulfonyl chloride (2). A severe multicollinearity problem has been removed by the addition
of several specific rates of solvolysis in fluoroalcohol-containing solvents. The new analyses using the

extended Grunwald-Winstein equation lead to sensitivities similar to those for 1 and the previously

studied related compounds, and these solvolyses are also best described as following an Sy2 pathway.

The mechanism of solvolysis of N,N-dimethylsulfamoyl chloride
(1) has been described' as controversial, and, indeed, both Sy 1**
and Sy2*¢ mechanisms have been proposed.

0
HC ] HC,
_N—s—cl CH—S—Cl
HC™ Q) He
1 2

Hall? studied solvolyses in 86% water—14% dioxane and found
the rate to be unaffected by moderate additions of hydroxide
ion or pyridine. A claim that addition of pyridine led to large
amounts of N,N-dimethylsulfamoylpyridine without any rate
increase was subsequently withdrawn® and a bimolecular pathway
to this product was proposed. The underlying solvolysis was,
however, assigned as Syl in both publications.>® Competitive
reaction with azide ion was also considered to be bimolecular
and this was also observed, in water, by Rogne.® Rogne reported a
Grunwald-Winstein m value of 0.69 for solvolyses in aqueous-
acetone mixtures when the one-term equation’ [eqn (1)] was
applied.

log (k/ko) =mY + ¢ (1)

In eqn (1), k and k, are the specific rates of solvolysis in a given
solvent and in 80% ethanol, respectively; m is the sensitivity
to changes in solvent ionizing power (Y); and ¢ is a constant
(residual) term. This m value was higher than that obtained
in corresponding analyses of alkanesulfonyl and arenesulfonyl
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*Department of Chemistry, Wesley College, 120 N. State Street, Dover,
Delaware, 19901-3875, USA

‘Department of Chemistry, Hanyang University, Ansan, Kyunggi-do, 425-
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chlorides® but somewhat lower than what would have been
anticipated for an Sy1 reaction.” An Sy2 mechanism with a loose
transition state and some ionic character was proposed for the
solvolyses.

Ko and Robertson* proposed an Sy1 mechanism for the hydrol-
yses of 1 (Scheme 1). They accepted the bimolecular nature of the
superimposed reaction with azide ion® but, reasonably, argued
that the underlying hydrolysis could be Sy1 in character. The
observation that the heat capacity of activation (AC,*, a measure
of the temperature dependence of the enthalpy of activation) for
the hydrolysis was very close in value to that measured for fert-
butyl chloride® was considered to support this assignment. An
extension to the hydrolyses of other N,N-disubstituted-sulfamoyl
chlorides gave substantially less negative values for AC,*, but
these were also considered as proceeding by the Sy1 pathway.*
The interpretation of AC,* values can be considerably more
complicated than originally proposed.'!

slow

Me,NSO,CI Me,NSO," + CI

fast

Me,NSO," + HyO —— 3 Me,NSO,0H,"

fast

Me,NSO,0H," + HyO —— 3 Me,NSO,0H + HyO"

Scheme 1

Lee and Lee® measured the specific rates of solvolysis of
1 in mixtures of water with methanol, ethanol, acetone and
acetonitrile. On the basis of solvent-effect correlations against
dielectric constant and Y values,” they proposed (in accord with
the conclusion of Rogne®) that the solvolyses were Sy2 in character
(Scheme 2), but with bond breaking running ahead of bond
making. An Sy2 reaction with ionic character was also proposed
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R /\9\\//0 slow Q
et S8 —F Ro-Y + cl-
H Me,N H NMe,

fast

.
Me,NSO,OHR + ROH Me,NSO,0R + ROH,"

(R =H or alkyl)

Scheme 2

based upon salt effects upon the specific rate of solvolysis in 50%
acetone.'

A powerful tool for the study of the mechanism of a solvolysis
reaction is to apply an extended two-term form of the Grunwald-
Winstein equation (eqn 2).

log (k/ky) =INt + mYx + ¢ ?2)

In eqn 2, k and k, are defined as for eqn 1; / is the sensitivity
to changes in solvent nucleophilicity values (N, when based on
specific rates of solvolyses of the S-methyldibenzothiophenium
ion'™); m is the sensitivity to changes in solvent ionizing power
(Y for a leaving group X and based on specific rates of solvolysis
of adamantyl derivatives'>!®); ¢ is a constant (residual) term. As the
mechanism moves from unimolecular to bimolecular, the / value
should increase and the m value should decrease. Although initially
developed for substitution at carbon, it has been demonstrated
that the equation can effectively be used to study solvolytic
displacements at phosphorus'" and sulfur.?® The correlations
carried out'™? were consistent with an Sy2 mechanism for both
arenesulfonyl chloride and chlorophosphate solvolyses. In view of
the previous proposals for solvolyses of 1 of either Sy1 character
or of Sy2 character with bond breaking running ahead, it will
be of interest to see how the / and m values for solvolyses of
1 compare with the values established earlier for solvolyses of
related substrates and with the values from kinetic studies of
the solvolyses of an alkanesulfonyl chloride [2-propanesulfonyl
chloride (2)], which was previously studied® in aqueous ethanol,
methanol, and acetone, but not in aqueous-2,2,2-trifluoroethanol
(TFE) or aqueous-1,1,1,3,3,3-hexafluoro-2-propanol (HFIP).

Selectivity ratios in aqueous-alcohol solvents [eqn (3)] can give
useful mechanistic information. In eqn (3), the selectivity ratio
(8)** is the ratio of second-order rate coefficients for reaction of
an acid chloride (AX) to give ester (AOR; by reaction with alcohol,
ROH) or acid (AOH; by reaction with water). Trends observed as
the binary composition is altered can be compared with those
observed for similar substrates, whose solvolysis mechanism has
previously been studied.?*?¢ Also, if a marked alteration of a
trend is observed as one passes through a concentration region,
especially if a reversal is observed, this can be tentatively taken as
indicating a change in mechanism.”>*”* Such a consideration is
strengthened if a change also occurs in Grunwald—Winstein plots
in the same solvent composition region.??-3

[AOR]yoq _ [HyOlovent

__ Ester Acid _
S - k2 /kz B [AOH]PI‘Od * [ROH]solvcm (3)

In the present study we measure additional specific rates of
solvolysis of 1, already available for water and water—acetone
mixtures,’ and we also determine the product partitioning in mix-

tures of water with methanol, ethanol, or 2,2 2-trifluoroethanol
(TFE). Mechanistic conclusions are then drawn from a consid-
eration of the analyses using the extended Grunwald—Winstein
equation, including a comparison with the / and m values
determined from a combination of published* and new kinetic
data for solvolyses of 2. Use is also made of selectivity values and
activation parameters.

Results

The specific rates of solvolysis of 1 at 25.0 °C and of 2 at 45.0 °C are
reported in Tables 1 and 2, respectively. Several of the values are, as
indicated, from the literature**?! or, in one instance, extrapolated
from literature values at other temperatures.” Also reported in
Table 1 are N and Y'>'®% values and, for several of the
solvolyses, activation parameters calculated using the specific rates
of the table together with those from the literature® at 35, 40, and
45 °C. The specific rates from the tables are used, together with
the N and Y values from Table 1, to carry out correlations
using eqn (2). The /, m, and ¢ values obtained, together with
the multiple correlation coefficient and F-test value, are reported,
together with the corresponding values from the solvolyses of
related substrates, in Table 3. In Table 4 are given selectivity values
(S) for the solvolyses of 1 in binary mixtures of water and alcohol

(eqn 4).

o}
HCL o i
N—S—OR + HCI
ROH H3C/ 1l
HiC_ 1] 1 equivalent of acid
/N—S—CI

HC™ @)

1 HZO H3C 0

N 1l
/N—S—OH + HCI
Hee” U

2 equivalents of acid

These values are readily obtained from the infinity titer for the
solvolyses which reflects the extent to which one or two equivalents
acid are being produced,'®* with solvolyses in 100% ethanol or
methanol (1 equiv.) and aqueous acetone (2 equiv.) being used
as reference points. After determination of the percentage of the
overall reaction which is with water (Table 4), one can calculate
[eqn (3)] the S value for that particular solvent composition.

Discussion

Sulfonyl chlorides react with appropriate nucleophiles to make sul-
fonamides, sulfonic acid esters, and other derivatives. In turn, these
products can be utilized in the production of medicinals, pesticides,
and herbicides. The synthesis of derivatives of sulfamoyl chloride,
of which 1 is a disubstituted example, and their conversion
to biologically active compounds has been reviewed.** Sulfonyl
transfer reactions have also been reviewed from a mechanistic
viewpoint.3*

A wide variety of mechanisms for the reactions of nucleophilic
reagents with sulfonyl halides have been proposed. A direct
replacement, as in eqn 4, can involve a direct one-step substitution
(Sn2),63%36 possibly involving a variable transition state
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Table 1 Specific rates of solvolysis (k) of N,N-dimethylsulfamoyl chloride (1)* at 25.0 °C and Ny and Y, values for the solvents

Solvent® 10%/s'¢ N Yo AH?%,,/kcal mol~" AS* 5,/ €8

100% EtOH 5.16 £0.08 0.37 —2.50

90% EtOH 22.8 £ 0.08 0.16 —0.90 19.0 £1.3 —16.2+44
80% EtOH 494 +1.8 0.00 0.00 19.0 £ 0.6 —144+2.1
70% EtOH 93.34+3.7 —-0.20 0.80 189+ 0.6 —13.7+2.0
60% EtOH 169 £ 4 —0.39 1.38 184+ 1.1 —14.0+ 39
50% EtOH 327+7 —0.58 2.02 17.8 £ 0.7 —148+23
100% MeOH 25.04+0.2 0.17 —1.20

90% MeOH 67.7£1.0 —0.01 —0.20 18.1 £0.3 —-17.0+1.0
80% MeOH 139+ 1 —0.06 0.67 17.8 £ 0.4 —-16.5+1.6
70% MeOH 261 +£5 —0.40 1.46 17.6 £ 0.4 —16.1+1.6
60% MeOH 388+ 7 —0.54 2.07 190+ 1.1 —10.3 + 3.6
50% MeOH 656 + 18 —-0.75 2.70

80% Acetone 6.0¢ —0.37 —0.83 16.6 £0.5 —-269+1.7
70% Acetone 20.4¢ —0.42 0.17 15.1 +£0.1 —29.34+0.2
60% Acetone 55.3¢ —-0.52 1.00 1534+04 —26.7+ 1.3
50% Acetone 149¢ —0.70 1.73 153+0.4 —247+1.5
40% Acetone 378¢ —0.83 2.46 14.8 £ 0.1 —2474+0.2
30% Acetone 856¢ —-0.96 3.21 15.54+0.6 —20.7 £ 2.1
20% Acetone 1690¢ —1.11 3.77

10% Acetone 2740¢ —1.23 4.28 16.2 £ 0.5 —16.1£1.8
100% H,O 3980 + 402" —1.38 4.57 16.4 + 0.4 —14.54+1.3°
97% TFE 2.04 £ 0.06 —-3.30 2.83

90% TFE 6.15+0.14 —2.55 2.85

70% TFE 37.5+£0.5 —1.98 2.96

50% TFE 151 +£2 —1.73 3.16

80T-20E* 6.71 £ 0.02 —-1.76 1.89

60T—40E* 9.70 £ 0.19 —0.94 0.63

40T-60E* 8.10 £ 0.31 —-0.34 —0.48

20T-80E* 6.57 +£0.20 0.08 —1.42

97% HFIP/ 0.0671 £+ 0.0035 —5.26 5.08

70% HFIP 22.1+0.4 —-2.94 3.83

50% HFIP 66.1 = 1.7 —2.49 3.80

“ Substrate concentration of 0.004 M. ® Unless otherwise indicated, the binary solvents are on a volume-volume basis at 25.0 °C, with the other component
being water. < With associated standard deviations; average of all integrated first-order rate coefficients from duplicate runs. ¢ From refs. 13 and 14. ¢ From
refs. 15, 16, and 31./ Using specific rate value of the table plus those at 35, 40, 45 °C from ref. 6 (with standard errors). ¢ Values from ref. 5. * A value
of 3913 has been reported at 25.14 °C (ref. 4). * Using the five specific rates at 15-35 °C from ref. 5.7/ On a weight-weight basis. * T-E are TFE-ethanol

mixtures.

Table 2  Specific rates of solvolysis (k) of 2-propanesulfonyl chloride (2)*
at45.0 °C

Solvent® 10% /s ¢ Solvent® 10%/s7'¢

100% EtOH  1.69 + 0.06 90% TFE/  0.683 4 0.048

90% EtOH 8.51£0.14 80% TFE/ 298 +£0.19

80% EtOH 13.6 +0.9 70% TFE 5.09 +0.36

50% EtOH 70.2¢ 50% TFE/ 13.1 £ 0.7

30% EtOH 1544 80T-20E# 0.278 £ 0.016

100% H,O 287¢ 60T—40E¢  0.979 + 0.055

100% MeOH  7.24 4+ 0.38 40T-60E# 1.61 +0.06

50% MeOH 1434 20T-80E# 1.82 + 0.06

30% MeOH 1944 97% HFIP/  [2.1 (£0.5) x 102]"
80% Acetone 2.58 +0.13 90% HFIP/ 9.53 (£0.64) x 1072
70% Acetone 7.06 +0.19 70% HFIP/  2.16 £0.12

97% TFE/ 3.87 (£0.23) x 1072 50% HFIP  7.52 £ 0.30

@ Substrate concentration of 0.05 M. ® Unless otherwise indicated, the
binary solvents are on a volume-volume basis at 25.0 °C, with the
other component being water. © With associated standard deviations and
average of all integrated first-order rate coefficients from duplicate runs;
infinity titers for alcohol-containing solvents obtained from a Guggenheim
treatment of the data (see Experimental section). ¢ Value from ref. 21.
¢ Extrapolated value using values from ref. 21 at 25.0 and 35.0 °C. /On
a weight-weight basis. ¢ T-E are TFE—ethanol mixtures. * Approximate
value, not included in the correlations.

structure,** an addition—elimination (association—dissociation)
pathway,?*"® a hybrid of these two pathways,* or an ionization
(Sy1) pathway.>* The solvolyses have been considered to involve
a general-base catalysis to the nucleophilic attack by a second
solvent molecule.”** When a hydrogen atom is situated on the
a-carbon of an alkanesulfonyl halide, elimination reaction to a
sulfene can occur, which can then be followed by addition of
hydroxylic solvent to give the formal substitution product.3#+4
Such behavior can be detected by isotopic substitution in solvent
or substrate. When a relatively stable alkyl group can result, the
ionization pathway can be accompanied by decomposition, to
give what can be termed a solvolysis—decomposition* reaction.
Such a reaction has also been detected with, for example, loss of
CO, from chloroformates,* of N,O from azoxytosylate esters,* or
of SO, from chlorosulfinate esters.* For solvolysis in 100% water,
it was found* that the products from 2-methyl-2-propanesulfonyl
chloride (#-BuSO,Cl) are formed via the tert-butyl cation. It
would be of interest to compare the observed product ratios with
those from the parallel solvolysis—decomposition reactions of the
isomeric tert-butyl chlorosulfinate (-BuOSOCI).

Application of the extended Grunwald—Winstein equation [eqn
(2)] affords a powerful way of assessing both the importance of
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Table 3 Coefficients from extended Grunwald—Winstein treatments (eqn 2) of the solvolyses of N,N-dimethylsulfamoyl chloride (1) and 2-
propanesulfonyl chloride (2) and a comparison with coefficients from previous correlations involving solvolyses with attack at sulfur or phosphorus

Substrate ne I mb led R Fe
1 32¢ 1.20 £ 0.04 0.72 £ 0.03 0.11 £0.04 0.985 478
30 1.21 +0.04 0.75 4+ 0.03 0.06 & 0.04 0.988 537
28¢ 1.18 +0.04 0.70 4 0.03 0.1540.05 0.986 428
7" 1.25 £ 0.15 0.58 +£0.21 0.86 = 0.48 0.982 54
19 1.10 4+ 0.07 0.70 & 0.04 0.08 & 0.06 0.980 194
2 23 1.324+0.08 0.68 +0.04 0.08 4 0.08 0.969 152
19¢ 1.28 £ 0.05 0.64 £+ 0.03 0.18 = 0.06 0.988 333
p-MeC,H,SO,CI* 33 1.254+0.15 0.62 4+ 0.04 0.21 +0.20 0.967 216
p-MeOC,H,SO,CI* 37 1.10 £ 0.17 0.61 +0.04 0.2240.23' 0.959 194
(Me,N),POCI™ 31 1.14 +0.05 0.63 + 0.04 0.17 £0.21* 0.982 320
(MeO),POCI" 18 1.244+0.14 0.4540.08 0.18 +0.11" 0.941 54
(MeO),PSCI" 28 1.16 £ 0.08 0.554+0.03 0.30 £ 0.06’ 0.966 154

“Number of data points. * With associated standard errors. ¢ Multiple correlation coefficient. ¢ F-test value. ¢ Using all the specific rates listed in Table 1.
SWith 100% EtOH and 100% MeOH removed. ¢ With the four T-E solvents removed. " In the seven TFE-H,O and HFIP-H,O solvents. ‘ In those
solvents for which specific rates are available for both 1 and 2.7 Using all the specific rates listed in Table 2, except the approximate value for 97% HFIP.
¥ Values from ref. 20. ! For literature values, the ¢ value is associated with the standard error of the estimate. ™ Values from ref. 18. " Values from ref. 19.

Table 4 Selectivity values (S)* for solvolyses of N,N-dimethylsulfamoyl
chloride (1) at 25.0 °C in binary mixtures of water with ethanol, methanol,
or 2,2,2-trifluoroethanol and a comparison with values for two solvolyses
of p-substituted-benzenesulfonyl chlorides

Solvent® % (CH;),NSO;H N S, Me0° Spno?
90% EtOH 20.8 1.4 1.6 0.40
80% EtOH 33.2 1.6 2.3 0.68
70% EtOH 44.3 1.7 0.94
60% EtOH 55.3 1.7 3.8 1.2
50% EtOH 61.8 2.0 3.9 1.5
40% EtOH 75.1 1.6 4.2 1.7
30% EtOH 71.5 22 3.9 1.9
20% EtOH 84.7 2.4 3.6 2.0
10% EtOH 92.7 2.3 3.4 2.0
90% MeOH 9.2 2.5 2.5 0.88
80% MeOH 19.7 2.3 4.2 1.2
70% MeOH 27.1 2.6 1.6
60% MeOH 359 2.7 4.4 1.9
50% MeOH 459 2.7 2.3
40% MeOH 59.4 23 6.0 2.6
30% MeOH 68.4 2.4 2.9
20% MeOH 79.8 23 5.9 3.2
10% MeOH 88.7 2.6 5.2 3.4
90% TFE 82.1 0.14

70% TFE 94.2 0.15

50% TFE 97.9 0.12

“ As defined in eqn (3). ®* Aqueous ethanol and methanol on volume-
volume basis at 25.0 °C and aqueous TFE on weight-weight basis. ¢ Values
for p-MeOCzH,SO,Cl from ref. 22. 4 Values for p-NO,C,H,SO,Cl from ref.
23.

nucleophilic participation by solvent in the rate-determining step
and the extent of negative charge development at the leaving group
in the activated complex. It will be especially useful in studying
the mechanism for solvolyses of 1, since reference values for /
and m are available for similar solvolyses occurring at sulfur or
phosphorus, which are believed to proceed by an Sy2 pathway.
The specific rates of solvolysis at 25.0 °C reported in Table 1 for
solvolyses of 1 involve 23 new values and nine values (for water and
aqueous-acetone mixtures) from the literature.® the solvolyses of 2
are slower and values were determined at 45.0 °C. For example, at
25.0 °C, the solvolysis of 2! in 100% ethanol is 8 times slower than

that of 1, in 50% ethanol it is 29 times slower, and the ratio rises
to 110 in water. The specific rates of solvolysis of 2, as reported in
Table 2, involve 19 new measurements and five from the literature.
Due to very slow reaction in 97% HFIP, half life of about one year
at 45.0 °C, the value for this solvent is only approximate. The
specific rates from Table 1 and from Table 2 are analyzed in terms
of eqn (2) and the sensitivity values / and m, residual (constant)
term ¢, and goodness of fit parameters are reported in Table 3.

The correlations for solvolyses of 1 are found to be very robust
and to give values closely related to those reported earlier’®2
for attack at sulfur or phosphorus of sulfonyl or phosphonyl
chlorides (Fig. 1). When the one extreme of methanol and ethanol,
where a changeover to addition—elimination might be observed,*
was removed, the correlation was essentially unchanged. Simi-
larly when TFE-ethanol mixtures were removed, solvents which
frequently deviate from the plot,'® very little change in the
correlation occurred. Very striking was that from a correlation
which involved only the nine aqueous-fluoroalcohol solvents,
those of highest ionizing power and lowest nucleophilicity, very
similar sensitivities and correlation coefficient were obtained to
those from the correlation using all 32 solvents. All indications
are that a bimolecular solvolysis with an appreciable sensitivity
towards changes in solvent nucleophilicity is operating across the
full range of solvents, based largely on the similarity of the / and
m values to those previously determined for similar substrates
believed to solvolyze by a concerted Sy2 process. The enthalpies
and entropies of activation, determined in seventeen of the
solvents (Table 1), are consistent with the proposed bimolecular
pathway.*

As was pointed out in conjunction with earlier correlations? of
the specific rates of sulfonyl chloride solvolyses, there has been
a shortage of solvents containing a fluoroalcohol component,
probably, in part, due to the very slow reaction in fluoroalcohol-
rich solvents. In the recent very thorough study® of the solvolyses
of 2 across the full range of ethanol-H,O and methanol-H,O
mixtures and in 80-10% aqueous acetone, a correlation in terms
of eqn (2) was carried out. A very good correlation was obtained
with an / value of 0.96 and m value of 0.30, lower than the values
obtained previously® for solvolyses of arenesulfonyl chlorides.
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Fig. 1 Plot of log (k/k,) for solvolyses of N,N-dimethylsulfamoyl chloride against (1.18 Nt + 0.70Y ).
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Fig. 2 Plot of log (k/k,) for solvolyses of 2-propanesulfonyl chloride against (1.28 N1 + 0.64Y ). The data points for TFE-EtOH mixtures are not

included in the correlation.

The reduced values could be a feature of the change to an
alkanesulfonyl chloride or, more likely, it could be related to a
high degree of multicollinearity when the solvents are restricted
to these three binary mixtures. Indeed, when we carried out the
correlation using all 29 values of Table 1 of the publication,* we
arrived at values of 0.92 & 0.10 for / and 0.48 £ 0.02 for m (R =
0.992), together with a warning that multicollinearity was present
among the independent variables. Indeed, a direct correlation of
Ny against Y, values for the 29 solvents had a slope of —0.25 +
0.01, intercept of —0.15 £ 0.04, and a correlation coefficient of
0.964.

To see the effect of including fluoroalcohol-containing solvents
in the correlation of the specific rates of solvolysis of 2, we have
raised the temperature and (Table 2) have included 13 solvents
with a fluoroalcohol (TFE or HFIP) component. As can be seen
in Table 3, the / and m values and the goodness-of-fit parameters
are now similar to those for 1 and the earlier studied substrates.

For solvolyses of 2, omission from the correlation of the four
TFE-ethanol solvents (Fig. 2) leads to an improvement in the
goodness-of-fit parameters but the / and m values are only slightly
changed.

To probe further the similarity between solvent effects upon the
specific rates of solvolysis of 1 and 2, we have carried out a direct
comparison of the log (k/k,) values for 2 against those for 1 for
the 19 solvents for which data is available for both substrates. A
fairly good linear plot was obtained, with a slope of 1.02 £ 0.10,
intercept of 0.25 + 0.09, correlation coefficient 0of 0.921, and F-test
value of 96.

Proposals of an Sy2 mechanism for the solvolyses of sulfonyl
chlorides have frequently incorporated the suggestion®*'? that
bond-breaking is running ahead of bond making. In contrast, it
has been proposed that the bimolecular solvolyses of 2 proceed
by an addition-elimination process.”> The main argument put
forward in support of this proposal is, however, suspect. It was
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suggested that the rather small rate variation over the full range
of aqueous-ethanol or aqueous-methanol mixtures results from a
low dependence on solvent ionizing power, which was considered
to argue against an Sy2 mechanism and in favor of addition—
elimination. In fact, such a relatively small rate variation is
frequently a feature of Sy2 reactions in these mixed solvents
because, for these systems, as solvent nucleophilicity increases,
the solvent ionizing power decreases. Indeed, for an appropriate
[/m ratio, the effect of solvent variation within a given binary
solvent on the specific rate of an Sy2 reaction can be extremely
small.¥

Although at the current state of knowledge of solvolysis reac-
tions one must be cautious as regards the detailed interpretation
of selectivity values (S), the magnitude of values and trends
as the composition of a binary mixture is varied can be a
useful component of evidence used to assess the mechanism.?#-3¢
Selectivity values for the solvolyses of 1 in aqueous ethanol,
aqueous methanol and aqueous TFE are presented in Table 4.

In aqueous ethanol, S values initially rise as increasing amounts
of water are added to the ethanol, they then level off at an
essentially constant value of 2.0 £ 0.3 for the 70%-10% ethanol
range. In aqueous methanol, the S value is essentially constant
over the full range of composition (90%—10% methanol) studied,
at a value of 2.5 &+ 0.2. The values are not very different to
those reported earlier for p-methoxybenzenesulfonyl chloride and,
except for the solvent mixtures with very high alcohol content, they
are very similar to the values reported for p-nitrobenzenesulfonyl
chloride. The similarity for the three sets of values can be
considered to support a common mechanism, consistent with the
similarities in the / and m values.

In 90%-50% TFE, an essentially constant and low value of
0.14 + 0.02 is observed. While low, this value is higher than might
have been anticipated from the N difference of 2.64 between
the two pure solvents.'*!* This may well reflect the favored mixed
hydrogen-bond interaction between the more acidic hydrogen of
TFE and the more basic oxygen of the water [eqn (5)].

H

H™ "H” CH,CF,
Such an interaction simultaneously ties up the nucleophilic oxygen
of the water and leads to general-base catalysis to attack by the

oxygen of the TFE, factors favoring an increase in the S value.

Conclusions

Application of the extended Grunwald—Winstein equation
[eqn (2)] indicates that the solvolyses of N,N-dimethylsulfamoyl
chloride (1) have responses to changes in solvent nucleophilicity
and solvent ionizing power which are essentially identical to those
observed in previously studied solvolyses of sulfonyl chlorides.
The analyses are strengthened by the availability of specific rates
in eleven fluoroalcohol-containing solvents, as opposed to a
maximum of two in previous® analyses of the specific rates of
solvolysis of arenesulfonyl chlorides. Selectivity values in water—
ethanol and water—-methanol mixtures, except in the solvents of
highest ethanol content, are remarkably constant and similar
in value to those for p-methoxybenzenesulfonyl chloride and,
especially, p-nitrobenzenesulfonyl chloride. The analyses of both

the kinetic and product studies for the solvolyses of 1 are consistent
with the proposed Sy2 mechanism. No evidence is found which
suggests>*'? that within the mechanism bond breaking is running
appreciably ahead of bond making.

A previous study of the specific rates of solvolysis of 2-
propanesulfonyl chloride at 25 °C was limited to ethanol and
methanol and their mixtures with water, 100% water, and aqueous
acetone mixtures. An analysis in terms of eqn (2) was carried
out® and this gave lower sensitivity values (/ and m) than had
earlier been observed® for arenesulfonyl chloride solvolysis. We
have included the important fluoroalcohol-containing solvents in
a study at 45 °C. Of the thirteen solvents of this type studied,
twelve are included in the correlation (solvolysis in 97% HFIP was
so slow that only an approximate value could be obtained). With
the extended mix of solvent types available for the correlation, the
/ and m values are now found to be essentially identical to those
for 1 and for the previously analyzed® solvolyses of arenesulfonyl
chlorides.

Indications are that N,N-dialkylsulfamoyl, alkanesulfonyl (ex-
cept those containing a tert-alkyl group*®), and arenesulfonyl
chlorides all solvolyze by a common mechanism, which is believed
to be Sy2 in character.

Experimental
Materials

The N,N-dimethylsulfamoyl chloride (Aldrich, 99%) and 2-
propanesulfonyl chloride (Aldrich, 97%) were used as received.
The solvents were purified as previously described.'*

Kinetic methods

The kinetic runs were carried out as previously described.’** For
the solvolyses of 1, infinity titers were obtained at ten half-lives and
used in the calculation of the first-order rate coefficients (specific
rates).

For the solvolyses of 2, the specific rates of solvolysis at
25.0 °C are one to two orders of magnitude lower than those
for the corresponding solvolysis of 1. In the later stages of these
solvolyses, there is a perturbation due to additional acid being
formed in an Sy2 attack at the alkyl group of the alkyl 2-
propanesulfonate (ROSO,i-Pr), formed by reaction with alcohol
(ROH).** Accordingly, for solvolyses of 2 in solvents containing
alcohol, the titer at ten half-lives is found to be somewhat higher
than the value needed for the kinetic analysis. This type of situation
can be handled by an application of the Guggenheim method of
kinetic analysis,* provided that the perturbation is negligible in
the first 75%-80% of reaction. We have applied the equation, as
previously,® so as to calculate the required infinity titer for the
solvolysis of 2, and then we have calculated the specific rates in
the conventional manner, using titers obtained during the first
60% of reaction. For the very slowest reactions (97%, 90% HFIP;
97% TFE), it was not practical to follow the progress of reaction
to in excess of 50% and the Guggenheim treatment could not be
applied. The infinity titers were estimated by extrapolation of the
values calculated for the more aqueous binary mixtures.

The regression analyses were carried out using commercially
available statistical packages.
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Product studies

For the solvolyses of 1, the infinity titers could be used to obtain
the fractions of reaction proceeding to ester and to acid in water—
alcohol mixtures.*> To maximize the accuracy, the values were
determined by preparing a 0.40 M stock solution of 1 in acetone
and adding 0.500 mL to 20.0 mL of solvent at 25.0 °C. Titers of
the acid produced were carried out in duplicate at ten, fifteen, and
twenty half-lives. To standardize the measurements, each series of
compositions of an aqueous alcohol mixture was accompanied
by solvolyses in 60% and 50% acetone (2 equivalents of acid
produced). For solvolyses in aqueous-ethanol and aqueous-TFE
mixtures, no upward trend in the values was observed and all
six values were averaged to arrive at the percentages of N,N-
dimethylsulfamic acid reported in Table 4. In methanol and
aqueous methanol mixtures a very slight upward trend was
observed, with the increase in the acid titer in progressing from
ten half lives to twenty half lives decreasing steadily from 3.8% in
100% methanol to 0.4% in 50% methanol. For these solvents the
average of the two values at ten half lives was used to determine
the product ratio.

A corollary of the need to apply the Guggenheim approach
to analyze the kinetics of solvolysis of 2 in alcohol-containing
solvents is that the approach outlined above for obtaining product
ratios for solvolyses of 1 cannot be applied to the solvolyses of 2.
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Anion templation is used to develop a general method for rotaxane synthesis. The anion-templated
synthesis of three new [2]rotaxanes containing positively charged pyridinium axles and neutral
isophthalamide macrocyclic components is described. The incorporation of electron withdrawing
substituents, such as the nitro group, into the 5-position of an isophthalamide bis-vinyl acyclic

precursor results in a significant improvement in [2]rotaxane assembly yields. Rotaxane anion binding
strengths are also enhanced whilst the rotaxane’s unique interlocked binding domain ensures selectivity

for chloride — the templating anion — is maintained.

Introduction

Over the past couple of decades a number of assembling mo-
tifs have been established for the preparation of mechanically
bonded supramolecular systems.! In particular, the use of metal—
ligand coordination chemistry,> hydrogen bonding,® n—n stacking
interactions* and solvophobic forces® have become common-place.
In spite of their diffuse nature, pH-dependence and relative high
solvation energies, the field of anion templation is of intense
current interest® where many serendipitous examples of templated
metal-based cages” and macrocycles® reveal the anion filling
an internal void around which the structure is assembled.” In
sharp contrast, however, the much rarer use of anion templates
in assembling interlocked molecules has focused on the use
of rigorously designed hydrogen-bond donor anion recognition
motifs." For example, Vogtle’s anion-mediated rotaxane synthesis
relies upon the complexation and orientation of a negatively
charged phenoxide intermediate by a neutral macrocyclic lactam
to form a semi-rotaxane.! This assembly, shielded on one side by
a bulky group, subsequently reacts with a sterically demanding
electrophile to form a rotaxane. This imaginative approach has
been exploited by Smith’s group in the preparation of rotaxanes
with ion-pair binding macrocycles and rotaxinated squarine dyes'*
and in a related stoppering method of rotaxane formation by
Schalley and co-workers.'®

We have recently reported the use of spherical halide anions
as templates for the construction of a number of [2]pseudoro-
taxane assemblies."* A chloride anion that is tightly ion-paired
to a cationic organic thread, e.g. a pyridinium amide cleft, has
been found, in non-competitive solvents, to be coordinatively
unsaturated and possess an empty meridian available for further
complexation by a second, neutral, anion recognition site."* Al-
though not possessing the stereochemical preferences inherent in
a transition metal centre, sterics force an orthogonal arrangement
of the two ligands in a manner analogous to, for example, a
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[Cu(phen),]* complex. Formation of an interpenetrated assembly,
or [2]pseudorotaxane, was achieved by incorporation of a neutral
amide cleft into a macrocyclic component (Fig. 1). Subsequent
chloride anion recognition by this hydrogen-bond donor site
results in threading of the organic pyridinium chloride ion-pair
and formation of a [2]pseudorotaxane.'

Fig.1 Anion-templated [2]pseudorotaxane assembly.

The conversion of these types of pseudorotaxanes to interlocked
mechanically-bonded assemblies will produce novel rotaxane
and catenane structures that contain unique, three-dimensional,
topological binding domains for the specific recognition of anionic
guest species. With the goal of using anion templation to develop
a general method for rotaxane synthesis and to understand the
factors that influence the yields and anion recognition properties
of the assembled interlocked species, we report here the synthesis
and anion coordination studies of three new [2]rotaxanes.

Results and discussion
Rotaxane construction strategy

We have recently reported the synthesis of a [2]rotaxane using
an anion-templated approach, illustrated in Scheme 1.'” The axle
component consists of a pyridinium chloride ion-pair motif with
two bulky ‘stopper’ groups. In non-competitive solvent media,
chloride anion association with a suitably designed neutral acyclic
second component that contains an anion recognition site, such as
isophthalamide, and is terminally functionalised with allyl groups
produces an assembly that after a ring-closing metathesis (RCM)
reaction affords the target [2]rotaxane (Scheme 1). RCM has
proved an efficient method in the preparation of catenanes'®!' and
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Scheme 1 Anion-templated synthesis of a [2]rotaxane via ring-closing
metathesis (RCM).

rotaxanes,” with the latter having also been accessed by related
olefin metathesis strategies.”*

In an effort to demonstrate the generality and synthetic ver-
satility of this anion-templated method of rotaxane assembly, an
investigation into the effect of incorporating electron withdrawing
substituents into the 5-position of an isophthalamide anion
binding motif and changing the nature of the aryl spacer motif on
the yields and anion binding properties of the resulting rotaxanes
was undertaken.

Synthesis of bis-vinyl-functionalised isophthalamide derivatives

Condensation of the appropriate S-substituted isophthalic acid
chloride with two equivalents of the vinyl-functionalised amine
derivative (1) in the presence of triethylamine in dry tetrahy-
drofuran solution afforded the corresponding bis-vinyl isophtha-
lamide derivatives 3 and 4 in yields of 40-50% (Scheme 2). The
naphthalene-containing isophthalamide derivative was prepared
according to the synthetic pathway shown in Scheme 3.
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Scheme 2 Synthesis of bis-vinyl-functionalised isophthalamide
dervatives.

The starting material 1-benzyloxy-5-hydroxynaphthalene was
prepared according to a literature procedure.”? Reaction with

bromoacetonitrile in acetone using potassium carbonate as base
afforded the nitrile compound 5 in moderate yield, which was
subsequently reduced using lithium aluminium hydride to give
the amine compound 6. Protection of the amine functionality
using Boc-anhydride followed by the high yielding removal of the
benzyl protecting group via hydrogenation afforded compound
8. The known compound 2-allyloxyethanol-p-toluene sulfonate®
was reacted with compound 8 in the presence of base to give
the allyl-appended naphthalene derivative 9. Removal of the Boc
protecting group using trifluoroacetic acid (TFA) yielded the
deprotected amine as an oil which was more easily handled after
protonation to give the hydrochloride salt 10. Condensation of
10 with isophthalic acid chloride gave the naphthalene-containing
isophthalmide derivative 11.

The terphenyl-functionalised pyridinium halide and hexafluo-
rophosphate derivatives 12a—d (Fig. 2) was prepared according to
literature procedure."’

|
N*\ X

O, l/
Qo

(0]

12a X =Cl
12b X =Br
12¢ X =1

12d X = PFg

Fig. 2 Terphenyl-functionalised pyridinium salts 12a-d investigated as
potential [2]rotaxane thread components.

'"H NMR anion-binding studies of isophthalamide derivatives

In order to ascertain which anion may serve as the potential tem-
plate in the ensuing rotaxane syntheses, "H NMR anion binding
studies were undertaken with bis-vinyl-appended isophthalamide
(2) and 5-nitroisophthalamide (3) compounds. The addition of
tetrabutylammonium (TBA) halide, dihydrogen phosphate and
hydrogen sulfate salts to dichloromethane-d, solutions of both
derivatives resulted in significant downfield shift perturbations
of the respective compounds’ aryl 4 and amide ¢ protons.
WinEQNMR * analyses of the resulting titration isotherms gave
1 : 1 association constant values as shown in Table 1.

With both derivatives, chloride anions are bound the most
strongly of the halides, as a result of possessing the most effective
hydrogen-bond acceptor ability and a potential size match with
the amide cleft binding site. It is noteworthy that the presence
of an electron withdrawing nitro group in the isophthalamide’s
5-position substantially enhances the anion binding ability of the
ligand for all anionic guests, without altering the selectivity trends.
This increased affinity is postulated to be a result of a decrease
in the pK, of the amide protons and hence an increase in their
hydrogen-bond donor ability. The 5-iodoisophthalamide ligand
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Scheme 3 Naphthalene ligand synthesis. Reagents and conditions: i) BrCH,CN, K,CO;, acetone, reflux, 12 h, 69%; ii) LiAlH,, Et,0, 293 K, 1 h, 71%; iii)
Boc-anhydride, CH,Cl,, 293 K, 12 h, 53%; iv) Pd/C, 1 atm H,, DMF-MeOH (4 : 1), 293 K, 12 h, 61%; v) 2-allyloxyethanol-p-toluene sulfonate,* K,CO;,
EtOH, reflux, 12 h, 64%; vi) TFA, CH,Cl,, 293 K, 12 h, CHCl,, HCl,,, 20 min, 47%; vii) isophthaloylcarbonylchloride, NEt;, CH,Cl,, 0 °C, 1 h, 44%.

Table 1 Association constants for ligands 2 and 3 with TBA salts
determined by '"H NMR (CD,Cl,, 293 K)

Association constants®/M™!

Anion 2 3

Cl- 330 3550
Br- 140 1500
I~ 30 250
BzO~ 490 6400
H,PO,~ 150 1730
HSO,~ 180 600

“ Estimated errors less than 10%.

(4) was found to bind chloride with an association constant of
900 M.

Taking into account these findings, chloride was chosen as the
templating anion in subsequent rotaxane formation reactions.

Templated macrocyclisation reactions

As a test for the suitability of RCM macrocyclisation reactions
using Grubbs’ catalyst in the presence of a halide anion template,
the isophthalamide derivative 2 was stirred with one equivalent of
TBA chloride and 10% Grubbs’ catalyst by weight. Macrocycle 13
was isolated by preparative TLC in 30% yield (Scheme 4).

A comparison of the "H NMR spectra of the acyclic and cyclised
isophthalamide compound reveals the expected changes in the allyl
proton environments as a result of a completed metathesis reaction
(Fig. 3).

The alkene in the cyclised product can exist as either the cis
or trans isomer, with the latter expected to dominate as the
thermodynamic product of the equilibrium process. In addition,

a
b
o 0 o 0
c
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Scheme 4 Anion-templated macrocyclisation facilitated by ring-closing
metathesis (RCM).

it is expected that no steric strain will be imposed on this
functionality due to the large ring size. The trans : cis ratio is
calculated from the isomeric olefinic protons in the '"H NMR
spectrum (trans = 5.84, cis = 5.77 ppm) to be 6 : 1.

Interestingly, in the absence of a chloride template, or in the
presence of the non-coordinating PF,~ anion, no cyclisation is
observed, indicating the critical nature of the template in the RCM
process. These results are in agreement with previously reported
observations on related systems in which the lowest energy
conformation of 3,5-isophthalamide systems has been determined
to be the syn—anti.*® Stabilisation of this conformation is through
internal NH - - - O hydrogen bonding. In this conformation the two
terminal allyl groups will be at a considerable spatial separation
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Fig. 3 Selected region of "H NMR of ligand 2 (bottom) and the related
macrocycle 13 (top) in CDCI;.

and therefore no cyclisation is observed. Upon addition of a
suitable anion template, however, the higher energy syn—syn
conformation becomes more favoured. In this conformation the
allyl groups are in much closer proximity, thus favouring the RCM
reaction (Scheme 5).

The chloride anion-templated RCM reaction was also at-
tempted with the 5-nitroisophthalamide derivative 3 and the cyclic
product (14) isolated in 60% yield after purification (Fig. 4). This
higher macrocyclisation yield, as compared with the preparation
of macrocycle 13, is a result of more effective chloride anion
templation and complements the '"H NMR association constant
values shown in Table 1.

NH O o (6]
NH O—< >—O O
7 7/

Fig. 4 Structure of the cyclic product 14.

Anion-templated assembly of [2]rotaxanes

Extension of this cyclisation strategy to the formation of [2]rotax-
anes using the 5-nitro-, 5-iodo- and naphthalene-isophthalamide
derivatives (3, 4 and 11) involved simply mixing the appropriate

component with the pyridinium chloride-stoppered thread 12a
in dichloromethane. Of note is the observed solubilisation of the
neutral acyclic amide compounds being enhanced in the presence
of the pyridinium chloride thread, indicative of association of the
two components. Addition of Grubbs’ catalyst (10% by weight)
facilitates the RCM reaction, and isolation of the [2]rotaxanes was
achieved by preparative TLC (Scheme 6).

[2]Rotaxane yields of up to 60% for the 5-nitroisophthalamide
derivative 3 were achieved, which compares with the previously
reported isophthalamide [2]rotaxane yield of 45%."” This result is
in agreement with the enhanced macrocyclisation yields and the
increased strength of chloride anion binding by 3 in comparison
to 2, suggesting that the predominant interaction driving the
rotaxane assembly process is anion recognition.

Importantly, no [2]rotaxane formation was observed using
pyridinium bromide, iodide and hexafluorophosphate salts 12b—d,
indicating the crucial nature of the chloride anion template to the
assembly process. Over an extended period of time no dissociation
of the [2]rotaxane species was observed, indicating that the bulky
stopper groups are large enough to prevent a deslipping process.

A comparison of the "H NMR spectra of 12a, 3 and the [2]ro-
taxane product 16a is given in Fig. 5. With 5-nitroisophthalamide
derivative 3, downfield shift perturbations are observed for the
aryl, n, and amide, o, proton environments as a result of chloride
anion complexation. Correspondingly, an upfield perturbation in
the pyridinium thread’s aryl, b, and amide, ¢, proton environments
is observed due to chloride anion polarisation as a result of
complexation by the neutral component. Importantly, upfield
shift perturbations are observed in the neutral component’s
hydroquinone proton environments, s and r, as a result of
a m-n donor—acceptor interaction between these electron-rich
functionalities and the electron-deficient pyridinium ring of the
threading component.” The completed metathesis reaction is
again observed by the loss of the characteristic terminal allyl
splitting pattern. In addition, high resolution electrospray mass
spectrometry and elemental analysis were used to characterise the
new rotaxane systems (see the Experimental section).

Despite the much poorer solubility of the naphthalene amide
compound (11) solubilisation was observed in dichloromethane
in the presence of pyridinium chloride ion-pair 12a. Addition
of Grubbs’ catalyst once again facilitated RCM and, after
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Fig. 5 Selected region of the '"H NMR of (a) thread molecule 12a, (b) rotaxane 16a and (c) 5-nitroisophthalamide derivative 3 (CDCl;, 298 K). For

proton labelling see Scheme 6.

purification by preparative TLC, [2]rotaxane 18 (Fig. 6) was
obtained in 15% yield. This lower [2]rotaxane product yield can
be postulated to arise from both the greater flexibility afforded
to the vinyl-terminated oxyethylene chain as a result of the
unsymmetrical substitution of the naphthalene linker and the
larger resulting macrocycle.

Similar '"H NMR shift perturbations to those noted with
[2]rotaxanes 16a and 17a were observed for rotaxane 18, namely
downfield shifts in environments n and m and upfield shifts
in b and ¢ as a result of anion binding (Fig. 7). Although

inherently more crowded, the aromatic region of the "H NMR
spectrum also revealed upfield shift perturbations in the electron-
rich naphthalene proton environment, ¢, as a result of - donor—
acceptor interaction with the electron-deficient pyridinium ring.

Rotaxanes as anion hosts

Whilst the anion-templated assembly of [2]rotaxanes presents a
novel approach to the preparation of interlocked species, the desire
to incorporate a degree of functionality into the final system
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Fig. 6 Structure of the naphthalene-containing [2]rotaxane (18) as
assembled though anion templation. Additional structural stabilisation is
provided by n—m stacking interactions and N*CH; - - - O hydrogen bonding.
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Fig. 7 Selected region of the "H NMR spectrum of rotaxane 18 (293 K,
acetone-d,). For proton labelling see Fig. 6.

encouraged us to investigate their ability to function as anion
hosts. Removal of the chloride anion template from the cavity
of [2]rotaxanes 16a and 17a using silver hexafluorophosphate
yielded the corresponding hexafluorophosphate [2]rotaxane salts
16b and 17b. Although perturbations in the '"H NMR chemical
shifts of the cleft-sited amide and aryl protons are observed,
very few additional perturbations are seen, indicating a retention
of the [2]rotaxane structure upon template removal. Titration
of chloride, dihydrogen phosphate and acetate anions, as their
TBA salts, gave rise to perturbations in the rotaxane amide
and aryl protons surrounding the pocket previously occupied
by the template. Analysis of the resulting binding curves using
the WinEQNMR ** software program allowed determination of
1 : 1 association constants for complexation of the anionic
guests by the host [2]rotaxane (Table 2). In order to determine
the effect of rotaxanation upon binding phenomena, analogous
association constant determinations were carried out with the
hexafluorophosphate thread 12d. Owing to a limited supply of
material, [2]rotaxane 18 was not investigated with regard to its
anion binding properties.

Despite the possibility of a complementary size match between
the amide cleft of the thread and a chloride anion, the pyridinium
hexafluorophosphate thread 12d displays a greater selectivity
preference for both acetate and dihydrogen phosphate anions. The

Table 2 Association constants for PF, thread 12d and PF, rotaxanes 15b,
16b and 17b determined by 'H NMR (CD;OD-CDCl;, 1: 1)

Association constants*/M™!

Anion Thread 12d Rot 15b"7 Rot 16b Rot 17b
Cl-

K, 125 1130 4500 4500
H,PO,~

K, 260 300 1500 1800

K, — — — 180
AcO~

K, 2200 100 725 930

K, 140 40 — —

“ Estimated errors less than 10%.

dominant factor in anion recognition by the free thread is therefore
the oxobasicity of the guest anions, hence the much weaker
coordination of the chloride anion. In sharp contrast, however,
are the binding trends observed for all three hexafluorophosphate
rotaxanes, which are completely reversed: CI- > H,PO,~ > OAc™.
The selectivity change is postulated to be a result of a unique anion
binding site formed by the two orthogonally arranged amide clefts.
A chloride anion can be bound tightly in this pocket due to both
complementary topography and the formation of four NH - - - CI~
hydrogen bonds. Large anions such as dihydrogen phosphate and
acetate bind weakly as a result of either having to penetrate the
binding pocket, which would be sterically demanding, or forcing a
displacement of the pyridinium thread from the macrocyclic cavity.
Both of these binding mechanisms would be highly unfavourable
and unlikely to be able to present a full complement of hydrogen-
bond donors.

With rotaxanes 16b and 17b the dramatic increase in the
magnitude of the association constants can be explained by
considering the effect of the nitro and iodo substituents of the
isophthalamide ring. As indicated by the 'H NMR binding studies
of 3 and 4, these electron withdrawing functionalities appear to
increase the acidity and hydrogen-bonding ability of the amide
protons and thus result in enhanced anion recognition. It is
noteworthy that whilst the anion association constant values are
larger for rotaxanes 16b and 17b relative to 15b (Table 2), the
unique topology of the interlocked binding domain ensures that
selectivity for chloride, the templating anion, is maintained.

Conclusions

Anion templation has been shown to be an effective route to
the preparation of macrocycles and [2]rotaxanes. In particular,
the synthesis of three new [2]rotaxanes has demonstrated the
generality of this anion-templated approach to the assembly
of interlocked species. Importantly, rotaxanes templated in this
manner have a degree of functionality integral to their structure.
The use of unique cavities at the centre of interlocked structures as
host molecules has only recently begun to be explored despite
the unique properties they possess.’?'7!827 Dramatic changes
in anion binding selectivities have been demonstrated to occur
upon rotaxanation. Simple modification of just one component
can improve both rotaxane assembly yields and anion binding
strengths significantly. In this instance the incorporation of
electron withdrawing substituents, such as the nitro group, into the
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5-position of an isophthalamide anion binding motif increases the
acidity of the amide protons which leads to impressive yields of up
to 60% for [2]rotaxane formation, concomitant with the rotaxane
binding domain both augmenting thermodynamic stability and
conserving selectivity for chloride, the templating anion. We are
currently seeking to exploit this anion templation methodology
further in the design of mechanically interlocked species for anion
sensing applications.

Experimental

The synthesis of compounds 12a-d, 1, 2 and 15a,b have been
previously described.”* 2-Allyloxyethanol-p-toluene sulfonate
and 5-iodoisophthalic acid were prepared according to literature
procedures.?*? All starting materials were purchased from Aldrich
Chemicals and used as received with the exception of thionyl
chloride and triethylamine which were distilled from triethyl
phosphite and over potassium hydroxide, respectively, and the
latter stored over potassium hydroxide. All solvents were dried
using standard laboratory procedures prior to use. 'H and "C
NMR spectra were recorded on Varian 300 MHz VX Works and
500 MHz Unity Plus spectrometers. Mass spectrometry was car-
ried out using a Micromass LCT electrospray mass spectrometer.
Elemental analyses were performed by the Inorganic Chemistry
Laboratory Microanalysis Service, Department of Chemistry,
University of Oxford, and by the Elemental Analysis Service,
London Metropolitan University.

Preparation of 5-nitroisophthalamide ligand 3

A solution of synthon 1 (0.82 g, 3.0 mmol) and triethylamine
(8 ml) in THF (100 ml) was prepared and cooled to 0 °C. 5-
Nitroisophthaloyl dichloride was added and the solution stirred
for 1 h keeping the temperature below 5 °C. The resulting reaction
mixture was filtered and the solvent removed to give an oil. The oil
was then dissolved in dichloromethane (100 ml) and washed with
aqueous 10% HCl solution (3 x 100 ml) and water (3 x 100 ml).
The organic phase was then dried over magnesium sulfate and
the solvent removed to give the product (0.49 g, 50%) as a yellow
solid (Found: C, 62.9; H, 6.1; N, 6.6. Calc. for C;,H;N;0,,: C,
62.8; H, 6.05; N, 6.5%); 65(300 MHz, CDCl;, Me,Si) 3.89 (4H, t,
J = 4.2 Hz, CH,), 3.89 (4H, m, NHCH,), 4.09 (12H, m, CH,),
5.2-5.3 (2H, m, CH=CH,), 5.93 2H, m, CH=CH,), 6.83 (8H, m,
ArH), 6.94 (2H, brs, NH), 8.54 (1H, s, 4-H) and 8.73 (2H, s, 2-H);
0¢(300 MHz, CDCl;, Me,Si) 40.1, 68.0, 66.9, 68.6, 72.4, 115.3,
115.6, 117.5,124.6, 131.2, 134.5, 136.3, 148.2, 152.5, 153.3, 164.6;
m/z (ESI) 672.70 (M + H* requires 672.25).

Preparation of 5-iodoisophthalamide ligand 4

Method as for compound 3, using synthon 1 (0.3 g, 1.15 x 1073
mol) and 5-iodoisophthaloyl dichloride (0.10 g, 5.73 x 10~* mol)
to give the product (0.16 g, 40%) as a white solid (Found: C,
55.9; H, 5.4; N, 3.9. Calc. for C;,H3IN,Oq: C, 55.9; H, 5.4; N,
3.8%); 04(300 MHz, CDCl;, Me,Si) 3.75 (8H, m, CH,), 4.01
(12H, m, CH,), 5.16-5.30 (4H, m, CH=CH,), 5.84-5.97 (2H,
m, CH=CH,), 6.77 (8H, s, ArH), 7.33 2H, br t, / = 4.4 Hz, NH),
8.11 (1H, s, 4-H) and 8.13 (2H, s, 2-H); J.(300 MHz, CDCl;,
Me,Si) 39.8, 66.8, 67.8,68.4,72.2,94.2,115.3, 115.4, 117.4, 134.3,

136.0, 138.8, 152.5, 153.1 and 165.6; m/z (ESI) 731.1259 (M + H*
requires 731.1829).

Preparation of compound 5

1-Benzyloxy-5-hydroxynaphthalene (1.8 g, 7.2 x 10~* mol), bro-
moacetonitrile (0.95 g, 7.92 x 10~* mol) and potassium carbonate
(1.09 g, 7.92 x 10~* mol) were heated under reflux in acetone
(100 ml) for 12 h. The resulting reaction mixture was cooled to
room temperature and filtered. The solvent was removed to give
a brown oil that was redissolved in dichloromethane and filtered
through a plug of silica. The solvent was removed to give the
product (1.44 g, 69%) as a pale yellow solid; 6,;(300 MHz, CDCl;,
Me,Si) 4.96 (2H, s, OCH,Ph), 5.25 (2H, s, CNCH,), 6.96 (1H, d,
J = 17.5 Hz, ArH), 7.51-7.53 (2H, m, ArH), 7.33-7.45 (5H, m,
ArH), 7.78 (1H, dt, J 8.7, J 0.8, ArH) and 8.07 (1H, dt, J 8.4, J
0.9, ArH); 6-(300 MHz, CDCl;, Me,Si) 53.8, 70.2, 106.1, 106.5,
106.6, 114.0, 114.8, 117.2, 124.8, 125.3, 126.2, 127.5, 128.0, 128.7,
129.1,137.0, 137.3, 152.2 and 154.4; m/z (ESI) 290.1233 (M + H*
requires 290.1181).

Preparation of compound 6

Compound 5(0.5 g, 4.84 x 10~* mol) was dissolved in diethyl ether
(100 ml) and added carefully to a suspension of lithium aluminium
hydride (0.1 g, 2.6 x 10~* mol) in diethyl ether (150 ml) and stirred
atroom temperature for one hour. Aqueous 10% sodium hydroxide
solution was added slowly (approx. 25 ml) until no further gas
production was observed. Saturated aqueous sodium chloride
solution was added (50 ml) and the organic layer decanted. Diethyl
ether (80 ml) was added to the aqueous phase and stirred for 20 min
before being decanted. This procedure was repeated once more.
The organic phases were combined and dried over magnesium
sulfate. Removal of the solvent gave the product (0.36 g, 71%) as a
white solid; 6;(300 MHz, CDCl;, Me,Si) 3.12 (2H, t, J = 5.1 Hz,
CH,),4.05(2H,t,J 5.1,CH,), 5.13 (2H, s, CH, benzyl), 6.73 (1H,
d,J 7.8, ArH), 6.81 (1H, d, J 7.5, ArH), 7.21-7.33 (5H, m, ArH
benzyl), 7.41-7.43 (2H, m, ArH), 7.77 (1H, d, J 8.4, ArH) and
7.83 (1H, d, J 8.7, ArH).

Preparation of compound 7

Compound 6 (1.35 g,4.60 x 10~* mol) and Boc-anhydride (1.80 g)
were dissolved in dichloromethane (100 ml) and stirred at room
temperature for 12 h. The resulting reaction mixture was filtered
through a plug of silica and the solvent was removed to give a
pale yellow solid. After stirring in hexane (50 ml) for 20 min and
filtering the product (0.96 g, 53%) was obtained as a white solid;
ou(300 MHz, CDCl;, Me,Si) 1.40 (9H, s, 'Bu), 3.61 (2H, q, J =
5.1 Hz, NHCH,), 4.08 2H, t, J 5.1, OCH,), 5.06 (1H, br s, NH),
6.62 (1H, br s, OH), 6.69 (1H, d, J 7.5, ArH), 6.81 (1H, d, J
7.5, ArH), 7.26 2H, t, J 8, ArH) and 7.72 (2H, d, J 8.4, ArH);
0¢(300 MHz, CDCl;, Me,Si) 23.4, 40.2, 67.4, 70.1, 105.2, 109.3,
114.4, 124.9, 125.3, 126.7, 127.3, 127.9, 128.5, 151.8, 154.0 and
156.2; m/z (ESI) 304.1563 (M + H* requires 304.1549).

Preparation of compound 8

Compound 7 (0.96 g, 2.44 x 1073 mol) was dissolved in a
suspension of 10% palladium on activated carbon (0.09 g) in
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DMF-methanol (100 ml, 4 : 1). The reaction mixture was stirred
overnight under an atmosphere of hydrogen. Filtration through
Celite followed by solvent removal gave a crude brown oil.
Recrystallisation from water gave the product (0.45 g, 61%) as a
white powder; 65(300 MHz, CDCl;, Me,Si) 1.40 (9H, s, ' Bu Boc),
3.61 (2H, q,J = 5.1 Hz, NHCH,), 4.08 (2H, t, J 5.1, OCH,), 5.06
(1H, brs, NH), 6.62 (1H, brs, OH), 6.69 (1H, d, J 7.5, ArH), 6.81
(1H,d,J 7.5, ArH),7.26 (2H, t, J 8.0, ArH) and 7.72 (2H, d, J 8.4,
ArH); 6-(300 MHz, CDCl;, Me,Si) 28.4, 40.2, 67.4, 70.1, 105.2,
109.3,113.9, 114.4, 124.9, 125.3, 126.7, 127.3, 127.9, 128.5, 151.8,
154.0 and 156.2; m/z (ESI) 304.1563 (M + H* requires 304.1549)

Preparation of compound 9

A solution of compound 8 (043 g, 142 x 107 mol), 2-
allyloxyethanol-p-toluene sulfonate (0.36 g, 1.42 x 10~ mol)
and potassium carbonate (0.22 g, 1.56 x 10~* mol) in ethanol
(50 ml) was heated under reflux for 12 h. After cooling to room
temperature the reaction mixture was filtered and the solvent
removed to give a brown oil. Chloroform (80 ml) was added and
a fine precipitate observed which was subsequently removed by
filtration. Removal of the solvent gave the product (0.35 g, 64%)
as a brown oil; 04(300 MHz, CDCl;, Me,Si) 1.48 (9H, s, 'Bu),
3.7(2H, q, J = 5.2 Hz, NHCH,), 3.97 2H, t, J 4.8, CH,), 4.17-
422 (4H, m, CH,), 4.32 (2H, t, J 4.8, CH,), 5.23-5.40 (2H, m,
CHCH,), 5.93-6.06 (1H, m, CHCH,), 6.84 (1H, t, J 7.5, ArH),
6.88 (1H, d, J 7.5, ArH), 7.37 (1H, t, J 8.0, ArH), 7.39 (1H, t, J
8.0, ArH), 7.85 (1H, d, J 8.4, ArH) and 7.91 (1H, d, J 8.4, ArH);
0¢(300 MHz, CDCl;, Me,Si) 28.4, 40.2, 67.5, 67.6, 68.6,70.1, 72.4,
105.5,105.7, 114.2, 114.8, 117.3, 125.2, 127.3, 127.9, 128.5, 134.6
and 154.4; m/z (ESI) 410.1945 (M + H* requires 410.1943).

Preparation of compound 10

Compound 9 (0.33 g, 8.52 x 10 mol) was dissolved in
dichloromethane (100 ml) and TFA (5 ml) and stirred for 12 h.
The resulting reaction mixture was washed with water (2 x
100 ml) and the combined aqueous layers back-extracted with
dichloromethane (100 ml). The organic phases were combined,
dried over magnseium sulfate and the solvent was removed to give
a light brown oil. The oil was dissolved in chloroform (50 ml)
and HCl,, was bubbled through the solution for 20 min or until
no more precipitate was formed. Diethyl ether (50 ml) was added
and the product (0.11 g, 47%) collected by filtration; §,;(300 MHz,
CD;0D, Me,Si) 3.63 (2H, m, CH,), 3.95 (4H, m, CH,), 4.17
(4H, br t, CH,), 5.15-5.25 (2H, m, CH=CH,), 5.77-5.87 (2H,
m, CH=CH,), 6.86 2H, m, ArH), 7.79-7.93 (2H, m, ArH) and
7.33-7.45 2H, m, ArH); m/z (ESI) 274.1574 (M* — CI~ requires
274.169).

Preparation of naphthalene ligand 11

A solution of compound 10 (0.27 g, 9.75 x 10~ mol) and
triethylamine (3 ml) in dichloromethane (50 ml) was prepared
and cooled to 0 °C. Isophthaloylcarbonylchloride was added and
the reaction mixture stirred for one hour, keeping the temperature
below 5 °C, during which time a precipitate was observed to form.
The product (0.15 g, 44%) was isolated by filtration; 6;(300 MHz,
CDCl;, Me,Si) 3.79-3.83 (8H, m, CH,), 4.08 (4H, m, CH,), 4.23—
4.28 (8H, m, CH,), 5.14-5.32 (4H, m, CH=CH,), 5.86-5.98 (2H,

m, CH=CH,), 6.93 2H, d, J = 7.2 Hz, ArH), 7.02 2H, d, J 8.1,
ArH),7.27-7.44 (5H, m, ArH),7.55(2H,t,J 8.8, ArH),7.71 (2H,
d,J9.3,ArH),7.82(2H,d,J 7.5, ArH), 8.032(2H, d, J 8.4, ArH),
8.57 (1H, s, ArH),9.13 2H, br t, J 5.7, NH); m/z (ESI) 727.3250
(M + H* requires 727.2995).

Preparation of isophthalamide macrocycle 13

Ligand 2 (75 mg, 0.124 mmol) and tetrabutylammonium chloride
(56 mg, 0.2 mmol) were dissolved in dichloromethane (50 ml) and
stirred for 15 min. Grubbs’ catalyst (7.5 mg) was added and the
resulting solution stirred for 12 h. The resulting reaction mixture
was purified by preparative TLC (SiO,) using dichloromethane—
methanol (93 : 7) as eluent to give the product (21 mg, 30%)
as a white powder (Found: C, 65.3; H, 6.3; N, 4.5. Calc. for
C;,H;xN,O4-CH;0H: C, 65.1; H, 6.6; N, 4.6%); 54(300 MHz,
CDCl;, Me,Si) 3.76 (4H, m, OCH,CH,0), 3.85 (4H, m, NHCH,),
4.08 (12H, m, CH,), 5.84 2H, s, CH=CH), 6.66 (2H, br s, NH),
6.80 (8H, m, ArH hydroquinone), 7.55 (1H, t, J = 7.6 Hz, Ar-5-
H) and 7.99 (3H, m, ArH); 6.(300 MHz, CDCl;, Me,Si) 40.0,
67.4, 68.4, 68.7, 71.1, 104.8, 115.6, 116.1, 129.5, 131.0, 134.9,
135.3, 152.9, 153.6 and 167.0; m/z (ESI) 577.69 (C;,H;N,O;5 +
H* requires 577.65).

Preparation of S-nitroisophthalamide macrocycle 14

Method as for 13 using ligand 3 (100 mg, 1.5 x 10~* mol),
tetrabutylammonium chloride (42.7 mg, 1.5 x 10~* mol) and
Grubbs’ catalyst (10 mg). Purification by preparative TLC using
ethyl acetate as eluent furnished the product (52 mg, 54%) as a
pale yellow powder (Found: C, 61.1; H, 6.1; N, 6.5. Calc. for
C;,H3sN;Oy: C, 61.8; H, 5.7; N, 6.8%); dx(300 MHz, CDCl;,
Me,Si) 3.76 (4H, t, J = 4.2 Hz, CH,), 3.86 (4H, m, NHCH,),
4.04 (12H, m, CH,), 5.84 (2H, t, J 2.9, CHCH), 6.73 (8H, m,
ArH), 691 (2H, br s, NH), 8.35 (1H, s, ArH p-NO,) and 8.78
(2H, s, ArH 0-NO,); (300 MHz, CDCl;, Me,Si) 40.2, 68.7, 67.1,
68.4,71.0,115.5-115.8 (four peaks), 125.4, 129.3, 136.3, 153.0 and
153.4; m/z (ESI) 622.2300 (M + H* requires 622.2400).

Preparation of nitro-rotaxane chloride 16a

Ligand 3 (90 mg, 1.39 x 10~* mol) and pyridinium chloride thread
12a (100 mg, 9.29 x 10~*mol) were dissolved in dichloromethane
(50 ml) and stirred for 20 min. Grubbs’ catalyst was added (18 mg,
10% by weight) and the reaction mixture stirred overnight. The
solvent was removed and the crude reaction mixture seperated
by preparative TLC (SiO,) using dichloromethane-methanol (93 :
7) as eluent. The product (90 mg, 57%) was isolated as a yellow
powder (Found: C, 75.0; H, 6.8; N, 4.8. Calc. for C,,cH,;;CINO,,:
C, 75.0; H, 6.7; N, 4.95%); ou(300 MHz, CDCl;, Me,Si) 1.31
(36H, s, 'Bu), 3.77 (12H, m, NHCH,CH,0ArOCH,), 4.11 (8H,
m, CH,0CH,), 4.45 (3H, s, N*CH;), 6.01 2H, brs, CHCH), 6.18
(4H, d, J =9.0 Hz, ArH), 6.43 (4H, d, J 9.0, ArH), 7.02 (8H, m,
ArH),7.19 (2H, m, ArH), 7.23 (12H, m, ArH), 7.81 (4H, d, J 9.0,
ArH), 8.70 (2H, br s, NH mac), 8.90 (2H, s, ArH 0-NO,), 9.10
(2H, s, ArH 0-N*), 9.34 (1H, s, ArH p-NO,), 9.78 (1H, br s, ArH
p-N*)and 10.23 (2H, br s, NH thread); m/z (ESI) 1662.85 (M* —
CI™ requires 1161.8416).

1536 | Org. Biomol. Chem., 2006, 4, 1529-1538

This journal is © The Royal Society of Chemistry 2006





Preparation of iodo-rotaxane chloride 17a

Method as for rotaxane 16a using ligand 4 (25 mg, 1.41 x 107°
mol), pyridinium chloride thread 12a (69 mg, 6.39 x 10~>mol) and
Grubbs’ catalyst (7 mg) to furnish the product (43%) as a yellow
powder; d,4(300 MHz, CDCl;, Me,Si) 1.31 (36H, s, ' Bu), 3.74-3.82
(12H, m, CH,), 4.06-4.11 (8H, m, CH,), 4.37 (3H, br s, N*CH,),
6.02 2H, br s, CH=CH), 6.17 (4H, d, J = 8.7 Hz, ArH), 6.42
(4H, d, J 8.4, ArH), 7.07 (8H, d, J 7.8, ArH stopper), 7.16 (8H,
d, J 7.8, ArH stopper), 7.21-7.26 (14H, m, ArH stopper), 7.81
(4H,d, J 7.5, NHArH), 8.43 (2H, ArH 0-N*), 8.50 2H, br s, ArH
0-Cl), 8.92 (1H, br s, ArH p-CI), 9.14 (2H, br s, NH mac), 9.71
(1H, br s, ArH p-N*) and 10.26 (2H, br s, NH thread); m/z (ESI)
1742.7482 (M* — CI~ requires 1742.7532).

Preparation of nitro-rotaxane hexafluorophosphate 16b

The nitro-rotaxane chloride (40 mg, 2.35 x 10~° mol) was dissolved
in dichloromethane and stirred with silver hexafluorophosphate
(30 mg, 1.18 x 10~*mol) for 12 h in the absence of light. The
resulting solution was filtered through Celite and the solvent
removed to give the pure product (85%) as a yellow solid (Found:
C, 70.3; H, 6.5; N, 4.8. Calc. for C,xsH,;F;N;O,,P: C, 70.4; H,
6.3; N, 4.7%); 64(300 MHz, CDCl;, Me,Si) 1.31 (36H, s, 'Bu),
3.76-3.81 (12H, m, CH,), 4.05-4.10 (8H, m, CH,), 4.31 (3H, br s,
N*CH,;), 6.01 2H, brs, CH=CH), 6.19 (4H,d, J =8.7Hz, ArH),
6.47 (4H,d, J 8.7, ArH), 7.05-7.21 (14H, m, ArH), 7.78 (4H, d, J
7.8, NHArH), 8.57 (2H, br s, ArH 0-N*), 8.96 2H, m, ArH 0-CI,
p-CI), 9.04 (2H, br s, NH mac), 9.26 (1H, br s, ArH p-N*) and
10.19 (2H, br s, NH thread).

Preparation of iodo-rotaxane hexafluorophosphate 17b

Method as for 16b using the iodo-rotaxane chloride 17a (25 mg,
1.41 x 107 mol) and silver hexafluorophosphate (14 mg, 5.62 x
10~°mol) to give the product (18 mg, 100%) as a yellow powder
(Found: C, 67.4; H, 6.2; N, 3.7. Calc. for C,,cH,;FJIN;O,,P: C,
67.4; H, 6.0; N, 3.7%); 64(300 MHz, CDCl;, Me,Si) 1.28 (36H,
'Bu), 3.73 (8H, m, CH,), 3.80 (4H, m, CH,), 4.01 (8H, m, CH,),
4.24 (3H,s,N*CH5),5.94 (2H,CH=CH), 6.23 (4H,d, J =8.0 Hz,
ArH), 6.45 (4H, d, J 8.5, ArH), 7.10 (8H, d, J 8.0, ArH), 7.21
(14H, m, ArH), 7.72 (4H, br s, ArHNH), 8.48 (2H, s, ArH 0-N*),
8.71 (1H, br s, ArH p-CI), 8.98 (2H, br s, NH mac), 9.30 (1H, brs,
ArH p-N*) and 10.05 (2H, br s, NH thread).

Preparation of naphthalene-rotaxane chloride 18

Method as for 16a using naphthalene ligand 11 (120 mg, 1.70 x
10~* mol), pyridinium chloride thread 12a (120 mg, 1.12 x
10~*mol) and Grubbs’ catalyst to furnish the product (30 mg,
15%) as a yellow solid (Found: C, 76.7; H, 6.7; N, 3.7. Calc. for
C,1sH,sCIN;O,4: C, 78.1; H, 6.8; N, 4.0%); 64(300 MHz, acetone-
ds, Me,Si) 1.37 (36H, s, ‘Bu), 3.67-3.71 (4H, m, NHCH,), 3.94—
3.96 (4H, m, CH,), 4.06-4.07 (4H, m, CH,), 4.11 (4H, t, J =
4.5 Hz, CH,), 4.24 (4H, m, CH,CH), 4.66 (3H, s, N*CH,), 6.24
(2H, brs, CHCH), 6.28 (2H, d, J 7.8), ArH,), 6.40 2H, d, J 7.5,
ArH,) 6.64 (2H, t, J 8.0, ArH,), 6.84 (2H, t, J 8.3, ArH,), 7.10
(2H,d,J9.0,ArH,),7.05-7.42 31H, m, ArH,,,,;+), 7.54 (2H, d,
J8.4,ArH,),7.90 (4H,d, J 8.7, ArH,), 8.05 (2H, d, J 7.8, ArH)),
8.88 (2H, brs, NH,), 8.95 (3H, ArH,,), 9.24 (1H, brs, ArH,) and

9.70 2H, br s, NH,); m/z (ESI) 1716.8728 (M* — CI~ requires
1716.8878).
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The direct ketohydroxylation of a variety of 1-aryl-1-
alkenes with H,0O,, catalyzed by the inexpensive 12-
tungstophosphoric acid/cetylpyridinium chloride system un-
der very mild conditions, was achieved. Various acyloins were
obtained in good yields and high regioselectivies.

a-Hydroxyketones (acyloins) are important building blocks in
organic synthesis and form parts of the structures of various
biologically active compounds, such as cortisone acetate 1 and
daunomycinone 2'? (Fig. 1).

)
OAc
0 uOH
o
1 2
Fig.1 Acyloin substructure in cortisone acetate 1 and daunomycinone 2.

It is known that acyloins can be prepared by the benzoin
condensation, the acyloin condensation, the o-hydroxylation of
carbonyl compounds and the oxidation of diols, whereas the
direct oxidation of C-C double bonds has only rarely been
reported.® Since, in these cases, toxic cyanide compounds must
be employed, or the reaction must be performed under an inert
atmosphere with dry solvent, the development of an efficient
and convenient method to obtain a-hydroxyketones would be
significant. Recently, a new straightforward oxidation of C-C
double bonds to o-hydroxyketones using catalytic amounts of
RuCl; and stoichiometric amounts of Oxone under buffered
conditions has been reported by Plietker.* A variety of substituted
olefins were oxidized to o-hydroxyketones in good-to-excellent
regioselectivities and yields by this method.

Heteropoly acids (HPA) such as 12-molybdophopsphoric acid
(MPA) or 12-tungstophosphoric acid (WPA) are often used, not
only for the oxidation of organic substrates, but also for many
acid-catalyzed reactions, because they possess the dual catalytic
functions of oxidizing ability and strong acidity.® It has been
reported that the combination of HPA with cetylpyridinium
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chloride (CPC) could catalyze the epoxidation of olefins such as
1-octene, the ketonization of alcohols and diols, and the oxidative
cleavage of 1,2-diols and olefins.’

We have found that direct ketohydroxylation of some olefins
with H,O, could be achieved under similar conditions. It turns
out that when olefins are treated with hydrogen proxide in
chloroform containing a catalytic amount of WPA (10 mol%)
combined with CPC (30 mol%) as phase-transfer catalyst at
60 °C, o-hydroxyketones can obtained in good-to-excellent yields
with good regioselectivities (Scheme 1). There are a number
of interesting features of this methodology worth pointing out:
(1) H;PW,0y is less expensive and less toxic than RuO, or OsO,;
(ii) H,O, as the oxidant is of great advantage to the environment
and industry because it generates H,O as the sole by-product, it has
a high content of active oxygen species, and it is less expensive than
organic peroxides and peracids; (iii) the experiment is easy to carry
out, because no special precautions such as high temperature, inert
gas atmosphere or dry solvents are necessary.

R’ HiPW.,04 (10mol%) O R

>

R' OH

R! CPC (30 mol%)
H,0, (30%,10 eq)
CHCl3, 60 °C

Scheme 1

We choose styrene as our working model to study the influences
of the catalyst, phase-transfer catalyst, solvents and temperatures
(Table 1).

Table 1 Effects of the catalyst, solvent, and temperature on the ketohy-
droxylation of styrene*

Entry Catalyst Solvent T/°C Yield (%)*
1 WPA/CPC CHCl; 60 86.4

2 WPA CHCl, 60 nd

3 CWP* CHC, 60 42.4

4 WPA/CPC CH,Cl, 40 62.5

5 WPA/CPC CH;CN 60 36.4

6 WPA/CPC PhCH; 60 73.9

7 WPA/CPC H,O 60 nd

8 WPA/CPC CHCL, =20 nd

9 WPA/CPC CHCl, 4 10

“ All reactions were performed on a 6.5 mmol scale in CHCl; (15 mL)
using WPA (H;PW,0,), 0.4 mol%), CPC (1.2 mol%) and 10 equiv. of
H,0, (30%), and were stopped after 24 h. *Isolated yields (nd = not
determined). ¢ CWP: prepared according to ref. 5.
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To evaluate the potential of H;PW,,O,, for the ketohydroxyla-
tion of styrene, three different catalyst systems were tested (entries
1-3). Combination of WPA with CPC produced in situ was found
to be more effective than [t-C,H;NC,sH;;5[PO,(WO;),] (CWP).

When the WPA/CPC combination (which produces CWP with
evolution of hydrogen chloride) was employed as the catalyst, the
reaction medium is acidic, while in the CWP-catalyzed reaction,
the medium is not acidic. The fact that ketohydroxylation pro-
ceeded more rapidly with the WPA/CPC combination suggested
that the tungsten-catalyzed reaction is accelarated in acidic media.
WPA alone could not catalyze the ketohydroxylation of styrene
(entry 2), probably due to its poor solubility in organic solvents.
Therefore, the reaction was conducted in various solvents using
the WPA/CPC catalyst. It was observed that chloroform was the
best solvent. The same reaction in toluene or acetonitrile led
to a considerable decrease of the yield (entries 1, 4-7). A lower
temperature decreased the conversion significantly (entry 9), while
no reaction was found at —20 °C.

It is noteworthy that the insoluble WPA/CPC dissolved slowly
under the action of H,O,, to form the real catalyst, which
subsequently led to homogeneous catalytic direct oxidation of
C-C double bond. During the reaction, the system gradually
changed from turbid to clear. The infrared spectra (Fig. 2) showed
that the H,O,-treated WPA/CPC (spectrum 2) has a peroxo-bond
absorption peak V(O-O) at 840 cm™' and 846 cm™', while CWP
itself (spectrum 1) does not have a peroxo-bond absorption peak
at about 840 cm~'. Instead, an absorption peak at 895 cm™', which
corresponds to the asymmetric vibration of W-O-W, was found.

Fig.2 Infrared spectra of (1) CWP, (2) H,0, (30%)-treated CWP, and (3)
recovered H,0, (30%)-treated catalyst.

After extraction of the product, the aqueous phase was evap-
orated, which allowed the recovery of the catalyst. As shown in
Table 2, the recovered catalyst can be recycled at least once without
significant loss of activity.

Table 2 Recycling the catalyst for the ketohydroxylation of styrene

Run Yield (0 o) b
1 86.4
2 81.8
3 71.5
4 64.7

“ All reactions were performed under the conditions of entry 1, Table 1,
except that the catalyst was recovered from the preceding run. ® Isolated
yield.

o.1.0 0.1.0
wll wll
o’1"0 o’ "o
o—0 O o-0 o-o ©O 0—0
- N7 | \ / - N/ | \ 7/
0O-W-0—P—0-W-0 =——» O—-W-0—P=0---W=0
\ | /\ /\ | /\
0-0 o O0-0 0—0 ¢ 0—0
O.1.0 0. 1.0
AV W
o’1~0 o’ "0
o] o)
0—0
\ 7/
= PWy---W=0
/ \
0—0

Scheme 2 A proposed mechanism.

A mechanistic explanation is proposed as shown in Scheme 2.
According to previous mechanistic research on the WPA/CPC-
catalyzed epoxidation of olefins with hydrogen peroxide, when
mixed with commercially available 35% H,0,, H;[PW,,0,] is
oxidized to {PO,[WO(0,),].}*~, which was identified as the real
catalyst.” This peroxo tungsten complex behaves as a 1,3-dipolar
reagent, M*—~O-O~, which reacts with the olefin to form a five-
membered dioxametallocycle adduct. Degradation of the adduct
produces the corresponding epoxide® and a PW; species, which
quickly turns to the peroxo tungsten catalyst in the presence
of hydrogen peroxide. The electrophilic attack of the peroxo
tungsten complex on the above epoxide results in the formation of
a six-membered cyclic intermediate, which degrades to produce
the final oxidation product, a hydroxyketone, together with a
PW; moiety, which is oxidized back to the peroxo tungsten
catalyst and then enters the next cycle. As evidence for the above
mechanism, phenyloxirane could be oxidized to the corresponding
hydroxyketone in high yield under the reaction conditions (entry
19, Table 3). The fact that 1,1-disubstituted and trisubstituted
ethylenes did not give hydroxyketones is another piece of evidence
for this, because, according to the above mechanistic explanation,
a hydrogen atom o- to the phenyl group is necessary. In the absence

This journal is © The Royal Society of Chemistry 2006
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Table 3 WPA/CPC-catalyzed oxidation of various olefins®

Entry Substrate Product Time/h Yield (%)"
it o X 0 24 86.4
1 Ph)J\CHZOH
2
2 0 48 74.6
ph X
3 Ph)H/\CI
OH
4
3 N e} 24 75.7
ph X0 P
5 Phi 0" >Ph
OH
6
4 (¢} 48 73.0
Ph X" 50,Ph
; Ph SO,Ph
OH
8
5 (¢} 48 78.5
Ph X"oac
9 Ph)kﬁom
OH
10
6 0 17 75.6
ph TN,
" Ph N,
OH
12
7 o) o o) 20 79.4
X
OH
o} o}
13 14
8 N OH o} 48 20,22
Ph/\/\OPh
15 Ph oph Ph OPh
o} OH
16a 16b
9 CHs CHs 48 76.2
NS CGH4-C|-0 /g
p-F-C6H4 p-F-C5H4 ¢}
17 18
10 (0] 12 76.7
M )J\
Ph Ph
19 20
11 Ph o) 12 80.7
/:& Ph)J\/
21 22
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Table 3 (Contd.)

Entry Substrate Product Time/h Yield (%)°
12 NN NN /\/\/\/\<‘ 15 87.8
o}
23 24
13 N _~_~_-COOH oSS CO0H 24 87.5
O
25 26
14 O 0 24 nd
i 27 A Ph/o\/<,
28
15 o] — 24 nd
Ph/%)ko/
29
16 o] — 24 nd
A)I\
C-CGH»H O/
30
17 o] — 24 nd
Ph/\)J\ Ph
31
18 - N0, — 24 nd
32
19 o] 0 2 93.1
e Ph” “CH,OH
33 2

¢ All reactions were performed on a 2 mmol scale in CHCI; (15 mL) using WPA (H;PW,04, 10 mol%), CPC (30 mol%), and 10 equiv. of H,0, (30%) at
60 °C. ® Isolated yields (nd = not determined). ¢ The reaction was carried out under the conditions given in Table 1.

of WPA, styrene was not oxidized at all, even after 20 h of stirring
with CPC/hydrogen peroxide at 60 °C. This excludes a radical
pathway.

However, when extended to substrates other than styrene, the
above conditions did not work. It was found that the amount
of WPA and CPC must be increased to 10 mol% and 30 mol%,
respectively, for the reaction to proceed at an acceptable rate.

We investigated the direct oxidation of various olefins under
the modified conditions.® Table 3 shows the results of an in-
tense screening of scope and limitations. It is important that
many electron-rich alkenes were successfully transformed into
the corresponding acyloins with remarkably high regioselectivities
and yields (entries 1-7). We were even not able to detect any
regioisomeric products from the crude mixtures. All the substrates
that gave hydroxyketones as the products were 1-aryl-1-alkenes. In
other words, an aromatic ring attached to the terminal sp* carbon
is necessary for the hydroxyketonization to occur. Without this
kind of substituent, only epoxidation was observed (entries 12—
14). 1,1-Disubstituted and trisubstituted ethylenes cleaved during
the course of oxidation (entries 9-11). It is noteworthy that the
conversion is strongly dependent on the electronic properties
of the C-C double bond. In general, electron-rich substrates

are ketohydroxylated much faster than electron-poor starting
materials; in fact, no reaction was observed with those alkenes
that had moderately strong electron-withdrawing groups on C2
(entries 15-18).

In conclusion, we have demonstrated that various 1-aryl-1-
alkenes can be oxidized by H,O, to hydroxyketones in the presence
of WPA/CPC under mild reaction conditions.
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N-Substituted glycine peptoid oligomers were used as substrates for azide-alkyne [3 + 2] cycloaddition
conjugation reactions and then elaborated through additional rounds of oligomerization and
cycloaddition. This novel sequential conjugation technique allowed for the generation of complex
peptidomimetic products in which multiple heterogeneous pendant groups were site-specifically
positioned along the oligomer scaffold. Studies of a water-soluble estradiol-ferrocene peptoid

conjugate demonstrated a potential application for the modular synthesis of biosensors.

Introduction

Techniques in bioconjugate chemistry have provided effective tools
for endowing biomolecules with novel properties. Conjugation
reactions are routinely employed to modify proteins and nucleic
acids so that they incorporate fluorophores, ligands, chelates,
radioisotopes, affinity tags, and numerous other groups.! When
performed on solid-phase support, these reactions can be used to
modify synthetic oligonucleotides and polypeptides with excep-
tional efficiency (reviewed in ref. 2). In many cases, solid-phase
conjugation reactions can be adapted for automated protocols,
allowing the development of novel combinatorial libraries and
microarray applications.

Polypeptides, while capable of exhibiting an extraordinary range
of bioactivities, often display poor pharmacological properties.
For this reason, synthetic mimics of peptides have been the focus
of vigorous development by medicinal and bioorganic chemists.
A variety of oligomeric peptidomimetics have been introduced
that begin to exhibit some of the structural and functional
attributes of natural polypeptide species.* Further elaboration of
peptidomimetic structures by means of conjugation reactions may
lead to a greater range of capabilities for this promising class of
molecules.

Our research focuses on developing techniques for enhancing
the structural complexity of a family of peptidomimetics known as
peptoids. These oligomers are comprised of N-substituted glycine
monomer units and can exhibit a strong propensity to form stable
secondary structures.* Peptoids are efficiently synthesized on solid-
phase support to incorporate a specific sequence of chemically
diverse monomer units.’> Recently, molecular design approaches
have been successful in generating peptoids that exhibit an array
of biological activities.® These products may prove to be well-suited
for biomedical applications due to their resistance to proteolytic
degradation.” Our goal is to enhance the structural and functional
capabilities of peptoids by developing new strategies for their
chemical conjugation and ligation.®

Department of Chemistry, New York University, New York, NY 10003,

USA. E-mail: kent@nyu.edu; Fax: +1 212 260 7905, Tel: +1 212 998 8486
T Electronic supplementary information (ESI) available: additional details
of LC/MS characterization, reversed-phase HPLC spectra, and LC/MS?
sequencing profiles. See DOI: 10.1039/b518247f

Cu(1) catalyzed azide-alkyne [3 + 2] cycloaddition reactions
are gaining prominence as a versatile technique for conjugating
reactants via 1,2,3-triazole formation.” These ‘click chemistry’
reactions have been shown to be regiospecific and compatible
with a wide range of substrates and reaction conditions. For
example, azide-alkyne [3 + 2] cycloadditions have been employed
to link polypeptide chains, synthesize dendrimers and conjugate
derivatives to the exterior of viral particles.!®'? In a previous
study, we demonstrated the advantages of using a click chemistry
approach for multi-site conjugation of alkyne- or azide-containing
groups onto peptoid scaffolds.” Bioactive ligands typically contain
chemical functionalities that are incompatible with many solid-
phase synthesis procedures. Owing to the broad orthogonality
of azide-alkyne [3 + 2] cycloaddition reactions, we were able to
conjugate diverse ligands containing biologically relevant chem-
ical functionalities onto peptoid scaffolds with high efficiency.
We seek to elaborate this procedure in order to sequentially
conjugate multiple groups onto oligomer scaffolds through site-
specific azide-alkyne [3 + 2] cycloaddition methods. In order to
generate peptoid substrates that allow for the consecutive addition
of heterogeneous pendant groups, we required a procedure for
modifying reactive sidechain moieties and subsequently extending
the oligomer scaffold. Herein, we report a technique to enhance
the functionality and chemical diversity of peptoid oligomers
through the convenient use of a sequential series of click chemistry
and scaffold extension reactions. The capability for performing
sequential cycles of conjugation will allow for the synthesis of
complex modular structures in which specific functionalities are
displayed in a site-directed fashion.

Results and discussion

Our efforts were initiated with the solid-phase synthesis of a
linear peptoid dodecamer scaffold including three azidopropyl
sidechains site-specifically positioned in the oligomer sequence
(Scheme 1, compound 1). Peptoid scaffolds were synthesized with
high efficiency on Rink Amide resin using standard ‘submonomer’
synthesis protocols."* Azide-functionalized sidechains were conve-
niently integrated as N-substituents in the peptoid sequence using
3-azido-1-aminopropane'® as a submonomer reagent. Following
the synthesis and characterization of peptoid 1, we were able to
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Scheme 1 Multi-site modification of peptoid sidechains by a sequential
series of cycloaddition and oligomerization reactions. Reagents and
conditions: (a) coupling partner (0.06 M), Cul (0.11 M), ascorbic acid
(0.06 M) and DIPEA (0.14 M) in DMF-pyridine (7 : 3 v/v), rt, 18 h;
(b) 95% TFA in H,O, rt, 10 min.
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conjugate phenyl propargyl ether to the three azide groups on
the dodecamer scaffold. Trivalent conjugation was achieved by
reacting 1 with phenyl propargyl ether in the presence of Cul,
ascorbicacid and N,N'-diisopropylethylamine (DIPEA) in DMF-
pyridine (7 : 3 v/v) at room temperature for 18 h. This reaction
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resulted in the formation of a 1,2,3-triazole linkage between
the peptoid scaffold and the sidechain conjugates (Scheme 1,
compound 2).

We then investigated whether triazole linkages generated upon
click chemistry cycloadditions are compatible with peptoid chain
extension (Scheme 1, compound 3). Following the synthesis of
2, the click chemistry reagents were washed from the solid phase
and 12 complete peptoid monomer addition cycles were executed.
In order to allow for azide coupling, three propargyl sidechains
were incorporated into the 24-mer peptoid scaffold 3. Benzyl azide
was conjugated to the three alkyne groups in a second round of
click chemistry modification to generate 4. All products shown in
Scheme 1 were characterized and confirmed after each elongation
and cycloaddition cycle using Reversed-Phase High Performance
Liquid Chromatography (RP-HPLC) and Liquid Chromatogra-
phy/Mass Spectrometry sequencing techniques (LC/MS?) (see
also ESI¥: Table S-1, entries 1-4; and Fig. S-1 and S-2). Both azide
and alkyne groups within the oligomer sequence were modified
with equal efficiency (>95% conversion).

Using this approach, we were able to successfully generate
multi-functionalized peptoid dodecamers that had been extended
and modified through four sequential cycles of click chemistry
(Scheme 2). Peptoid trimers containing terminal azide function-
alities (Scheme 2, compound 5) were synthesized on solid-phase
support. Compound 6 was generated by reacting 5 with phenyl
propargyl ether in the presence of Cul, ascorbic acid and DIPEA in
2-butanol-DMF-pyridine (5: 3 :2 v/v/v) at ambient temperature

11
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Scheme 2 Sequential click chemistry performed on solid-phase support. All coupling partners were present at 0.06 M. Reagents and conditions: (a) Cul
(0.11 M), ascorbic acid (0.06 M) and DIPEA (0.14 M) in 2-butanol-DMF-pyridine (5 : 3 : 2 v/v/v), rt, 18 h; (b) Cul (0.11 M), ascorbic acid (0.06 M)
and DIPEA (0.14 M) in DMF-pyridine (7 : 3 v/v), rt, 18 h; (c) 95% TFA in H,O, rt, 10 min.
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for 18 h. The click chemistry reagents were washed from 6 and three
complete rounds of peptoid monomer addition were conducted,
generating peptoid hexamer 7. Benzyl azide was allowed to react
with 7 in a second cycle of click chemistry to afford peptoid
8. The technique of sequential elongation and cycloaddition
was repeated until we had synthesized peptoid dodecamers
that were site-specifically modified with four distinct sidechain
conjugates. Standard submonomer extension of peptoids 8 and
10 afforded peptoids 9 and 11, respectively. Peptoids 10 and 12
were synthesized through the conjugation of 4-ethynyl-1-fluoro-
2-methylbenzene and 1-ethynyl-4-pentylbenzene onto peptoids 9
and 11, respectively. Fig. 1 shows overlaid analytical RP-HPLC
spectra of the crude intermediates 6, 8, 10 and the product
12 following cleavage from solid-phase support. All products
shown in Scheme 2 were characterized and confirmed after each
elongation and cycloaddition cycle using RP-HPLC and LC/MS?
sequencing (ESIf: Table S-1, entries 5-12; and Fig. S-3). All
azide- and alkyne-containing coupling partners in Scheme 2 were
conjugated with their respective alkyne and azide reactive sites on
the oligomer scaffold with high efficiency (>95% conversion). The
overall crude purity of final product 12 was found to be >75% as
evaluated by RP-HPLC (Fig. 1, trace 12).
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Fig. 1 Representative analytical RP-HPLC traces showing 6, 8, 10 and
12 following cleavage from solid support. Chromatographic analysis was
performed on each of the crude products and are shown as overlaid traces.

We studied the feasibility of using the sequential click chemistry
method to integrate multiple constituents suitable for the develop-
ment of peptoids as biosensor platforms. This involved selection
of a sensor moiety and a bioactive ligand as groups for conju-
gation. The reversible redox properties of ferrocene/ferrocenium
have previously been exploited for biosensor applications.'®®
Additionally, estradiol is a typical representative of a class of
clincally important hormone ligands, leading to the study of
estradiol conjugates for biomedical applications.” Reports have
shown that stable organometallic hormone pharmacophores can
be generated using a 170-(ferrocenylethynyl)estradiol complex.?
Utilizing the sequential click chemistry method, peptoid 13
(Fig. 2) was generated as a prototype sensor platform in which
ethynylferrocene and 17a-ethynylestradiol were site-specifically
positioned along the oligomer scaffold. Methoxyethyl groups
were incorporated as the predominant sidechain in 13 in order
to increase overall molecular hydrophilicity and impart water
solubility to a compound incorporating two hydrophobic moieties.

HO,

f=4
Fe
OH
RS R 13
N-N N N

Fig. 2 Water-soluble bi-functionalized peptoid hexamer generated for
biosensor applications.

To test the effect of triazole conjugation on ferrocene redox
properties, compound 13 was purified to >96% as determined by
RP-HPLC (Fig. S-1) and the electrochemical behavior of ethynyl-
ferrocene and 13 were compared using cyclic voltammetry (CV).
Additionally, we evaluated the influence of the estradiol group
on the redox potential of the neighboring ferrocene moiety by
comparing the electrochemical characteristics of 13 with its azido-
functionalized precursor 14 (ESIf: Fig. S-4). CV experiments
were carried out at room temperature using previously described
methods.* CV was performed on solutions of ethynylferrocene
(0.5 mM), 13 (0.5 mM) or 14 (0.5 mM) prepared in water with
NaCl (50 mM) as a supporting electrolyte, using a Ag/AgCl
(KC1 3 M) reference electrode, a freshly polished glassy carbon
working electrode, and a Pt wire counter electrode with a scan
rate of 9.0 mV s~!'. Cyclic voltammograms of ethynylferrocene
and 13 showed reversible redox couples of ferrocene/ferrocenium,
as shown in Fig. 3. The values of the formal redox potential
(E°) and the half-peak potential (E,,,) of ethynylferrocene, 13
and 14 are shown in Table 1. As expected, the ferrocene core
of 13 showed a significant decrease in redox potential when
compared to ethynylferrocene. This is attributed to the altered
electronic environment established by the extended conjugation
of the ferrocene cyclopentadiene group with the 1,2,3-triazole
ring.*' Interestingly, E° and E,,, values for 13 and 14 were very
similar, indicating that the redox potential of the ferrocene group
is not affected by conjugation of a proximal bulky substituent.
Because we seek to retain a similar relative signal intensity
between sensor molecules that contain a variety of bioactive
ligands, it is advantageous that the electrochemical properties
of the conjugated ferrocene are not substantially diminished
by the neighboring estradiol. Future studies will investigate the
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Fig. 3 Cyclic voltammetry curves of ethynylferrocene (0.5 mM) and 13
(0.5 mM) in water with NaCl (50 mM) as supporting electrolyte, a glassy
carbon working electrode, Ag/AgCl reference electrode and a Pt wire

counter electrode with a scan rate at 9.0 mV s™'.
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Table 1 Electrochemical data by cyclic voltammetry*

Entry E°/V E,,/V
Ethynylferrocene 0.512 0.525
13 0.442 0.459
14 0.442 0.456

“ Cyclic voltammetry experiments were conducted on ethynylferrocene
(0.5 mM), 13 (0.5 mM) or 14 (0.5 mM) in water with NaCl (50 mM)
as supporting electrolyte, a glassy carbon working electrode, Ag/AgCl
reference electrode and a Pt wire counter electrode with a scan rate at
9.0 mV s

development of electrochemical-based biosensors in which site-
specifically positioned sensor groups are used to report a change in
redox potential upon protein binding by suitably modified peptoid
oligomers.”

Conclusion

A series of highly functionalized peptoid oligomers was generated
utilizing a novel sequential click chemistry protocol. We have
demonstrated the ability to precisely and efficiently position a
variety of functional groups along a peptidomimetic scaffold. The
sequential click chemistry method introduced here demonstrates
that 1,2,3-triazole linkages are compatible with multiple rounds
of peptoid chain elongation on solid-phase support. These tech-
niques may prove suitable for similar sequential bioconjugation of
polypeptides immobilized on a solid phase and may be amenable to
automation. We have utilized this approach to begin development
of peptoids functionalized with groups appropriate for biomed-
ical applications, including moieties suitable for elaboration as
constituents of biosensors and molecular imaging agents.

Experimental
General

Peptoid oligomers were characterized by analytical Reversed-
Phase High Performance Liquid Chromatography (RP-HPLC)
using a C4 column (Pecke Scientific, Ultra-120, 5 pm, 120 A,
2.0 x 50 mm) on a Beckman Coulter System Gold HPLC system.
Products were detected by UV absorbance at 214 nm with a
System Gold 166 detector. Data were analyzed with Beckman
Coulter 32 Karat software version 5.0. Unless otherwise noted,
linear gradients were conducted from 5 to 95% solvent B (0.1%
TFA in HPLC-grade acetonitrile) over solvent A (0.1% TFA in
HPLC-grade water) in 10 min with a flow rate of 0.7 mL min".
Subsequent chain elongation and average coupling yields were
estimated by RP-HPLC using methods described previously by
Jang et al.®

Additional characterization of peptoid oligomers was con-
ducted using Liquid Chromatography/Mass Spectrometry
(LC/MS). All peptoids described herein (mass range: 419-3783
Da) were analyzed using an Agilent 1100 Series LC/MSD Trap
XCT equipped with an electrospray ion source. All LC/MS ex-
periments were preformed in positive ion mode. Unless otherwise
stated, all analyses were performed on peptoids cleaved from resin
without further purification.

Peptoid synthesis

Synthesis of peptoid oligomers was conducted on Rink Amide
resin (Novabiochem, San Diego, CA), using a modification of
the standard submonomer synthesis procedures described by
Zuckermann et al.’ Peptoids were synthesized by manual tech-
niques as well as automated procedures on a robotic workstation
(Charybdis Instruments) with software program files written in-
house. All reactions were conducted on solid-phase support at
room temperature.

Typically, 100 mg of Rink Amide resin at a loading level of
0.55 mmol g~' was swollen in 3 mL of dichloromethane (DCM)
for 45 min before Fmoc deprotection. Multiple washing steps
using N,N'-dimethylformamide (DMF) (4 x 2 mL) and DCM
(3 x 2 mL) were performed between each synthetic procedure
described below. All reactant equivalents are based on the resin
loading level for a given amount of resin. The resin was Fmoc-
deprotected by treatment with 20% piperidine in DMF (15 mL g™
resin, 20 min). Deprotection reagents were washed from the resin
and approximately 20 equiv. bromoacetic acid (1.2 M in DMF,
8.5mL g! resin) and 24 equiv. diisopropylcarbodiimide (2 mL g™
resin) were added. The bromoacetylation reaction mixture was
agitated at room temperature for 20 min. Following washing,
20 equiv. monomer amine (1.0 M in DMF, 10 mL g~' resin) were
added and the reaction was agitated for 20 min. Bromoacetylations
and monomer amine displacements were repeated until peptoid
oligomers of the desired length were achieved.

Peptoid products were cleaved from the solid support by
treatment with 95% trifluoroacetic acid (TFA) in water (40 mL g™
resin) for 10 min. The TFA cleavage cocktail was evaporated under
nitrogen. For characterization by RP-HPLC and LC/MS, pep-
toids were resuspended in 1 mL HPLC solvent (50% acetonitrile
in water).

Polyfunctionalized peptoid 24-mer (4)

Linear peptoid dodecamers were synthesized with high efficiency
using techniques described above. Compound 1 was allowed to
react with 21 equiv. phenyl propargyl ether (0.06 M), 40 equiv. Cul
(0.11 M), 20 equiv. ascorbic acid (0.06 M) and 50 equiv. DIPEA
(0.14 M) in 20 mL DMF-pyridine 7 : 3 v/v (0.2 mL mg™' resin) in
a 20 mL scintillation vial (Wheaton Scientific, Millville, NJ), gen-
erating 2. In order to completely dissolve the solid reactants, the
vial was placed in a bath sonicator (VWR Aquasonic 7SHT) and
sonicated for 5-10 min. The vial was purged with gaseous nitrogen,
tightly capped, sealed with Parafilm and shaken at room temper-
ature for 18 h. Following completion of the reaction, the resin
was transferred to a 10 mL fritted syringe (Torviq) and washed
with DMF (7 x 3mL), a Cu scavenger cocktail (DMF-pyridine 6 :
5v/v,ascorbicacid 0.02 gmL™") (7 x 3mL)and DCM (7 x 3 mL).
The resin was then dried under nitrogen gas flow and approxi-
mately 3 mg was removed for characterization. Peptoid 2 was then
elongated to a 24-mer (Scheme 1, compound 3) through 12 rounds
of monomer amine addition as described above. Compound 3 was
added to 21 equiv. benzyl azide (0.06 M), 40 equiv. Cul (0.11 M),
20 equiv. ascorbic acid (0.06 M) and 50 equiv. DIPEA (0.14 M) in
20mL DMF-pyridine 7:3v/v (0.2 mL mg™' resin) in a 20 mL scin-
tillation vial. The vial was purged with gaseous nitrogen, tightly
capped, sealed with Parafilm and was allowed to stir at room
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temperature for 18 h, affording peptoid 4. Following washing steps,
the generation of 4 was confirmed using RP-HPLC (ESI+: Fig. S-
1) and LC/MS (ESI: Table S-1, entry 4). The overall purity of 4 was
found to be >35% as calculated by analytical RP-HPLC. Sequenc-
ing of peptoid 4 (ESI: Fig. S-2) was conducted using a MS/MS
fragmentation technique as described in the ESIT on an Agilent
1100 Series LC/MSD Trap XCT equipped with an electrospray ion
source. LC/MS? experiments were performed in positive ion mode.

Synthesis of multi-functionalized peptoid dodecamer (12)

Approximately 100 mg of peptoid 5-bound Rink Amide resin
was swollen in DCM for 45 min. The DCM was removed and
the swollen resin was transferred to a 20 mL scintillation vial.
Depending on the hydrophobicity of the respective coupling
partner, the resin was suspended in either 20 mL 2-butanol-DMF-
pyridine 5 : 3 : 2 v/v/v (0.2 mL mg™' resin) or 20 mL DMF-
pyridine 7 : 3 v/v (0.2 mL mg' resin). To compound 5 was added
21 equiv. phenyl propargyl ether (0.06 M) along with 40 equiv.
Cul (0.11 M), 20 equiv. ascorbic acid (0.06 M) and 50 equiv.
DIPEA (0.14 M) to generate peptoid 6. In order to completely
dissolve the solid reactants, the vial was placed in a bath sonicator
(VWR Aquasonic 75HT) and sonicated for 5-10 min. The vial
was purged with nitrogen, tightly capped, sealed with Parafilm
and vigorously shaken at room temperature for 18 h. Following
completion of the reaction, the resin was transferred to a 10 mL
fritted syringe (Torviq) and washed with DMF (7 x 3 mL), a Cu
scavenger cocktail (DMF-pyridine 6 : 5 v/v, ascorbic acid 0.02 g
mL™") (7 x 3mL), and DCM (7 x 3 mL). The resin was then dried
under nitrogen gas flow and approximately 3 mg was removed for
characterization.

Resin-bound peptoid trimer 6 was elongated to a hexamer using
techniques as described (Scheme 2, compound 7). Benzyl azide
(0.06 M) was then coupled onto the terminal alkyne functionality
of 7 using methods outlined above, generating compound 8. The
click chemistry reagents were washed from the resin and a small
amount of compound (3 mg) was removed for characterization.
This sequential click chemistry reaction method was repeated until
four complete rounds of elongation and cycloaddition had been
achieved (Scheme 2, compound 12). Compound 12 was confirmed
using RP-HPLC (Fig. 1) and MS/MS sequencing techniques
described in the ESIt (Fig. S-3).

Synthesis of peptoid—ferrocene conjugate (13)

Approximately 100 mg of Rink Amide resin was swollen in
DCM for 45 min. The DCM was removed and the resin was
Fmoc-deprotected by treating it with 20% piperidine in DMF
(15 mL g' resin, 20 min). Deprotection reagents were washed
from the resin and peptoid trimers were generated that contained
two methoxyethylamine monomers and a terminal azidopropyl
moiety. The resin was transferred to a 20 mL scintillation vial
and ethynylferrocene (21 equiv., 0.06 M), 40 equiv. Cul (0.11
M), 20 equiv. ascorbic acid (0.06 M) and 50 equiv. DIPEA
(0.14 M) were added to the resin-bound peptoid in 20 mL 2-
butanol-DMF-pyridine 5 : 3 : 2 v/v/v (0.2 mL mg™' resin).
The vial was purged with nitrogen gas, sealed with Parafilm
and shaken at room temperature for 18 h. The click chemistry
reagents were washed from the resin and a small amount of the

peptoid—ferrocene conjugate was removed for characterization.
This monofunctionalized peptoid trimer was then elongated to a
hexamer with two additional methoxyethylamine monomers and
a terminal azidopropyl moiety (compound 14, see ESIf: Fig. S-
4). The resin was transferred to a 20 mL scintillation vial and
170-ethynylestradiol (21 equiv., 0.06 M), 40 equiv. Cul (0.11 M),
20 equiv. ascorbic acid (0.06 M) and 50 equiv. DIPEA (0.14 M)
were added to the resin-bound peptoid in 20 mL DMF-pyridine
7 : 3 v/vmL (0.2 mL mg™" resin). The vial was purged with
nitrogen, tightly capped, sealed wirh Parafilm and shaken at room
temperature for 18 h. Following completion of the reaction, the
resin was transferred to a 10 mL fritted syringe (Torviq) and
washed with DMF (7 x 3 mL), Cu scavenger cocktail (DMF-
pyridine 6 : 5 v/v, ascorbic acid 0.02 gmL™") (7 x 3mL) and DCM
(7 x 3mL). The resin was then dried under nitrogen gas flow and
approximately 3 mg was removed for characterization. Peptoid 13
was purified to >96% purity as calculated by RP-HPLC (ESIf:
Fig. S-1). ESI Table S-1, entry 13, shows calculated and observed
mass values of the purified peptoid 13.

Electrochemical analyses

Ethynylferrocene (1.05 mg, 5.0 pmol) was dissolved in 10 mL
HPLC-grade water. NaCl (29.22 mg, 0.5 mmol) was added to the
solution as a supporting electrolyte. Similarly, solutions of 10 mL
water, 6.3 mg (5.0 umol) peptoid 13 or 4.8 mg (5.0 umol) peptoid
14 and 29.22 mg (0.5 mmol) NaCl were prepared. The following
techniques were performed identically on 0.5 mM ethynylferrocene
(50 mM NacCl), 0.5 mM 13 (50 mM NaCl) or 0.5 mM 14
(50 mM NaCl). Approximately 4 mL of solution was transferred
to an electrochemical cell and subjected to cyclic voltammetry
(CV) experiments. Cyclic voltammetry was conducted using a CH
Instruments 600A Electrochemical Analyzer and CV curves were
generated using software developed by CH Instruments. Current
(LA) versus potential (V) was measured across a freshly polished
CHI104 3 mm diameter glassy carbon disk working electrode
(CH Instruments) with a Ag/AgCl (3 M KClI) reference electrode
(CH Instruments) and a Pt wire reference electrode (scan rate =
9.0 mVs™).
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The use of libraries extracted from nature or constructed by combinatorial chemistry, have been widely
appreciated in the drug discovery area. In this perspective, we present our contribution to the field of
enzyme inhibitor discovery using a useful approach that allows diversification of a common core in a
microtiter plate followed by in situ screening. Our method relies on an organic reaction that is highly
selective, high yielding, amenable to the microscale and preferably can be performed in water. The core
can be a designed molecule based on the structural and mechanistic information of the target, a
compound with a weak binding affinity, or a natural product. Several reactions were found useful for
this approach and were applied to the rapid discovery of potent inhibitors of representative enzymes.

Introduction Improvement steps are then followed for the discovery of “lead”

compounds with acceptable potency, selectivity, pharmacoki-
In the drug discovery area, the focus initially is on the discovery netics, physicochemical properties and absence of toxicity. The
of “hits”, which are active compounds that meet certain criteria. discovery journey of “hits” goes through a screen of a large

collection of compounds (i.e. libraries) extracted from natural
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Fig. 1 General scheme of the various elements that are involved in
the discovery process of novel inhibitors/ligands. These elements (i.e.
structure-, mechanism-, and library based approach) are interrelated and
often used together for lead identification and optimization.

Nature with its large biodiversity and complexity of molecules
has supported and inspired the discovery of most of the drugs on
the market today. Indeed, 61% of the small molecules introduced as
drugs worldwide during the last two decades can be traced back to
nature or have been inspired by natural products.’ Yet, chemistry
with its wide range of tools provides us with a large number of
compounds that can be “bench made” and accessible through
combinatorial methods. Traditionally, combinatorial chemistry of
small molecules is carried out on a solid support by applying
lessons learned from solid phase peptide and oligonucleotide
synthesis.>¥*5¢ With the advances in traditional organic synthesis,
combinatorial chemistry in solution phase has emerged as a robust
approach for parallel synthesis to expand the structure diversity
of hit compounds. In many aspects, these two approaches are
complementary and are often used to produce libraries in the
industry and academic institutes. However, while the purification
of the library is a straightforward step in solid phase, it becomes a
major obstacle and a rate-determining step for parallel synthesis
in solution. Several protocols have been introduced in order to
overcome the problems associated with parallel purification in
solution and are discussed in many reviews.”® In this perspective
we do notintend to review either one of these strategies, as excellent
reviews on the subject have already been published.*® However, we
will be guided by some examples of combinatorial chemistry on a
solid support and in solution phase for lead optimization to better
illustrate our contribution to the field of rapid inhibitor discovery.

Solid phase combinatorial libraries

In the last two decades, small molecule (300-700 Da) combinato-
rial chemistry has emerged as a useful tool for rapid generation
of libraries that are used in drug discovery.® Different strategies
have been developed for the synthesis and evaluation of libraries,
particularly parallel syntheses for the preparation of discrete
compounds and split syntheses for the preparation of compound
mixtures have been used to prepare different classes of molecules
such as isoquinolinones and imidazoles.** The following example
of the diversification of indinavir on a solid support is given

to illustrate the value of combinatorial chemistry in the drug
discovery area.

Indinavir, one of the seven FDA-approved HIV protease drugs,
is rapidly metabolized, mainly by N-dealkylation of the pyridyl
methyl moiety and hydroxylation of the aminoindol (Fig. 2A). In
order to replace the aminoindol at the P2’ position in this inhibitor,
a solid phase combinatorial approach was sought. Thus, the group
at Merck developed a new strategy for the solid phase synthesis of
indinavir and constructed a library of 902 compounds of indinavir
analogues on solid support. Evaluation of these compound found
that 2,6-dimethyl-4-hydroxy phenol is a good replacement for the
aminoindanol moiety (Fig. 2B)."

Solution phase combinatorial libraries

Traditionally, combinatorial chemistry is carried out on a solid
support. However, during the last decade combinatorial chemistry
in solution has emerged as the method of choice in many phar-
maceutical companies and academic research groups.”® The ad-
vantage of solution phase over solid phase is that the accumulated
knowledge of organic chemistry can be applied directly without the
extra effort that is needed to optimize the reaction conditions for
solid supports.' Yet, parallel purification in solution is the difficult
element of the synthetic process compared to a ‘routine washing’
when the parallel synthesis is carried out on solid support.
Purification and synthetic strategies such as the use of solid-
supported scavengers, fluorous synthesis, liquid-liquid extraction,
and several other techniques have been developed to aid the
purification of intermediates and final compounds generated from
parallel solution chemistry.”? The following example, which is
related to targeting human rhinoviruses, is given to illustrate the
power of solution phase combinatorial chemistry in the drug
discovery area.

The human rhinoviruses (HRVs) are members of the picor-
navirus family and are the single most causative agent of the
common cold. The HRV 3C protease (HRV 3CP) has been con-
sidered as a drug target for this virus. The protease belongs to the
cysteine protease family and Michael acceptor-containing HRV
3C protease inhibitors such as 1, (Fig. 3) have been developed.
In order to develop a new derivative of 1, with better physical
properties (less peptide like), the group at Pfizer sought to replace
the P2-P4 portion of 1 with smaller, nonpeptidic substituents. To
achieve this goal, the core molecule 2 was selected and a library
of carboxylic acids was coupled to 2 using polystyrene-bound
carbodiimide. Direct evaluation of the library against 3C protease,
furnished the potent inhibitor 3 (ECs, of 0.16 uM), with a better
antiviral activity when compared to the peptidic inhibitor 1.3

Combinatorial chemistry in drug discovery has grown to a
mature level both in solution and on a solid support. While the
synthesis of libraries in solution has reached maturity, the need
for some form of purification makes it more difficult to construct
libraries due to the high cost of instruments and the need for
specialists to run the instruments. Many labs are trying to develop
and improve purification methods so chemists can use simple and
affordable strategies for library construction and purification. Our
lab took another route for such a goal. The next paragraphs will
deal with our newly developed approach, that is microtiter plate-
based chemistry and screening in situ for rapid inhibitor discovery.
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The principle, application, and future directions of this approach
will be discussed.

Microtiter plate based chemistry and in situ screening

During our work in inhibitor discovery we developed a useful
strategy for rapid identification and optimization of enzyme
inhibitors using microtiter plate based reactions and in situ
screening (Fig. 4). This method utilizes high yield organic reactions
with high selectivity starting from a core (weakly binding molecule,

natural product, transition state analogue) and a set of building
blocks to generate a focused library in a microtiter plate, in which a
single compound is formed in each well. The chemistry should also
be amenable to micro scale reactions and be carried out without
protecting group manipulation. Preferably, the reaction should be
performed in water or water miscible non-toxic solvents, so that
the final products can be screened directly without isolation or
purification.

For the best assessment of inhibition results, reaction wells are
normally subjected to LC-MS and TLC analysis for determination
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of the product yield. Reactions are usually carried out at a high
concentration (>5 mM) and upon completion the plate will first
go through a round of dilution (micromolar range). The assay will
always be tested under the reaction condition to verify that there is
no interference of these conditions with the screening. Wells that
show more than 50% inhibition will go through a second round
of dilution (nanomolar range) from which 1-2 compounds may
emerge as the best inhibitors from the library. The compounds
will then be synthesized on larger scales that are purified, and
analyzed for structural integrity, resulting in the determination
of the inhibition constant of the pure compounds. Our experience
shows that once a good starting point is selected, the diversification
process (50-100 compounds), coupled with in situ screening, can
be accomplished within a day. In the following sections, we will
summarize the reactions that were found useful for this approach
to identify potent inhibitors that are targeting various enzymes.

Microtiter-plate based amide bond forming reaction
and in situ screening

A vast amount of information is available regarding the amide
bond forming reaction, both in solution and on a solid support.
Several activation reagents in different solvents have been found
to give nearly quantitative yields in a very short time. For
example, analogues of phosphonium salts, in particular N-[(1-H-
benzotriazole-1-y)(dimethylamino)methylene]- N-methylmethan-
aminiumhexafluorophosphate N-oxide (HBTU), have been found
to be very efficient and convenient reagents to activate carboxylic
acids for coupling with primary and secondary amines. Initially,
the microtiter plate based amide bond forming reaction coupled
with in situ screening was tested against HIV-1 protease (HIV-1
PR) and drug resistant HIV-1 PR.*

The enormous efforts over the past two decades to develop
effective molecules that inhibit the HIV-1 PR have resulted in
the discovery of drugs that dramatically improved the quality
of life and survival of patients infected with HIV-1."5 Unfortu-
nately, many drug-resistant and cross-resistant mutant HIV-1 PRs
have emerged. The development of second-generation protease
inhibitors, which are efficacious against both the wild type and
drug resistant HIV-1 PR, less prone to development of resistance,
and with fewer side effects, is urgently needed.

Our previous efforts towards the development of protease
inhibitors efficacious against both HIV and drug resistant mutants
were focused on the systematic analysis of the S3-S3’ subsite

specificities of the enzymes using a series of C2-symmetric in-
hibitors containing (1S,2R,3R,4S)-1,4-diamino-1,4-dibenzyl-2,3-
butandiol 4. Although various inhibitors based on this core
were found to have high potency against HIV-1 PR in vitro,
the evaluation of other residues at these positions is a tedious
process and is restricted by the time required for the syntheses and
purification of new compounds for testing.

The C2-symmetrical diaminodiol 4 core was reacted with 60
acids in solution, as shown in Fig. 5. Each carboxylic acid was
added to a 200 puL solution of a 96-well microtiter plate containing
HBTU and DIEA in DMF followed by the addition of core 4. The
mixture was kept at room temperature for 30 min. The reaction
mixture in each well was diluted to a final concentration of 100 nM,
based on a complete conversion of the starting material to product,
and screened for HIV-1 PR inhibition. Wells that inhibited more
than 50% of the HIV-1 PR activity were diluted to 10 nM and
screened again.

Compound 5 was found to be the most potent compound from
this library with K; values of 2 nM against wild type protease
and 5 and 12 nM against V82F and G48V mutants, respectively.
Moreover, this inhibitor was active in tissue culture at 1.3 uM. We
have found that up to a 200 uM concentration of HBTU and DIEA
does not interfere with the activity of HIV-1 PR. In addition, the
measured 1Cy, values for the crude products were similar to the
purified compounds. We were able to carry out the whole process
of activation, coupling, and in situ screening within 1 h."* As a
control experiment, we prepared and screened in situ a well studied
inhibitor in our lab named TL-3. Our results showed that the well
that contains this inhibitor emerged with very similar I1Cs, value
when compared to the pure compound.™

A second core derived from amprenavir was diversified using
the same strategy. Interestingly, from the 100 different acids that
were used, the P2 residue (3-hydroxy-2-methylbenzoic acid) that
was selected is the same residue found in the drug nelfinavir
(Fig. 6). This amprenavir—nelfinavir hybrid inhibitor showed a
good correlation with the in vitro enzymatic assay and in vivo E.
coli-based system for high-throughput screening.’” The ICs, of
this inhibitor against 184V (a key amprenavir resistant mutant
that resides at the S2 pocket) in the E. coli based system was
determined to be 140 uM compared to ICs, of 280 uM of
amprenavir. Following the success with the HIV protease, we
extended the microtiter plate based amide bond forming reaction
and in situ screening to the inhibition of three different enzymes:
B-aryl sulfotransferase, a-fucosidase, and SARS 3CL protease.

Sulfotransferases (STs) catalyze the sulfuryl group transfer from
the donor adenosine 3'-phosphate-5-phosphosulfate (PAPS) to
a range of acceptor substrates. This transformation is involved
in a variety of biological processes and various STs have been
implicated in the development of disease states. For instance:
estrogen ST helps regulate estrogen concentration relating to
breast cancer and tyrosylprotein STs (TPSTs) sulfonate CCR-5
and the N-terminus of P-selectin glycoprotein-1 (PSGL-1) leading
to the cell entry of HIV and to diseases of chronic inflammation.™
Therefore, these enzymes have emerged as promising therapeutic
targets and the search for potent inhibitors is of interest.

We have used the enzyme B-arylsulfotransferase-IV (3-AST-IV)
to study the requirements for ST inhibition. To facilitate screening,
we developed a simple and sensitive high-throughput assay for
arylsulfotransferase (Fig. 7A), which was used to screen 35000
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purine and pyrimidine analogues, a study that resulted in the
discovery of compound 8 with a K; of 96 nm (Fig. 7B).” In
order to improve the effectiveness of compound 8, core 9 was
designed and reacted in microtiter plates with a library of acids.
In situ screening of this library furnished inhibitor 10 with a K;
of 30 nM (Fig. 7C).*° Next, we sought to improve this inhibitor
through replacement of the adenine moiety in the inhibitor. A
reverse library was synthesized based on the 4-fluro-3-hydroxy
benzoic acid group coupled to a 12-carbon linker functionalized
with amine. In situ screening of a second library yielded compound
12 with a K; of 5 nM (Fig. 7D).? This compound represents the
most potent inhibitor of B-AST-IV developed to date.

Recently, we reported several potent inhibitors against o-
fucosidase by using the microtiter plate-based amide-forming
reaction and in situ screening.”** o-Fucosidase is a member of the

glycosidase family and is involved in the removal of nonreducing
terminal L-fucose residues that are connected to oligosaccharides
via several different linkages. An aberrant distribution of a-
fucosidase has been reported relevant to inflammation, cancer,
and cystic fibrosis.??>?* These enzymes have been recognized
as diagnostic markers for the early detection of colorectal and
hepatocellular cancers because of the presence of a-fucosidase in
these patients’ sera. Potent o-fucosidase inhibitors may be used to
study their functions and to develop potential therapeutic agents.

The 1-aminomethylfuconojirimycin 13 was designed as a transi-
tion state mimic for the fucosidase reaction (Fig. 8). Thus, we used
this core as a starting point for the diversification process with
various acids in microtiter plates and screened them in situ against
a-fucosidase from bovine kidney. Two potent inhibitors 14 and 15
were selected and their K; values were determined to be 0.5 and
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0.6 nM, respectively (Fig. 8B).** Both inhibitors showed
high selectivity for a-fucosidase among other glycosidases. Next,
we used the same library based on core 13 against different
a-fucosidases and searched for slow binding inhibitors. We were
pleased to discover that compound 16 showed time-dependent
inhibition against o-fucosidases from corynebacterium sp.
(Fig. 8C).® The progressive tightening of enzyme-inhibitor
16 complex from a low nanomolar K; to K* of 0.46
picomolar represents the most potent glycosidase inhibitor to
date.

By applying the microtiter plate based amide bond forming
reaction and in situ screening, we were able to identify new
inhibitors against the severe acute respiratory syndrome (SARS).
SARS is a newly emerged infectious disease that has affected
more than 8000 individuals across 32 countries and has resulted
in more than 800 fatalities.**” To date, no efficacious therapy
for SARS is available. This disease is caused by an infection
with a novel human coronavirus (SARS-CoV). Therefore, a
search for effective antivirals for the SARS-CoV is of current
interest. SARS coronavirus is a positive-strand RNA virus that
encodes two polyproteins ppla and pplab.?® Extensive proteolytic
processing of these nonstructural polyproteins is required to
provide the functional proteins for viral propagation. These
processes are mediated primarily by the main protease (MP®),
which is also known as dimeric chymotrypsin-like protease
(3CL*™).” The active site of 3CLP® contains Cys145 and His41
to constitute a catalytic dyad, in which the cysteine thiol func-
tions as the common nucleophile in the proteolytic process.
Due to its essential role in viral replication, the 3CLP® is an
attractive target for the development of therapeutics against
SARS.

We used a cell-based assay to screen more than 10,000
compounds.*® We found that HIV protease inhibitor Lopinavir
inhibits 3CLP™ with ICsy ca. 50 uM, (Fig. 9B). In order to
find more potent 3CL"™ inhibitors, a library of Lopinavir-like
compounds was assembled using either diamine 17 or amine
18 as the core structure for reactions with various acids in
microtiter plates followed by screening in situ (Fig. 9,C). In this
study, we found that the products derived from 2-aminobenzoic
acid, 4-(methylamino)benzoic acid, 4-(dimethylamino)benzoic
acid and 4-(diethylamino)benzoic acid showed the best
inhibition.*

In order to characterize these inhibitors and measure their
inhibition constants, we attempted to prepare the pure amide
derivatives; however we found that the amide formation was
very slow, and the intermediates benzotriazole esters 19-22
were isolated as major products (Fig. 9D). To our surprise, all
the Lopinavir-like compounds showed only modest inhibitory
activities toward 3CL™ (ICs, > 10 uM), whereas the benzotriazole
esters 19-22 showed high inhibition activities (Fig. 9D).*! These
compounds were stable in pH 5.0-8.0 over 24 h at room temper-
ature. This study showed for the first time a new class of stable
benzotriazole esters as mechanism based irreversible inhibitors of
3CLr~. These inhibitors showed no cytotoxicity, and among which
compound 19 is the most effective with an inactivation constant
0.0242 min~' and inhibition constant K; of 21.0 nM, respectively.*!
Mechanistic investigations of the mode of action using kinetic and
mass-spectrometry analyses indicates that the active-site Cys-145
is the acylated residue.

Microtiter-plate based 1,2,3-triazole forming reaction
and in situ screening

Click chemistry has emerged as a new strategy for the rapid and ef-
ficient assembly of molecules with diverse functionality.*> Among
these reactions is the copper(1)-catalyzed 1,2,3-triazole synthesis.
It guarantees reliable synthesis of 1,4-disubstituted 1,2,3-triazole
compounds in high yield, regioselectivity and purity.** Moreover,
the reaction works best in aqueous media and tolerates virtually
all functional groups without protection. This makes it ideal for
achieving desired diversity of a starting core in microtiter plates
followed by direct screening without any purification.

Fucosyltransferases (Fuc-T) catalyze the final glycosylation step
in the biosynthesis and expression of many important saccharides,
such as sialyl Lewis x (sLe*) and sialyl Lewis a (sLe®) of cell-
surface glycoproteins and glycolipids. These and other fucosylated
oligosaccharide structures are central to cell—cell interactions and
cell migration in connection with physiological and patholog-
ical processes such as fertilization, embryogenesis, lymphocyte
trafficking, immune responses, and cancer metastasis.*** The
terminal step in the biosynthetic pathway of these fucose-
containing saccharides is the transfer of L-fucose from guanosine
diphosphate-L-fucose (GDP-fucose) to the corresponding glyco-
conjugate acceptor.’* The rational design of potent inhibitors
against this enzyme has been difficult due to the lack of structural
data for Fuc-Ts and the best inhibitors are in the micromolar range
(5-100 uM).

We were able to find a highly selective inhibitor for human a-
1,3-fucosyltransferases using microtiter plate based 1,2,3-triazole
forming reaction coupled with in situ screening.’® Our approach
was based on the use of a GDP moiety as a starting core since the
majority of the binding energy for Fuc-T lies at this moiety.”%®
Hence, GDP alkyne core 23 was prepared and a library of azide
molecules was reacted with this core in a microtiter plate to give
85 triazole candidates (Fig. 10). The GDP-traizole compounds
were screened for inhibitory activity directly in microtiter plates
from which compound 24 emerged as the best inhibitor with
a K; of 62 nM (Fig. 10). The inhibition of 24 is an 800-fold
improvement over GDP-alkyne 23 (K; = 47 uM). This inhibitor
represents the first nanomolar and most potent inhibitor of
Fuc-Ts. Moreover, it shows no inhibition against two known
galactosyltransferases, catalytically promiscuous pyruvate kinase,
and has lower inhibition properties against other Fuc-Ts known
to date.’

In a similar manner we applied a microtiter plate-based 1,2,3-
triazole forming reaction, coupled with in situ screening, for the
discovery of HIV proteases inhibitors.*® In this study, we used
two azide cores 26, 27 derived from amprenavir prepared from
the same epoxide precursor (Fig. 11). A library of alkynes was
then reacted with each core in microtiter plates and were screened
“as is” against HIV protease and several resistant mutants. While
the triazole compounds derived from core azide 26 did not show
any good inhibition at 100 nM, compound 28 generated from
core 27 showed excellent inhibition properties against wild type
and several other mutants. This compound was synthesized on a
larger scale and K; values were determined for wild type and HIV
resistant mutants (Fig. 11). Further studies on this inhibitor by
computational docking and X-ray crystallography have revealed
that the 1,2,3-triazole acts as an amide bond surrogate (Fig. 12).%
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Microtiter plate-based Pictet—Spengler reaction and
screening for the discovery of novel anthrax lethal
factor inhibitors

Anthrax lethal factor (LF) is a zinc dependent metalloprotease
produced by Bacillus anthracis, and is the causative agent of
anthrax. LF and two other plasmid encoded proteins known as
edema factor (EF) and protective antigen (PA) are responsible
for the virulence of Bacillus anthracis.***** LF cleaves the N-
terminal fragment of mitogen-activated protein kinase (MAPKK)
that triggers a cascade of events that lead to the apoptosis of the
host cell. An efficient treatment of Bacillus anthracis in the late

stage of the infection requires blocking the activity of LF. Thus,
the identification of potent inhibitors against LF has become the
focus of several studies.

Recent work by Dell’Aica et al. showed that some galloyl
derivatives extracted from green tea are able to inhibit the LF.*
Inspired by this study, we decided to diversify 5-hydroxydopamine
29 as a core structure with an aldehyde library using the
Pictet-Spengler reaction.* This reaction allows the formation
of tetrahydroisoquinoline derivatives through condensation of p-
arylethylamines with carbonyl compounds and cyclization of the
Schiff bases formed under acidic aqueous media. Over 60 aldehy-
des were reacted with 5-hydroxydopamine in microtiter plate and

This journal is © The Royal Society of Chemistry 2006

Org. Biomol. Chem., 2006, 4, 1446-1457 | 1453





Al N
g 9 ¢TI
Ho 0 H0E 07 o NN
HO f % O *
GDP-Fucose HO OH HO DHLOH
0
4 o—1,3-Fucosyliransferase — OJNH
H_OH (o] 0 (@]
LA T Hog{fwo%o,®+ GPP
Ho OHO\%\O > o
OH
LacNac-R
PEP+ GPP  PyruvateKinase  pyryate + GTP
Pyruvate + NADH + H*  lactate dehydrogenase | 10 4 NAD*
0
o
B — H3PO3, Iy GMP-Morpholidate ~ O-P-0-P-0— (N N/J\NH
! = & 5
OH  EtyN OPO3Hz OctgN, 1H-Tetrazole \\ o %
23 HO OH
o
1. o {NfLNH
R‘N)%N:‘ \ﬂ/(} o- P~o P-0— o Ny
...... H n o) N™ N,
n=1to 15 O %
Cu(l
23 , u(l) 24, (K; =62 nM) o
2. In situ screening O

Fig. 10 A. High throughput assay that is used for the screening of a-1,3-fucosyltransferase inhibitors. B. Microtiter plate based 1,2,3-triazole forming
reaction and in situ screening for the discovery of 1,3-fucosyltransferase inhibitors.

OH
NS\/\/N

.
/@’ \}/ o @\‘ 0L At

."1 \\

25

2. In situ screening

OH N=

N\/\/N\)‘R

No Inhibiton

N
;i £
(o]
©/ Enzyme’l (K;nM)
28 HVPR 1.7
HIV PR (V82F) 10
HIV PR (L24I, Md6I, F53L, LE3P, V771, V82A) 10

Fig. 11 Microtiter plate-based 1,2,3-triazole forming reaction and in situ screening for the discovery of HIV protease inhibitors.

1454 | Org. Biomol. Chem., 2006, 4, 1446-1457

This journal is © The Royal Society of Chemistry 2006





Fig. 12 Detail of hydrogen bonding interactions in compound 28. A cross section through the active site is shown, with the protease flaps at the top, the
two active site aspartates at the bottom, and the inhibitor running horizontally through the center. The position of amprenavir is also shown with carbon
atoms in green. Key hydrogen bonds to the structural water and to the main chain of glycine 27 are shown with black lines.

the products were screened in situ against LF. Several compounds
showed good activity at low micromolar concentration, in which
compound 30 revealed to have the best inhibition activity with a
K; of 4.3 uM after purification (Fig. 13B).*

Tetrabutylammonium fluoride-assisted rapid
alkylation in microtiter plates for the discovery of
enzyme inhibitors in situ

Recently we reported that tetrabutylammonium fluoride (TBAF)
is able to assist several alkylation reactions, including N°-
alkylation on purine rings, N-alkylation of sulfonamides,
O-alkylation of carboxylates, and O-alkylation of hydroxy
triazoles.***” These high yielding and rapid reactions allowed for
their use in microtiter plates for inhibitor discovery. As mentioned
earlier, by screening 35000 purine and pyrimidine analogues
against B-aryl sulfotransferase, we discovered compound 8 with a
K; of 96 nM. Using this compound as a starting core for reaction
with a small library of organic halides in the presence of TBAF, we
rapidly improved its inhibition properties to yield a new inhibitor
32 with a K; of 9 nM (Fig. 14).* Similar chemistry was also
successfully applied to the discovery of HIV protease inhibitors.

Starting from sulfonamide core 31 and a library of organic halides
we rapidly generated a new HIV protease inhibitor 33 with a K; of
1.1 nM (Fig. 14).4

Epoxide opening in water for rapid inhibitor discovery
in microtiter-plate and in situ screening

Epoxides are versatile synthetic intermediates, which can be
opened with amines using several known reagents. The resulting
hydroxyethylamine products of epoxide aminolysis are important
bioisosteres, which appear in several FDA-approved drugs. Their
efficacy as transition-state mimics and as backbone replacements
of amide bonds in the P1/Pl’ position of aspartyl protease
inhibitors have been well studied. Five out of the seven cur-
rently approved HIV protease inhibitors, amprenavir, nelfinavir,
saquinavir, indinavir and atazanavir, contain the hydroxyethy-
lamine core structures.”® Epoxide opening reactions with amines
have been reported to proceed in high efficiency using various
methods with or without catalysts and mostly in organic solvents.
Only a few examples reported the use of water as a solvent
for epoxide opening.*** Recently, we have shown that epoxide-
opening reaction with an amine could be performed efficiently

This journal is © The Royal Society of Chemistry 2006
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Fig. 13 A. Fluorescent substrate for the screening of anthrax lethal factor inhibitors protease inhibitors. B. Microtiter plate based Pictet—Spengler
reaction and in situ screening for the discovery of anthrax lethal factor inhibitors.
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Fig. 14 Tetrabutylammonium fluoride-assisted rapid alkylation in microtiter plates for the discovery of enzyme inhibitors in situ.

in microtiter plates using water as a solvent,” which has the
advantage of precluding water-insoluble compounds in the in
situ screening. Core 34 was reacted in a microtiter plate with an
amine library and screened in situ for the discovery of novel P1’
residues. The product in each well, which at this stage lacks the
P2’ residue, was then diluted into another 96-well microtiter plate
and assayed for its inhibition activity against HIV-1 PR and a
mutant with the V82A mutation at S1/S1’ site. Compounds that
showed the best activity were then coupled to the P2' residue
found in amprenavir, purified and their K;’s values were then
determined (Fig. 15).

_R-NH2 o~ oH

=57 DMSO/ H,0 (1:1) Rﬁ&/“\/\/”s C .

H “0 N\
O/ 2 0 of-
34 /OO‘(-S{C' Q/ 35
Enzymel (K;nM)

HIVPR 3
HIV PR (V82A) 8

Fig. 15 Epoxide opening with amine library in microtiter plate for the
discovery of HIV protease inhibitors in situ.
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Summary

We have shown that microtiter plate based reaction coupled with
in situ screening could serve as a useful method for rapid inhibitor
discovery. Several reactions were found suitable for this approach,
as we have demonstrated with the amide bond forming reaction
for the discovery of potent inhibitors of HIV proteases, B-aryl
sulfotransferase and o-fucosidases. In several examples, we were
able to construct the library and complete the assay within a
few hours. Moreover, our experience shows that once a good
starting core is selected, a small library of building blocks is all
that is needed to select a potent inhibitor. Future direction will
be directed towards finding new organic reactions in water that
can be applied to microtiter plates and allow for in sifu screening.
This method, which complements other combinatorial chemistry
approaches, should find useful applications in the area of inhibitor
discovery.
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Retinal Schiff bases serve as chromophores in many photoactive proteins that carry out functions such
as signalling and light-induced ion translocation. The retinal Schiff base can be found as neutral or
protonated, as all-trans, 11-cis or 13-cis isomers and can adopt different conformations in the protein
binding pocket. Here we present the synthesis and characterisation of isomeric retinylidene iminium
salts as mimics blocked towards isomerisation at the C11 position and conformationally restrained. The
intrinsic chromophoric properties are elucidated by gas phase absorption studies. These studies reveal a
small blue-shift in the S,— S, absorption for the 11-locked derivative as compared to the unlocked one.

The gas phase absorption spectra of all the cationic mimics so far investigated show almost no
absorption in the blue region. This observation stresses the importance of protein interactions for

colour tuning, which allows the human eye to perceive blue light.

Introduction

Many photoactive proteins that perform visual signalling and
light-induced ion translocation contain the retinal chromo-
phore.'® Thus, all vertebrate visual pigments are integral-
membrane proteins containing a protonated Schiff base of 11-
cis-retinal at the seventh o-helix of opsin. Vertebrates have two
kinds of photoreceptor cells, called cones and rods. Cones function
in bright light and are responsible for colour vision, whereas
rod cells function in dim light but do not perceive colour. The
primary event in visual excitation is isomerisation of the 11-
cis-retinal to all-trans-retinal, which leads to significant changes
in the geometry and to significant strain in the protein. After
a series of conformational changes, the imine is deprotonated,
and all-trans-retinal is eventually liberated through a hydrolysis
step.’ Bacteriorhodopsin, present in the purple membrane of
Halobacterium salinarum,® contains a protonated Schiff base of
all-trans-retinal. This protein is responsible for transmembrane
proton-pumping,” a process that is fuelled by light-induced 13-
trans— 13-cis isomerisation.

Our ability to distinguish colours relies on a fascinating tuning
of the chromophore absorption maximum via subtle protein
interactions.’S Absorption data are usually compared to those
of protonated retinal Schiff bases in methanol solution where
the absorption maximum is at about 440 nm for both cis- and
trans-configurations of the chromophore.® The shift in absorption
maximum from this value as experienced by a protein is termed
‘the opsin shift’.° Rhodopsin present in rods exhibits an absorption
maximum at ca. 500 nm, i.e. an opsin shift of 60 nm, whereas
proteins present in human cone pigments absorb with a maxi-
mum somewhere in the region between ~420 and ~560 nm.**
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DK-2100, Copenhagen @, Denmark. E-mail: mbn@kiku.dk

*Department of Physics and Astronomy, University of Aarhus, DK-8000,
Aarhus C, Denmark. E-mail: lha@phys.au.dk

Bacteriorhodopsin shows a maximum at 570 nm.” Moreover,
the cascade of conformational changes occurring after light-
induced isomerisation of both bacteriorhodopsin and rhodopsin
provides a series of conformers each of which experiences a unique
absorption maximum.5'°

We have recently determined experimentally the gas phase
absorption spectra of all-trans retinal derivatives 1 and 2 (Fig. 1)
in the protonated or methylated Schiff base form, respectively
(cationic mimics)."* We used a technique where photo-absorption
was registered by detection of photo-fragments. Briefly, the

BF?

“NMe,
@
3

Fig. 1 Compounds 1 and 2 are mimics of the protonated retinal Schiff
base present in proteins (R! = lysine side chain and R? = H). The 11-locked
derivative 3 presents a new target molecule for the investigation of intrinsic
chromophoric properties.
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chromophore molecules were transferred to the gas phase by
electrospray ionisation and injected into an electrostatic ion
storage ring where they were irradiated by a tuneable, pulsed
laser.”* On account of the increased energy (typically 2 eV) after
absorption of a single photon, the microcanonical temperature
of the chromophore ions was increased by several hundreds of
Kelvin and spontaneous Arrhenius-type fragmentation happened
over a time scale of about a millisecond.”® The storage-ring
technique enabled us to keep excited chromophores and wait
for delayed decays to occur. Upon spontaneous fragmentation,
neutral photo-fragments were not kept stored by the storage ring,
but were detected on a dedicated particle detector, the signals
of which made up the absorption spectrum, after normalisation
to the number of photons in the laser pulse and the number
of ions in the storage ring. The method allows investigation
of charged molecules that cannot be studied in the gas phase
by simple evaporation. Moreover, absorption data of isolated
chromophores in the gas phase are highly desirable for a number
of reasons: Firstly, they provide the best reference for quantum
chemical calculations. Secondly, for protonated chromophores like
protonated Schiff base retinal, there is always a negative counter
ion in the solutions which may not easily be controlled. Thirdly, a
series of studies have indeed suggested that the conditions inside
many photo-active proteins like the Green Fluorescent Protein are
almost vacuum like."*

To shed further light on the intrinsic chromophoric properties of
cationic Schiff bases of retinal and any possible differences between
isomers as well as conformers, we decided to lock the C11 double
bond towards isomerisation. Since the absorption behaviour of
compounds 1 and 2 is very similar," the methylated iminium
derivative 3 was chosen as the next target compound rather than a
protonated one. A locked chromophore may naturally have slightly
different vibrational properties which may be displayed in the
electronic absorption spectrum.

Results and discussion
Synthesis

The synthesis of isomeric 11-locked retinylidene iminium salts
starts from ketones 4 (all-E) and (9Z)-4 (Scheme 1)." The
conversion of these ketones into immediate precursors for the
iminium salts follows a synthetic protocol previously reported
by Albeck et al.,'s but in contrast to this protocol we isolated
all intermediate isomers by careful chromatographic separation
when possible in order to subject each isomer to individual
transformations. For simplicity, we shall only specify the positions
of Z-configuration in the compound labeling. Isomer designations
were performed by a combination of "H NMR spectroscopy and
X-ray crystallographic analyses (vide infra).

First, the ketone 4 was subjected to an Emmons-Horner
reaction with diethyl cyanomethylphosphonate to afford the two
nitriles 5 and (13Z)-5 (Scheme 1). These two isomers were
separated by careful column chromatographic work-up. Similarly,
the ketone (92)-4 was transformed into nitriles (92)-5 and
9Z,132)-5.

Reduction of 5 with diisobutyl aluminiumhydride (DIBALH)
provided the aldehyde 6 that was subsequently treated with
dimethylammonium tetrafluoroborate to provide the new iminium

X N
A
o)
4 07)-4
(92) o
al| 68% a¢ 88%
A A
4 A 4 A
NN X _CN
5 (42%)
(92)-5
(54%)
N CN
AN
CN
(132)-5
(26%)
(92,132)-5 CN
(34%)

Scheme 1  Reagents and conditions: (a) (EtO),POCH,CN, NaH, THF, rt.

salt 3 together with the (13Z)-3 isomer in a ratio of 9 : 1 (Scheme 2).
These iminium salt isomers were impossible to separate. Reduction
of nitrile (13Z)-5 gave aldehyde (13Z)-6 that, however, under
chromatographic work-up partly isomerised to the all-E isomer 6.
Further isomerisation occurred during reaction with dimethylam-
monium tetrafluoroborate to provide a mixture of (13Z)-3 and 3in
favour of the all-E salt. The (132)-3 : 3 ratio of 1 : 8 is close to that
obtained (1 : 9) when starting from the all-E aldehyde 6. Reduction
of (9Z)-5 gave almost isomerically pure aldehyde (9Z)-6. However,
treatment with dimethylammonium tetrafluoroborate gave a 1 :
1 mixture of the expected iminium salt (9Z)-3 together with the
all-£ isomer 3 (including traces of 13Z isomers). Almost the
same isomer distribution was obtained when starting the synthetic
sequence with the nitrile (9Z,13Z)-5 instead. Here isomerisation
prevented us from obtaining the targeted product (9Z,137)-3.

From the iminium salt product distributions, it is very clear
that 9Z—9E and, in particular, 13Z— 13 FE isomerisations occur
readily. In consequence, the isolated products were in favour of the
all-E isomer 3 (or at least ~50%), whatever aldehyde was chosen
as precursor.

"H NMR spectroscopy

The 'H NMR chemical shifts of the locked retinal isomers
are collected in Table 1; the atom numbering is depicted in
Fig. 2. Significant downfield shifts are observed for the protons
at C12 (H-C},) and C15 (H-Cs) in the 13Z-isomers [(13Z)-6 and
(9Z7,137)-6] relative to those in the 13E-isomers [6 and (92)-6].

Fig.2 Atom numbering; ¢f. Table 1.
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Table 1

'"H NMR chemical shifts (6, /ppm) of locked retinal derivatives in CDCl,

Compd. H*ng H*Cz[ H*Czo H*Clg H*C]g H*C15/17 H*C15 H*CM H*Clz H*C]() H*Cg H7C7 H7C4 H*C} H*Cz
6 2.88 1.86 2.49 2.07 1.71 1.03 10.06 5.81 6.25 5.95 6.11 6.28 2.02 1.62 1.47
92)-6 2.86 1.83 2.38 2.03 1.72 1.02 10.05 5.77 6.23 5.85 6.55 6.33 2.03 1.60 1.45
(132)-6 2.47 1.84 2.47 2.08 1.71 1.03 10.17 5.70 7.18 5.98 6.12 6.27 2.02 1.62 1.47
9Z,132)-6 2.46 1.83 2.37 2.00 1.71 1.02 10.14 5.67 7.10 5.89 6.56 6.33 2.00 1.60 1.45
~ BF4®
NS NS NS
~ %Me2
a,b 3
5 : X X o ¢ < 9:1
99% 95%
6
XX N, B
~ x
(132)-3 C%Mez
a, b
(132)-5 XX Xy o+ 2 (132)-3 + 3
81% 89%
N 1:8
0
(132)-6
a, b c
(92)-5 + 3
99% 84% gr O
1:1
NMe,
©)
+ traces of 13Z isomers
a, b c
(92,132)-5 ——»»> + (926 — (92)-3 + 3 + traces of 13Z isomers
85% 51%
7:2 1:1

(92,132)-6

+ unreacted starting materi

al

Scheme 2 Reagents and conditions: (a) DIBALH, pentane, —78 °C; (b) SiO,, Et,0, 0 °C; (c) BF,NH,Me,, 4 A sieves, EtOH, 0 °C.

In contrast, the protons at C14 and C22 are significantly upfield-
shifted in the 13Z-isomers. The 9Z-isomers experience upfield
shifts for the protons at C10, C19, and C20 relative to those in the
9 E-isomers, while downfield shifts are observed for the protons at
C7 and C8.

X-Ray crystallographic analysis

Single crystals of the nitriles (92)-5 and (9Z,13Z)-5 were grown
from heptane by slow evaporation at ca. 5 °C. The solvent
was allowed to completely evaporate since the crystals dissolve
at room temperature. The X-ray crystal structures confirm the
isomer designations and are revealed in Figs. 3 and 4. Both
structures adopt the s-cis conformation at the “C8-C11” bond
(defined according to crystal structure atom numbering). The
conjugated section is non-planar for both molecules and can be
separated in three intersecting planes defined by atoms C9, C8, C11

N1

Fig. 3 X-ray crystal structure of (92)-5. Drawing made by ORTEP-II.'¢
The atom ellipsoids are drawn at the 50% probability level.
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Fig. 4 X-ray crystal structure of (9Z,13Z)-5. Drawing made by
ORTEP-I1.** The atom ellipsoids are drawn at the 50% probability level.

(plane 1), Cl11, C12, C13, C15, C16 (plane 2) and C16, C17, C19,
C22, C23 (plane 3). For (92)-5, planes 1 and 2 intersect at an angle
of 48.6°, planes 2 and 3 at an angle of 46.5°, and planes 1 and 3 at
an angle of 78.6°. For (9Z,13Z)-5, the corresponding angles are
44.4°,51.7° and 82.9°.

6,7 s-cis

4 3(0%/0°kcal mol™)

10,11 s-trans

(92)-3 (5.7% / 5.3° keal mol™)

10,11 s-trans

(132)-3 (4.17 1 3.9° kcal mol™)

10,11 s-trans

(92,132)-3 (5.2° / 5.0° keal mol™)

Computational study

The locked derivatives 3, (92)-3, (13Z)-3 and (9Z,132)-3 were
subjected to semiempirical (PM3) geometry optimisations (in
differently preselected s-cis and s-trans conformations), employing
the Gaussion 03 program package.’” The PM3 method was chosen
for geometry optimisation since it was previously found to describe
the structures of retinal Schiff bases well, whereas it largely
underestimates rotational barriers.’ Frequencies were calculated
to verify that the calculated structures are local minima on the
potential energy surface and to correct for zero-point kinetic
energies. Density Functional Theory (DFT) single-point energies
of the optimised structures were calculated at the B3LYP/6-31 +
G(d) and B3LYP/6-3114+4+G(2d,p) levels. Optimised structures
and relative energies (at 0 K) are revealed in Fig. 5. The 6,7
s-cis conformer of the all-E isomer 10 was found to be 0.3—
0.5 kcal mol™" more stable than the s-frans conformer.” The
conjugated section is almost planar in both conformers, not
including, however, the cyclohexene double bond (C5-C6-C7-
C8 torsional angle of ca. 42°). The conjugated sections of the 97
and 13Z isomers in 10,11 s-trans or s-cis conformations deviate
considerably from planarity, and these isomers are higher in energy
than the all-E isomer. It is worth pointing out that the two

6,7 s-trans

3 (0.5%/0.3° kcal mol™)

10,11 s-cis

(132)-3 (3.8° / 3.8" kcal mol™)

10,11 s-cis

(9Z,132)-3 (13.87 / 13.5" kcal mol™)

Fig. 5 PM3-optimised structures and relative energies calculated at the a) B3LYP/6-31 + G(d) and b) B3LYP/6-311++G(2d,p) level.
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optimised conformations of the 97,137 isomer are considerably
energetic in view of the fact that this isomer could not be isolated
in our attempted synthesis. The 10,11 s-cis conformation of both
(92)- and (132)-3 is more stable than the corresponding s-trans
conformation, while the opposite is true for (92,13Z)-3 where the
10,11 s-cis conformation enforces unfavourable steric interactions.
These interactions are less severe for the nitrile (9Z,132)-5 for
which the 10,11 s-cis conformation is in fact more stable (by 2.1—
2.2 kcal mol™) than the s-trans conformation. Indeed, the 10,11
s-cis conformation is adopted by (9Z,13Z)-5 in the solid state
according to the X-ray crystallographic analysis (vide supra).

Absorption spectroscopy

The longest wavelength absorption maxima for the nitrile and
aldehyde isomers as well as for the iminium salts in different
solvents are listed in Tables 2 and 3. Moreover, the gas phase
absorption maxima (vertical transitions) previously measured for
1 and slightly modified data for 2 are included in the table,"
together with the new gas phase data obtained for the locked
cationic mimic 3 (including isomer impurities).

Despite the preference for non-planar structures of (92)-3 and
(132)-3 as predicted from the calculational study, these isomers
experience absorption maxima in solution close to that of the all-
E isomer 3, for which the linear chain is almost planar according
to the calculations. Thus, all isomers absorb in the region A,,,
489-494 nm in CH,Cl, as inferred from a careful comparison of
the absorption spectra of the different isomer mixtures isolated.
This region is only slightly blue-shifted relative to the maximum
of iminium salt 2 (Fig. 6). A slightly more significant blue-shift is
observed when comparing the related bacteriorhodopsins. Thus,
Albeck et al.’® incubated aldehyde 6 with bacteriorhodopsin and
obtained pigments that absorbed at 4,,,, 556 nm, while the natural
bacteriorhodopsin absorbs at A,,, 570 nm.

In the gas phase (i.e., without an environment containing
negative counter-ions), compound 3 exhibits two main absorption
peaks at A, = 546 and 594 nm (Fig. 7). The peak at the
longest wavelength is attributed to a vertical S;—S, transition
without significant vibrational excitation in the S, state. The energy

Table 2 Longest wavelength absorption maxima (4,,,,/nm) of nitriles and
aldehydes in solution

Compd. Hexane Compd. Hexane CH,Cl,
5 344 6 358 (356) 378
92)-5 343 92)-6 359 379
(132)-5 343 (132)-6 352(3507) 368
9Z2,132)-5 348 9Z,132)-6 355 373
all-trans-retinal 369 382

«Ref. [15].
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Fig. 6 Absorption spectra of 2 (2.8 x 107> M; all-E/13Z 7 : 1) and 3
(5.2 x 107> M; all-E/13Z 9 : 1) in CH,CL.
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Fig. 7 Absorption spectra of a) 2 (all-E/13Z 7 : 1) and b) 3 (all-E/13Z
9 : 1) in the gas phase.

difference between the peaks corresponds to 1480 cm~' which
indicates that the structure at 546 nm may be related to C-C
vibrations in the excited S, state. Thus, the calculated IR spectrum
shows a strong absorption in this neighbourhood at 1410 cm™!
(value obtained after scaling with the PM3 scaling factor 0.9740).
It should be noted that the transition to the second excited singlet
state (S,) is expected at a wavelength slightly below 400 nm.? In
the gas phase, compound 2 exhibits two main absorption bands
which peak at 4., = 540 and 608 nm (Fig. 7). It appears that many
vibrations may be excited in the Sy— S, transition; according to
the spectrum, vibrational energies near 1400 and 3400 cm™' may
in particular be noticed.

The gas phase maximum (594 nm) of the locked chromophore 3
is slightly blue-shifted relative to that observed for chromophore 2
(608 nm), measured under exactly the same conditions. The small

Table 3 Longest wavelength absorption maxima (4,,,,/nm) of retinylidene iminium compounds in solution and gas phase

CH,Cl, MeOH Dioxane DMSO Gas phase
1 498 440 540sh, 610°
2 494 384, 450sh 448 447 540, 608°
3,(92)-3,(132)-3 489-494 442-446 546, 594

“Ref. [11]. * Slightly modified relative to those values published in ref. [11]; sh = shoulder.
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blue-shift (14 nm) may be ascribed to a more limited conjugation
in the locked chromophore. The intrinsic absorption maxima of
compounds 2 and 3 are both red-shifted by 38 nm relative to
those of the natural and artificial bacteriorhodopsins, respectively,
which they are mimicking. Notably, all absorptions measured in
solution (even in dichloromethane) are at higher energy than that
of bacteriorhodopsin, and one would therefore have to be very
careful in describing the influence of protein interactions by direct
comparison with solvent values. The protein induces an increase,
and not a decrease, in the energy of the transition relative to that
of the isolated chromophore; this conclusion can only be drawn
unambiguously from the gas phase investigation.

Finally, we would like to emphasise that the cationic mimics
experience gas phase absorption spectra where the absorption
in the blue region is very low. The large absorption blue-shift
experienced in particular by blue cone pigments (4, 425 nm)
is explained by a polar protein environment in proximity to
the protonated iminium nitrogen as well as a closely situated
negatively charged counter-ion.** These influences lead to a
higher stabilisation of the ground-state relative to the excited state
and hence a blue-shift. Similarly, a polar environment accounts
for the high-energy absorption experienced in methanol solution
(Table 3).

Conclusions

Although isomerically pure samples were not obtained on ac-
count of ready isomerisation, solution studies have revealed that
isomeric 11-locked retinal Schiff bases exhibit almost identical
absorption maxima, i.e., structural deviations from planarity have
a negligible influence. Along the same line, only a small blue-shift
in absorption maximum is observed in the gas phase relative to
a conformationally flexible, unlocked derivative. In our previous
studies on unlocked retinal Schiff base derivatives,'! the presence of
two absorptions in the gas phase spectrum was somewhat puzzling.
We have now confirmed that both these absorptions are indeed real
and they are most likely the result of vibrational excitation in the
S, state. Moreover, we can conclude that in the absence of protein
interactions, the human eye would not detect light of wavelength
shorter than 450 nm. In other words, we would not be able to
perceive blue light.

Experimental
General methods

Chemicals were purchased from Aldrich and used as received.
All reactions were carried out in the dark under an atmosphere
of Ar or N,. Thin-layer chromatography (TLC) was carried out
using aluminium sheets pre-coated with silica gel 60F (Merck
5554). The plates were inspected under UV light. Dry column
chromatography was carried out using silica gel 60 (Merck 15111,
0.015-0.40 mm). Flash column chromatography was carried out
using silica gel 60 (Merck 9385, 0.040-0.063 mm). Melting points
were measured on a Reichert melting point apparatus equipped
with a microscope. '"H NMR (300 MHz) and *C NMR (75 MHz)
spectra were recorded on a Varian instrument, using the residual
solvent as the internal standard. All chemical shifts are quoted
on the ¢ scale (ppm), and all coupling constants (J) are expressed

in Hz. Samples were prepared using CDCl; (Cambridge Isotope
Labs) dried over molecular sieves (4 A) and neutralised with
basic Al,O;. Fast atom bombardment (FAB) mass spectra were
obtained on a Jeol JMS-HX 110 Tandem Mass spectrometer in
the positive ion mode using either 3-nitrobenzyl alcohol (NBA)
or glycerol as matrix. Microanalyses were performed at the
Microanalytical Laboratory at the Department of Chemistry,
University of Copenhagen. Solution absorption spectra were
recorded on a Shimadzu UV 1601PC instrument. Gas phase
absorption spectra were obtained by applying the ELectrostatic
Ton Storage ring in Aarhus (ELISA) as described elsewhere.'?

Compounds 5 and (132)-5

NaH (60% in mineral oil, 130 mg, 3.25 mmol) was washed
with dry n-pentane and taken up in dry DMF (60 mL) under
N,. Diethyl cyanomethylphosphonate (600 mg, 3.3 mmol) was
added, and the solution was stirred for 15 min at rt followed
by addition of isomerically pure 4 (800 mg, 2.8 mmol). After
stirring at rt for 3 h, the reaction was quenched with sat. aqueous
NH,CI (50 mL) followed by extraction with diethyl ether (3 x
50 mL). The combined organic phases were dried (MgSO,) and
evaporated in vacuo. Purification with repeated (3 x) flash column
chromatography (SiO,, EtOAc-heptane 15 : 85 v/v) gave the two
isomers 5 (360 mg, 42%) and (13Z2)-5 (227 mg, 26%) as yellow oils
which solidified upon freezing. Compound 5: R; = 0.53 (EtOAc—
heptane 3 : 17); dy (300 MHz, CDCl;, 25 °C, 7.26 ppm) 6.25 (1 H,
d,J=16.1Hz,CH),6.18 (1H,s,CH),6.08 (1 H,d,J = 16.1 Hz,
CH), 590 (1 H, s, CH), 5.00 (1 H, s, CHCN), 2.62 (2 H, t, J =
6.2Hz,CH,),2.42(2H,t,J = 6.2 Hz, CH,), 2.01-1.99 (5 H, m,
CH;,CH,), 1.81 2 H, m, J = 6.2 Hz, CH,), 1.70 3 H, s, CH5),
1.63-1.57 (2 H, m, CH,), 1.48-1.44 2 H, m, CH,), 1.02 (6 H, s,
CH,); dc (75 MHz, CDCl,, 25 °C, 77.0 ppm) 158.5, 147.4, 139.1,
138.1, 137.5, 131.0, 129.8, 128.9, 127.1, 118.3, 91.4, 39.5, 34.2,
33.0,30.2,28.9,28.1,22.2,21.7,19.2, 14.7, m/z (FAB*, NBA) 308
(MH"). Compound (132)-5: R; = 0.47 (EtOAc-heptane 3 : 17);
Ju (300 MHz, CDCl,, 25 °C, 7.26 ppm) 6.67 (1 H, s, CH), 6.26
(1H,d,J =16.1Hz, CH), 6.10 (1 H,d, J = 16.1 Hz, CH), 5.95
(1H,s,CH),4.90 (1 H, s, CHCN), 2.44-2.38 (4 H, m, CH,), 2.08
(1H,s,CH,),2.01 2H,t,J =6.2Hz, CH,), 1.78 2 H, m, CH,),
1.70 3 H, s, CH;), 1.61 (2 H, m, CH,), 1.46 2 H, m, CH,), 1.02
(6 H, s, CH;); 6 (75 MHz, CDCl;, 25 °C, 77.0 ppm) 158.0, 147.8,
139.6, 138.2, 137.5, 131.1, 129.8, 129.0, 124.9, 117.6, 90.1, 39.5,
34.2,33.0, 30.6, 30.2, 28.9, 22.5, 21.7, 19.2, 14.7; m/z (HR-FAB*,
NBA) 308.2351 (MH*, C,,H;N requires 308.2378).

Compounds (92)-5 and (9Z,132)-5

Compounds (92)-5 (286 mg, 33%) and (9Z,13Z)-5 (450 mg, 52%)
were obtained as yellow solids in a similar way (with stirring
for 18 h) from isomerically pure (92)-4 (801 mg). Samples of
both compounds were recrystallised from heptane. Compound
(9Z,132)-5: m.p. 84.5-85.5 °C. R; = 0.48 (EtOAc-heptane 3 : 17);
Jn (300 MHz, CDCl,, 25 °C, 7.26 ppm) 6.58 (1 H, s, CH), 6.55
(1H,d,J =164Hz, CH),6.34(1 H,d, J =16.4 Hz, CH), 5.90
(1H,s,CH),4.90 (1 H,s, CHCN), 2.39 (4 H, m, CH,), 2.09-2.01
(5 H, m, CH,, CH;), 1.82-1.71 (5§ H, m, CH,, CH;), 1.61 (2 H,
m, CH,), 1.47 2 H, m, CH,), 1.04 (6 H, s, CH;); ¢ (75 MHz,
CDClL, 25 °C, 77.0 ppm) 157.8, 147.8, 138.4, 137.7, 131.1
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(2 C-double intensity), 130.1, 129.5, 124.8, 117.4, 90.3, 39.6, 34.2,
33.1, 30.8, 304, 29.0, 22.5, 22.0, 21.7, 19.2; m/z (HR-FAB*,
glycerol) 308.2382 (MH", C,,H; N requires 308.2378). Compound
(92)-5: m.p. 104-104.5 °C (Found: C, 85.81; H, 9.64; N, 4.52.
C,,HyN (307.47) requires C, 85.94; H, 9.91; N, 4.56%). R; = 0.41
(EtOAc-heptane 3 : 17); 6, (300 MHz, CDCl;, 25 °C, 7.26 ppm)
6.51(1H,d,J =16.2Hz CH), 631 (1H,d,J =16.2Hz, CH),
6.17 (1 H, s, CH), 5.82 (1 H, s, CH), 4.96 (1 H, s, CHCN), 2.62
(2H,t,J=59Hz CH,),2.33(2H,t,J =59Hz, CH,),2.06-1.99
(5H,m,CH,,CH;),1.80 2H, m,J =6.4Hz,CH,),1.71 (3 H, s,
CH;),1.62(2H, m, CH,), 1.47 2 H, m, CH,), 1.02 (6 H, s, CH);
dc (75 MHz, CDCl,, 25 °C, 77.0 ppm) 158.5, 147.1, 138.3, 137.9,
131.4,130.7,130.0, 129.2, 127.0, 118.3,91.5, 39.5, 34.2, 33.0, 30.3,
28.9,28.2,22.1,22.0,21.7, 19.1; m/z (FAB*, glycerol) 308.

Compound 6

Isomerically pure 5 (234 mg, 0.76 mmol) was dissolved in dry
n-pentane (50 mL) and cooled to —78 °C. DIBALH (1 M in
hexanes, 2.4 mL, 2.4 mmol) was added, and the reaction mixture
was allowed to stir at —78 °C for 21 h. Then diethyl ether (40 mL)
and silica (5 g) were added, and after stirring overnight at 5 °C
the reaction mixture was filtered through Celite and evaporated in
vacuo. Purification by dry column chromatography (SiO,, EtOAc—
heptane 5% ) gave 6 as a yellow oil (233 mg, 99%) with a trace of
the 13Z isomer. R; = 0.27 (EtOAc-heptane 3 : 17); oy (300 MHz,
CDCl;, 25 °C, 7.26 ppm) 10.06 (1 H, d, J = 8.2 Hz, CH), 6.28
(1H,d,J =154Hz CH),6.25(1 H,s,CH),6.11 (1 H,d,J =
15.4 Hz, CH), 595 (1 H, s, CH), 5.81 (1 H, d, J = 8.2 Hz, CH),
2.88(2H,t,J =6.2Hz,CH,),249(2H,t,J =6.2Hz, CH,), 2.07
(3H,s,CH;),2.02(2H, m,CH,), 1.86 2H, m, J = 6.2 Hz, CH,),
1.71 3 H, s, CH;), 1.62 (2 H, m, CH,), 1.47 (2 H, m, CH,), 1.03
(6 H, s, CH;); dc (75 MHz, CDCl,, 25 °C, 77.0 ppm) 190.7, 157.2,
149.1, 139.5, 138.2, 137.6, 131.5, 130.2, 129.9, 129.1, 125.0, 39.5,
34.3, 33.0, 30.6, 28.9, 25.0, 22.4, 21.7, 19.2, 14.8; m/z (HR-FAB*,
NBA) 311.2355 (MH*, C,,H;,0 requires 311.2375).

Compound (92)-6

Compound (9Z)-6 was obtained as a thick, orange oil (256 mg,
99%) in a similar way from (92)-5 (255 mg). Trace of isomer
impurities. R; = 0.36 (EtOAc-heptane 3 : 17); dy (300 MHz,
CDCl;, 25 °C, 7.26 ppm) 10.05 (1 H, d, J = 8.3 Hz, CHO),
6.55(1 H,d, J =16.0 Hz, CH), 6.33 (1 H, d, J = 16.0 Hz, CH),
6.23 (1 H,s, CH), 585 (1 H, s, CH), 5.77 (1 H, d, J/ = 8.3 Hz,
CH),2.86 (2H,t, J =59 Hz CH,),238 (2H,t,J =59 Hz,
CH,),2.03 (5H, m, CH,, CH;), 1.83 2 H, m, J = 6.2 Hz, CH,),
1.72 (3 H, s, CH;), 1.60 (2 H, m, CH,), 1.45 (2 H, m, CH,), 1.02
(6 H, s, CH); d¢ (75 MHz, CDCl;, 25 °C, 77.0 ppm) 190.7, 157.0,
148.6, 138.5, 137.9 131.5, 130.9, 130.1, 129.8, 129.6, 125.1, 39.5,
34.2,33.0, 30.7, 29.0, 25.1, 22.4, 22.0, 21.8, 19.2; m/z (HR-FAB",
NBA) 311.2362 (MH*, C,,H;,0 requires 311.2375).

Compound (132)-6

An isomeric mixture of compound (132)-6 and 6 was obtained as
a yellow oil (132 mg, 85%) in a similar way from (9Z2)-5 (154 mg).
Dry column chromatography led to further isomerisation to
6. Compound (132)-6: R; = 0.32 (EtOAc-heptane 3 : 17); oy
(300 MHz, CDCl,, 25 °C, 7.26 ppm) 10.17 (1 H, d, J = 8.2 Hz,

CHO), 7.18 (1 H, s, CH), 6.27 (1 H, d, J = 15.8 Hz, CH), 6.12
(1H,d,J =158Hz, CH),598 (1 H,s,CH),570 (1 H,d, J =
8.2 Hz, CH),2.47 (4H,t,J =6.2Hz, CH,), 2.08 3H, s, CH;),
2.02(2H,t,J=6.2Hz,CH,),1.842H, m,J =6.2Hz,CH,), 1.71
(3H,s,CH;), 1.62 (2 H, m, 2H, CH,), 1.47 (2 H, m, CH,), 1.03
(6 H, s, CH;);dc (75 MHz, CDCl;, 25 °C, 77.0 ppm) 189.6, 156.7,
148.6, 139.4, 138.2, 137.6, 131.7, 129.9, 129.1, 123.5, 122.7, 39.5,
34.3,33.0, 32.1, 30.9, 28.9, 22.6, 21.7, 19.2, 14.8; m/z (HR-FAB*,
NBA) 311.2367 (MH*, C,,H;,0 requires 311.2375).

Compound (9Z,132)-6

An isomeric mixture of (9Z,13Z2)-9 (66%) and (132)-9 (19%)
was obtained from (9Z,137)-5 (together with unreacted starting
material (15%)). Further purification was not possible due to
isomerisation. Compound (9Z,132)-6: R; = 0.45 (EtOAc-heptane
3 : 17)-isomerisation on plate; Jy; (300 MHz, CDCl;, 25 °C,
7.26 ppm) 10.14 (1 H,d, J =8.3Hz, CHO), 7.10 (1 H, s, CH), 6.56
(1H,d,J =158Hz CH), 6.33 (1 H,d, J = 15.8 Hz, CH), 5.89
(1H,s,CH),5.67(1H,d,J=8.3Hz,CH),2.46( 2H,t,J =6.2 Hz,
CH,),2.372H,t,J =6.2 Hz, CH,), 2.00 (5 H, m, CH,, CH,),
1.83(2H, m,J =6.2 Hz, CH,), 1.71 (3 H, s, CH;), 1.60 2 H, m,
CH,),1.45(2H, m,CH,), 1.02(6 H, s, CH;); 6. (75 MHz, CDCl;,
25°C, 77.0 ppm) 189.6, 156.7, 148.3, 138.3, 137.8, 131.3, 131.0,
130.2, 129.9, 123.6, 122.3, 39.5, 34.2, 33.0, 32.2, 31.0, 29.0, 22.5,
22.0,21.7,19.1; m/z (HR-FAB*, NBA) 311.2368 (MH*, C,,H;,0O
requires 311.2375).

Compounds 3 and (132)-3

Aldehyde 6 (49 mg, 0.16 mmol) was dissolved in absolute ethanol
at 0 °C (3 mL), whereupon dimethylammonium tetrafluoroborate
(27 mg, 0.20 mmol) and 4 A molecular sieves were added. The
reaction mixture was allowed to stir carefully at 5 °C overnight,
and then it was filtered and evaporated in vacuo. The deep red
solid residue was dissolved in dry CH,Cl,, filtered and evaporated
in vacuo followed by washing with dry n-pentane, which gave a
mixture of the two isomers 3 and (132)-3 (64 mg, 95%) ina 9 :
1 ratio. Compound 3: §; (300 MHz, CDCl;, 25 °C, 7.26 ppm)
8.53 (1 H,d,J =11.6 Hz, CHN), 6.52 (1 H, s, CH), 6.43 (1 H,
d,J =16.0Hz, CH), 6.16 (1 H, d, J = 16.0 Hz, CH), 6.14 (1 H,
d, J = 11.6 Hz, CHCHN), 6.05 (1 H, s, CH), 3.66 3 H, s, CH;),
342 3 H,s, CH;), 284 (2H,t, J =62 Hz CH,), 2.60 (2 H,
t, J = 6.2 Hz; CH,), 2.14 (3 H, s, CH;), 2.03 (2 H, m, CH,),
1.88 (2 H, m, J = 6.1 Hz, CH,), 1.71 3 H, s, CH;), 1.61 (2 H,
m, CH,), 1.47 2 H, m, CH,), 1.03 (6 H, s, CH;); dc (75 MHz,
CDCl,, 25 °C, 77.0 ppm) 169.4, 163.0, 158.1, 144.7, 138.0, 137.5,
131.9, 131.5, 131.4, 130.8, 112.9, 48.8, 40.0, 39.5, 34.3, 33.2, 31.1,
28.9, 25.8,22.2,21.8, 19.1, 15.3; NOESY experiments confirmed
structure; m/z (HR-FAB*, NBA): 338.2842 ([M-BF,]*, C,,H;N
requires 338.2848). Compound (132)-3: J4 (300 MHz, CDCl;,
25°C,7.26 ppm)—only a few characteristic signals can be assigned
due to signal overlap: 8.67 (1 H, d, J = 11.6 Hz, CHN), 7.07
(1H,s, CH),3.38(3H,s, CH,).

Other isomer mixtures of 3

Aldehydes (92)-6, (13Z)-6 and (13Z)-6/6 were converted in a
similar way to isomer mixtures of 3. An unequivocal assignment
of "TH NMR resonances of isomers other than 3 was not possible.
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Table 4 X-Ray diffraction parameters and statistics of compounds (9Z)-5 and (92,132)-5

92)-5 (92,132)-5
Empirical formula CpHuN C,,HyN
M, 307.46 307.46
T/K 122(2) 122(2)
/A 0.71073 0.71073
Crystal system Orthorhombic Orthorhombic
Space group P2,2,2, P2,2,2,
a/A 9.8840(16) 9.8070(8)
al/® 90.0 90.0
b/A 11.7110(11) 11.7490(12)
B/° 90.0 90.0
c/A 16.091(2) 16.027(2)
y/° 90.0 90.0
V/A3 1862.6(4) 1846.7(4)
Z 4 4
Peac/ g cM™ 1.096 1.106
Lvoke/ MM~ 0.062 0.063
F(000) 672 672
Crystal size/mm? 0.72 x 0.36 x 0.18 0.59 x 0.49 x 0.37
6 range/° 2.15-32.98 2.15-35.01
Reflections collected 50833 52673
Unique data 6990 [R;,, = 0.0674] 8043 [R;,, = 0.0449]
Obsd data [I > 2a(1)] 6132 7116
GOF on F? 1.094 1.117
R indices (all data) RI =0.055, wR2=0.113 RI =0.055, wR2=10.109
Larg.diff.peak/hole/e A~ 0.31/-0.19 0.36/—0.14

Crystal structure determination of compounds (9.2)-5 and
9Z,132)-51

Intensity data for (92)-5 and (9Z,13Z)-5 were collected at 122 K
on a Bruker-Nonius KappaCCD diffractometer equipped with an
Oxford Cryostream unit. Data were reduced with EvalCCD,** the
structures solved by direct methods using SIR97* and refined by
least-squares against > with SHELXL97* as incorporated in the
maXus program.” For both structures all non-hydrogen atoms
were anisotropically refined. All hydrogen atoms were found in
subsequent difference Fourier maps and refined using a riding
model. Experimental parameters and statistics are summarized in
Table 4.
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Two alternative “ring switch” based syntheses have been shown to give access to the reduced protected
homochiral analogues, 27, 28 and 36, of the CNS active compound ibotenic acid.

Introduction

(28)-Glutamic acid is an excitatory neurotransmitter which in-
teracts with a variety of ionotropic (ion channel controlling)
and metabotropic (G-protein linked) receptors.! Analogues of
glutamic acid have been shown to be specific in their action by
interacting with one or more of these receptors to give selective
physiological effects. Thus, while the natural product ibotenic acid
1, an active constituent of the psychotropic fly agaric mushroom
Amanita muscaria, acts at both ionotropic and metabotropic
glutamate receptor sub-types,! analogues such as (R)-2-amino-2-
(3-hydroxy-5-methylisoxazol-4-yl)-acetic acid [(R)-AMAA] 2 and
DL-tetrazolylglycine 3 act specifically at the ionotropic N-methyl-
D-aspartate (NMDA) receptor sub-type.! These compounds con-
sist of a heterocyclic ring system fused to a glycine moiety.
The homologue (S)-2-amino-3-(3-hydroxy-5-methyl-4-isoxazoyl)-
propionic acid (AMPA) 4 and many analogues which have a
heterocyclic ring fused to the f-carbon of L-alanine are active
at a different ionotropic glutamate receptor sub-type, the AMPA
site.! Glutamate receptors are involved in memory and learning
processes and antagonists have been identified as potential drugs
for variety of neurodegenerative diseases,? including Alzheimer’s
disease,? epilepsy** and ischaemia.>*
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We have discovered a versatile and economical synthesis for a
large variety of homochiral compounds in which a heterocyclic
ring system is fused to the f-carbon atom of L-alanine or the y-
carbon atom of ethylglycine. These compounds were designed to
have potential for activity at individual receptors®® and some have
shown interesting CNS activity. The synthesis, shown in Scheme 1,
involved reaction of aldehydes 5 of protected pyroglutamic acid
(n = 1)>® and of protected 6-oxopipecolic acid (n = 2),° with
bisnucleophiles and involved a minimum of steps. We have
christened this powerful synthetic tool a “ring switching” reaction®
and recently extended it to the use of f-lactam aldehydes 12 from
which a plethora of analogues of ibotenic acid could be obtained"®
(Scheme 2).
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An alternative way of obtaining analogues of ibotenic acid
might be to react the pyroglutamate-3-aldehyde 19 with bisnucleo-
philes and indeed reaction with a substituted hydrazine, as in
Scheme 3, might yield isomers 20 of the ibotenate analogues 15,
obtained by the f-lactam route.’® Further, reaction of an enone 21
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with substituted hydrazines, as in Scheme 4, might yield the com-
pounds 22, reduced isomers of the ibotenate analogue 14, which
was obtained by the f-lactam route.'® Unfortunately, synthesis
of 3-substituted pyroglutamate derivatives such as the aldehydes
19 would best be approached via enones such as 21, and we have
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Scheme 5 Reagents and conditions: (i) ref. 13; (ii) (a) O;, CH,Cl,, —78 °C, 15 min (b) Ph;P, rt, 1 h (96%); (iii) (a) O;, CH,Cl,, —78 °C, 15 min, (b) Zn,
HOAC, rt, 1 h (18%); (iv) H,NNH,, MeOH, rt, 18 h (41% 27); (v) MeNHNH,, MeOH, rt, 18 h (65% 28); (vi) TBAF, THF, 0 °C, then rt, 25 min (96%);

(vii) RuO,-H,0, NalO,, H,0, CCl,—CH,CN, rt, 18 h (35%).
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shown! that such compounds are extremely prone to racemisation
and dimerisation under very mild conditions. We therefore decided
to test the route using the reduced compounds 23 and 25.

Results and discussion

The aldehyde 25 was prepared as shown in Scheme 5 by a similar
route to one we have previously used.'? The 4-vinyl substituted
compound 24 was prepared from the enone 23 by the method of
Herdeis and Hubmann.'* Ozonolysis followed by a triphenylphos-
phine work-up then gave the aldehyde 25. In an earlier ozonolysis
reaction where zinc and acetic acid were used followed by methanol
in the work-up, the hemiacetal 26 was obtained. The structure of
this compound was assigned on the basis of the spectral data
and confirmed by X-ray crystallography. The crystal structure is
shown in Fig. 1, confirming the relative stereochemistry of two of
the centres, the hydroxyl group being disordered over two locations
in the crystal, indicating a mixture of epimers.

Fig.1 X-Ray structure determination of (45,5S5)-N-tert-butoxycarbonyl-
5-tert-butyldiphenylsiloxymethyl-4-hydroxymethoxymethylpyrrolidin-2-
one 26.

Having prepared the desired aldehyde 25, we were now in a
position to attempt the “ring-switching” reaction. We therefore
reacted the aldehyde separately with hydrazine and with methyl-
hydrazine and obtained the “ring-switched” products 27 and 28
in 41 and 65% yields, respectively. The urethane-lactam band at
ca. 1770 cm~! was no longer present in the infra-red spectra of these
compounds and the imine proton, H-6, appeared atJ 7.03 ppm in
the "HNMR spectrum of product 27 and atd 7.06 ppm in 'H NMR
spectrum of product 28. A characteristic exchangeable NHBoc

doublet was present at J 4.86 ppm in the '"H NMR spectrum of
product 27 and at 6 4.74 ppm in the '"H NMR spectrum of product
28.

The “ring switch” reactions had, therefore, succeeded but,
to prepare the desired ibotenic acid analogues 20, it was now
necessary to deprotect the products to the corresponding alcohols
and then oxidise these to the acids. The N-methylpyridazine 28 was
therefore treated with tetrabutylammonium fluoride in tetrahydro-
furan to afford the alcohol 29 in 96% yield. When this was oxidised
using ruthenium oxide monohydrate and sodium periodate, no
reaction was observed after 18 h at room temperature although,
when 2.2 mol% of catalyst and 4.1 equivalents of sodium periodate
were used, a new, less polar product was obtained in 34% yield.
This was evidently not the desired acid and the spectroscopic data
suggested that it might be the cyclic imino ether 30. This, and the
relative stereochemistry was confirmed by X-ray structure deter-
mination (Fig. 2). An attempt to oxidise the primary alcohol 29
using ruthenium trichloride and periodate which had proved
successful in our hands' for oxidation of other protected amino
alcohols was unsuccessful, as was the use of oxygen and a
platinum catalyst.

Fig. 2 X-Ray structure determination of (4aS,5S)-5-tert-butoxycarbo-
nylamino-2-methyl-3-o0x0-2,3,4,4a,5,6-hexahydrofuro[2,3-c]pyridazine 30.

The alternative “ring switching” reaction method of Scheme 4
has already been carried out successfully on the reduced analogue
31" but when we reacted the TBDPS derivative 23 with hydrazine
hydrate or with methylhydrazine no reaction ensued. We therefore
deprotected the TBDPS derivative 23 using tetrabutylammonium
fluoride and acetic acid in tetrahydrofuran to obtain the alcohol 32
in quantitative yield as shown in Scheme 6. This was reacted with
tert-butyldimethylsilyl triflate and lutidine in dichloromethane at

—\ H (i) —\ H (ii) or (iii) —\ H +
/A/_}vonaops E‘“\/OH = [}vmsoms /D\/OTBDMS
o lél o) N 0 °N TBDMSO N

0C
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31 33

Scheme 6 Reagents and conditions: (i) TBAF, HOAc, THF, 0 °C then rt, 18 h (quant.); (i) TBDMSOTT, 2,6-lutidine, CH,Cl,, —78 °C, then 0 °C,
30 min, then rt, 30 min (43% 31 + 43% 33); (iii) TBDMSOTT, pyridine, CH,Cl,, —78 °C, 30 min, then —10 °C, 30 min then rt, 30 min (76% 31);
(iv) MeNHNH,, MeOH, H,O, rt, 18 h (80%); (v) aq. NaOH, MeOH, reflux, 18 h (48%); (vi) TBAF, HOAc, THF, 0 °C, then rt, 18 h (61%).
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—78 °C to give the required TBDMS ether 31 in 43% yield. This
was the only product in small scale reactions but the pyrrole 33
was obtained in yields of up to 46% in larger scale reactions. When
pyridine was used as base in this reaction, the compound 31 was
obtained in 76% yield. We were now able to react the enone 31
with methylhydrazine in water and methanol to obtain the product
34 in yields of up to 80%. The singlet N-methyl and the NH,
signals in the '"H NMR-spectrum confirmed the regiochemistry of
nucleophilic attack. When the adduct 34 was heated at reflux for
18 h in aqueous methanolic sodium hydroxide the desired “ring
switched” product 35 was obtained in 48% yield. The difference in
reactivity between the TBDPS and TBDMS derivatives 23 and 31
respectively may be ascribed to steric considerations.

Treatment of the “ring switched” product with TBAF and acetic
acid in tetrahydrofuran gave the alcohol 36 in 61% yield but, again,
all attempts to oxidise this to the acid proved fruitless.

Conclusions

We have shown that a further two alternative modes of “ring
switching” reactions are viable. However for the first time it
had proved necessary to use protected amino alcohols rather
than protected amino acids in the synthesis. To obtain CNS
active ibotenic acid analogues, however, subsequent oxidation
was necessary. This did not prove possible using the heterocyclic
products of the “ring switching” reactions and so it would appear
that oxidation after addition to the double bond in 23 has removed
the danger of dimerisation or racemisation would have to precede
the “ring switching” process for the method to be completely
successful. Oxidation of such pyroglutaminols has been achieved
by a variety of methods."

Experimental

Melting points were determined using a Kofler hot-stage apparatus
and are uncorrected. Optical rotation measurements (in units
of 107! deg cm? g™') were obtained on a Perkin Elmer PE241
polarimeter using a 1 dm pathlength cell. IR spectra were recorded
using a Perkin Elmer 1710 Fourier transform spectrometer. 'H
NMR spectra were recorded using a Bruker DPX 300 (300 MHz)
Fourier transform instrument. *C NMR spectra ("H decoupled)
were recorded using a Bruker DPX 300 (75.5 MHz) Fourier
transform instrument. DEPT, '"H COSY and 'H-"*C COSY ex-
periments were used to help assign NMR spectra where necessary.
Homonuclear decoupling and NOE experiments were used to
help determine stereochemistry where necessary. J are given in
ppm and J in Hz. Residual undeuteriated solvent peaks and
tetramethysilane (TMS) were used as internal references. AllNMR
spectra were recorded at 25 °C unless otherwise stated. Low-
resolution mass spectra were recorded by Dr A. Abdul-Sada
using Kratos MS 80RF (FAB), VG Autospec (EI) or Bruker
BioApex I1I (ESI) double focusing spectrometers. High-resolution
spectra were recorded by Dr A. Abdul-Sada using a 4.7 FT-ICR
(Bruker BioApex III) spectrometer or obtained from the EPSRC
Central Mass Spectrometry Service at Swansea. Microanalyses
were performed by Medac Ltd., Egham, Surrey. Column chro-
matography was performed using Davisil® Silica 60A, 35-70 mesh
silica gel. Petroleum ether refers to that fraction of hexanes of
boiling point 60-80 °C.

(48,55)-N-tert-Butoxycarbonyl-5-tert-butyldiphenylsiloxymethyl-
4-formylpyrrolidin-2-one (25)

A solution of (4R,5S)-N-tert-butoxycarbonyl-5-tert-butyldiphen-
ylsiloxymethyl-4-vinylpyrrolidin-2-one (24)** (250 mg, 0.52 mmol)
in dichloromethane (10 ml) was cooled to —78 °C under nitrogen.
Nitrogen was displaced by bubbling oxygen through the solution
for 15 min. Ozone was passed through the solution until a
blue colouration was observed. Oxygen was passed for 5 min,
followed by nitrogen for 5 min and triphenylphosphine (149 mg,
0.57 mmol) was added. The mixture was allowed to warm to
room temperature and was stirred for a further 1 h. The solvent
was removed in vacuo and the residue was purified by flash
column chromatography on silica gel using petroleum ether—ethyl
acetate (3 : 2) with 1% triethylamine as the mobile phase to
give  (4S,5S)-N-tert-butoxycarbonyl-5-zert-butyldiphenylsiloxy-
methyl-4-formylpyrrolidin-2-one (25) as a clear colourless oil
(240 mg, 96%); [a]® +1.3 (¢ 0.8, CHCL,) (lit.”* [a]?® +1.5 (¢ 1.0,
CHCly)); m/z [ES+ (NH,)] Found 499.2628, [C,;H;NOsSi +
NH,]* requires 499.2628; m/z [EI+] 424 ((M-'Bu]*); 64 (300 MHz,
C’HCl;) 9.70 (1H, s, CHO), 7.68-7.58 (4H, m, ArH), 7.46-7.37
(6H, m, ArH), 4.57 (1H, m, H-5), 3.98 (1H, dd, Je\ s 10.5, Jeas
3.9, H-6A), 3.81 (1H, dd, Jes 10.5, Jes 2.6, H-6B), 3.19 (1H,
m, H-3A), 2.97-2.90 (2H, m, H-3B, H-4), 1.43 (9H, s, C(CH),)
and 1.05 (9H, s, SiC(CHs,)s); dc (75.5 MHz, Cs*Hy) 197.7 (C-7),
170.3 (lactam), 150.6 (urethane), 135.9, 133.2 and 130.2 (Ar), 82.6
(OC(CH;),), 64.9 (C-6), 57.7 (C-5), 45.6 (C-4), 32.2 (C-3), 28.1
(OC(CH,)3), 26.9 (SiC(CHs;);) and 19.3 (SiC(CHs)s).

(48,55)-N-tert-Butoxycarbonyl-5-tert-butyldiphenylsiloxymethyl-
4-hydroxymethoxymethylpyrrolidin-2-one (26)

A solution of (45,55)-N-tert-butoxycarbonyl-5-tert-butyldiphen-
ylsiloxymethyl-4-vinylpyrrolidin-2-one (24) (381 mg, 0.79 mmol)
in dichloromethane (9 ml) was cooled to —78 °C under nitrogen
with stirring. The nitrogen was displaced by bubbling oxygen
through the solution for 15 min. Ozone was passed through
the solution until a blue coloration was observed. Oxygen was
passed for 5 min, followed by nitrogen for 5 min and acetic acid
(0.45 ml, 7.9 mmol) and zinc dust (519 mg, 7.9 mmol) were
added. The mixture was allowed to warm to room temperature
and was stirred for a further 1 h. The mixture was filtered and
the residue was rinsed with methanol. The solvent was removed
from the filtrate in vacuo to give an oil which was purified by
flash column chromatography on silica gel using petroleum ether—
ethyl acetate (1 : 1) containing 1% triethylamine as the mobile
phase. (4S,5S)-N-tert-Butoxycarbonyl-5-zert-butyldiphenylsiloxy-
methyl-4-hydroxymethoxymethylpyrrolidin-2-one (26) was ob-
tained as a white crystalline solid (74 mg, 18%); mp 112.4-
113.8 °C; [aly —36.5 (¢ 0.16, CHCL,); (Found: C, 65.3; H, 7.7,
N, 2.7. CxH3NO,Si requires C, 65.5; H, 7.65; N, 2.7%); m/z
[+ve FAB (3-NBA)] 536 (M + Nal*); v, (film)/cm™" 3479 (OH)
and 1771 (urethane); oy (300 MHz, C*°H,0*H) 7.62-7.51 (4H, m,
ArH), 7.38-7.31 (6H, m, ArH), 4.81 (3H, s, OCH,;), 4.45 (1H, d,
J;4 4.3, H-7), 4.13 (1H, m, H-5), 3.92 (1H, dd, Jees 10.7, Jers
2.8, H-6A), 3.60 (1H, dd, Jegea 10.7, Jeps 1.8, H-6B), 2.81 (1H,
m, H-4), 2.48-2.32 (2H, m, H-3), 1.28 (9H, s, C(CH;);) and 0.92
(9H, s, SiC(CHs;);); 0¢ (75.5 MHz, C*H;0°H) 177.7 (lactam), 151.4
(urethane), 137.0, 134.4, 134.2 and 129.4 (Ar), 100.4 (C-7), 84.5
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(OC(CHy);), 66.9 (C-6), 62.3 (C-5), 41.3 (C-4), 36.1 (C-3), 28.6
(OC(CHs),), 27.7 (SiC(CHy;),), 20.4 (SiC(CHj;);) and 9.6 (OCH5).

Crystal data for (4S,5S)-N-tert-butoxycarbonyl-5-tert-butyl-
diphenylsiloxymethyl-4-hydroxymethoxymethylpyrrolidin-2-one
(26),T CyxH3yNO4Si, M = 513.69, monoclinic, space group P2,
(No. 4), a = 7.6412(4), b = 11.8424(9), ¢ = 15.8245(7) A, f =
102.434(3)°, V = 1398.37(14) A%, Z = 2, Doy 1.22 mg m>, p(Mo
Ko) = 0.13 mm™, 7 = 173(2) K, 3805 independent reflections
(R = 0.044). The final R values were R1 = 0.042 (for 3372
reflections with 7 > 2¢(I)) and wR2 = 0.095 (for all reflections). The
hydroxy group was disordered over two positions. Data collection
was carried out using a Kappa CCD diffractometer, structure
analysis using program package WinGX, and refinement using
SHELXI1.-97. The atomic coordinates are available on request
from The Director, Cambridge Crystallography Data Centre,
University Chemical Laboratory, Lensfield Road, Cambridge,
CB2 1EW.

(58)-5-[(1.5)-1-tert-Butoxycarbonylamino-2-tert-
butyldiphenylsilanyloxyethyl]-3-oxo-2,3,4,5-
tetrahydropyridazine (27)

A solution of (4S,5S)-N-tert-butoxycarbonyl-5-tert-butyldiphen-
ylsiloxymethyl-4-formylpyrrolidin-2-one (25) (207 mg, 0.43 mmol)
in methanol (15 ml) was stirred at room temperature. Hydrazine
monohydrate (31.4 ul, 0.6 mmol) was added and the reaction
was stirred for 18 h at room temperature. The solvent was
removed in vacuo and the crude pale yellow foam was purified
by column chromatography on silica gel using petroleum
ether—ethyl acetate (3 : 2) containing triethylamine (1%) as
eluent to afford (55)-5-[(1S)-1-tert-butoxycarbonylamino-2-zert-
butyldiphenylsilanyloxyethyl]-3-oxo-2,3.4,5-tetrahydropyridazine
27 as a white foam (87 mg, 41%); [a]5 +47.2 (¢ 0.6, CHCL,); m/z
[ES+] Found 496.2620, [C,;H;;N;0,Si + H]* requires 496.2632;
m/z [+ve FAB (3-NBA)] 518 ([M + Na]*); v, (film)/cm™"' 3278
(NH) and 1694 (urethane, amide); §,; (300 MHz, C?HCI;) 8.63
(1H, br s, exch. 2H,0, NH) 7.65-7.58 (4H, m, ArH), 7.45-7.37
(6H, m, ArH), 7.03 (1H, s, H-6), 4.86 (1H, br, d, Jxu 8.2, NH),
3.95 (1H, m, H-1"), 3.70 (2H, m, H-2), 2.96 (1H, m, H-5), 2.54
(1H, dd, Jyas 17.1, J4ps 7.3, H-4A), 2.28 (1H, dd, Jupa 17.1, Jy4ps
12.0, H-4B), 1.45 (9H, s, C(CH,);) and 1.08 (9H, s, SiC(CH,),);
oc (75.5 MHz, C*HCl;) 167.4 (amide), 155.7 (urethane), 146.5
(C-6), 135.9, 132.8, 130.5 and 128.4 (Ar), 80.5 (OC(CHs;)s), 63.7
(C-2), 52.0 (C-1"), 36.1 (C-5), 28.7 (OC(CH,);), 28.3 (C-4), 27.3
(SiC(CHs;);) and 19.6 (SiC(CH,);).

(55)-2-Methyl-5-[(15)-1-tert-butoxycarbonylamino-2-tert-
butyldiphenylsilanyloxyethyl]-3-oxo-2,3,4,5-
tetrahydropyridazine (28)

A solution of (4S,5S) - N - tert - butoxycarbonyl - 5 - fert - butyl -
diphenylsiloxymethyl-4-formylpyrrolidin-2-one (25) (436 mg,
0.906 mmol) in methanol (25 ml) was stirred at room temperature.
Methylhydrazine (72.3 pl, 1.36 mmol) was added and the reaction
was stirred for a further 18 h at room temperature. The solvent
was removed in vacuo and the crude yellow foam was purified by
column chromatography on silica gel using petroleum ether—ethyl

T CCDC reference number 294595. For crystallographic data in CIF or
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acetate (3 : 2) as eluent to afford (55)-2-methyl-5-[(1S)-1-zert-
butoxycarbonylamino-2-tert-butyldiphenylsilanyloxyethyl]-3-oxo-
2,3.4,5-tetrahydropyridazine 28 as a clear colourless oil (298 mg,
65%); [a]y +91.38 (¢ 1.0, CHCL;); m/z [ES+] Found 510.2799,
[CsH3N;0,Si 4+ H]* requires 510.2788; m/z [+ve FAB (3-NBA)]
532 (IM + NaJ*); Vo (film)/cm=" 3326 (NH), 1712 (urethane)
and 1662 (amide); Jy (300 MHz, C*HCl;) 7.63-7.58 (4H, m,
ArH), 7.48-7.36 (6H, m, ArH), 7.06 (1H, s, H-6), 4.74 (1H, br
d, Juuy 8.8, NH), 3.95 (1H, m, H-1"), 3.70 (2H, m, H-2), 3.30
(3H, s, NCH;), 2.92 (1H, m, H-5), 2.50 (1H, dd, Jys4s 16.7, J4as
7.5, H-4A), 2.26 (1H, dd, Jp4s 16.7, J 455 12.6, H-4B), 1.43 (9H, s,
C(CH;);) and 1.06 (9H, s, SiC(CHj;),); d¢ (75.5 MHz, C*HCl;)
165.2 (amide), 155.3 (urethane), 146.0 (C-6), 135.5, 132.4, 130.1
and 127.9 (Ar), 80.0 (OC(CHs;),), 63.3 (C-2'), 51.6 (C-1), 36.1
(NCHj; and C-5), 28.5 (C-4), 28.2 (OC(CHj;);), 26.9 (SiC(CHs);)
and 19.2 (SiC(CHj;);).

(58)-2-Methyl-5-[(1.5)-1-tert-butoxycarbonylamino-2-
hydroxyethyl]-3-0xo0-2,3,4,5-tetrahydropyridazine (29)

A solution of (55)-2-methyl-5-[(1S)-1-tert-butoxycarbonylamino-
2-tert-butyldiphenylsilanyloxy]-3-o0xo-2,3,4,5-tetrahydropyrida-
zine (28) (100 mg, 0.19 mmol) in tetrahydrofuran (5 ml) was cooled
to 0 °C with stirring. Tetrabutylammonium fluoride (TBAF, 1.0 M
solution in THF containing 5%wt water, 0.235 ml, 0.235 mmol)
was slowly added and the mixture was allowed to warm to room
temperature with stirring over a further 25 min. Ethyl acetate
(10 ml) was added and the solution was washed with saturated
aqueous ammonium chloride (2 x 10 ml). The organic layer was
dried (MgSO,) and filtered, and the solvent was removed in vacuo
to give a pale yellow clear oil. The crude product was purified
by column chromatography on silica gel initially using ethyl
acetate (100%) and then ethyl acetate-methanol (96 : 4) as elu-
ent to afford (55)-2-methyl-5-[(1S)-1-tert-butoxycarbonylamino-
2-hydroxyethyl]-3-o0x0-2,3,4,5-tetrahydropyridazine (29) as a clear
colourless oil (51 mg, 96%); [a]y +133.8 (¢ 0.25, CHCL); m/z
[ES+] Found 272.1606, [C,,H,, N0, + H]* requires 272.1610; m/z
[+ve FAB (3-NBA)] 294 (IM + NaJ*) and 272 (IM + HJ"); Vi
(film)/cm™" 3400 (OH, NH), 1690 (urethane) and 1649 (amide);
Jy (300 MHz, C*HCl,) 7.20 (1H, s, H-6), 5.35 (1H, brd, Ju 8.1,
NH), 3.92 (1H, m, H-1"), 3.71 (2H, br, H-2'), 3.34 (3H, s, NCH,),
2.97 (1H, m, H-5), 2.61 (1H, dd, Jys4s 16.8, J4r5 6.9, H-4A), 2.41
(1H, dd, Jz4s 16.8, J4p5 11.3, H-4B) and 1.45 (9H, s, C(CHs);); dc
(75.5 MHz, C*HCl;) 165.3 (amide), 155.3 (urethane), 146.2 (C-6),
80.3 (OC(CH,),), 62.9 (C-2), 51.6 (C-1"), 36.2 and 36.0 (NCH,
and C-5), 28.7 (C-4) and 28.2 (OC(CHs;)s)

(4aS,5S)-5-tert-Butoxycarbonylamino-2-methyl-3-oxo-
2,3,4,4a,5,6-hexahydrofuro|2,3-c]pyridazine (30)

Sodium periodate (160 mg, 0.75 mmol) was added to a flask of
vigorously stirred water (0.6 ml) at room temperature. Ruthenium
oxide monohydrate (0.5 mg, 0.00376 mmol) was added and
stirring was continued for 10 min as the solution turned orange.
A solution of (55)-2-methyl-5-[(1S)-1-tert-butoxycarbonylamino-
2-hydroxyethyl]-3-0x0-2,3,4,5-tetrahydropyridazine (29) (50 mg,
0.18 mmol) in carbon tetrachloride (0.35 ml) and acetonitrile
(0.35 ml) was added and a black colouration was instantly
observed in both phases. Vigorous stirring was continued for 18 h
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at room temperature and isopropyl alcohol (4 drops) was added.
The mixture was stirred for 30 min and filtered through a pad
of Celite®. The aqueous layer was extracted with ethyl acetate
(3 x 1 ml). The organic layers were combined and dried (MgSO,),
and the solvent was removed in vacuo to give a clear colourless
oil. Purification by column chromatography on silica gel using
ethyl acetate as eluent gave (4aS,5S5)-5-tert-butoxycarbonylamino-
2-methyl-3-0x0-2,3,4,4a,5,6-hexahydrofuro[2,3-c]pyridazine 30 as
a clear colourless residue which crystallised on standing to give a
white solid (17 mg, 35%); m/z [+ve FAB (3-NBA)] 270 (IM + HJ*);
Vmax (film)/cm~" 3303 (NH), 1712 (urethane) and 1644 (amide); 5y
(300 MHz, C*HCl;) 4.89 (1H, br d, Jaus 7.5, NH), 4.59 (1H, t,
Jeas 1.9, H-6A), 4.20 (1H, m, H-5), 3.90 (1H, t, Jes 9.0, H-6B),
3.15(3H, s, NCH,), 2.95-2.84 (2H, m, H-4a, H-4A), 2.41 (1H, br,
H-4B) and 1.37 (9H, s, C(CHj;),); dc (75.5 MHz, C*HCl;) 162.4
and 162.0 (amide, C-8), 154.0 (urethane), 79.8 (OC(CH,);), 72.2
(C-6), 54.5 (C-5), 37.8 (C-4a), 35.2 (NCH,), 31.8 (C-4) and 27.2
(OC(CHy;);). A second compound (146 mg, 28%) was also isolated
as a clear colourless oil with spectroscopic data identical to those
of the starting material 29.

Crystal data for (4aS,5S)-5-tert-butoxycarbonylamino-2-
methyl-3-0x0-2,3,4,4a,5,6-hexahydrofuro[2,3-c]pyridazine (30)1,
C,,HyN;0,, M = 269.30, orthorhombic, space group P2,2,2,
(No. 19), a = 5.6733(2), b = 11.5380(9), ¢ = 21.3149(16) A, V =
1395.24(16) A%, Z = 4, Doy 1.28 mgm~3, p(Mo Ka) = 0.10 mm™,
T = 173(2) K, 1449 independent reflections (R;,, = 0.056). The
final R values were R1 = 0.045 (for 1208 reflections with 7 > 20([))
and wR2 = 0.107 (for all reflections). Data collection was carried
out using a Kappa CCD diffractometer, structure analysis using
program package WinGX, and refinement using SHELXL-97.
The atomic coordinates are available on request from The Director,
Cambridge Crystallography Data Centre, University Chemical
Laboratory, Lensfield Road, Cambridge, CB2 1EW.

(58)-N-tert-Butoxycarbonyl-5-hydroxymethyl-1,5-dihydro-2 H-
pyrrol-2-one (32)

Acetic acid (1.14 ml, 19.94 mmol) was added to a solution
of (5S)-N-tert-butoxycarbonyl-5-tert-butyldiphenylsiloxymethyl-
1,5-dihydro-2 H-pyrrol-2-one (23) (4.50 g, 9.97 mmol) in tetrahy-
drofuran (60 ml) and the mixture was cooled to 0 °C. Tetrabuty-
lammonium fluoride (TBAF, 1.0 M solution in THF containing
Swt% water, 11.9 ml, 11.9 mmol) was slowly added and the mixture
was allowed to warm to room temperature. After stirring for 18 h
at room temperature, the solvent was removed in vacuo and the
pale brown solid residue was purified by column chromatography
on silica gel using ethyl acetate—petroleum ether (3 : 2) as eluent to
afford (5S)- N-tert-butoxycarbonyl-5-hydroxymethyl-1,5-dihydro-
2H-pyrrol-2-one (32) as a clear pale yellow oil (2.121 g, quant.);
m/z[ES+] Found 236.0881, [C,,H;;NO, + Na]* requires 236.0893;
m/z [+ve FAB (3-NBA)] 449 ([2M + Na]"), 236 (IM + Na]*) and
214 (M + HJ"); vy (film)/cm™" 3425 (OH), 1765 (urethane) and
1716 (lactam); 6y (300 MHz, C*°HCl;) 7.25 (1H, dd, J45 1.7, J45 3.7,
H-4),6.13(1H,d, J,, 1.7, H-3), 4.73-4.68 (1H, m, H-5), 4.02-3.95
(2H, m, H-6), 3.38 (1H, br, s, OH) and 1.55 (9H, s, OC(CH,););
dc (75.5 MHz, C*HCl) 170.1 (lactam), 150.4 (urethane), 149.4

1 CCDC reference number 294596. For crystallographic data in CIF or
other electronic format see DOI: 10.1039/b600195¢

(C-3), 127.7 (C-3), 83.9 (OC(CH,),), 65.0 (C-5), 62.5 (C-6) and
28.4 (OC(CH,),).

(55)-N-tert-Butoxycarbonyl-5-tert-butyldimethylsiloxymethyl-
1,5-dihydro-2 H-pyrrol-2-one (31) and N-tert-
butoxycarbonyl-2-tert-butyldimethylsiloxy-5-tert-
butyldimethylsiloxymethylpyrrole (33)

Method A: Using 2,6-lutidine as the hindered base. rert-Butyl-
dimethylsilyltrifiuoromethanesulfonate (TBDMSOTY, 3.17 ml,
13.8 mmol) was added dropwise to a solution of (5S5)-N-tert-
butoxycarbonyl-5-hydroxymethyl-1,5-dihydro-2 H -pyrrol-2-one
(32) (1.960 g, 9.2 mmol) and 2,6-lutidine (2.14 ml, 18.4 mmol) in
dichloromethane (110 ml) at —78 °C under nitrogen. The solution
was allowed to warm to 0 °C for 30 min and to room temper-
ature for a further 30 min. Saturated aqueous sodium hydrogen
carbonate (80 ml) was added and the layers were separated. The
aqueous phase was extracted with dichloromethane (3 x 60 ml),
the combined organic layers were dried (MgSO,) and the solvent
was removed in vacuo. The crude pungent oil was purified by
column chromatography on silica gel using petroleum ether—ethyl
acetate (10 : 1) as eluent to afford (5S)-N-tert-butoxycarbonyl-5-
tert-butyldimethylsiloxymethyl-1,5-dihydro-2 H-pyrrol-2-one (31)
as a clear colourless oil which crystallised on standing to give a
white solid (1.288 g, 43%); mp 57.3-58.4 °C; [a]¥ —174.2 (¢ 0.5,
CH,CL,) (lit'* mp 64-65 °C, [a]Z —176 (¢ 1.0, CHCLy)); m/z [ES+]
Found 677.3613, [2 x C,sHxNO,Si + Na]* requires 677.3623;
Ve (film)/cm=" 1782 (urethane), 1745 and 1713 (lactam); oy
(300 MHz, C*HCl;) 7.24 (1H, dd, J,; 1.8, J,5 6.0, H-4), 6.06 (1H,
d, Js5, 1.8, H-3), 4.55 (1H, br, Jse 3.7, Jse 3.0, H-5), 4.10 (1H,
dd, Jeaes 9.6, Jeas 3.7, H-6A), 3.66 (1H, dd, Jesen 9.6, Jeps 3.0,
H-6B), 1.53 (9H, s, OC(CHs;);), 0.84 (9H, s, SiC(CH;);) and 0.03
(6H, s, Si(CH;),); dc (75.5 MHz, C*HCl;) 169.7 (lactam), 150.1
(C-4), 149.8 (urethane), 127.4 (C-3), 83.3 (OC(CH,)5), 63.9 (C-5),
62.8 (C-6), 28.5 (OC(CHs,);), 26.0 (SiC(CHs),), 18.5 (SiC(CHs)s)
and —5.1 (SiCHs,).

The above procedure was followed using (5S)-N-tert-butoxy-
carbonyl- 5 -hydroxymethyl- 1,5-dihydro- 2H - pyrrol-2-one (32)
(705 mg, 3.31 mmol) and 2,6-lutidine (0.77 ml, 6.62 mmol) in
dichloromethane (40 ml). After work up, the crude oil was purified
by column chromatography on silica gel using petroleum ether—
ethyl acetate (15 : 1) as eluent to afford N-tert-butoxycarbonyl-2-
tert-butyldimethylsiloxy-5-zert-butyldimethylsiloxymethylpyrrole
(33) as a clear colourless oil (371 mg, 25%); m/z [ES+] Found
442.2780, [C,,H;;NO,Si, + H]* requires 442.2803; v, (film)/cm™
1756 (urethane); oy (300 MHz, C*HCl;) 5.82 (1H, d, J,5 3.4, H-4),
5.13(1H,d, J;, 3.4,H-3),4.67 (2H, s, H-6), 1.55 (9H, s, OC(CH,),),
0.96 (9H, s, SiC(CHs;);), 0.87 (9H, s, SiC(CH,);), 0.22 (6H, s,
Si(CHj;),) and 0.00 (6H, s, Si(CH,),); d¢ (75.5 MHz, C*HCl;) 147.6
(urethane), 142.9 (C-2), 124.4 (C-5), 89.2 (C-3), 81.9 (OC(CHs,)5),
59.0 (C-6), 26.8 (OC(CHs;),), 24.9 (SiC(CH,);), 24.7 (SiC(CHa),),
17.7 (SiC(CHs;);) and —4.1 (SiCH,). (5S)-N-tert-Butoxycarbonyl-
5-tert-butyldimethylsiloxymethyl- 1,5-dihydro-2 H - pyrrol-2-one
(31) (325 mg, 30%) was also eluted with spectroscopic data
identical to those of the sample of 31 prepared above.

Method B: Using pyridine as the base. rert-Butyldimethylsilyl-
trifluoromethanesulfonate (TBDMSOTT, 161.7 pul, 0.704 mmol)
was slowly added to a solution of (5S)-N-tert-butoxycarbonyl-
5-hydroxymethyl-1,5-dihydro-2 H-pyrrol-2-one (32) (100 mg,
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0.469 mmol) and pyridine (163.0 pl, 2.01 mmol) in dichloro-
methane (4 ml) at —78 °C under nitrogen. After 30 min the
solution was allowed to warm to —10 °C for 30 min and to
room temperature for a further 30 min. Saturated aqueous sodium
hydrogen carbonate (3 ml) was added and the layers were sepa-
rated. The aqueous phase was extracted with dichloromethane
(3 x 4 ml), the combined organic layers were dried (Na,SO,)
and the solvent was removed in vacuo using a vacuum pump
with heating. The viscous, pale brown crude oil was purified by
column chromatography on silica gel using petroleum ether—ethyl
acetate (13 : 1) as eluent to afford (5S)-N-tert-butoxycarbonyl-5-
tert-butyldimethylsiloxymethyl-1,5-dihydro-2 H-pyrrol-2-one (31)
as a clear colourless oil which crystallised on standing to give a
white solid (117 mg, 76%) with identical spectra to those of the
sample prepared by method A.

The above procedure was followed using (5S)-N-tert-butoxy-
carbonyl- 5-hydroxymethyl- 1,5-dihydro-2H - pyrrol-2-one (32)
(1.844 g, 8.657 mmol) and pyridine (3.0 ml, 37.1 mmol) in
dichloromethane (45 ml). After work up the crude oil was purified
by column chromatography on silica gel using petroleum ether—
ethyl acetate (12 : 1) as eluent to afford N-tert-butoxycarbonyl-2-
tert-butyldimethylsiloxy-5-terz-butyldimethylsiloxymethylpyrrole
(33) (690 mg, 18%) with spectroscopic data identical to those of
the sample prepared using method A.

4S,5S)-N-tert-Butoxycarbonyl-5-tert-butyldimethylsiloxymethyl-
3 - N - methylhydrazinopyrrolidin - 2 - one (34). Methylhydrazine
(0.29 ml, 5.413 mmol) was slowly added to a solution of (55)-
N - tert-butoxycarbonyl - 5 - zert - butyldimethylsiloxymethyl - 1,5 -
dihydro-2 H-pyrrol-2-one (31) (1.180 g, 3.609 mmol) in methanol
(40 ml) and water (1 ml) at room temperature. The solution was
stirred for 18 h at room temperature and the solvent was removed
in vacuo. The residual oil was purified by gradient column
chromatography on silica gel using petroleum ether—ethyl acetate
(4: 1) followed by ethyl acetate (100%) as eluent to afford (4S5,5S)-
N -tert-butoxycarbonyl - 5-tert - butyldimethylsiloxymethyl-3- N -
methylhydrazinopyrrolidin-2-one (34) as a clear colourless
oil (1.081 g, 80%); [a]l5 —39.5 (¢ 2.0, MeOH) (lit" [a]y — 37.3
(c2.2, MeOH)); m/z [ES+] Found 374.2457, [C,;H3sN;0,Si + H]*
requires 374.2469; v, (film)/cm~" 3344 (NH), 1784 (urethane)
and 1712 (lactam); d4 (300 MHz, C*HCl;) 4.24 (1H, m, H-5),
3.88 (1H, dd, Jeaes 10.4, Jeus 3.7, H-6A), 3.68 (1H, dd, Jeea
10.4, Jgs 2.2, H-6B), 3.05 (1H, m, H-4), 2.86 (2H, br s, exch.
C*H;0°H, NH,), 2.70 (1H, dd, J3535 18.0, J3x4 8.1, H-3A), 2.53
(1H, dd, Jsp3s 18.0, J34 1.1, H-3B), 2.47 (3H, s, NCH,), 1.51
(9H, s, OC(CH;);), 0.87 (9H, s, SiC(CHs);), 0.03 (3H, s, SiCHs)
and 0.01 (3H, s, SiCH,); d¢ (75.5 MHz, C*HCl,) 174.1 (lactam),
150.4 (urethane), 83.1 (OC(CHs;);), 63.9 (C-6), 62.1 and 61.9
(C-4 and C-5), 47.5 (NCH,;), 36.4 (C-3), 28.5 (OC(CH,),), 26.2
(SiC(CH;)s), 18.5 (SiC(CH;);), —5.1 (SiCHj;) and —5.2 (SiCHj).

(55)-5-[(1.5)-1-tert-Butoxycarbonylamino-2-zerz-
butyldimethylsiloxyethyl]-1-methylpyrazolidin-3-one (35)

0.25 M Aqueous sodium hydroxide (2.0 ml, 0.5 mmol) was
added to a solution of (4S8,5S)-N-tert-butoxycarbonyl-5-zert-
butyldimethylsiloxymethyl - 3 - N - methylhydrazinopyrrolidin - 2 -
one (34) (1.08 g, 2.895 mmol) in methanol (20 ml). The mixture
was heated at reflux for 18 h, cooled and the solvent was removed
in vacuo. The pale brown crude oil was purified by gradient

column chromatography on silica gel using petroleum ether—ethyl
acetate (3:2, 1 : 1 and 2 : 3) as eluent to afford (55)-5-[(1S)-
1 - tert - butoxycarbonylamino - 2 - tert - butyldimethylsiloxyethyl ] -
I-methylpyrazolidin-3-one (35) as a pale yellow oil which
crystallised on standing (512 mg, 48%); mp 131-132.5 °C; [a]¥
+14.0 (¢ 2.0, MeOH) [lit"* [a]® +12.2 (¢ 1.7, MeOH)]; m/z [ES+]
Found 769.4735 [2M + NaJ*, [C3,H,(NsO;Si, + Na]* requires
769.4685; v, (film)/cm™ 3275 (NH) and 1693 (amide); oy
(300 MHz, C*H;0’H) 3.73 (1H, dd, Jya x5 10.1, Jyoy 4.5, H-2'A),
3.62 (1H, dd, Jypya 10.1, Jysy 3.3, H-2'B), 3.44 (1H, m, H-1"),
3.12 (1H, m, H-5), 2.81 (1H, dd, Jsa 17.3, Juus 8.8, H-4A),
2.50 (3H, s, NCH,), 2.18 (1H, dd, Jussa 17.3, Juss 3.3, H-4B),
1.35 (9H, s, OC(CH,);), 0.85 (9H, s, SiC(CH,);) and 0.03 (6H, s,
Si(CH;),); dc (75.5 MHz, C*HCl;) 174.4 (C-3), 156.0 (urethane),
80.0 (OC(CHj;),), 64.7 (C-5), 62.3 (C-2'), 53.5(C-1"), 48.0 (NCH,),
31.6 (C-4), 28.7 (OC(CH,);), 26.2 (SiC(CHs;);), 18.6 (SiC(CH,);)
and —5.1 (2 x SiCHj).

(55)-5-[(15)-1-tert-Butoxycarbonylamino-2-hydroxyethyl|-1-
methylpyrazolidin-3-one (36)

Acetic acid (23.5 pl, 0.410 mmol) was added to a solution of
(58)-5-[(185)-1-tert-butoxycarbonylamino-2-zerz-butyldimethylsil-
oxyethyl]-1-methylpyrazolidin-3-one (35) (139 mg, 0.373 mmol)
in tetrahydrofuran (5 ml) at 0 °C. Tetrabutylammonium fluoride
(TBAF, 1.0 M solution in THF, containing 5% wt. water,
0.485 ml, 0.485 mmol) was slowly added and the solution was
allowed to warm to room temperature. After stirring at room
temperature for 3 h, further TBAF (1.0 M solution in THF,
containing Swt% water, 0.186 ml, 0.186 mmol) was added and the
mixture was stirred for 15 h at room temperature. The solvent was
removed in vacuo and the pale brown oil was purified by column
chromatography on silica gel using chloroform-methanol (95 : 5)
as eluent to afford (5S5)-5-[(1S)-1-tert-butoxycarbonylamino-2-
hydroxyethyl]-1-methylpyrazolidin-3-one (36) as a clear colourless
oil which crystallised on standing to give a white solid (59 mg,
61%); mp 189.5-190.5 °C; [aly +27.2 (¢ 1.5, MeOH); m/z [ES+]
Found 260.1611, [C, H;N;O, + H]* requires 260.1604; v,,,,
(film)/cm~"' 3278 (NH, OH) and 1686 (br, lactam, urethane); oy
(300 MHz, C*H,0%H) 3.76-3.54 (3H, m, H-1" and H-2)), 3.24
(1H, m, H-5), 2.93 (1H, dd, Jj 17.3, Juas 8.8, H-4A), 2.63
(3H, s, NCH;), 2.27 (1H, dd, Jyp4a 17.3, Juss 3.3, H-4B) and 1.46
(9H, s, OC(CH5;)s); d¢ (75.5 MHz, C*H;0%*H) 176.9 (amide), 158.8
(urethane), 80.7 (OC(CH,),), 66.3 (C-5), 62.9 (C-2'), 55.4 (C-1"),
47.7 (NCHj3;), 32.8 (C-4) and 29.1 (OC(CH;);).
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The fluorinase enzyme from Streptomyces cattleya displays an
unusual ability in biocatalysis in that it forms a C-F bond. We
now report that the enzyme will accept 2'-deoxyadenosine in
place of adenosine substrates, and structural evidence reveals
a reorganisation in hydrogen bonding to accommodate this
substrate series. It emerges from this study that the enzyme
does not require a planar ribose conformation of the substrate
to catalyse C-F bond formation.

Introduction

The fluorinase enzyme from Streptomyces cattleya™* is the first
committed enzymatic step on the biosynthetic pathway to the
fluorometabolites fluoroacetate and 4-fluorothreonine.* The en-
zyme catalyses the reaction of S-adenosyl-L-methionine (SAM)
and fluoride ion to generate 5'-fluoro-5'-deoxyadenosine (5-FDA)
and L-methionine (L-Met) (Scheme 1).

NH, NH,
NH
s Me AR NN
B PR <A J <)
P
° N F o NN
+ L-Met
HO OH fluorinase (E.C. 2.5.1.63) HO OH

SAM
K 5.FDA

H(lo, /\ (Fi*rcoi

F o 'NHy

fluoroacetate 4-fluorothreonine

Scheme 1 The fluorinase enzyme of S. cattleya is the first committed step
on the biosynthetic pathway to fluoroacetate and 4-fluorothreonine.

We have recently reported* that the fluorinase reaction is
reversible and that the fluorinase can catalyse the conversion of
L-Met and either 5-FDA or the chlorinated analogue 5'-CIDA
to SAM, with concomitant release of the corresponding halide
ion. In fact, in the reverse direction 5'-CIDA is the more efficient
substrate, as chloride is the better leaving group (Scheme 2). Also
the selenium analogue of SAM, SeAM, is a more efficient substrate
than SAM.

The ability to run the reaction in reverse has opened up the
possibility of exploring details of the substrate specificity of the

School of Chemistry, Centre for Biomolecular Sciences, University of St An-
drews, Purdie Building, North Haugh, St Andrews, KY16 9ST, UK. E-mail:
dol@st-andrews.ac.uk; Fax: +44 (0)1334 463808; Tel: +44 (0)1334
467176

T Electronic supplementary information (ESI) available: Crystal data and
Ramachandran plot for 2'd-FDA. See DOI: 10.1039/b600574h
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X=F 5-FDA
X =CI 5-CIDA

Scheme 2 The fluorinase operates in reverse with both 5-FDA and
5'-CIDA.

fluorinase, as analogues of 5-FDA are more readily prepared
than analogues of SAM. In terms of trying to assess where
structural variations can or cannot be made, non-covalent contacts
between the substrate/product and the surface of the enzyme can
provide a useful backdrop in guiding this. The X-ray structure of
the enzyme has revealed what appear to be important hydrogen
bonding interactions between the carboxylate group of Asp-16
and the 2'- and 3'-hydroxyl groups of the ribose ring of 5-
FDA.® The ribose ring is held in a strained conformation as
a consequence of this hydrogen bonding interaction. The C2'—
OH and C3-OH bonds (torsion angle 1°) are eclipsed in the
substrate (SAM) structure and relax a little (torsion angle 12°) in
the product (5-FDA) structure (Fig. 1). The consequence of this
ring conformation to the reactivity of the substitution reaction is
not clear even after a detailed theoretical analysis of the reaction.®
In this Communication we report that the fluorinase will accept
the 2'-deoxy analogues 2'd-FDA and 2'd-CIDA as substrates to

Ser-269
O
ll_l 210-Asp Asn-215
0 /LO O, H
H O\H O-A’», -g y N\H H\N
Me — uy SSN
............... +, N
HN $ ¢V Y
i NN
0 _ Trp-50
Ser-23 F 3 2 H N
% | /H‘\ % o [Of, \“O\ IIIIII
156-Phe "N S /H H H b
158-Ser :-N-:
. -z 2T Tyr-77
It Oj,o
Asp-16

Fig. 1 Representation of 5-FDA and L-Met bound to the fluorinase
from X-ray structure analysis. The graphic highlights two hydrogen-bonds
to the fluoromethyl group from Ser-158. There also are hydrogen bonding
interactions between Asp-16-CO,~ and the 2'- and 3'-OH groups of the
ribose ring.

1458 | Org. Biomol. Chem., 2006, 4, 1458-1460

This journal is © The Royal Society of Chemistry 2006





generate 2’d-SAM. We also report structural data which reveals
how the 2-deoxy substrates bind at the active site.

Results and discussion

In order to explore the role of the 2'-OH hydroxyl group of
the substrate during fluorinase catalysis, 2'd-FDA and 2'd-CIDA
were synthesised in a straightforward manner following previously
described methods.™®

The 2'-deoxy analogue 2'd-FDA was then assessed as a substrate
in the reverse direction with both L-Met and L-["*C-methyl]-Met.
In each case 2'd-SAM was generated and ESI-MS clearly indicated
the incorporation of the *C-isotope in the latter experiment (ESI
m/z 384.2 versus 383.3 [M + HJ"). 2’d-CIDA was also a good
substrate for the fluorinase. Although both 2'd-FDA and 2'd-
CIDA were substrates, they were processed less efficiently than 5'-
FDA. Again the chloro-analogue 2'd-CIDA was the more efficient,
with a relative rate® of approximately 50% of the natural substrate,
5-FDA. 2'd-FDA was processed at approximately 10% of the rate
of 5-FDA. It is clear from this study that although the 2'-hydroxyl
group of the ribose ring has been removed these substrates retain
a significant level of activity.

NH,
N— NHe
= +
% & A ,/N L-SeMet /"ﬁ; Me </N N
o N N l “0,C §e " N N/J
fluorinase X \p/
HE HO
X=F 2d-FDA 2'd-SeAM
X=Cl 2'd-CIDA

Scheme 3 The fluorinase can catalyse the conversion of 2’d-FDA and
2'd-CIDA substrates with L-SeMet to generate 2'd-SeAM.

Although chloride is the better leaving group, fluoride ion is
a better substrate/nucleophile in the forward direction. This is
demonstrated in a transhalogenation reaction. When 2'd-CIDA
was incubated with the fluorinase and L-selenomethionine (L-
SeMet) in the presence of 2 mM fluoride, then as the reaction
progresses (Scheme 3), the resultant 2'd-SeAM is arrested by flu-
oride ion and converted to 2'd-FDA in a simultaneous fluorinase-
catalysed reaction. This is illustrated by the HPLC time course of
the transhalogenation reaction in Fig. 2. These transhalogenation
reactions are most efficient with the more nucleophilic L-SeMet.

Fig.2 HPLC profile of the transhalogenation from 2'd-CIDA to 2'd-FDA
via 2'd-SeAM, catalysed by the fluorinase.

To gain some insight into how these substrates bind at the
active site, a co-crystallisation of 2'd-FDA with the fluorinase was

carried out for X-ray analysis. This resulted in crystals suitable
for diffraction analysis, and the resultant structure is shown in
Fig. 3. For comparison, 2'd-FDA is overlaid with the previously
reported structure® of 5-FDA bound to the active site. The 3'-OH
of the 2'-deoxy substrate retains hydrogen bonding contacts to the
OH of Ser-158 and the NH of Tyr-77, however the 3’-OH moves
to accommodate a more central bifurcated hydrogen bond with
oxygens O1 and O2 of Asp-16, a situation that does not arise with
5-FDA. In both structures the fluorine atom is almost identically
positioned, but the C—F bonds are not co-aligned. The ribose ring
is puckered in 2'd-FDA (C-C-C-C torsion 30.4°) relative to the
planar situation found with 5-FDA (C-C-C-C torsion 1°). This
suggests that the strained planar conformation of bound 5-FDA
is not a determining factor in driving the substitution reaction, an
observation consistent with these experimental observations and
a recent theoretical analysis of this reaction.®

__I“ 03'to SER158-0 =324
/ = 03'to ASP16 -01=254A

03'to ASP16 -02=32A
03'to TYR77 -N =334

SER158

Fig. 3 Structure of the 2'd-FDA-fluorinase co-complex (ribose carbons
are green), overlaid with the structure of 5'-FDA (ribose carbons are white)
bound to the enzyme. The conformation of the ribose ring is more puckered
in 2'd-FDA, and the 3'-OH group and the carboxylate group of Asp-16
move towards each other to accommodate a bifurcated hydrogen bond
between the 3'-OH and O1 and O2 of Asp-16.

We have recently reported’ the utility of the fluorinase for
preparing ["*F]-FDA and ["*F]-5-fluoro-5-deoxyribose for positron
emission tomography (PET) from "®F fluoride ion, and clearly the
current observation suggests possibilities for labelling the corre-
sponding 2'-deoxy (DNA) structural series using the fluorinase.
Also, the protocols described here offer a convenient method for
the synthesis of 2’d-SAM, a compound which could find utility
in substrate specificity studies of SAM enzymes. 2’d-SAM has
previously been prepared by methylation of the corresponding
2-deoxy-S-adenosylhomocysteine; however, the synthetic proce-
dures to generate this compound are complex.'>!

This journal is © The Royal Society of Chemistry 2006
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Experimental
HPLC and NMR time course

The reaction mixtures for HPLC were incubated at 37 °C with
0.3 mM 2d-CIDA, 0.08 mM L-SeMet and 75 mM KF and
fluorinase (7 x 107° units pm™' min~'), in a final volume of
650 uL. Samples (60 uL) for HPLC analysis were boiled at 95 °C (3
min) and the precipitated protein was removed by centrifugation.
An aliquot (20 pL) of the clear supernatant was used for HPLC
analysis (Varian 9012 UV-Vis detector at 260 and 9050 solvent
delivery module).

Preparation of ESI-MS samples

A 250 pL sample for ESI-MS analysis was incubated at 37 °C
for 12 h with 22d-FDA (0.4 mM), L-Met, L-[*C-methyl]-Met or
L-Se-Met (15 mM) and the fluorinase (1.4 x 107* units). The
mixture was boiled at 95 °C (3 min) and the precipitated protein
removed by centrifugation. The supernatant was analysed directly
by ESI-MS (MicroMass, Manchester, UK) using MeCN as the
solvent. Products were detected in +ve ion mode. L-Met gave
2'd-SAM EI-MS m/z 383.3 [M + H]* and L-["C-methyl]-Met
gave 2’d-SAM EI-MS m/z 384.2 [M + H]*, consistent with the
incorporation of the isotope. L-Se-Met gave 2'd-SeAM, which
underwent ready fragmentation to 5'-methylseleno-2'd-Ado. ESI-
MS analysis revealed a characteristic Se isotope profile with the
major ¥Se isotopomer measuring m/z 330.5 [M + H]* for 5-
methylseleno-2'd-Ado.

Crystallisation of 2'-deoxy-5'FDA co-complex

The fluorinase was purified by a slightly modified protocol to that
previously described.” The enzyme was treated with tobacco etch
virus protease to remove the His tag, and it was then treated with
adenine deaminase to remove any endogenous adenosine bound
to the enzyme by its conversion to inosine, which does not bind.
This generates an apo-fluorinase which is then more amenable
to binding substrate analogues than the immediately purified
enzyme, which carries adenosine. Fluorinase at a concentration
of 4 mg mL~! was incubated with 2'd-FDA (20 mM, 4 h, 298 K).
The solution was then crystallised by vapour diffusion against
a reservoir containing 30% PEG 1000, 0.1 M phosphate—citrate
pH 4.5, 0.2 M Li,SO,. A single crystal was selected and flash-
cooled to 100 K in a nitrogen stream.'* Data were recorded to
2.4 A in-house using a Rigaku Micromax-007 rotating anode with
Osmic mirrors (A = 1.5418 A) on a Rigaku RaxisIV** image plate
detector. Data were indexed and integrated using MOSLFM?*

and scaled using SCALA. . The structure was solved by molecular
replacement, using MOLREP," using the original FDAS structure
(1rgr) and refined using Refmac.'®* The final R-factor was 22.0%
with a R-free of 28.6%. The PDB entry code is 2¢5b.
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In the Morita—Baylis—Hillman reaction of aldehydes with
methyl vinyl ketone (MVK), we found that in the presence
of a catalytic amount of phenol, the Lewis base triph-
enylphosphine can effectively promote the reaction to give
the corresponding normal Morita-Baylis—Hillman adducts
in good yields. The mechanism has been investigated by *'P
NMR spectroscopy. The solvent and substituent effects were
also examined.

Great progress has been made in the execution of the Morita—
Baylis-Hillman reaction,' since the seminal report in 19722
that described the reaction of acetaldehyde with ethyl acrylate
and acrylonitrile in the presence of catalytic amounts of 1,4-
diazabicyclo[2.2.2]octane (DABCO). Recent advances include
several catalytic asymmetric versions of the reaction.® In the
generally accepted mechanism of the Morita—Baylis—Hillman
reaction,'? the aldol reaction of the ammonium or phosphonium
enolates derived from the nucleophilic promoter DABCO or
triphenylphosphine with Michael acceptors with electrophiles
has long been believed to be the rate-determining step. However,
in a detailed mechanistic investigation into this reaction, it
was recently reported that the rate-determining step in the
Morita-Baylis—Hillman reaction is the proton transfer rather
than the aldol reaction.* In addition, Schaus has reported the
development of a chiral Bronsted acid-catalyzed asymmetric
Morita-Baylis—Hillman reaction of cyclohexenone with aldehyde
in the presence of triethylphosphine (PEt;).* On the basis of all
these new findings, we attempted to develop another catalytic
system for the traditional Baylis—Hillman reaction of aldehydes
with methyl vinyl ketone, which includes a Brensted acid as
proton source and phosphine Lewis base as a promoter. During
our ongoing investigation on this very simple and useful reaction,
we have so far disclosed several new results on Lewis base and
Lewis acid co-catalyzed systems.> Moreover, Leitner has recently
reported a new bifunctional activation mechanism for the catalytic
asymmetric aza-Baylis—Hillman reaction.’®*® Herein we wish to
report that triphenylphosphine (PPh;) can promote the traditional
Morita—Baylis—Hillman reaction of aldehydes 1 with methyl vinyl
ketone (MVK) 2, in the presence of a catalytic amount of
p-nitrophenol, to give the corresponding Morita—Baylis—Hillman
adducts 3 in good-to-high yields under mild conditions.

In an initial examination, we found that PPh; (20 mol%)
itself could not efficiently catalyze the Baylis—Hillman reaction
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Organic Chemistry, Chinese Academy of Sciences, 354 Fenglin Lu, Shanghai,
200032, China. E-mail: mshi@pub.sioc.ac.cn

T Electronic supplementary information (ESI) available: Spectroscopic
data, Figs. 2-5 and detailed description of experimental procedures. See
DOI: 10.1039/b600854b

of benzaldehyde (0.8 mmol) or p-chlorobenzaldehyde (0.8 mmol)
with MVK (2.4 mmol) in tetrahydrofuran (THF, 2.0 mL) (Table 1,
entries 1 and 7). In addition, the corresponding adducts were
always formed along with some impurities (see ESIT). With
methyldiphenylphosphine (PPh,Me), dimethylphenylphosphine
(PPhMe,), trimethylphosphine (PMe;) and tributylphosphine
(PBu,) as catalysts, similar results were also obtained. It is difficult
to get the corresponding Morita—Baylis—Hillman reaction product
in good yield and high purity with a phosphine Lewis base as a
promoter under mild conditions. However, with the addition of
various phenols including pentafluorophenol (Table 1, entries 3
and 9) (30 mol%), as a kind of weak Brensted acid, into this
reaction system, we found that the reactions were accelerated
(Fig. 1), and that the corresponding adducts could be obtained
in good yields and high purities under the same conditions in
THF (Table 1, entries 2-6 and 8-12) (see ESI{). The acidity of the
phenol also affected the reaction rate, particularly in the case of
p-chlorobenzaldehyde, which has an electron-withdrawing group
on the benzene ring. Among the phenol additives employed, p-
nitrophenol (pK, = 7.2),” which has the highest acidity, gave the
best result in THF (Table 1, entries 7-12).

100
80
60

yield/%

40
20

0
0 10 20 30
time/hour

Fig. 1 The effect of an additive (p-nitrophenol, 0.24 mmol) on the
Morita—Baylis—Hillman reaction of p-chlorobenzaldehyde (0.8 mmol) with
MVK (2.4 mmol) catalyzed by PPh; (0.16 mmol) in THF (2.0 mL).

Using PPh; as a Lewis base promoter and p-nitrophenol
as additive, the solvent effect was examined. The results are
summarized in Table 2. As can be seen from Table 2, THF and
dimethylsulfoxide (DMSO) are the best solvents for this reaction
(Table 2, entries 1-7). Therefore, the best reaction conditions are
to carry out this reaction with PPh; as a Lewis base promoter in
the presence of p-nitrophenol in THF or DMSO.

Under these optimized conditions, we next examined a
variety of aldehydes. The results are shown in Table 3. For aryl
aldehydes having an electron-withdrawing group on the aromatic
ring, such as p-nitrobenzaldehyde, m-nitrobenzaldehyde, o-
nitrobenzaldehyde, p-bromo- or p-chlorobenzaldehyde, p-fluoro-
or m-fluorobenzaldehyde, and pyridylaldehyde, the corresponding
Morita—Baylis—Hillman adducts 3 were obtained in good-to-high
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Table 1 Morita—Baylis—Hillman reaction of aryl aldehydes (0.8 mmol)
with MVK (2.4 mmol) co-catalyzed by PPh; (0.16 mmol) and phenol
(0.24 mmol)

Table 3 Morita—Baylis—Hillman reaction of aldehydes (0.8 mmol) with
MVK (2.4 mmol) co-catalyzed by PPh; (0.16 mmol) and phenol
(0.24 mmol)

OH 0O
O)K K\ PR THE, 180 (7
/ additive R1// 3
Entry R! Additive pK. Yield of 3 (%)*
1 H — — 25
2 H O/OH 9.8 48
E
3 H F — 32
FQOH
FYF
F
4 H /@,OH 7.2 52
o,N
5 H

: LOH 10.0 S1
MeO

7 p-Cl — — 50

8 p-Cl ~OH 9.8 78
F "~

9 p-Cl F — 71
F@OH
FYF

F

10 p-Cl @,OH 7.2 92
O,N

11 p-Cl O/OH 10.0 72
MeO

12 p-Cl @OH 9.9 70

“ Isolated yields.

Table 2 Solvent effects on the Morita—Baylis—Hillman reaction of p-
chlorobenzaldehyde with MVK co-catalyzed by PPh; and p-nitrophenol

o OH O
(0]
H ﬁk PheP, rt, 18 h
* | additive = p-nitrophenol
cl cl 3b
2
1b
Entry Solvent Yield of 3b (%0)*
1 Et,O 60
2 THF 92
3 DMSO 92
4 DMF 80
5 Ethanol 35
6 Pentanol 21
7 Dichloromethane 66
“ Isolated yields.

ﬁH HK PhsP, rt, 18 h N
1/ = ¥ | additive = p-nitrophenol ‘//
R R 3
1 2
Entry R' Product Yield of 3 (%)*
1 H 3a 52
2 p-Cl 3b 92
3 p-NO, 3c 98
4 m-NO, 3d 90
5 0-NO, 3e 98
6 p-CH, 3f 42
7 p-CH;0 3g 35
8 0,p-Cl, 3h 95
9 p-F 3i 87
10 m-F 35 93
11 p-Br 3k 83
12 o o 31 72
RV
13 o) N o 3m 80
R ~
“Isolated yields.

yields (Table 3, entries 2-5, 8-11 and 13). But for benzaldehyde, p-
methyl- and p-methoxybenzaldehyde, the corresponding adducts
3 were obtained in moderate yields under similar conditions
(Table 3, entries 1, 6 and 7). For an aliphatic aldehyde, the
corresponding Morita—Baylis—Hillman adduct 31 was obtained in
good yield under the standard conditions (Table 3, entry 12). For
2-pyridine carboxaldehyde, the reaction also proceeded smoothly
to give the corresponding Morita-Baylis—Hillman adduct 3m in
good yield under the standard conditions (Table 3, entry 13).

According to the generally accepted mechanism of the Morita—
Baylis—Hillman reaction,"? we believe that p-nitrophenol (a weak
Bronsted acid) in the co-catalyzed systems can stabilize the
enolate intermediate in the conjugate addition step through its
hydrogen-bonding with the enolate, driving the reaction forward
and accelerating the reaction rate (Scheme 1).

In order to get more mechanistic insight into these PPh;-
and p-nitrophenol-co-catalyzed systems, we carried out *'P NMR
spectroscopic measurements (in CDCl;, referenced to 85% H,PO,)
of the Lewis base PPh; in the absence and presence of MVK
and p-nitrophenol. PPh; showed a signal at —4.46 ppm (Fig. 2,
ESIY), and PPh; with MVK (molar ratio = 1 : 5) showed an
additional signal at +29.96 ppm, which is believed to correspond
to the phosphonium enolate (Fig. 3, ESI),**® but PPh; with MVK
and p-nitrophenol (molar ratio = 1 : 5 : 1) only showed a signal
at +29.96 ppm (Fig. 4, ESI). A significant feature in the *'P
NMR of PPh; with the addition of MVK is the formation of
the new signal at +29.96 ppm. The ratio of the new signal and
the signal at —4.46 ppm (PPh;) is 1 : 3 ratio, indicating that
the phosphonium enolate formed in situ is in equilibrium with
free PPh;.3"8 In the case of PPh, with the addition of MVK and
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Scheme 1 A plausible mechanism for the Morita—Baylis—Hillman reac-
tion of aldehydes with MVK co-catalyzed by PPh; and phenol (Brensted
acid).

p-nitrophenol, no signal of the free PPh; was observed, indicating
that the interaction of phenolic hydroxy groups with oxygen atom
of MVK (hydrogen bonding) does indeed exist, which strongly
stabilizes the phosphonium enolate and drives the equilibrium
largely in this direction. This is the key reason why the co-catalyzed
system of phosphine Lewis bases and p-nitrophenol was more
effective. When the phosphonium enolate was formed in situ, and
p-chlorobenzaldehyde (molar ratio 5 : 1 to PPh;) was added into
the solution, we found that a new signal appeared at +24.00 ppm
in the P NMR spectrum (in CDCl,, referenced to 85% H,PO,)
of the mixture, along with the signal at +29.96 ppm, ina 1 : 8 ratio
(Fig. 5, ESI). According to the generally accepted mechanism,
this new signal might be the second phosphonium intermediate
resulting from the aldol reaction, which did not decompose too
quickly.

In conclusion, we have found that the Lewis base promoter
triphenylphosphine can promote the traditional Morita—Baylis—
Hillman reaction of aldehydes with methyl vinyl ketone (MVK), in
the presence of a catalytic amount of p-nitrophenol. The phenolic
hydroxy group in p-nitrophenol played a key role in achieving
high yields in this reaction. The co-catalyzed mechanism has been
investigated by P NMR spectroscopy. Efforts are underway to
elucidate the mechanistic details of this reaction and to disclose
the scope and limitations of this reaction.
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Three 5,7-n-extended 8-benzyloxyquinolines, namely 5,7-diphenyl-, 5,7-bis(biphenyl-4-yl)- and
5,7-bis(4-dibenzothiophenyl)-8-benzyloxyquinoline were prepared and investigated as fluorescent
pH-probes in nonaqueous solution. Absorption and photoluminescence spectra of the introduced
compounds also including the starting material 8-benzyloxy-5,7-dibromoquinoline as well as their
N-protonated counterparts were recorded and the results were rationalized by quantum-chemical
calculations. A pronounced red shift of the emission occurred upon protonation of the non halogenated
derivatives, while the dibromo-derivative is hardly emissive and is virtually not protonated under the
conditions used. The diphenyl- and the bis(biphenyl)-derivative especially show promising
photoluminescence quantum yields both in the parent and the protonated state making them

candidates for the active component in pH sensing applications.

Introduction

The design and synthesis of fluorescent molecules with a sensing
function is an area of intense research activity. A large number
of chemosensors whose emission properties are modulated by
external inputs have been described so far. Due to the high
sensitivity of fluorescence spectroscopy, allowing the detection
of very low concentrations of the analyte, in certain cases even
down to individual molecules, fluorescent sensors and probes
have been utilised in many areas such as medicine, industry and
the environment.! While in many fluorescent chemosensors the
interaction with the analyte only affects the emission intensity,
a shift in the emission wavelength through the sensing process
is preferable because of the possibility of signal rationing to
increase the dynamic range and provide built-in correction for
environmental effects.?

8-Hydroxyquinoline and its derivatives have found many ap-
plications in the fluorescent sensing of biological and environ-
mentally important metal ions.> Nevertheless, just one study
has hitherto been done dealing with the influence of acids and
bases on 8-hydroxyquinoline and its derivatives.* Aside from
this, 8-hydroxyquinolines have been used in electroluminescent
complexes, most prominently tris(8-hydroxyquinoline)aluminium
([Alg;)). [Alqg;] was introduced as an emitting material by Tang
and VanSlyke. Since then these and analogous metal complexes
have attracted a great interest in display applications.’
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As a further advance in the development of fluorescent pH-
probes, we report the synthesis, and photophysical as well as
quantum-chemical characterization of modified 8-hydroxyquino-
line derivatives starting from 5,7-dibromo-8-hydroxyquinoline. As
it is well known that 8-hydroxyquinoline is weakly fluorescent be-
cause of the excited-state intramolecular proton transfer (ESIPT)
of the proton of the OH-function to the N of the pyridine moiety,?
our design is based on bonding alkyl chains to the OH-function
of 8-hydroxyquinoline inhibiting this ESIPT pathway.®

Moreover, we pay particular attention to the effects of ex-
tending the m-system on emission behaviour. Two of the in-
vestigated molecules proved suitable as ratiometric pH probes
in a non-aqueous environment making use of the protona-
tion/deprotonation of the quinoline nitrogen atom.

Experimental
Materials and methods

Unless otherwise noted, materials were obtained from commercial
sources (Aldrich, Fluka or Lancaster) and used without further
purification. 8-Benzyloxy-5,7-dibromoquinoline (2), 8-benzyloxy-
5,7-diphenylquinoline (3) and 8-hydroxy-5,7-diphenylquinoline
(6) were prepared as reported in the literature.” '"H-NMR spectra
were recorded on a Varian INOVA 500 MHz spectrometer versus
SiMe, as standard. "C{'H}-NMR spectra were recorded at
125 MHz. The solvent residual peak of CDCI; was used for refer-
encing the NMR-spectra to 7.26 ppm and 77.16 ppm, respectively.?
FT-IR spectra were obtained from films on NaCl windows
with a Perkin Elmer Spectrum One and a DTGS-detector.
UV/VIS absorption spectra were recorded on a Cary 50 Bio
UV/Visible spectrophotometer, fluorescence spectra on a Perkin
Elmer Luminescence Spectrometer LS50B. PL Quantum yields
were measured using a Shimadzu RF-5301PC spectrofluorimeter
(detector corrected) and Perkin Elmer Lambda 9 UV/VIS/NIR
spectrophotometer using quinine sulfate dihydrate in 0.05 M
H,SO, as standard. UV/VIS absorption and photoluminescence
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(PL) spectra were recorded in diluted solutions of CHCl;—
MeOH (1 : 1) at room temperature under ambient conditions.
Fluorescence titrations and the evaluation of PL quantum yields of
the protonated and/or deprotonated species were also performed
in CHCl;-MeOH (1 : 1) by adding diluted solutions of CF;COOH
or KO'Bu. The refractive index of the solvent mixture CHCl,—
MeOH (1 : 1) was determined with an Abbe-Refractometer at
20 °C for the calculation of the PL quantum yield (1, 1.388).

Synthesis

8-Benzyloxy-5,7-bis(biphenyl-4-yl)quinoline (4). Similarly to
the procedure of Shoji et al,” a suspension of 2 (100 mg,
0.254 mmol), biphenyl boronic acid (125 mg, 0.631 mmol) and
Na,CO; (300 mg, 2.830 mmol) in toluene (3 mL), EtOH (3 mL)
and H,O (3 mL) was degassed for 30 minutes. After adding
[Pd(PPh;),] (25 mg, 0.022 mmol) the reaction mixture was heated
for 24 hours at 95 °C under an inert argon atmosphere. Products
were extracted with CH,Cl,, and dried over Na,SO,. The band
with R; = 0.5 (cy : ee = 3 : 1) was sampled in the course of column
chromatography on silica using cy : ee = 10 : 1 as solvent giving 4
(120 mg, 87.4%) as a yellow solid. Anal. Calc. for C, H, NO: C,
89.02; H, 5.42; Found: C, 89.22; H, 5.29%. v, (film)/cm~"': 3029m,
2925m, 1599m, 1519w, 1486s, 1453s, 1396m, 1370m, 1338s, 1214m,
1186m, 1164w, 1108w, 1075s, 1007s, 912s, 881w, 840s, 793m, 766s,
735s and 696s. 6,(500 MHz, CDCl;): 9.09 (1H, dd, *Jyuy 3.9 and
Jun 1.5, @%), 8.40 (1H, dd, *Juy 8.3 and *Jyy 1.5, q*), 7.82-7.25
(25H, m, bn®¥*56, 2 x bp>¥362 3456 g3 q¢) and 5.29 (2H, s, CH,);
0c(125 MHz, CDCly): 151.4 (1C, g%), 149.9 (1C, g%, 143.8 (1C,
q*), 141.0, 140.7, 140.6, 140.3, 138.3, 137.5, 137.2, 135.7, 133.7
(9C, g%, 2 x bp"4, bn'), 134.7 (1C, q*), 130.7, 130.5, 129.0, 129.0,
128.7, 128.1, 127.8, 127.6, 127.5, 127.4, 127.3, 127.2, 127.0 (24C,
bn>3456, 2 x bp>¥3eX 4TS g4 129.7 (1C, q°), 121.3 (1C, ¢*) and
76.7 (1C, CH,).

5,7-Bis(dibenzothiophen-4-yl)-8-benzyloxyquinoline (5). A sus-
pension of 2 (100 mg, 0.254 mmol), dibenzothiophene-4-boronic
acid (139 mg, 0.609 mmol) and Na,CO; (300 mg, 2.830 mmol)
in toluene (3 mL), EtOH (3 mL) and H,O (3 mL) was degassed
for 30 minutes. After adding [Pd(PPh;),] (25 mg, 0.022 mmol)
the reaction mixture was heated for 24 hours at 95 °C under an
inert argon atmosphere. Products were extracted with CH,Cl, and
dried over Na,SO,. Sampling the band with R; =0.5(cy:ee = 3 :
1) by column chromatography on silica with the solvent cy : ee =
7 : 1 yielded 5 (130 mg, 85.2%) as a yellow solid. Anal. Calc.
for C,,H,sNOS,: C, 80.10; H, 4.20; Found: C, 80.26; H, 4,13%.
Vmax (film)/cm~": 3063m, 2925m, 1571m, 1497m, 1441s, 1385m,
1342m, 1322w, 1303w, 1249m, 1216m, 1169m, 1109m, 1076m,
1046m, 908s, 795m, 751s, 728s and 694s. §,;(500 MHz, CDCl;):
9.08 (1H, dd, *Jyuu 3.9 and *Jyy 2.0, ¢%), 8.26-8.19 (4H, m, 2 x
th'*), 8.06 (1H, dd, *Jyuy 8.3 and *“Juy 2.0, g*), 7.93 (1H, s, q°),
7.79-7.38 (11H, m, ¢*, 2 x th?*%%7), 7.07-7.03 (5H, m, bn***>¢)
and 5.25(2H, 2 x d, *Jyu 11.1,CH,); 6c(125 MHz, CDCl;): 152.6
(1C, %), 150.1 (1C, %), 143.8 (1C, g*), 140.9, 140.1, 139.8, 137.3,
136.2, 136.0, 135.9, 135.8, 134.0, 133.9, 133.1, 132.8 (13C, q*/,
bn!, 2 x thet©) 134.8 (1C, q*), 129.5, 129.1, 128.7, 127.6, 127.1,
126.8, 124.9, 124.6, 124.4, 122.9, 122.8, 122.0, 121.8, 121.2, 120.9
(16C, bn®, g°, 2 x th1,2%¢7%) 128.3 (2C, bn**), 128.0 (2C, bn>®),
127.8 (1C, g*), 121.7 (1C, ¢*) and 77.0 (1C, CH,).

General procedure for the preparation of 5,7-disubstituted
8-hydroxyquinoline derivatives (6—8)

Referring to a known procedure,’ a suspension of the benzylated
derivatives (3-5) and KI (15.9-25.8 eq.) in acetonitrile was
carefully degassed. After adding BF;-Et,O (11.5-20.6 eq.) under
an inert argon atmosphere, the reaction mixture was heated for
24 hours at 80 °C. Quenching with H,0, adding aqueous Na,S,0;
(10%, 4 mL) and aqueous HCI (10%, 2 mL) gave the crude
products after extraction with CH,Cl, and drying over Na,SO,.
The products were purified by precipitation from hot methanol.

8-Hydroxy-5,7-diphenylquinoline (6). Compound 6 was ob-
tained using 3 (160 mg, 0.413 mmol), KI (1.090 g, 6.566 mmol)
and BF;-Et,0 (0.6 mL, 4.7 mmol) in CH;CN (20 mL) giving 6
(50 mg, 40.7%) as a yellow-brown solid. Compound 6 has been
prepared from 3 before by Shoji and co-workers using Pd/C and
cyclohexa-1,4-diene.”

5,7-Bis(biphen-4-yl)-8-hydroxyquinoline (7). Compound 7 was
prepared starting from 4 (70 mg; 0.130 mmol) by adding KI
(360 mg, 2.169 mmol) and BF;-Et,0 (0.2 mL, 1.6 mmol) in CH;CN
(10 mL) yielding 7 (20.8 mg, 35.8%) in a yellow-brown solid form.
Anal. Calc. for C;;H,;NO: C, 88.17; H, 5.16; Found: C, 88.25;
H, 5.22%. vy (film)/cm™": 3327m, 3028m, 1600w, 1574m, 1520w,
1496s, 1487s, 1456s, 1408s, 1372m, 1325m, 1265m, 1180m, 1162m,
1108w, 1075w, 1007m, 941w, 907m, 841s, 792m, 765s, 733s and
696s. 1:(500 MHz, CDCl;): 9.44-8.69 (1H, bs, OH), 8.86 (1H, d,
3Juu 34, %), 8.40 (1H, d, *Juy 8.3, ¢*) and 7.97-7.37 (20H, m, ¢°,
q’, 2 x bp>¥362¥ 456y §.(125 MHz, CDCl,): 148.5 (1C, ), 148.1
(1C, ¢%), 141.0, 140.8, 140.4, 140.2, 138.8, 138.4, 136.6 (7C, g** 2 x
bp"'#), 134.8 (1C, q*), 130.6, 129.9, 129.0, 128.9, 127.6, 127.4,
127.4, 127.3, 127.3, 127.3 (19C, ¢°, 2 x bp**56X¥ 456y 1305,
126.0, 121.9 (q,*-*") and 121.9 (1C, @%).

5,7-Bis(dibenzothiophen-4-yl)-8-hydroxyquinoline (8). Com-
pound 8 was obtained by the reaction of 5 (70 mg, 0.117 mmol)
with KI (500 mg, 3.012 mmol) and BF;-Et,0O (0.3 mL, 2.4 mmol)
in CH;CN (15 mL) giving 8 (30 mg, 50.4%) as a yellow-brown
solid. Anal. Calc. for C;H,,NOS,: C, 77.77; H, 3.76; Found: C,
77.83; H, 3.69%. vy (film)/cm~": 3350m, 3063m, 1576m, 1499m,
1480m, 1460s, 1441s, 1416m, 1374m, 1334m, 1302m, 1261s,
1195m, 1170m, 1089m, 1045m, 906s, 817w, 793s, 750s, 728s, 691m
and 600w; 0y(500 MHz, CDCl;): 9.30-8.60 (1H, bs, OH), 8.88
(1H, dd, *Juy 3.9 and *Jyuy 1.4, ¢%), 8.25-8.19 (4H, m, 2 x th'®),
8.08 (1H, dd, *Jyy 8.3 and *Jyy, 1.4 Hz, ¢*), 8.00 (1H, s, q°) and
7.82-7.41 (IH, m, ¢?, 2 x th**¢7); §.(125 MHz, CDCl,): 149.3
(1C, @%), 148.4 (1C, %), 141.1 (1C, g*), 139.9, 139.8, 136.3, 136.2,
136.0, 135.9, 133.9, 132.5 (12C, ¢*7, 2 x th®) 135.1 (1C, q*),
130.1, 128.8, 128.7, 127.1, 126.8, 125.0, 124.8, 124.6, 124.4, 122.9,
122.8, 122.2, 122.0, 121.8, 121.0, 121.0 (16C, g*¢, 2 x th!233678
and 126.3 (1C, g*).

Quantum-mechanical calculations

To provide microscopic insight into the electronic and optical
properties of the investigated materials, we have calculated the
optical properties of the investigated molecules using semi-
empirical methods. Ground-state equilibrium geometries have
been optimized at the AM1 level® using Ampac 6.55. Excitation
energies and transition dipole moments have been calculated by

1504 | Org. Biomol. Chem., 2006, 4, 1503-1511

This journal is © The Royal Society of Chemistry 2006





coupling the INDO/S Hamiltonian' to a single configuration
interaction (SCI) scheme as implemented by Zerner and co-
workers. The size of the SCI active space is scaled with the
number of m-electrons. To optimize excited state geometries
(which is necessary to describe emission properties), the AM1-
SCI technique as implemented in AMPAC has been used." Details
regarding the Cl-active spaces can be found in the ESIF. In the
studied model systems (2', 3, 4, §') the benzyloxy group of 2, 3, 4,
and 5 is replaced by a methoxy group.

For comparative reasons, we have also performed studies using
time-dependent density functional theory (TD-DFT) on the basis
of DFT optimized geometries at the B3LYP/6-31G(d,p) level
using Gaussian98 Rev. A.11.2 In the case of the non-protonated
molecules, the obtained results are comparable to the semi-
empirical ones although agreement with the experimental results is
slightly worse. For the protonated systems, we, however, observe a
less satisfactory performance of TD-DFT with the calculations in
some cases, for example predicting excited states located more
than 1 eV below the experimentally observed ones. This is in
fact quite a general observation that we have made investigating
a large number of different protonated/deprotonoted molecules
with various types of conjugated backbones. The origin for that
deviation is not yet fully understood but could be related to
self interaction effects modified by the change of nuclear charge,
although in that case the failure for cations appears somewhat
surprising. To gain a full understanding of this rather technical
aspect, further investigations will be necessary. In this context
it also needs to be stressed that solvent related effects and the
influence of counterions for the protonated molecules have been
neglected in the present calculations.

Results and discussion
Synthesis

The synthetic pathway used to prepare compounds 2-8 is shown
in Scheme 1.

A

seXles
o

6:R= =©/
reg” g
' 'W

Scheme 1 Synthesis of 5,7-disubstituted-8-hydroxyquinoline derivatives:
(i) benzyl bromide, KOH, EtOH, H, O, 100 °C, 20 hours; (ii) boronic acid,
[Pd(PPh;),], toluene, EtOH, H,0, Ar, 95 °C, 24 hours; (iii) BF;-Et,0, KI,
CH;CN, Ar, 80 °C, 24 hours. Bn = benzyl.

The benzyloxy-group was attached to 5,7-dibromo-8-hydroxy-
quinoline (1) by the reaction with benzyl bromide and KOH
in EtOH-H,O at 100 °C for 20 hours. After cooling to room
temperature, the precipitate was filtered off, washed with cold
methanol and purified by column chromatography on silica. To
remove the by-product benzyl alcohol, the solid residue was
washed with hot methanol several times yielding 8-benzyloxy-
5,7-dibromoquinoline (2) as a white solid (43.4%). Following
this pathway, two main goals could be achieved: (i) 2 is prone
to be coupled via a palladium-catalysed Suzuki cross-coupling
reaction with boronic acids, while 1 is not, due to deactivation of
the catalytically active palladium-species by forming a palladium
complex (presumably [Pdq,])* and (ii) the ESIPT is blocked by
introduction of the protecting group.

8-Benzyloxy-5,7-diphenylquinoline (3), 8-benzyloxy-5,7-bis-
(biphenyl-4-yl)quinoline (4) and 5,7-bis(dibenzothiophen-4-yl)-§8-
benzyloxyquinoline (5) were prepared under palladium-catalysed
conditions by the cross-coupling of 2 with the correspond-
ing boronic acids using the catalyst tetrakis(triphenylphospine)-
palladium ([Pd(PPh;),]) in a solvent mixture of toluene, EtOH
and H,O in the presence of Na,CO;. After refluxing for 24 hours
at 95 °C under an inert argon atmosphere, the products could be
isolated in pure form after column chromatography on silica in
30.4%, 87.4% and 85.2% yield. 3-5 were characterized by IR, 'H-
and PC-NMR spectroscopy as well as by elemental analysis.

The success of the Suzuki cross-coupling reaction prepar-
ing compounds 3-5 was strongly dependent on the catalyst
used. Experiments to reduce the reaction time and to permit
milder reaction conditions using the recently described, air-stable
catalyst trans-bis(dicyclohexylamine)palladium-diacetate ([trans-
Pd(OAc),(NHCy,),], “DAPCy”)* gave rise to varying amounts
of by-products which were identified as mono-substituted 8-
benzyloxyquinoline derivatives (c.f. ESIT). Although these by-
products could be easily identified in "H-NMR spectra, attempts
to separate them from 3-5 using column chromatography on silica
failed. However, these experiments showed that the 'H-NMR
signal of the benzyloxy-group can be used for the examination of
the purity of the formed 8-benzyloxy-5,7-disubstituted quinoline
derivatives. As depicted in Fig. 1, a mixture of mono- and
disubstituted products results in two signals for the protons of
the methylene group. While the protons of the OCH,-group of 2,
3 and 4 could be assigned to singlets at 5.47 ppm, 5.22 ppm and
5.29 ppm, the signal-form (two broadened doublets) of the now
diasterotopic CH,O-group of 5 at 5.25 ppm indicates a restricted
rotation of the benzyloxy group (see Fig. 1). Another fact obtained
from '"H-NMR spectra is the different shift of the protons 2 and
4 of the quinoline core (g and q*) of mono- and disubstituted
products. Even though the signals of g> and g* differ less than
those of the methylene moiety, they can be used for a quick control
of product-purity (see ESIf). Attempts to separate the mono-
substituted products by column chromatography on silica for the
preparation of asymmetrically substituted 8-benzyloxyquinoline
derivatives failed because of similar R; values. It is worth noting
that beside the residual signal for C-Br no significant difference
between mono- and disubstituted products can be noticed by *C-
NMR spectroscopy.

For the preparation of 8-hydroxy-5,7-diphenylquinoline (6), 5,7-
bis(biphen-4-yl)-8-hydroxyquinoline (7) and 5,7-bis(dibenzothio-
phen-4-yl)-8-hydroxyquinoline (8), the benzyloxy-group was
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Fig. 1 '"H-NMR signals of the benzyloxy-group of compounds 2-5.
Mono-coupling products can be identified by different shifts of the
protecting group.

removed after activation with BF;-Et,O by the nucleophilic attack
of KI in acetonitrile. The dark coloured solutions (formation
of iodine in the reaction) were treated with aqueous Na,S,0s;,
acidified and purified by precipitation from methanol to remove
the formed benzyl iodide. Compounds 6-8 could be isolated in
analytically pure form in moderate yield (40.7% for 6, 35.8% for 7
and 50.4% for 8). The above described cleavage of the protecting
group was chosen because we encountered difficulties when using
conventional catalytic hydrogenolysis protocols.” In this case, the
need for separation of unreacted 3, 4 or 5 led, in our hands, to
yields below 10%."

Absorption spectra and quantum mechanical calculations

UV/VIS absorption was recorded in diluted solutions of CHCI;—
MeOH (1 : 1) at room temperature under ambient conditions. The
optical data for the absorption of compounds 2-5 are summarised
in Table 1, their absorption spectra are shown in Fig. 2. In the
measured solutions all compounds exhibit a main absorption peak
at 245 nm, 257 nm, 282 nm and 242 nm, respectively. At longer
wavelengths, absorption peaks in the region of 308 nm, 320 nm and
334 nm can be detected for compounds 2—4. For 5 two absorption
peaks at 289 nm and 330 nm are observed.
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Fig. 2 Absorption spectra of compounds 2-5 in dilute CHCl;,-MeOH
(1:1) solution.

The INDO-SCI calculated energies, wavelengths and oscillator
strengths® for the first excited state as well as higher lying states
with significant oscillator strengths are also listed in Table 1

Table 1 Experimentally obtained absorption maxima for 2, 3, 4 and 5 and INDO/SCI calculated excitation energies, wavelengths and oscillator strengths
of the dominant one-photon states in molecules 2/, 3, 4, and 5. (Details regarding the CI-description of the states can be found in the ESI¥)

Molecule E/2 (eV/nm) g(Lmol' cm™) Molecule/state E (eV) oS
2 2
S, 3.96 0.00
3.73/332 2800
4.05/308 4700 S, 4.45 0.16
5.28/245 36000 S, 5.23 0.93
3 3
S, 3.74 0.00
3.92/320 7100 S, 3.95 0.22
4.83/257 38000 Se 4.65 1.37
S, 4.84 0.28
4 4
S, 3.72 0.01
3.72/334 11000 S, 3.89 0.38
4.42/282 39000 S, 4.26 1.15
shoulder Se 4.30 0.78
high energy tail Sy 4.56 0.53
5 5
S, 3.75 0.00
3.76/330 9600 S, 4.00 0.15
3.90/317 8500 S, 4.08 0.12
4.31/289 18000 Sg 4.49 1.43
S, 4.54 0.39
Sio 4.62 0.72
5.11/242 81000 Sis 5.33 0.50
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for model-molecules 2/, 3, 4, and 5. A comparison with the
measured data shows that the experimental observations are fully
reproduced by the calculations. All molecules are characterized
by a lowest lying state with vanishing oscillator strength (which
is thus not visible in the experiments), a relatively weakly allowed
state at smaller energies and a higher energy state with significantly
increased oscillator strength. For the weak low-energy peak (which
in the absorption spectrum of 4 is only visible as a shoulder)
one observes a shift to lower energies (0.33 eV/0.38 ¢V in the
measurements/calculations) with increasing conjugation length
going from 2 to 3 to 4. A much more pronounced shift is obtained
for the strongest maximum at higher energies (between 4.25 eV
and 5.0 eV) both in the calculations and in the measurements. To
understand this behaviour, it is necessary to have a closer look at
the actual electronic structure of the excited states and, as a first
step, at the molecular orbitals involved in the excitation.

From the plots in Fig. 3 it becomes evident that the highest
occupied molecular orbital (HOMO) and to an even greater extent
the HOMO-1 in 4 (as a representative example for this class
of molecules) are delocalized over the molecular backbone and
therefore strongly affected by increased conjugation due to the
biphenyl substituents in positions 5 and 7. The lowest unoccupied
molecular orbital (LUMO) is largely concentrated on the central
hydroxyquinoline unit, while the LUMO+1 is again strongly
delocalized. In all molecules, the first optically allowed state is
largely described by an excitation from the HOMO to the LUMO
while the HOMO—1 and LUMO+1 also strongly contribute to
the description of the main maximum (details regarding the CI
descriptions of the excited states can be found in the ESIt). This is
fully consistent with the stronger conjugation length dependence
of the latter peak.

Fig.3 INDO calculated highest occupied and lowest unoccupied molec-
ular orbitals of 4’ (a coloured figure can be found in the ESIY).

The different nature of the various excited states becomes even
more obvious from the electron-hole two particle wavefunctions
in Fig. 4, which describe the correlated motion of the electron-
hole pair. Here, the shading represents the probability of finding
the hole at the site x, while the electron is at site y.” The S,
state, which is optically forbidden, is strongly localized on the
hydroxyquinoline unit. In the first allowed state S, especially,
the hole is already somewhat delocalized and the state res-
ponsible for the main peak (S,) is fully delocalized over the
backbone with, in fact, higher probabilities for the electron and
the hole to be at the substituents (especially that at the 5-position
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Fig. 4 INDO/SCI calculated e-h two-particle wavefunctions for the S,
(top-left), S, (top-right), and S, (bottom-left) states of 4. The shading gives
the probability of finding the hole on the site represented by the x-axis,
while the electron is on the site given by the y-axis. The numbering of the
sites is shown schematically in the bottom right corner.

of the hydroxyquinoline). This more pronounced delocalisation
explains why the main maximum is most strongly affected by
increasing the conjugation length.

Compound 5 somewhat deviates from the general trends
observed for the other three materials. There are several low-
lying states, whose energies and oscillator strengths somewhat
differ for different conformations. This can be explained by the
observation that different orientations of the substituents result
in different sterical constraints, thus different twist angles and, in
turn, different degrees of electronic coupling between the quinoline
core and the substituents in the 5 and 7 positions. The results
contained in Table 1 have been obtained for the conformation
shown in the ESIf. Also in the higher energy region the situation
is clearly more complex than in the other materials with three
states with oscillator strengths >0.3 around 4.5 eV and five states
between 5.3 and 5.7 eV. The superposition of the associated peaks
assuming a Gaussian broadening with a FWHM of 0.4 ¢V then
yields two maxima at 4.52 eV and 5.64 eV, where the relative
intensity of the lower energy maximum is clearly overestimated
compared to the experiment.

Protonation of 2, 3, 4 and 5

To test the applicability of the presented materials as pH probes,
we further investigated the photophysical properties of 2, 3, 4 and
5 upon addition of 10 pL conec. trifluoracetic acid (TFA). By doing
so, we anticipated a protonation of all molecules at the quinoline
nitrogen atom forming 2-H*, 3-H*, 4-H* and 5-H*. From the
resulting absorption and emission spectra (vide infra) it turned out
that in the case of 2 almost no protonation occurred. Even upon
addition of another 10 pL TFA conc. no significant change of the
absorption spectrum was detected. In contrast, 3, 4 and 5 were
completely protonated under the conditions used, as indicated by
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the formation of yellow coloured solutions and thus significantly
altered absorption spectra (c.f. Fig. 5). Addition of another 10 uL
of TFA resulted in no further changes. Absorption maxima for
3-H*, 4-H* and 5-H* are presented in Table 2. Again INDO/SCI
calculations were performed in order to understand the observed
changes in the absorption spectra.

wavelength 2 (nm)
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Fig.5 Absorption spectra of compounds 2-5 in their protonated forms.

As far as the electronic states in the protonated molecules are
concerned, the most intriguing aspect is the appearance of two
optically allowed excited states below the first state of the non
protonated systems, as consistently observed in the experiments

(appearance of shoulders) and in the calculations. Concerning
the quantitative agreement between theory and experiment, the
INDO/SCI calculations here somewhat underestimate the ener-
gies of the excited states (i.e., overestimate the shift resulting from
the protonation) but otherwise give a realistic picture. We attribute
this overestimation of the shift to the neglect of interactions with
solvent and/or counterions in the calculations. Hydrogen bonding
and the impact of solvents on the proton transfer has, for example,
been described by Lehtonen et al.® for the methanesulfonic acid—
pyridine complex. In the actual system such interactions should
similarly weaken the bonding between the proton and the nitrogen
in the hydroxyquinoline.

In 3 the CI descriptions of the two low-lying states are
dominated by excitations from the HOMO—1 and the HOMO
into the LUMO. Here, the two occupied orbitals are delocalized
over the whole molecule, while the LUMO is strongly localized
on the central quinoline unit. The localisation is even more
pronounced in 4 where the HOMO and the HOMO-1 are each
largely localized on one of the biphenyl substituents, while the
LUMO is again localized on the quinoline (see orbital plots
in the ESIf). Only the HOMO—4, which plays a role in the
description of the S, state (see ESI), is delocalized over the whole
backbone. This is consistent with the relatively low oscillator
strength of these excited states as well as with the fact that in
the exciton the hole is delocalized over the backbone, while the
electron is strongly localized on the quinoline (see e-h plots in the
ESI).

The UV/VIS spectra of 6, 7 and 8 are similar to the spectra of
3,4 and 5 and are therefore not discussed here. Data can be found
in the ESI+.

Table 2 Experimentally obtained absorption maxima for 2-H*, 3-H*, 4-H*, and 5-H* and INDO/SCI calculated excitation energies, wavelengths and
oscillator strengths of the dominant one-photon states in the protonated species 2'-H*, 3-H*, 4-H*, and §'-H*. (Details regarding the CI-description of

the states can be found in the ESIT)

Molecule E/J. (eV/nm) ¢(Lmol™!' cm™) Molecule/state E (eV) oS
2-H* 2-H*
— — S, 3.42 0.11
—* —* S, 4.70 0.82
3-H* 3-H*
3.27/380 4800 S, 2.84 0.18
3.63/341 6400 S, 3.35 0.26
Ss 4.08 0.30
4.46/278 19000 S, 4.53 0.22
4.46/278 19000 Si 4.66 0.37
Si 5.06 0.22
4-H* 4-H"
S, 2.64 0.21
3.08/402 5600 S, 2.92 0.41
3.44/360 9000 S; 3.74 0.26
3.99/311 15000 S, 4.12 0.38
S 4.24 0.39
4.54/274 42000 Si 4.44 0.49
Sio 4.89 0.44
5-H* 5-H*
3.21/386 4000 S, 2.88 0.24
3.80/326 7300 Ss 3.42 0.17
3.92/316 7400 Se 3.86 0.10
4.33/286 21000 Sio 4.17 0.42

“ Almost no protonation occurred as indicated by a virtually unchanged absorption spectrum after addition of TFA. ® Several states with intermediate

oscillator strengths at higher energies.
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Table 3 Photoluminescence data of compounds 2-5 and 2-H*-5-H*:
Energies (E) and wavelengths (1) of the luminescence maxima as well
as luminescence quantum yields (op) of the respective compounds. 2'-5'
and 2'-H*-5'-H*: INDO/SCI calculated emission energies, wavelengths,
oscillator strengths (OS) and radiative lifetimes (7,4) for the lowest
excited states of the model molecules as obtained for the S, excited state
equilibrium geometries

Compound E@V) A(am)  op (%) oS T rua

2 3.16 393 <0.5 —

2 3.58 346 — 0.00 0.7 us
2-H* 3.16¢ 393« <0.5 —

2-H* 2.95 420 — 0.10 26.0ns
3 291 426 14 —

3 3.37 368 — 0.35 5.8 ns
3-H* 2.41 515 9 —

3-H* 2.4 S18 — 0.20 20.6 ns
4 2.88 430 16 —

4 324 383 — 0.80 2.7ns
4-H* 2.28 545 12 —

4-H* 2.21 561 — 0.43 11.0ns
5 2.95 421 2 —

5-H* 2.12 584 1 —

“No other emission was detected upon addition of CF;COOH.

Photoluminescence

Photoluminescence (PL) spectra were obtained by excitation at
348 nm for all compounds. The peak energies of the resulting
emission spectra of 2-5 are listed in Table 3 together with the
measured PL quantum yields. In the non-protonated form, all
molecules emitted in the blue spectral region (with maxima at
393 nm, 426 nm, 430 nm and 421 nm). With the exception of 2, all
compounds emitted at longer wavelengths after protonation with
10 uL TFA conc. (about 515 nm, 545 nm and 584 nm). Among
these materials, 3 and 4 exhibited comparably good fluorescence
intensities as indicated by quantum yields well above 10% (0p, = 14
to 16%), while 2 and 5 showed poor fluorescence intensities with
quantum yields below 2%. Similar behaviour was observed for
the protonated species, albeit quantum yields are generally lower
than in the unprotonated state. The results are best described
by the fluorescence titrations depicted in Figs. 6 and 7. Dilute

wavelength 2 (nm)
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energy (eV)

Fig. 6 Fluorescence titration of 3 with CF;COOH (g, = 348 nm).
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Fig.7 Fluorescence titration of 4 with CF;COOH (g, = 348 nm).

solutions of TFA in CHCl;-MeOH (1 : 1) were added in microlitre
quantities in the course of fluorescence titration experiments. The
original emission was recovered in each case upon addition of
KO'Bu to the acidified solutions indicating the reversibility of the
reaction.”

Compounds 1 and 6-8 as well as their protonated or deproto-
nated forms exhibited quantum yields below 1% rendering these
materials unsuitable as fluorescent pH-probes. Corresponding
data are gathered in the ESIt.

Again semi-empirical calculations were performed to rationalize
the emission behaviour of 2-5. The emission properties are
determined by the characteristics of the lowest excited states at
their equilibrium geometries. The energies and oscillator strengths
of these states for the non protonated as well as for the protonated
molecules are shown in Table 3. In 3’ and 4' the order of the
excited states changes compared to the results obtained for the
ground-state equilibrium geometries (c.f. Table 3) rendering the
lowest excited state optically allowed and the molecule emissive.?
The Stokes shift is, however, somewhat underestimated by the
calculations. In 2’ the optically forbidden state remains lowest in
energy, which results in 2 being non fluorescent as observed in
the experiment. This is a consequence of S, being a n—c* excited
state, where the LUMO is a o* orbital localized at the C—Br bonds.
For 5, no conclusive answers for the emission properties have been
obtained in the calculations, as here we find a large number of local
minima of the S; geometry. The resulting transition energies differ
by more than 1 eV (yielding in some cases transition energies
clearly below the experimental observations) depending on the
corresponding twist angle of the 2-dibenzothiophene substituents.
For the lowest energy conformers found in our studies, interactions
of the sulfur with hydrogen atoms in either position 4 or 6 of the
quinoline moiety were detected.

In the protonated state, the calculations predict all molecules
to be emissive, although with smaller ‘oscillator strength’ than in
the non protonated state. In this context it has to be kept in mind
that the oscillator strength is proportional to the energy of the
excited state times the square of the transition dipole to the ground
state; this is a direct measure for the ‘absorption strength’ of a
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state. In contrast to that, spontaneous emission probabilities are
proportional to the cube of the transition energy times the square
of the transition dipole. Therefore, calculated radiative lifetimes?
have also been included in Table 3.

The observed luminescence quantum yields in Table 3 as well as
the emission spectra in Figs. 6 and 7 with the strongly shifted
emission spectrum in the protonated species are thus at least
qualitatively consistent with the measurements (for a quantitative
comparison, a rigorous treatment of non-radiative deexcitation
channels together with their pH dependence would be necessary).

Interestingly, we find that for both the protonated and non
protonated forms of 3" and 4, the coupling between the hydroxy-
quinoline core and the substituent at the 5 position is increased
in the S, equilibrium geometry compared to the ground state.
This can be concluded from both a reduction of the twist angle
between the plane of the 5-substituent and the hydroxyquinoline
(from 60° to 33° in 4 and from 58° to 33° in 4-H*) and the
corresponding e-h two-particle wavefunctions. In both molecules
and both protonation states, the lowest lying optically allowed
states are clearly more delocalized between the hydroxyquinoline
and the substituent in the 5 position for the S; equilibrium
geometry (for the case of molecule 4' see ESIT). A similar effect was
described in the literature on the basis of absorption measurements
of Ru(COD)(hydroxyquinoline) complexes featuring differently
substituted hydroxyquinolines.?

Conclusions

In summary, a series of 5,7-disubstituted 8-benzyloxyquinoline
derivatives has been prepared by a Suzuki cross-coupling reac-
tion. Photophysical measurements revealed adequate fluorescence
properties due to an inhibited excited-state intramolecular proton
transfer (ESIPT). For these compounds, modulation of the
emission properties upon an external input (pH) could be detected,
which opens up a possible application as ratiometric fluorescent
pH-probes. The photophysical properties were rationalized by
semi-empirical INDO/SCI calculations. Additionally the corre-
sponding series of 5,7-disubstituted-8-hydroxyquinoline deriva-
tives was synthesized. Albeit these materials alter their emission
properties upon protonation and deprotonation, they suffer from
the drawback of very low photoluminescence quantum yields
which impede their use in pH sensing applications. Nevertheless,
the synthesized n-extended 8-hydroxyquinoline derivatives have
found,*” and will find, use in electroactive or electroemissive
materials as ligands for, e.g., aluminium, zinc or boron. Efforts
along these lines are currently underway in our laboratories.
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Chemical analysis of a solid phase fermentation of an Australian Penicillium citrinum strain has
returned all known examples of a rare class of N-methyl quinolone lactams, quinolactacins A2 (1), B2
(2), C2 (3) and Al (4), together with the new quinolactacins B1 (5), C1 (6), D1 (7) and D2 (8), and the
novel derivatives quinolonimide (9) and quinolonic acid (10). Complete stereostructures were assigned
to all these compounds by detailed spectroscopic analysis and chemical interconversion. Carefully
controlled and monitored decomposition studies have confirmed that quinolactacins readily undergo
C-3 epimerization and oxidation, and under appropriate conditions convert to quinolonimide and

quinolonic acid. Mechanisms for key transformations are proposed. The decomposition studies
suggested that only quinolactacins A2 (1) and B2 (2) are genuine natural products, with all other
isolated compounds being decomposition artefacts. Quinolactacins Cl1 (6), C2 (3), and the racemic
mixture of quinolactacins D1/D2 (8/7) all displayed notable cytotoxic activity.

Introduction

The quinolactacins are a rare class of fungal alkaloids that possess
a unique N-methyl quinolone moiety fused to a lactam ring. The
quinolactacins A2 (1), B2 (2) and C2 (3) were first reported by
Takahashi et al. in 2000 from an unidentified Penicillium species.'?
At that time, the relative and absolute stereochemistry of the three
quinolactacins were unknown and they were designated simply
as quinolactacins A, B, and C, respectively. A subsequent report
by Kim et al. in 2001* described two quinolactacin A epimers
from a strain of P. citrinum Thom, and prompted revision of the
nomenclature to distinguish these epimers as quinolactacin Al (4)
and A2 (1). Whereas Takahashi et al. described quinolactacin A2
(1) as an inhibitor of tumour necrosis factor (TNF) production in
macrophages,"* Kim ez al. recognized 1 as an acetylcholinesterase
inhibitor.® The structural novelty and biological activity of the
quinolactacins prompted a biomimetic synthesis of quinolactacin
B2 (2) in 2001* and an optimised synthesis of quinolactacins
Al (4), A2 (1) and B2 (2) in 2003.°> As a result of the latter
study, the absolute stereochemistry of 1 and 2 was unambiguously
established, and determined to be consistent with the biosynthetic
involvement of L-Ile and L-Val, respectively. This same study
also concluded (incorrectly and without direct evidence) that
quinolactacin Al (4) was the C-1" epimer of quinolactacin A2
(1). If correct such a situation would necessitate the biosynthetic
involvement of L-allo-1le in the production of quinolactacin Al
(4). As will be demonstrated in this report, quinolactacins Al and
A2 are C-3 rather than C-1’ epimers, and both are biosynthetically
derived from L-Ile.
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As part of our research into the chemistry of Australian
microorganisms we investigated a P. citrinum strain (MST-F10130)
isolated from an Australian soil sample. The solid phase fermen-
tation of this fungus led to the isolation and identification of the
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known quinolactacins A2, B2, C2 and A1 (1-4), as well as the new 2
quinolactacins B1 (5), C1 (6), D1 (7) and D2 (8), and the novel é
analogues quinolonimide (9) and quinolonic acid (10). Careful — E
analysis of the quinolactacins revealed that all were unstable < =
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that ultimately led to quinolonimide (9), and from there to f w P
quinolonic acid (10). To fully understand this hitherto undescribed S, . _‘;L i «g
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known P. citrinum metabolites, quinolactacins 1-4, together with 3
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novel derivatives quinolonimide (9) and quinolonic acid (10). z 2 _ 2
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Table 2 "“C NMR data (150 MHz, d,-DMSO) for compounds 6-10°
6 7/8 9 10°

C-1 166.4 165.8 166.8¢ 166.5¢
C-3 88.4 85.7 165.9¢ 165.2¢
C-3a 163.4 162.9 146.9 160.5
C-4a 141.4 141.2 141.9 139.7
C-5 117.2 117.1 118.7 117.1
C-6 132.7 132.7 1339 132.5
C-7 124.6 124.7 126.4 124.1
C-8 125.8 125.8 126.4 125.8
C-8a 128.5 128.5 130.7 125.9
C-9 171.5 171.5 171.2 176.0
C-9a 108.8 108.6 108.2 106.3
N4-Me 34.5 34.5 33.7 37.0
C-1 40.9 459
C-2 22.4 23.8
C-3 12.4 23.7
1'-Me 13.1
2'-Me 22.8

« All assignments assisted by gHMBC, gHSQC experiments. * *C NMR
data for 10 at 183 MHz. dy 105.9 for N-2 of 10. Taken from 'H-"N
gHSQC, at 750 MHz. Value referenced to nitromethane at 379.5 ppm.
¢ Values within a column may be interchanged.

pseudomolecular ion (m/z 309.1213, M + Na) corresponding
to a molecular formula (C,¢H3sN,O;) isomeric with both quino-
lactacins C1 (6) and C2 (3). The '"H NMR data for quinolactacin
D was very similar to that for 3, with differences restricted to
the sidechain—which featured two doublet methyls—suggestive
of replacement of the sec-butyl side-chain in 3 with an isobutyl
side-chain for quinolactacin D. This analysis was subsequently
confirmed by 2D NMR analysis. As described above for quino-
lactacin B1 and B2, it proved very difficult to secure a meaningful
[a]lo measurement for quinolactacin D, leading to speculation
that quinolactacin D may exist as a racemate (or be racemizing).
Chiral HPLC analysis and degradation studies, discussed in detail
below, confirmed that this was indeed the case, leading to the
revised nomenclature of quinolactacins D1 (8) and D2 (7). These
subsequent studies also confirmed the absolute stereochemistry as
shown.

During the isolation of the quinolactacins a minor “co-
metabolite” was detected. Quinolonimide (9) was particularly
noteworthy in that it possessed a distinctive UV-vis spectrum
(Fig. 2) that differed significantly from that of a typical quino-
lactacin. Curiously, during reverse phase HPLC 9 rapidly hy-
drolysed to a more polar compound, quinolonic acid (10), that
displayed a more typical “quinolactacin” UV-vis spectrum (Fig. 2).
This irreversible addition of H,O, confirmed by LC-DAD-MS,
lead to speculation that, despite the differing UV-vis spectrum, 9
did indeed belong to the quinolactacin family but was undergoing

(a) (b) (©

250 350 450 250 350 450 250 350 450
Alnm Alnm Alnm

Fig.2 UV-vis spectra of (a) quinolactacins, (b) quinolonimide (9) and (c)
quinolonic acid (10).

a clean hydrolysis to yield 10 on exposure to the acidic (0.01%
TFA) HPLC conditions. Thus, a second attempt at purification
with reduced exposure to acid led to the successful isolation of
quinolonimide (9).

Quinolonimide (9) was isolated as a yellow solid that returned
a HRESI(4+)MS pseudomolecular ion (m/z 251.0429, M + Na*)
corresponding with a molecular formula (C;,HgN,O;) requiring
10 double bond equivalents (DBE). Examination of the 'H
NMR spectrum of 9 revealed resonances attributable to the
“quinolactacin” N-methyl quinolone moiety (i.e. four contiguous
aromatic protons and an N-methyl). A gHMBC analysis (Table 1)
further confirmed the presence of the “quinolactacin” N-methyl
quinolone moiety. The two remaining unassigned carbon reso-
nances (0c 166.5 and 165.3) were attributed to sp* ester/amide
carbonyls. These, together with a broad deshielded exchangeable
proton (0y 11.31), and a single remaining DBE, suggested that
quinolonimide (9) incorporated a fused imide ring as indicated. A
series of gHMBC correlations from the imide NH to C-3, C-3a
and C-9a further supported the assigned structure, while extended
conjugation from the N-methyl quinolone to the imide explained
changes in the UV-vis spectrum of 9 relative to quinolactacins
(Fig. 2). Finally, hydrolysis of the imide provided an explana-
tion for the acid instability of 9, and formation of quinolonic
acid (10).

Quinolonic acid (10), recovered as a white solid, returned a
HRESI(+)MS pseudomolecular ion (m/z 247.0714, M + Na)
consistent with a molecular formula (C,,H,,N,0,) corresponding
to the addition of H,O to quinolonimide (9). Although in principle
the hydrolysis of 9 could occur via H,O attack at either C-1 or
C-3, leading to two isomeric hydrolysis products, in practice the
resonance structure indicated in Fig. 3 deactivated C-1 with respect
to nucleophilic attack, and ensured that the hydrolysis process
was regiospecific. Specificity was established experimentally from
the appearance of only a single peak in the LC-DAD-MS of 10,
and the absence of any peak doubling in the 'H NMR spectrum.
Analysis of the '"H and *C NMR data (Tables 1 and 2) for 10
confirmed the presence of an intact N-methyl quinolone unit,
while a '"H-"N gHSQC experiment revealed that two broad
exchangeable proton resonances were associated with a common
primary amide nitrogen (dx 105.9). The strongly deshielded nature

H\N/H\O
@ O o |
H 1
(¢]
U 1T —
3a
3 N HO,C N
‘l Me 2 Me

©
quinolonimide (9) quinolonic acid (10)

\\ ©

o o}
S
HN @
N
o Me

Fig. 3 Regiospecific hydrolysis of quinolonimide (9) to quinolonic acid
(10). The resonance form as shown reduces the susceptibility of C-1 to
nucleophilic attack, and directs hydrolysis to C-3.
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of one of these amide protons (dy 9.46) relative to the other
(Ou 6.92) was characteristic of a hydrogen-bonded amide proton,
implying that the amide moiety was adjacent to the quinolone
carbonyl as proposed (see Fig. 3). Literature data for an analogous
system gave similar '"H NMR amide proton chemical shifts.®
Likewise, literature reports on the regiospecific hydrolysis of imides
incorporating a C-4 nitrogen substituent™® provided supporting
evidence for the proposed structure assignments. To confirm
that quinolonic acid (10) was indeed a hydrolysis product, a
small sample of pure quinolonimide (9) was heated in an acidic,
aqueous environment. After two days, LC-DAD-MS analysis
showed quantitative conversion to 10.

Decompositions and stereochemical studies

Ongoing LC-DAD-MS and 'H NMR monitoring of the integrity
of purified quinolactacins during handling and storage revealed
an unexpected observation. During handling and storage pure
samples of both 4 and 1 underwent slow epimerization such
that each sample became contaminated with the other. On
further handling and storage each of these mixtures accumulated
small quantities of quinolactacins C1 (6) and C2 (3). While
it was possible that this effect was due to cross-contamination
during handling, it seemed more probable that the quinolactacins
were in fact slowly interconverting over time. To test this
hypothesis a range of decomposition experiments were carried
out.

Triplicate samples (0.2 mg) of pure 1 and 4 were dissolved in (i)
DMSO (0.5 mL) (ii) MeOH (0.5 mL) plus a drop of triethylamine
(TEA) and (iii) MeOH (0.5 mL) plus a drop of trifluoroacetic acid
(TFA). Care was taken to keep all samples at room temperature
(rt = 25 °C) or below. Condition (i) was designed to emulate
the drying of samples after NMR and [a], analyses, while (ii)
and (iii) were designed to mimic conditions encountered during
fractionation. All samples were allowed to stand at rt for 24 h,
and then heated to 50 °C for a further 7 d. Reaction progress
was monitored throughout by LC-DAD. Unfortunately, a single
HPLC method could not be devised to simultaneously differentiate
between 1, 3, 4 and 6, thus two HPLC methods were employed.
The first method (left window in Fig. 4) used a Zorbax Eclipse-Cy
column to differentiate between 1 and 4, while the second method
(right window in Fig. 4) used a Zorbax StableBond-Phenyl column
to differentiate between 3 and 6. Selected LC-DAD analyses are
shown in Fig. 4.

Under neutral conditions (i) the decomposition of quino-
lactacins A2 (1) (Fig. 4a) and A1 (4) (Fig. 4b) proceeded slowly at
rt, but rapidly on heating, to a mixture of quinolactacins C1 (6)
and C2 (3) after 7 d.

Under acidic conditions (ii) the decomposition of quinolactacin
A1l (4) (Fig. 4c) proceeded at rt to the epimer 1, then on heating to
quinolactacin C1 and C2 (6 and 3) plus quinolonimide (9) and a
pair of unidentified compounds 11 and 12. Although not isolated,
LC-DAD-MS analysis of 11 and 12 revealed them to be isomeric
with pseudomolecular ions (m/z 323, M + Na) corresponding
to a molecular weight 14 amu heavier than 6 and 3. A possible
explanation is that 11 and 12 are the methoxylated quinolactacins
as shown, formed by methanolysis of 6 and 3. The acid mediated
decomposition of quinolactacin A2 (1) (not shown) led to a similar
outcome.
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Fig.4 Decomposition of quinolactacins Al (4) and A2 (1) under various
conditions. LC-DAD analysis using a Zorbax Eclipse-Cs column (left
window) and a Zorbax StableBond-Ph column (right window). DAD
traces were extracted at 320 nm.
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Under basic conditions (iii) the decomposition of quinolactacin
Al (4) (Fig. 4d) proceeded rapidly at rt to return an equilibrium
mixture of 4 and 1, which on heating was converted to 6, 3,
11 and 12. Of note, quinolactacin Al (4) was not transformed
into quinolonimide (9) under basic conditions. The base mediated
decomposition of quinolactacin A2 (1) (not shown in Fig. 4) led
to similar outcomes.

15

In light of the decomposition observations described above
it was anticipated that the samples of quinolactacins B and
D encountered during this study were rendered racemic during
handling and storage. To confirm this hypothesis freshly purified
samples of “quinolactacins B and D”, that eluted as single peaks
under standard HPLC conditions, were subjected to chiral HPLC
analysis. These studies clearly resolved quinolactacins B1 (5) from
B2 (2), as well as D1 (8) from D2 (7). The absolute stereochemistry
of 5 and 2 were assigned based on the published synthesis,® which
required that 2 be the natural product derived from L-Val, and 5
be the epimerized artifact. Nomenclature for the quinolactacins
D1 (8) and D2 (7) enantiomers followed this same reasoning.

The potential mechanism for the epimerization of quino-
lactacins as shown in Fig. 5 would operate under neutral con-
ditions in a protic solvent (i.e. MeOH), but would be accelerated
under basic conditions—as observed experimentally (see Fig. 4).
This mechanism suggests that quinolactacins Al (4) and B1 (5)
are C-3 epimer artefacts of the natural products quinolactacins
A2 (1) and B2 (2), and all are biosynthetically related to L-amino
acids. While not indicating a preferred mechanism for the C-3
oxidative conversion of quinolactacins Al (4) and A2 (1) into
quinolactacins C1 (6) and C2 (3), we note that C-3 is “activated”
to oxidation. Although not directly isolated during this study,
controlled decomposition of quinolactacins Bl (5) and B2 (2),
under conditions as outlined above, resulted in conversion to
oxidized products suggestive of 13 and 14, as determined by LC-
DAD-MS analysis. Likewise, quinolactacins D1 (8) and D2 (7) are
in all probability the artifact oxidation products of the undetected
precursors 15 and 16, of which 16 might be expected to be the
artifact epimer of the hypothetical natural product 15.

quinolactacin A1 (4)

Fig.5 Proposed mechanisms for the C-3 epimerisation of quinolactacins
Al (4) and A2 (1).

A tentative mechanism for the formation of quinolonimide
(9) is proposed in Fig. 6. As confirmed experimentally (see
Fig. 4), this mechanism is acid mediated. It is proposed that
the reaction proceeds via an acid-initiated elimination of H,O
and subsequent rearrangement to yield the substituted acylated
enamine intermediate shown. This unstable intermediate might be
expected to undergo oxidation to yield 9.

—_—
O

0 Q [ o ]

oxid"
HN <«— | HN |
RJ/I 1 </ |\N/|
e} e R S e
quinolonimide (9) L R? J

Fig. 6 Proposed mechanisms for the formation of quinolonimide (9).

In light of these results and mechanistic speculations, an
overall scheme can be formulated for the stepwise decomposition
of the quinolactacins (Fig. 7), with quinolactacin A2 (1) used
as a representative example. Careful manipulation of reaction
conditions could be used to give any of the products shown in
good yield.

The quinolactacins, quinolonimide and quinolonic acid isolated
in this study were assayed for antimicrobial activity against a
number of microorganisms, and for cytotoxic activity against the
mouse NS-1 cell line. No antimicrobial activity was observed,
however, quinolactacins C1 (6), C2 (3) and the racemic mixture of
quinolactacins D1/D2 (8/7) displayed notable cytotoxic activity
in the NS-1 bioassay (LDy, = 40,40, and 7.5 ug mL~", respectively).

Ongoing biological evaluation of the quinolactacins and their
decomposition products is directed at their impact on TNFa
production and acetylcholinesterase, and their differential cyto-
toxicity against a panel of human cancer cell lines. To support these
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racemisation

quinolactacin A2 (1) _— quinolactacin A1 (4)
‘ see Fig 5 |
oxid"
methanolysis
quinolactacin C1/C2 (3/6) —X 1112
oxid"
see Fig 6

quinolonimide (9)

+H,0
see Fig 3

quinolonic acid (10)

Fig. 7 Overall scheme for the decomposition of quinolactacin A2
(1). Analogous schemes can be proposed for the decomposition of
quinolactacin B2 (2) and the hypothetical quinolactacin D precursor 15.

studies we are also exploring the total synthesis of quinolonimide
and quinolonic acid. The results from these ongoing studies will
be reported at a future date.

Experimental

Chemicals were purchased from Merck, Sigma, Aldrich or Fluka.
Solvents were at least analytical grade. Solvents used for HPLC
were HPLC grade, and were filtered through an Alltech 0.45 pm
polytetrafluoroethylene filter before use. Water for HPLC use was
filtered through either a Millipore filtration system or an ELGA
PurelabUltra system. Molecular modelling was carried out using
the MM2 algorithm, using CambridgeSoft Chem3D Pro v7.0
unless otherwise specified. Substructure searches were carried out
using both Antibase 2002° and Scifinder Scholar 2004.

Chiroptical measurements ([a],) were obtained on a Jasco
P-1010 intelligent remote module type polarimeter, in a 100
by 2 mm cell, at 22 °C, unless otherwise specified. Optical
rotations were recorded at the sodium D line (589 nm) with
values reported in deg mL g=' dm™', and concentrations in g
per 100 mL. Circular dichroism (CD) spectra were acquired
using a JASCO J-810 spectropolarimeter, and a 1 mm quartz
cell. Ultraviolet-visible (UV-vis) absorption spectra were obtained
using a CARY3 UV-visible spectrophotometer with 1 cm quartz
cells. Infrared (IR) spectra were acquired using a Jasco FT/IR-
460 Plus spectrometer, with samples examined in a NaCl solution
cell. "H and *C NMR spectra were acquired on a Bruker Avance
500, a Bruker Avance 600, or a Bruker Avance 750 spectrometer
under XWIN-NMR control. Solvents are as indicated in the text
and signals were referenced to residual 'H signals in the deuterated
solvents. Electrospray ionisation mass spectra (ESIMS), both
flow injection analysis (FIA) and liquid chromatography-diode
array-mass spectrometry (LC-DAD-MS), were acquired using an
Agilent 1100 series separations module equipped with an Agilent
1100 series LC/MSD mass detector and Agilent 1100 series diode
array. High-resolution (HR) ESIMS measurements were obtained
on a Finnigan MAT 900 XL-Trap instrument with a Finnigan API
III source.

HPLC was performed using the following two basic system
types: (1) Agilent 1100 Series separations module equipped with
a six column switching capability (where necessary), Agilent 1100
Series diode array, Polymer Laboratories PL-ELS1000 ELSD and
Agilent 1100 Series fraction collector and running ChemStation
(Revisions 9.03A or 10.0A) software or (2) two Shimadzu LC-8A
preparative liquid chromatographs with static mixer, Shimadzu
SPD-M10AVP diode array detector and Shimadzu SCL-10AVP
system controller.

Analytical HPLC gradients

Standard LC-DAD-MS analyses were carried out using the
following gradient: | mL min~' gradient elution from 90% H,0O-
MeCN (0.05% HCO,H) to MeCN (0.05% HCO,H) using a 5 pm
Zorbax StableBond C; 150 x 4.6 mm column.

The decomposition of the quinolactacins was monitored using
the following gradient: | mL min~' gradient elution from 75 to 50%
H,0-MeOH usingeither (a) a 5 um Zorbax Eclipse XDB-C; 150 x
4.6 mm column or (b) a 5 um Zorbax StableBond Phenyl 150 x
4.6 mm column. Condition (a) was used to separate quinolactacins
Al (4) and A2 (1), while (b) was used to separate quinolactacins
C1 (6) and C2 (3).

Chiral LC-DAD-MS analyses of 2/5 and 7/8 were carried out
using a 1 mL min™" isocratic elution using 70% H,0-MeOH,
through a 5 pm Astec Chirobiotic T 4.6 x 150 mm column.
Integrations were taken at 320 nm.

Assays

Details for antimicrobial and cytotoxicity assays have been given
previously.*

Biological material

The fungal strain (MST-F10130) was isolated from a roadside soil
sample collected near Ardlethan in New South Wales, Australia.
The isolate was identified as Penicillium citrinum Thom on
morphological grounds.

Isolation

A solid fermentation (1 kg wheat, 21 d, 28 °C) was extracted
twice with MeOH (ca. 6 L). These extracts were combined and
concentrated in vacuo to an aqueous concentrate (2 L) and
triethylamine added to adjust to pH ca. 8.5. This solution was
passed through four parallel C,3 SPE cartridges (4 x 10 g, Varian
HF Cy) followed by sequential elution with 50% H,O-MeOH (4 x
40 mL each) and MeOH (4 x 40 mL each). The aqueous eluant
was adjusted to pH ca. 3.5 with the addition of trifluoroacetic acid
(TFA) and passed through the same C;; SPE cartridges followed
by similar sequential elution to afford 50% H,O-MeOH and
MeOH fractions. All 50% H,O-MeOH and MeOH eluants were
concentrated in vacuo to give a combined residue (ca. 7.9 g). This
residue was equally divided and subjected to preparative HPLC
(five injections, 60 mL min~' with gradient elution of 70 to 40%
H,0-MeCN (0.01% TFA) over 20 min followed by MeCN (0.01%
TFA) for 10 min, through a 5 mm Phenomenex Luna Cg», 50 x
100 mm column, giving 100 fractions. These were pooled based
on HPLC analysis to give 10 combined fractions.
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The fractions richest in quinolactacins (based on analytical
HPLC analysis) were pooled and evaporated to afford a combined
residue (916 mg). This was re-subjected to preparative HPLC
(single injection, 60 mL min~' with isocratic elution of 79% H,O-
MeCN (0.01% TFA) over 30 min, through a 5 um Phenomenex
Luna Cyp 50 x 100 mm column), giving an additional 13
fractions.

Several of the more polar of these 13 fractions were further
fractionated by repeated reversed phase HPLC (3 mL min™!
gradient elution from 90 to 50% H,0O-MeCN over 20 min, through
a 5 um Zorbax StableBond C; 9.4 x 250 mm column, followed by
another gradient from 95 to 68% H,O0-MeCN (0.01% TFA) over
20 min, through a 5 um Zorbax StableBond Aqua 9.4 x 150 mm
column) to yield a mixture of quinolactacin B1/B2 (2/5) (0.6 mg),
and a mixture containing both quinolonimide (9) and quinolonic
acid (10). A subsequent attempt to purify the latter mixture by the
same method led to the decomposition of 9 and yielded only 10
(1.4 mg). Preparative C,; HPLC of another fraction (16 mL min™!
isocratic elution using 65% H,0-MeOH, through a 5 pm Zorbax
StableBond Cj5 21.2 x 250 mm column) gave additional quantities
of quinolonimide (9) (3.2 mg) and a 1 : 1 mixture of quinolactacins
A1l (4) and A2 (1). A portion of this epimeric mixture (15 mg) was
separated by HPLC (3.2 mL min™' isocratic elution using 70%
H,0-MeOH, through a 5 um Zorbax Eclipse C;; 9.4 x 250 mm
column) to yield pure quinolactacins Al (4) and A2 (1) (6.2 and
5.8 mg, respectively).

Less polar quinolactacin containing fractions were also sep-
arated by repeated reverse phase HPLC (3 mL min~' isocratic
elution with 64% H,0-MeOH for 40 min, through a 5 pm
Zorbax Stablebond Phenyl-hexyl 9.4 x 250 mm column and then
68% H,0-MeOH isocratic elution for 25 min through a 4 um
Phenomenex Synergi Fusion-RP 4.6 x 150 mm column) yielding
quinolactacins C1 (6) (2.7 mg), C2 (3) (2.4 mg) and D1/D2 (7/8)
(1.6 mg).

Quinolactacin A2 (1). Identified by spectroscopic analysis
(ESI(£)MS, HRESI(+)MS, [a],, CD, UV-vis, 'H, *C and 2D
NMR) and comparison with literature values."

Quinolactacin B1/B2 (5/2). Identified by spectroscopic anal-
ysis (ESI(+)MS, HRESI(+)MS, UV-vis, 'H, *C and 2D NMR)
and comparison with literature values."! No [a]p, value could be
obtained due to the presence of a racemic mixture.

Quinolactacin C2 (3). Identified by spectroscopic analysis
(ESI(£)MS, HRESI(+)MS, UV-vis, [a]p, 'H, “C and 2D NMR)
and comparison with literature values.!

Quinolactacin A1 (4). Identified by spectroscopic analysis
(ESI(£)MS, HRESI(+)MS, CD, UV-vis, 'H, BC and 2D NMR)
and comparison with literature values.® An [a], value was recorded
for the first time: +30.3° (¢ 0.16, DMSO).

Quinolactacin C1 (6). White solid; [a]p +39.6° (¢ 0.12, DMSO);
IR v,.(CHCl;)/cm™" 3226, 2968, 2930, 1697, 1607, 1523; UV-
Vis Amx(MeOH) 328 (¢/dm’mol~'cm~' 8900), 315 (9000), 304 (sh)
(10100), 259 (13400), 250 (13900), 216 (24800) nm; '"H NMR (d,-
DMSO; 600 MHz) see Table 1; *C NMR (d,-DMSO; 150 MHz)
see Table 2; ESI(+)MS m/z 595 2M + Na), 287 (M + H);
HRESI(+)MS m/z 309.1215 (M 4+ Na. C,;HsN,0O;Na, requires
309.1215).

Quinolactacin D1/D2 (8/7). White solid; IR v,,,,(CHCl;)/cm™!
3226, 2959, 2929, 1699, 1608, 1522, 1465, 1420; UV-vis
Amax(MeOH) 329 (¢/dm’mol~'cm~! 8000), 315 (8200), 259 (12100),
250 (12600), 216 (23100) nm; '"H NMR (d,-DMSO; 600 MHz) see
Table 1; *C NMR (d,-DMSO; 150 MHz) see Table 2; ESI(+)MS
m/z 595 2M + Na), 309 (M + Na); HRESI(+)MS m/z 309.1213
(M + Na, C,(H;3N,0;Na requires 309.1215). No [a], value could
be obtained due to the presence of a racemic mixture.

Quinolonimide (9). Pale yellow solid; UV-vis 4,,,, (MeOH) 371
(¢/dm’mol~'cm™! 2700), 325 (4300), 313 (3800), 269 (sh) (5600),
251 (sh) (8700), 224 (12500); '"H NMR (d,-DMSO; 600 MHz) see
Table 1; *C NMR (d,-DMSO; 150 MHz) see Table 2; ESI(+)MS
m/z 479 2M + Na), 229 (M + H). HRESI(+)MS m/z 251.0429
(M + Na, C,,HgN,O;Na requires 251.0433).

Quinolonic acid (10). White solid; UV-vis A, (MeOH) 329
(e/dm*mol~"em' 3400), 316 (4000), 304 (sh) (3500), 258 (8500),
250 (8600), 221 (9300); '"H NMR (d,-DMSO; 600 MHz) see
Table 1; *C NMR (d,-DMSO; 187 MHz) see Table 2; ESI(+)MS
m/z 247 (M + H); ESI(-)MS 245 (M-H), 201 (M — CO,-
H); HRESI(+)MS m/z 247.0714 (M + H, C,H,N,0O, requires
247.0719).

Hydrolysis of quinolonimide (9)

Quinolonimide (9, 0.1 mg) was dissolved in H,O-DMSO-TFA (4:
1:0.1) and heated at 50 °C for 2 d. After this time, LC-DAD-MS
analysis revealed that full conversion to quinolonic acid (10) had
occurred. A similar reaction using MeOH-DMSO-TFA (4 : 1 :
0.1) gave no reaction after 2 d.

Decomposition studies

Fresh samples of pure quinolactacins Al (4) and A2 (1) were split
into three equal samples (ca. 0.2 mg). For both 4 and 1, one sample
was dissolved in DMSO (0.5 mL), a second in MeOH (0.5 mL)
with a drop of TFA added, and a third in MeOH with a drop
of TEA added. All samples were left at room temperature for 1
d, and then heated at 50 °C for a further week, with progress
monitored by LC-DAD analysis. Where unknown species were
detected, the samples were re-analysed by LC-DAD-MS analysis,
using the same gradients.
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Detailed chemical analysis of the solid phase fermentation of an Australian Penicillium citrinum

isolate has returned the known compounds citrinin (1), phenol A acid (6), dihydrocitrinone (7) and
dihydrocitrinin (8), together with a novel cytotoxic dimer, dicitrinin A (5). Dicitrinin A (5) was
determined to be a dimerised artefact of the major co-metabolite citrinin, and its structure solved by
spectroscopic analysis and chemical modification. Analysis of the products encountered during the
controlled decomposition of citrinin led to the discovery of additional citrinin dimers and delineated a

plausible mechanistic pathway linking all monomeric and dimeric citrinin degradation products.

Introduction

Well known for the production of biologically active metabolites,
Penicillium citrinum Thom is a common filamentous fungus found
the world over. One of the best known P. citrinum metabolites is
citrinin (1), a polyketide mycotoxin first isolated from a P. citrinum
strain in 1931." The structure for citrinin (1) was first proposed
by Brown et al. in 1948, although subsequent studies were
needed to clarify the absolute stereochemistry® and tautomeric
configuration.* Extensive biosynthetic studies have been carried
out on 1 using a variety of isotopic labelling strategies.>® A large
number of citrinin derivatives have been isolated, most notably
by Curtis et al., who in 1968 described the isolation of seven
metabolites related to citrinin.”

Citrinin (1) is a well-known contaminant of a number of agricul-
tural products, and has been demonstrated to possess nephrotoxic
activity® in addition to a number of other chronic toxic effects.’
As such, several studies have been carried out on its detoxification
via degradation. These studies concluded that decomposition of
citrinin occurs at >175 °C under dry conditions, and at lower tem-
peratures (>100 °C) in the presence of water.'®!" Known citrinin
decomposition products include phenol A (2) and the formylated
derivative citrinin H2 (3)."> In most cases, decomposition of
citrinin coincides with a decrease in cytotoxicity, however, at least
one study®® noted that the decomposition of citrinin under aque-
ous conditions led to an increase in cytotoxicity. This increased
cytotoxicity was attributed to formation of citrinin H1 (4)."

The current report provides an account of a chemical investiga-
tion into an Australian P, citrinum isolate. In addition to describing
the isolation and structure elucidation of citrinin and a selection
of known analogues, this report presents the first account of a new
cytotoxic citrinin dimer, dicitrinin A (5). Recognizing that 5 could
be an artefact brought about during handling and storage, this
study includes a detailed chemical analysis of the decomposition of
citrinin under various conditions. This study defines the conditions

“Centre for Molecular Biodiversity, Institute for Molecular Bioscience, Uni-
versity of Queensland, Brisbane, QLD, 4072, Australia. E-mail: r.capon@
imb.uq.edu.au, Fax: +61 7 3346 2090, Tel: +61 7 3346 2979

*Microbial Screening Technologies Pty. Ltd., Smithfield, NSW, 2164,
Australia. E-mail: elacey@microbialscreening.com; Fax: +61 2 9757 4515;
Tel: +61 2 9757 2586

that led to the sequential transformation of citrinin into both
monomeric and dimeric products, and also includes a detailed
mechanistic analysis of the decomposition.

OH OH

phenolA(2) R=H
citrinin H2 (3) R =CHO

citrinin (1)

citrinin H1 (4) dicitrinin A (5)

Results and discussion

The MeOH extract derived from a solid fermentation of P
citrinum (MST-F10130) was concentrated in vacuo and the residue
fractionated by repeated reverse phase SPE and HPLC to yield
the known P. citrinum metabolites citrinin (1), phenol A acid
(6), dihydrocitrinone (7), and dihydrocitrinin (8), in addition to
the unprecedented citrinin dimer, dicitrinin A (5). The known
compounds 1, 6, 7 and 8 were identified by spectroscopic analysis
(HRESIMS, 'H and *C NMR, UV-vis, and [a],,) and comparison
to literature data ®**

Dicitrinin A (5) was isolated as a deep red solid that returned
a HRESI(+)MS pseudomolecular ion (M + Na, m/z 403.1520)
corresponding to a molecular formula (C,;H,,Os5) requiring 12
double bond equivalents (DBE). Examination of the '"H NMR
spectrum revealed two isolated spin systems, designated fragments
A and B.
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OH O

dihydrocitrinone (7)

dihydrocitrinin (8) decarboxycitrinin (9)

OH
10

The '"H NMR resonances associated with fragment A consisted
of two 2° methyls (04 1.26 and 1.37), one deshielded methyl (04
2.22), two methines (Jy 3.55 and 5.46), and a deshielded singlet
(©n 7.03). A suite of gCOSY correlations confirmed that the 2°
methyls and methines were mutually coupled, and this, together
with gHMBC correlations, established the partial structure as
indicated (see Fig. 1). All *C NMR chemical shifts for fragment A
were consistent with the assigned structure, with C-1, C-6 and C-8
all deemed sp? and oxygenated based on their deshielded chemical
shifts (¢ 169.8, 170.4 and 157.6, respectively). The chemical shifts
for C-1 and C-6 in particular, were consistent with the quinone
methide indicated. The relative stereochemistry of the 2° methyls
in fragment A were determined to be trans based on *J;, (<0.5 Hz)
which was comparable to *J;, values observed for citrinin (1). In
this regard, fragment A resembles a C-7 decarboxylated “citrinin”
akin to decarboxycitrinin (9).

fragment A

fragment B

Fig. 1 Structure fragments for dicitrinin A (5). Arrows indicate key
gHMBC correlations, while bold bonds highlight gCOSY correlations.

The '"H NMR resonances associated with fragment B were
similar to those of fragment A, consisting of two 2° methyls (5
1.30 and 1.36), a singlet methyl (0 2.27), and two methines (Jy
3.42 and 4.75). Again, gCOSY and gHMBC analysis (see Fig. 1)
established a partial structure which was strongly reminiscent of
the known citrinin analogue 10.%° Carbon resonances for C-7' and
C-8 (¢ 104.7 and 137.3, respectively) in fragment B, which could
not be assigned by gHMBC analysis, were assigned by comparison
with literature data for 10 (J. 102.8 and 138.9, respectively). The
relative configuration about the two 2° methyls in fragment B
was assigned by consideration of 3Jy 4. Although a useful model

compound of known trans relative stereochemistry, the '"H NMR
resonances reported for H-3 and H-4 in 10 were described as
multiplets, with no experimental measure of *.Jy 4.%° In the absence
of experimental data we simulated '"H NMR spectra for 10 with
both natural frans and unnatural cis stereochemistries, returning
calculated *J5, values of 4.0 and 8.2 Hz, respectively. The former
value was very close to the experimentally observed *Jy, value
for fragment B (3.6 Hz), suggestive of a trans-stereochemistry
about these methyls. In this respect fragment B can be viewed as a
decarboxylated ring B contracted “citrinin” analogue.

Fragments A and B account for all '"H and *C NMR resonances
observed in the NMR spectra of 5, however, consideration of
the molecular formula confirmed that one DBE and one proton
remained unaccounted for, and the two fragments shared a
“common” oxygen atom. The missing DBE could be accounted
for by requiring that a single ring be formed in the fusion of
fragments A and B. Likewise, the “common” oxygen atom could
explained if the C-8 oxygen of fragment A was common with one of
either the C-6' or the C-8 oxygens evident in fragment B. Finally,
the missing proton could be attributed to a phenolic proton on
fragment B.

Given the partial structures attributed to fragments A and B,
and the observations listed above, there existed two alternative
ways to assemble the two fragments. The chemical shift for C-7'
(¢ 104.7) dictated that it could not be oxygenated, thus C-7' in
fragment B must be linked to C-1 in fragment A. Given that the
C-8 oxygen in fragment A must be common with either the C-
6 or the C-8 oxygen in fragment B, the two alternate structures
for dicitrinin A are shown in Fig. 2. At this point the available
evidence was incapable of unambiguously determining which of
these two structures was correct. Efforts at observing an NOE
correlation between the phenolic OH and the C-5 methyl could
not be pursued as, despite the use of several alternative NMR
solvents, the phenolic OH resonance was not observed in any 'H
NMR data set. As an alternative, O-methylation of the phenolic
OH in 5 was attempted, in an effort to obtain a methyl ether that
would reveal the crucial NOE correlations.

"common” C-8 and C-8" oxygen
(correct)

"common” C-8 and C-6" oxygen
(incorrect)

Fig. 2 Plausible alternative structures for dicitrinin A (5).

Small scale (ca. 100 pg) trial methylations of dicitrinin A (5) with
Mel proved promising, with LC-DAD-MS analysis confirming
the formation of a monomethylated product (m/z 395, M +
H). However, when the methylation was repeated on a larger
scale (1.6 mg) the major product (1.1 mg, 64%) proved to be
an unexpected dimethylated species 11 (72/z 409, M). The most
noticeable change in the '"H NMR spectrum of dimethyl dicitrinin
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Table1 NMR data (600 MHz, d,-DMSO) for dicitrinin A (5) and dimethyl dicitrinin A (11)

Position Dicitrinin A (5) Dimethyl dicitrinin A (11)

H# oc” on (m, J/Hz) gCOSY gHMBC oct oy (m, J/Hz) gHMBC

1 169.8 170.8

3 84.9 5.46 (q, 6.8) H-9 C-1, C-4, C-4a, C-9, C-10 85.5 5.59 (q, 6.6) C-1, C-4a

4 333 3.55(q,7.2) H-10 C-4a, C-5, C-8a, C-10 33.0 3.65(q,7.2) C-4a, C-5, C-8a, C-9
4a 137.5 136.7

5 124.1 124.5

6 170.4 169.4

7 99.4 7.03 (s) H-11 C-5, C-6, C-8, C-8a 97.3 7.60 (s) C-5, C-6, C-8, C-8a
8 157.6 158.0

8a 102.4 104.2

9 18.2 1.37(d, 6.8) H-3 C-3,C4 18.3 1.39 (d, 6.6) C-3,C4

10 18.8 1.26 (d, 7.2) H-4 C-3,C-4,C4a 17.8 1.28(d, 7.2) C-3,C-4,C4a
11 10.0 2.22(s) H-7 C-4a, C-5,C-6 10.0 2.27 (s) C-4a, C-5, C-6
¥ 87.9 4.75(dq, 3.6, 6.4) H-4, H-9 C-4a, C-8'/8a, C-10 88.9 4.85(dq, 4.0, 6.5)

4 44.2 3.42 (dq, 3.6, 7.0) H-3, H-10’ C-4a/, C-8'/8a’, C-9, C-10 44.2 3.49 (obs)

4a’ 144.9 143.3

5 119.1 126.6

6 149.3 149.9

7 104.7 —

& 137.3 —

8a’ 137.2 —

9 20.6 1.36 (d, 6.4) H-3 C-3,C4 20.3 1.40 (d, 6.5) C-3,C4

10 18.7 1.30 (d, 7.0) H-10 C-3,C-4, C-4a’ 18.3 1.34(d, 7.0) C-3,C-4, C-4a’
1 12.0 2.27 (s) C-4a, C-5,C-6 11.3 2.38 (s) C-4a, C-5, C-6
6-Me 58.8 4.14 (s) C-6

6-Me 62.2 3.84 (s) C-6

« Assignments were assisted by HSQC, HMBC, and DEPT experiments, and by comparison with related compounds. * Most "*C values have been
extracted from HMBC and HSQC spectra and assigned by comparison to 5. C-7', C-8 and C-8a’ were not observed.

A (11), relative to dicitrinin A (5), was the appearance of two new
methyl singlets (0y 4.14 and 3.84, see Table 1) consistent with the
presence of two OMe groups. gHMBC correlations from these
new OMe groups to carbons at 169.4 and 149.9 ppm, respectively,
implied that both the C-6 and C-6' oxygens had been methylated.
While dicitrinin A (5) exhibited strong pseudomolecular ions in
ESI(+)MS and ESI(—)MS, dimethyl dicitrinin A (11) only ionised
in the positive mode, returning an exceptionally clean ESI(+)MS
spectrum. Even when HRESI(+)MS data was acquired in the
presence of a Nal reference, no (M + Na) ion was observed,
suggesting that 11 possessed an inherent positive charge. That 11
was cationic was further supported by its high water solubility
(compared to 5, which is EtOAc soluble and water insoluble), and
its immobility on silica TLC (¢f- rf 11 = 0.0 vs. 5 = 0.25, with an
eluant of 99 : 1 EtOAc-HCO,H). This cationic character was also
apparent from UV-vis studies, described below. This unexpected
dimethylation not withstanding, a ROESY NMR experiment
carried out on 11 revealed informative correlations between the C-
6’ OMe and C-5 methyl, and between the C-6 OMe and H-7 (see
Fig. 1), confirming the relative stereostructures of both dimethyl
dicitrinin A (11) and dicitrinin A (5). The formation and stability
of the dimethyl oxonium 11 can be attributed to extensive charge
delocalisation as proposed in Fig. 3.

Given the assigned structure for dicitrinin A (5) it seemed highly
likely that 5§ was an artefact brought about by dimerization of
the abundant co-metabolite citrinin (1). As such, given that the
absolute stereochemistry of citrinin is known® and the same as
citrinin encountered in this study (i.e. same [a]p), by inference
the absolute stereochemistry of dicitrinin A (5) and its dimethyl
analogue 11 can be assigned as shown.

dimethyl dicitrinin A (11)

Fig. 3 Dimethyl dicitrinin A (11). Arrows indicate key ROESY correla-
tions. Extended resonance delocalization stabilizes the oxonium.

UV-vis studies

The UV-vis spectrum of 5 was observed to undergo reversible
pH sensitive shifts (see Fig. 4). Under basic conditions a dramatic
shift was observed in the 4,,,, of the electron-transfer band at 422 to
540 nm. Such bathychromic shifts are well known for deprotonated
phenolic compounds,® although the magnitude of the shift was
unusually high in this case. Under acidic conditions another
change in the UV-vis spectrum occurred, with the appearance
of a new peak at 490 nm, attributed to the formation of a
protonated species. Curiously, all dicitrinins occur as red solids,
but are bright yellow in solution. This colour change may be
indicative of an amphoteric character, with the solid form being
composed partially or fully of a “salt” comprised of oxonium
and oxyanion species such as those given in Fig. 4. Consistent
with this hypothesis, dimethyl dicitrinin A (11), which is no longer
amphoteric, forms a yellow solid.
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Fig. 4 UV-vis spectra of dicitrinin A (5) under different pH conditions,
and speculated products. Vial images are EtOAc—H,O partitions.

The dimethyl derivative 11 also displayed interesting changes
in its UV-vis spectrum (see Fig. 5). Not surprisingly, addition
of acid resulted in no change, however, under basic conditions
the prominent peaks at 449 and 379 nm disappeared entirely. It
was speculated that the dramatic change in the UV-vis spectrum
was due to nucleophilic addition of OH™ at C-1, which quenched
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dimethyl dicitrinin A (11)

Fig. 5 UV-vis spectra of dimethyl dicitrinin A (11) under different pH
conditions, and speculated products.

the oxonium moiety and disrupted the extended conjugation
(see Fig. 5). Further evidence for a nucleophilic addition adduct
was obtained by LC-DAD-MS analysis of a sample of 11 to
which NaOH had been added, which revealed a single peak (m/z
449, M + Na) consistent with the proposed product shown in
Fig. 5. This change in the UV-vis spectrum of 11 proved to be
reversible, although attempts to effect comparable changes with
nucleophiles other than hydroxide proved unsuccessful.

Decomposition studies

After elucidation of the structure of dicitrinin A (5), consideration
was given to the hypothesis that 5 was an artefact of the handling
and/or storage procedures. Initial decomposition studies were de-
signed to mimic the conditions encountered during fractionation:
i.e., mild heating, and exposure to mild acid and base.

Two samples of citrinin (10 mg each) were dissolved in aqueous
MeOH (4 mL), with one sample being acidified with a drop of
trifluoroacetic acid (TFA), and the other basified with a drop of
triethylamine (TEA). The two samples were heated at 50 °C in
sealed flasks for 7 d and their decomposition progress monitored
by LC-DAD-MS. The presence of TEA appeared to stabilise
the citrinin (1) and no significant decomposition was observed.
However, under TFA conditions decomposition did occur, yielding
products that were tentatively identified as phenol A (2), phenol A
acid (6) and decarboxycitrinin (9) based on LC-DAD-MS analysis.
No dimeric products were observed. This result prompted a second
set of decompositions at higher concentration, in the hope of
promoting dimerization. For solubility reasons these studies were
carried out in MeOH. Three samples of citrinin (1) (5 mg each)
were dissolved in a small amount of MeOH (100 uL), with a
drop of TFA added to one, TEA to another; and the third left
unmodified. All three samples were heated at 50 °C in sealed vials
over a period of 15 d, with the reaction progress monitored by LC-
DAD-MS. Under neutral conditions dicitrinin A (5) was formed
as a major product. Dicitrinin A (5) was also formed in both
the TFA and TEA modified samples, however yields were not as
high, with TEA slowing the decomposition and TFA favouring
the formation of monomeric products.

To further investigate the identities of the decomposition prod-
ucts, the experiment was repeated on a larger scale (50 mg), under
neutral conditions in MeOH (0.5 mL). The reaction was halted
after 14 d and LC-DAD-MS analysis of the crude decomposition
mixture performed (see Fig. 6).

The resulting mixture was then fractionated by reverse phase
HPLC: details of the major products are presented in Table 2. The
major product was dicitrinin A (5), with an estimated yield of ca.
8 mg (16%). Other known compounds isolated from the mixture
included all of the monomeric species detected in the earlier
aqueous methanol decompositions. Three new dimeric products
(12-14) were isolated and their identities are addressed below.

A noteworthy feature of the decomposition products was their
different behaviour during ESIMS analysis. While all products
formed strong M + H ions under ESI(+)MS conditions, two
different ionisation processes were observed during ESI(—)MS
acquisition-leading to either M — H or M + 17 ions as the
dominant species. It is known that citrinin exists as a hydrate (15) in
aqueous solution (see Fig. 10),* so it is reasonable to assume that
decomposition products bearing an analagous quinone methide
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Table 2 Data for major compounds isolated from large-scale citrinin (1) decomposition

Compound Yield/mg Mayjor ions (4ve) Major ions (—ve) UV-vis maxima“

Phenol A (2) 3.3 (6.6%) 197 (M + H) 195(M —H), 179 (M - 17) 282,223 (sh), 202

Phenol A acid (6) 4.2 (8.4%) 241 (M + H) 239(M — H) 315,252,214

Decarboxycitrinin (9) 1.5 (3.0%) 207 (M + H) 223 (M + H,0 — H), 205 (M — H) 336, 288, 228 (sh), 203

Dicitrinin D (14) 0.9 (1.8%) 437 (M + H) 453 (M + H,O — H) 413 (sh), 394, 267, 232

Citrinin (1) 1.0 (2.0%) 251 (M + H) 267 M + H,O — H) 409 (sh), 332, 236

Dicitrinin C (13) <0.7 (1.4%) 393 (M + H) 409 (M + H,O — H) 450 (sh), 425 (sh), 378, 293 (sh), 269, 230
Dicitrinin A (5) 8.0 (16%) 381 (M + H) 379 (M — H) 516 (sh), 451 (sh), 422 (sh), 385, 308, 279, 223°
Dicitrinin B (12) <0.8 (1.6%) 383(M + H) 381 (M — H) 408, 281, 267, 241

@ Extracted from DAD. ® This UV-vis spectrum does not correspond to any of those shown in Fig. 2, due to the presence of protonated species.

13

14
12

B

25 5 75 10 125 15 175
retention time (min)

Fig. 6 HPLC DAD trace (254 nm) from the decomposition of citrinin
(1). Details for major peaks are given in Table 2. Yellow peaks represent
monomeric species while red peaks correspond to dimeric species.

moiety could generate hydrated ions (i.e. M + H,0O-H) under
ESI(—)MS conditions. Those products that bear a phenolic OH
might be expected to suppress this ion forming pathway, in favor
of the more direct formation of an M — H ion. Consistent with this
hypothesis, decarboxycitrinin (9) exhibits both M — H and M +
H,0 — H ions in the ESI(—)MS, whereas phenols 2 and 6, which
lack the capacity to form hydrates show only M — H ions. In the
ESI(—)MS of dicitrinin A (5) the M — H ion dominates as hy-
dration at C-1 would disrupt the extended conjugation. This “hy-
drated ion” hypothesis proved a valuable tool in exploring possible
structures for the new citrinin dimers, dicitrinins B-D (12-14).

dicitrinin B (12)

dicitrinin C (13) dicitrinin D (14)

Of the new dicitrinins only dicitrinin B (12) returned useful 'H
NMR data. The "H NMR spectrum of 12 was very similar to that
of 5, consisting of four 2° methyls (6, 1.21, 1.27, 1.28 and 1.32), an
aromatic methyl (0y 2.34), four methines (dy 3.24, 3.29, 4.57 and
5.01), a deshielded singlet (dy4 6.29), and a broad exchangeable
resonance (0y 9.81). The molecular formula of 12 (C,H»Oy)

established by HRESI(+)MS analysis (m/z 383.1495, M + H),
was consistent with the oxidative cleavage of an aromatic methyl
in dicitrinin A (5). '"H NMR chemical shifts and 2D NMR
correlations for 12 were consistent with this assessment, and
gHMBC correlations confirmed placement of the aromatic methyl
at C-5, implying that the C-5 methyl had been cleaved. gHMBC
correlations from H-3, H-4 and H;-10 to a common carbon (d¢
110.6), assigned as C-4a, supported this hypothesis. The *C NMR
resonance for C-4a (d. 110.6) in 12 was significantly shielded rela-
tiveto C-4ain 5 (0. 137.5), as would be predicted by the placement
of a hydroxy group at C-5. The arguments presented above permit
a tentative structure assignment to dicitrinin B (12) as indicated.
The ESI(—)MS spectra of 12 was dominated by an M — H ion, as
predicted. A plausible mechanism for the oxidative transformation
of dicitrinin A (5) into dicitrinin B (12) is presented in Fig. 7.

OH <O®

dicitrinin B (12) H

Fig. 7 Proposed mechanism for the oxidative conversion of dicitrinin A
(5) to yield dicitrinin B (12).

In the absence of NMR data the structures tentatively proposed
for dicitrinins C (13) and D (14) rely heavily on mass spectral
and UV-vis analysis, and consideration of likely decomposition
outcomes. HRESI(4+)MS analysis revealed molecular formulae
for 13 (C,,H,,0O5) and 14 (C,sH,,0;) suggestive that the former
was a dicitrinin A analogue that had not undergone ring con-
traction, whereas the latter was a dicitrinin C precursor that had
not undergone decarboxylation. While by necessity speculative,

1524 | Org. Biomol. Chem., 2006, 4, 1520-1528

This journal is © The Royal Society of Chemistry 2006





the proposed structures are consistent with the available data,
and represent plausible intermediates along the decomposition
pathway from citrinin to dicitrinins A and B. The ESI(—)MS for
dicitrinin C (13) and D (14) are dominated, as predicted, by M +
H,0 — H ions. Plausible mechanisms for a ring contraction of
dicitrinin C (13) to yield dicitrinin A (5), and a decarboxylation of
dicitrinin D (14) to yield dicitrinin C (13), are shown in Fig. 8 and
9, respectively.

— ® _ _
Ho 3

(¢

dicitrinin C (13)

dicitrinin A (5)

Fig. 8 Proposed mechanism for the ring contraction conversion of
dicitrinin C (13) to yield dicitrinin A (5).

dicitrinin D (14)

wanne s

P o
o, 2\ /\It>

-~ <*— | O 7o)

o) ’ ", 0 11/’//

dicitrinin C (13)

Fig. 9 Proposed mechanism for the decarboxylation of dicitrinin D (14)
yield dicitrinin C (13).

The mechanisms proposed in Fig. 7-9, that address decom-
position processes of oxidation, ring contraction and decarboxy-
lation, respectively, delineate key stages in the interconversion of
dicitrinins. These processes, together with the formation of citrinin
hydrate, keto/enol tautomerization, redox and hydroysis can also
be used to explain the formation of monomeric citrinin decom-
position products. A plausible citrinin decomposition pathway
linking all monomeric species mentioned in this report is shown
in Fig. 10. A key driver for the proposed pathway is the ability
of citrinin (1) to form the hydrate 15. A redox reaction between
1 and 15 can lead to the oxidized product dihydrocitrinone (7)
and the reduced product dihydrocitrinin (8). Likewise, 15 can ring
open to lead to 2, 3 and 6, or ring open and then ring contract to
give 10.

Having proposed the majority of the decomposition pathway,
the key “dimerization” event remains to be explained. A plausible
mechanism for dimerization of citrinin (1) is presented in Fig. 11.
This mechanism involves a heterocyclic Diels—Alder connection
between citrinin (1) and an alternate citrinin tautomer, followed
by the irreversible loss of CO, and H,O to form a key interme-
diate. This hypothetical intermediate, which was not detected in
our studies, may undergo oxidation to re-establish the quinone
methide and extended conjugation, leading to dicitrinins A—
D. Alternatively this intermediate can undergo oxidative ring
opening to give citrinin H1 (4).

While the structures for dicitrinins B-D (12-14) are only
tentatively assigned, the discussion presented on dicitrinin A
(5), including spectroscopic and mechanistic observations, reveals
citrinin as an entry point into hitherto underexplored chemical
space. It is interesting to speculate on the range of Diels—-Alder
products that could be obtained by challenging citrinin by an
array of natural and synthetic dienophiles. Curiously, nature has
provided a glimpse into such space with the timely report by
Kobayashi et al. in 2005** of perinadine A (16) from a marine-
derived strain of P. citrinum Perinadine A (16) represents a natural
mixed citrinin and pyrrolidine alkaloid Diels—Alder adduct.

perinadine A (16)

In the current study, all purified compounds were screened
against a range of test microorganisms, and against the mouse
NS-1 cell line. None possessed significant antimicrobial activity,
but citrinin (1) and dicitrinin A (5) were moderately active in the
NS-1 cytotoxicity assay, with LDy, values of 25 and 6.3 ug mL~',
respectively.

Our experimental protocols and mechanistic hypotheses, de-
tailed above, for the conversion of citrinin (1) into both monomeric
and dimeric decomposition products provides a comprehensive
molecular basis for future analytical chemistry investigations into
citrinin-contaminated foods and their detoxification. To support
these studies we are also seeking to investigate the formation
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Fig. 11 Proposed mechanism for the dimerization of citrinin (1), and
subsequent formation of dicitrinins A-D and citrinin H1.

OH O
dihydrocitrinone (7)

Fig. 10 Proposed mechanism for the decomposition of citrinin (1) into monomeric species.

of Diels—Alder adducts between citrinin and a range of natural
and synthetic dienophiles. The results from these studies will be
reported at a future date.

Experimental

General experimental procedures have been described previously.®
NMR spectrum simulations were carried out using ACD HNMR
Predictor software, version 7.

Analytical HPLC gradients

Standard LC-DAD-MS analyses were carried out using the
following gradient: | mL min~' gradient elution from 90% H,O-
MeCN (0.05% HCO,H) to MeCN (0.05% HCO,H) using a 5 pm
Zorbax StableBond C; 150 x 4.6 mm column.

Assays

Details for antimicrobial and cytotoxicity assays have been
described.*

Biological material

The fungal strain (MST-F10130) was isolated from a roadside soil
sample collected near Ardlethan in New South Wales, Australia.
The isolate was identified as Penicillium citrinum Thom on
morphological grounds.

Isolation

A solid fermentation (1 kg wheat, 21 d, 28 °C) was extracted
twice with MeOH (ca. 6 L). These extracts were combined and
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concentrated in vacuo to an aqueous concentrate (2 L) and
triethylamine added to adjust to pH ca. 8.5. This was passed
through four parallel C;3 SPE cartridges (4 x 10 g, Varian HF
C)s) followed by sequential elution with 50% H,0-MeOH (4 x
40 mL each) and MeOH (4 x 40 mL each). The aqueous eluant
was adjusted to pH ca. 3.5 with the addition of trifluoroacetic acid
(TFA) and once more passed through the same C,3 SPE cartridges
followed by similar sequential elution to afford 50% H,0-MeOH
and MeOH fractions. All 50% H,O0-MeOH and MeOH eluants
were evaporated to give a combined residue (ca. 7.9 g). This was
subjected to preparative HPLC (60 mL min~' with gradient elution
of 70 to 40% H,0-MeCN (0.01% TFA) over 20 min followed by
MeCN (0.01% TFA) for 10 min, through a 5 mm Phenomenex
Luna Cg 50 x 100 mm column), giving 10 fractions.

One of the combined fractions was partitioned between bu-
tanol and water, and the butanol-soluble material subjected to
preparative HPLC (22 mL min~' gradient elution from 70 to 30%
H,0-MeCN over 16 min, through a 5 um Zorbax RX-C; 21.2 x
250 mm column) to yield citrinin (1) (130 mg) and dihydrocitrinin
(8) (9 mg). Another of the combined fractions was also partitioned
between butanol and water, and the water-soluble material further
purified by HPLC (2.5 mL min~' gradient elution from 85 to
33% H,0-MeCN, through a 5 um Zorbax StableBond Cj; 9.4 x
250 mm column) to give phenol A acid 6 (6 mg).

One of the more polar fractions was re-subjected to preparative
HPLC (60 mL min~' with isocratic elution of 79% H,0-MeCN
(0.01% TFA) over 30 min, through a 5 um Phenomenex Luna C,g,,
50 x 100 mm column), followed by C;; SPE (Alltech C;; Extract-
clean 2 g cartridge, 10% stepwise gradient elution from 80 to 100%
MeOH) to give dihydrocitrinone (7) (18 mg) and dicitrinin A (5)
(3 mg).

Citrinin (1). Identified by spectroscopic analysis. [a]p,
ESI(£)MS, 'H and “C NMR were in good agreement with
literature values.®™

Dicitrinin A (5). Red solid; [a], +73.9° (¢ 0.016, CHCL); IR
Vmax (CHCL3)/cm™! 3495, 2985, 2932, 1618, 1533, 1455, 1411, 1381;
UV-vis A (EtOH)/nm 446 (sh) (¢/dm’mol~'cm™ 7300), 422
(10500), 401 (sh) (8900), 304 (3400), 293 (sh) (4500), 276 (11100),
267 (11000), 223 (12100); UV-vis mu(EtOH-HCl)/nm 490
(¢/dm’mol~'em~'1300), 384 (9500), 309 (7600), 286 (8200), 245
(7200), 223 (9100), 208 (10400); UV-vis /. (EtOH-NaOH)/nm
540 (¢/dm*mol-'cm-' 4600), 403 (8400), 329 (4000), 283 (sh)
(5400, 262 (10100), 218 (br) (18600); 'H NMR (d,-DMSO,
600 MHz) see Table 1; *C NMR (de-DMSO, 150 MHz) see
Table 1; ESI(+)MS m/z 381 (M + H); ESI (=) MS m/z 379 (M—
H); HRESI(+)MS m/z 403.1520 (M + Na, C,;H,,OsNa requires
403.1521).

Phenol A acid (6). Identified by spectroscopic analysis. [a]p,
ESI(£)MS, '"H NMR and “C NMR were in good agreement with
literature values.'s*®

Dihydrocitrinone (7). Identified by spectroscopic analysis. [a]p,
ESI(£)MS, 'H and “C NMR were in good agreement with
literature values.*?

Dihydrocitrinin (8). Identified by spectroscopic analysis. [a]p,
ESI(:)MS, 'H and “C NMR were in good agreement with
literature values."

Dimethyl dicitrinin A (11). Dicitrinin A (5) (1.6 mg) was
dissolved in dry EtOAc (0.5 mL) after which Na,CO; (10 mg)
and an excess of Mel (50 nL) were added, and the mixture stirred
overnight at 50 °C. The mixture was then filtered and evaporated
to dryness. Purification of the product was carried out using Cg
HPLC (3.2 mL min™' gradient elution from 60 to 30% H,O-
MeCN (0.1% TFA) over 20 min, through a 5 um Zorbax Cs 10 x
250 mm column), to give dimethyl dicitrinin A (11) as a yellow
solid (1.1 mg, 64%). UV-vis A,.(EtOH)/nm 449 (¢/dm*mol~'cm™!
830), 379 (6800), 306 (sh) (4100), 282 (7400), 208 (10400); UV-
ViS Zma (EtOH-NaOH)/nm 299 (¢/dm*mol~'cm~' 2600), 251 (sh)
(4600), 219 (19200); '"H NMR (d,-DMSO, 600 MHz) see Table 1;
BC NMR (d,-DMSO, 150 MHz) see Table 1; ESI(+)MS m/z
409 (M); HRESI(+)MS m/z 409.2012 (M, C,sH,Os requires
409.2015).

Decomposition Studies

For the small scale “dilute” solution decompositions, the following
procedure was used. Two duplicate samples of citrinin (1) (10 mg)
were dissolved in aqueous MeOH (1 : 1,4 mL) in vials, and a drop
of TFA added to one and TEA to the other. The vials were then
sealed and the mixture stirred at 50 °C for 4 d. Reaction progress
was monitored by LC-DAD-MS.

The small scale “concentrated” solution decompositions were
carried out in sealed vials. Three duplicate samples of citrinin (1)
(5 mg) were each dissolved in MeOH (100 pL) in vials. A drop of
TFA was added to one vial, a drop of TEA to another, and no
additive to the third. The sealed mixtures were heated at 50 °C for
15 d, and reaction progress monitored by LC-DAD-MS.

The large-scale decomposition was carried out in the same
manner, using 50 mg (0.2 mmol) of 1 in 0.5 mL MeOH, for
15 d. Fractionation of the products formed in the large-scale
decomposition was carried out using C;; HPLC (22 mL min™!
gradient elution from 20% H,0-MeCN (0.1% TFA) to MeCN
(0.1% TFA) over 30 min, through a 5 um Zorbax StableBond-C,
21.2 x 250 mm column) to yield phenol A (2) (3.3 mg, 6.6%),
phenol A acid (6) (4.2 mg, 8.4%), and dicitrinin A (5) (8.0 mg,
16%) as the major products. A small quantity of unreacted citrinin
(1) (1.0 mg, 2%) was also recovered, while decarboxycitrinin (9)
(estimated 1.5 mg) was isolated but decomposed before analysis.
Three minor dimers, dicitrinin B (12) (0.8 mg, 1.6%), dicitrinin C
(13) (0.7 mg, 1.4%) and dicitrinin D (14) (0.9 mg, 1.8%) were also
isolated. UV-vis spectra for dicitrinins B-D were extracted from
DAD data-reported extinction coefficients are relative only.

Phenol A (2). Identified by spectroscopic analysis. ESI(£)MS,
'"H NMR and BC NMR were in good agreement with literature
values.'”!®

Dicitrinin B (12). A red solid; UV-vis 1,,,(MeCN-H,0)/nm
408 (¢/dm*mol~'cm~' 9200), 281 (7300), 267 (6500), 241 (10000);
04(600 MHz, d,-DMSO) 9.81 (brs, OH), 6.29 (s, H-7), 5.01
(q,J 5.9,H-3),4.57 (dq, J 6.4,4.2, H-3"), 3.29 (obs, H-4), 3.24 (q,
J 6.8, H-4), 2.34 (s, H;-11), 1.32 (d, J 6.4, H;-9'), 1.28 (d, J 6.9,
H;-10), 1.27 (d, J 5.9, H5-9), 1.21 (d, J 6.8, H;-10); ESI(+)MS
m/z 787 (2M + Na), 383 (M + H); ESI(—)MS m/z 381 (M-
H); HRESI(+)MS m/z 383.1495 (M + H, C,H,;O4 requires
383.1495).
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Dicitrinin C (13). A red solid; UV-vis 4,,,(MeCN-H,0)/nm
450 (sh) (¢/dm*mol~'cm~' 2300), 425 (sh) (3200), 378 (7800), 293
(sh) (2900), 269 (10000), 230 (6600); ESI(+)MS m/z 393 (M + H);
ESI(—)MS m/z 841 2M + Na + 2H,0 — 2H), 409 M + H,O —
H); HRESI(+)MS m/z 393.1703 (M + H, C,,H,;O5 requires
393.1702).

Dicitrinin D (14). A red solid; UV-vis 4,,,(MeCN-H,0)/nm
413 (sh) (¢/dm*mol~'cm~"' 8000), 394 (8800), 267 (10000), 232
(7100); ESI(+)MS m/z 895 (2M + Na), 437 (M + H); ESI(—)MS
m/z 453 M + H,0 — H); HRESI(+)MS m/z 437.1598 (M + H,
C,sH,50; requires 437.1600).
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A number of furanocoumarins isolated from grapefruit juice have been found to inhibit CYP3A4
activity in vitro. In this study, we have designed and synthesised a range of analogues based on
bergamottin to investigate the relationship between chemical structure and inhibition of CYP3A4
activity. Studies were performed using human liver microsomes and human intestinal S9 fraction, with
testosterone as the marker substrate. With the exception of the coumarin and phenolic furanocoumarin
derivatives, which were inactive, the alkyloxy-furanocoumarin analogues were found to inhibit
CYP3A4 activity in a dose dependent manner, with observed ICs, values ranging from 0.13 & 0.03 to
49.3 £ 1.9 uM. The unsaturated furan derivatives were found to exhibit time-dependent inhibition,
showing a 2-, 4- and 14-fold increase in potency for ¢',7-epoxybergamottin, 6,7 -dihydroxybergamottin
and bergamottin, respectively after a preincubation period of ten minutes. Reduction of the furan
moiety resulted in an 11-fold decrease in inhibitory potency, suggesting that this functional group is key

to the interaction between these compounds and CYP3A4.

Introduction

Grapefruit juice has been found to cause a marked increase in the
oral bioavailability of many therapeutic agents,'™ in some cases
leading to toxicity. Such interactions are believed to result from the
mechanism-based inhibition of CYP3A4 activity in the intestine,
by a series of bergamottin furanocoumarins present in the juice.’
However, very little is known about the structural features of the
furanocoumarins that are associated with enzyme inactivation.
The aim of this work was to design, synthesise and test a series
of compounds structurally related to bergamottin [1] (Fig. 1), by
modifying specific functional groups postulated to be involved in
CYP3A4 inhibition. After synthesis, the effect of these compounds
on the 6fB-hydroxylation of testosterone, an index of CYP3A4
activity, was assessed in human liver and intestine.

Results and discussion
Design of inhibitors

The design of a series of putative inhibitors of CYP3A4 was
based on the structure of bergamottin [1] and its analogues 6',7'-
epoxybergamottin [2, 6',7-EB] and 6',7 -dihydroxybergamottin [3,
6',7-DHB] (Fig. 1). Four possible sites of interaction with the
enzyme were proposed, which are highlighted in Fig. 2.
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Fig. 1 Furanocoumarin monomers bergamottin [1], ¢,7-EB [2] and
6,7-DHB [3] isolated from grapefruit juice.
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Fig. 2 Proposed sites of interaction between bergamottin and CYP3A4.
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These are:

a. The olefin region. Alkene and alkyl groups are capable
of fitting into hydrophobic pockets on the active site and then
interacting with the enzyme. Modifying the chain length of the
olefin region may result in an analogue with increased or decreased
binding efficiency.

b. The 6,7-position. By incorporating groups such as an
alcohol, an epoxide or an ether in the alkyl chain, the effect of
hydrogen bond donors or acceptors can be examined.

c. The 2,3-furan moiety. It is believed that the furanocoumarin
is converted to the reactive epoxide intermediate at this position
before irreversibly binding to CYP3A4.% If this is the case, by
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reducing the furan ring it may be possible to prevent the formation
of the epoxide, and in turn the inactivation of the enzyme.

d. The lactone moiety may contribute towards enzyme inactiva-
tion with the carbonyl group acting as a hydrogen bond acceptor
or interacting via dipole—dipole interactions. The lactone may
also be susceptible to nucleophilic attack at the carbonyl or the
unsaturated B-position.

Synthetic aspects

Coumarin compounds. The three coumarin compounds [5-7]
(Fig. 3) were synthesised by the alkylation of 7-hydroxycoumarin
[4] with benzyl bromide, geranyl bromide or 4-bromo-2-methyl-2-
butene. The reactions were performed under basic conditions in
acetone to give the desired compounds in good yields (Scheme 1).

HO. 0. _0O

LT
Geranyl Bromide, 4 4-bromo-2-methyl-2-butene,
acetone, K,CO3 acetone, K,CO3
44% 94%
Wo 0.0 PhCH,Br, \I/\/
=

acetone,
7 82%

K5CO;3
PhCH,0 0._0
1091
5

Scheme 1  Alkylation of 7-hydroxycoumarin under basic conditions.

Furanocoumarin compounds. Furanocoumarin monomers
(Fig. 3) were prepared using the methods outlined in Schemes 2
and 3, where the initial step was the deprotection of the commer-
cially available starting material bergapten [15]. Treatment with

0 °°  BBr.DOM 0 O°
N J —
83% &
OCH;, OH
15 8

Geranyl Bromide,
acetone, K,CO3
70%
MCPBA, DCM

0 00 -10°C o 0.0
o
SNPZ N O A
2 1

Camphorsulfonic acid,
MeOH
82%

3% HCIO4
1,4-dioxane
68%

0 0. _0 0.0
w Z OH
X
V\(\/KK W CHy

Scheme 2 Synthetic routes employed in the synthesis of bergamottin and
analogues from bergapten.

boron tribromide (BBr;) in dichloromethane (DCM)’ afforded
the phenolic derivative bergaptol [8] in good yields. Alkylation
under conditions previously employed for the coumarins, with
either geranyl bromide or 4-bromo-2-methyl-2-butene resulted in
the desired compounds bergamottin [1] and isoimperatorin [9].
Synthesis of the epoxide derivatives 2 and 10 was achieved by
the treatment of 1 and 9 with MCPBA in DCM.? In the case of
bergamottin [1], the reaction was performed at —10 °C, resulting in

PhCH,0 0._0O w/\/o 0._0O
|0ef o
5 6

0 0o._0O
T

OVY\}\K OW OH
12 OCHs 13 14

Fig.3 The coumarin and furanocoumarin analogues that were synthesised.
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Scheme 3 Synthetic route employed in the synthesis of isoimperatorin
and analogues from bergapten.

the selective epoxidation of the terminal double bond. Generally
epoxides are readily opened by nucleophiles under both acidic and
basic conditions. This allowed the use of the epoxide intermediates
as a diversification point, theoretically enabling the introduction
of a variety of functional groups. Subsequent treatment of both
epoxide derivatives [2 and 10] with dilute perchloric acid resulted
in the ring opening of the epoxide to give the dihydroxylated
products 3 and 11.% 6'-Hydroxy-7-methoxybergamottin [12] was
synthesised by acid catalysed ring opening of the epoxide [2] in
methanol affording the ether substituent at the more substituted
position as determined by '"H NMR.

The two 2,3-dihydro derivatives were prepared from bergaptol
[8]. Reduction under transfer hydrogenation conditions with
Pd/C, formic acid and triethylamine afforded the phenolic
intermediate [14], and subsequent alkylation resulted in the
dihydrobergamottin derivative [13] (Scheme 4).

O. O PdIC10%, TEA o. .0
S HCO,H O
Z 79% %
OH OH
8 14

Geranyl bromide,
DMF, K,CO;
69%

o 0._0
T
13
Scheme 4 Synthesis of the 2,3-dihydro derivatives 14 and 13.

Inhibition of CYP3A4 activity by synthetic coumarins and fura-
nocoumarins. The three coumarin derivatives containing either
the benzyloxy [5], prenyloxy [6] or geranyloxy [7] side chains were
found to be weak inhibitors of testosterone 6B-hydroxylation in
human liver microsomes. ICs, values were greater than 100 uM,
the highest inhibitor concentration used. The maximum inhibition
of CYP3A4 activity was 15%, 46% and 45% for the benzyloxy
[5], prenyloxy [6] and geranyloxy [7] derivatives, respectively. A
range of furanocoumarin monomers based on the structure of
bergamottin were investigated as inhibitors of CYP3A4 activity

Table 1 ICs, values for the inhibition of CYP3A4 activity in human
liver and intestine by furanocoumarin derivatives. Data are means =+ s.d.
from triplicate experiments. No results (NR) were obtained when the test
compounds co-eluted with the 6B-hydroxytestosterone peak

Compound number HL7 ICsy/uM Intestine S9 ICs,/uM
12 0.13£0.03 0.06 £ 0.01
2 0.33 £ 0.04 0.22 £+ 0.01
3 0.65 £ 0.07 0.64 +0.01
15 1.52 +£0.18 NR
9 1.89 £0.26 0.46 £+ 0.09
11 3.34+0.10 3.23+0.19
1 4.48 +0.42 3.11 £0.90
10 5.18+£0.22 1.33£0.17
13 493+1.9 NR
14 >100 NR
8 NR NR

in both human liver microsomes (HL7) and human intestinal
S9. With the exception of the phenolic derivatives [8 and 14],
all furanocoumarins showed dose-dependent inhibitory effects
on testosterone 6B-hydroxylation (Table 1). The most potent
inhibitor evaluated was the hydroxy-ether derivative [12]. The
introduction of more polar substituents was found to increase
the inhibitory potency by approximately one order of magnitude
within the geranyloxy series [1-3 and 12]. In general the latter
were found to be more potent inhibitors than the prenyloxy series
[9-11]. Bergamottin [1] showed a 10-fold increase in inhibition
potency, compared to its saturated counterpart [13], indicating an
important interaction at the furan site.

Three furanocoumarins, bergamottin [1], ¢',7-EB [2] and 6',7'-
DHB [3] were evaluated as time-dependent inhibitors of CYP3A4
activity. The effects of preincubation compared to co-incubation
of these compounds on 6B-hydroxytestosterone formation in
human liver microsomes (HL7) and human intestinal S9 by
furanocoumarins are shown in Table 2.

Preincubation with bergamottin showed the greatest increase in
potency with ICy, values decreasing by a mean of 14-fold for both
liver and intestine. The potencies of ¢',7-EB [2] and ¢',7-DHB [3]
increased by 2- and 4-fold, respectively, when these compounds
were preincubated.

During the course of this study Guo et al® published data
on the effects of compounds 1-3, 9—-11 and 15 on human liver
microsomal CYP3A4. The results obtained in the present study
broadly confirm those of Guo et al.” We then extended the work to
include an investigation of the effects of these and the remaining
newly synthesised coumarins 5-8 and 12-14 on human intestinal
CYP3A4 activity.

The weak inhibition of CYP3A4 activity observed with
coumarins 4, 5 and 6 suggests that the lactone portion of the
tricyclic ring system plays little or no role in the binding of these
compounds to the active site and that an intact furan moiety is
essential for the interaction with the enzyme.

By synthesising a number of analogues with differing function-
ality, the interaction of the furanocoumarin structure with the
active site of CYP3A4 was investigated. In the alkylated series the
order of inhibitory potency was 5-OMe [15] > isoimperatorin [9]
> bergamottin [1]. This indicates that an increase in alkyl chain
length is associated with decreased CYP3A4 inhibition, which
suggests that as the chain length increases, the furanocoumarin is
interacting with a more hydrophilic region of the binding site. The
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Table 2

ICs, values for the inhibition of CYP3A4 activity obtained for the co-incubation and preincubation of furanocoumarin monomers with

testosterone in human liver (HL7) and intestine. Data are means =+ s.d. of triplicate incubations

Co-incubated HL7 Preincubated HL7 Co-incubated intestine S9 Preincubated intestine S9
Inhibitor 1Csy/uM 1C5y/uM I1Csy/uM I1Csy/uM
1 392+0.14 0.24 +0.01 3.76 + 0.85 0.31 +0.03
2 0.32 4+ 0.04 0.11 +0.01 0.18 +0.02 0.08 +0.01
3 0.65 4+ 0.07 0.13 +£0.01 0.64 +0.01 0.21 +£0.02

resulting decreased binding affinity is because alkane and alkene
substituents interact by van der Waals forces. The hypothesis that
the geranyloxy side chain is interacting with a more hydrophilic
region of the binding site is supported by an increase in inhibitory
potency when more polar substituents are introduced at the 6',7'-
position. The epoxy derivative [2] seems to be a slightly more
potent inhibitor than 6,7-DHB [3]. Epoxides have the potential
to react with nucleophilic amino acid residues in the active site,
resulting in covalent binding to the enzyme." This may explain
the increased potency of inhibition of CYP3A4 compared to the
diol derivative [3], which will interact with the binding site through
weaker hydrogen bonding. However, it is possible that the epoxide
may be converted to the corresponding diol before binding to the
active site.

To evaluate the effect of hydrogen bonding at the binding site,
an ether linkage was introduced to replace one of the hydroxyl
groups. This change resulted in a 5-fold increase in the potency of
inhibition of CYP3A4. To determine whether hydroxyl groups are
involved in ligand binding, they are often converted to ethers,
which prevents the former acting as a hydrogen bond donor.
Depending on its size, an ether group can also interfere with the
ability to act as a hydrogen bond acceptor, as the increased bulk
of the ether substituent may sterically hinder this interaction. If
a hydroxyl group is involved, through hydrogen bonding, in the
interaction with the active site, a decrease in CYP3A4 inhibition
by the ether derivative would be expected. However, an increase
in potency was observed, suggesting that the ether group is now
interacting with a more hydrophobic region of the active site.

In the case of the prenyloxy derivatives [9-11] a decrease
in potency of CYP3A4 inhibition was observed as more polar
substituents were introduced at the 2',3'-position on the side chain,
in the rank order isoimperatorin [9] > oxypeucedanin hydrate
[11] > oxypeucedanin [10]. This decrease in potency supports
the proposal that the prenyloxy side chain binds to a more
hydrophobic region of the active site of CYP3A4.

To explore these structure—activity considerations in more
detail, we applied two pharmacophore models to the structure
of bergamottin, and in both cases a good fit was obtained.
The furanocoumarin ring system can interact with three of the
four binding regions suggested by Ekins et al.,'' with the third
hydrophobe (Fig. 4A) or hydrogen bond donor region lying
immediately to the right of the ring system. Bergamottin [1] showed
a good fit with the two proposed hydrophobic regions situated near
the central aromatic ring, and the alkyl chain with the hydrogen
bond acceptor region positioned around the carbonyl group of
the lactone. Incorporation of these compounds into the model
suggested for quinine (Fig. 4B) indicated a good fit between the
two proposed hydrophilic regions on the active site and the oxygen
atoms within the lactone portion of the ring system. As with the
other model, the alkyl linkage lies within a hydrophobic region.

Fig. 4 Bergamottin fitted to the CYP3A4 Catalyst K; pharmacophore
produced by Ekins et al.'' from a published data set derived from (A) the
inhibition of midazolam 1-hydroxylation and (B) the inhibition of quinine
metabolism. The pharmacophore consists of hydrophobic regions (wire
frame) and hydrogen bond acceptor regions (dots). The inter-bond angles
and distances between the pharmacophore features are inset.

The requirement of an alkyl chain for binding to the enzyme
is supported by the good fit of bergamottin to the two pharma-
cophore models. One common structural feature within the models
appears to be the presence of a hydrophobic binding region along
the alkyl chain. The data obtained suggest that the presence of a
hydrophobic substituent on the phenolic oxygen in this region is
essential for binding possibly through van der Waals forces and
may affect the orientation of the ring system. The integration
of these monomers into the pharmacophore models has given
a tentative insight into the binding of the furanocoumarin ring
system to the active site of CYP3A4.

As well as confirming the work of others®*—that fura-
nocoumarin monomers cause time-dependent inhibition of hu-
man liver CYP3A4—we have also demonstrated that these
compounds are active in the intestine, which is believed to be
the site of the grapefruit juice interaction.® The preincubation
of furanocoumarin monomers with human liver microsomes and
human intestinal S9 fraction had variable effects on the potency of
inhibition when compared to co-incubation. Preincubation with
bergamottin [1] showed the greatest increase in potency, with 1Cs,
values decreasing by 14-fold for liver and intestine. ICy, values for
6,7-EB [2] and 6,7-DHB [3] decreased by a mean of 2- and 4-
fold, respectively. After preincubation ¢',7-EB [2] and ¢',7-DHB
[3] abolished CYP3A4 activity at a concentration of 5 pM.

The extent of CYP3A4 inhibition by the compounds tested
was comparable in the liver and the intestine, which is line with
the finding that the amino acid sequences of enteric and hepatic
CYP3A4 are identical.”

Conclusions

Reliable and reproducible synthetic routes have been developed
for the synthesis of 7-alkyloxy-coumarins and substituted fu-
ranocoumarin analogues. This has allowed the investigation of
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the relationship between furanocoumarin structure and inhi-
bition of CYP3A4 activity. In total, three coumarin and ten
furanocoumarin monomers were synthesised and tested in vitro.
With the exception of the coumarin and phenolic furanocoumarin
analogues, which were inactive, all the compounds synthesised
inhibited CYP3A4 activity with varying degrees of potency when
using testosterone as the marker substrate. The lack of interac-
tion observed with the coumarin and phenolic furanocoumarin
analogue indicates that the presence of both a furan ring and an
alkyl substituent at the 5-position on the central aromatic ring
are essential for the interaction with CYP3A4. The inhibitory
potency of the furanocoumarin monomers was enhanced by the
incorporation of geranyloxy derived moieties with hydrophilic
groups at the 6,7 -position. This suggests that these compounds
interact with both lipophilic and hydrophilic regions within the
enzyme active site.

Experimental

Instrumentation

'H and *C NMR spectra were recorded on Bruker AC 250
or Bruker AMX1-400 instruments. Chemical shifts (0, dc) are
reported in ppm and coupling constants (J) are in Hertz (Hz).
Infrared spectra were determined by direct sample analysis using
a Bruker Goldengate ATR Vector 22 Spectrometer and are
reported by wave numbers (cm™'). Electron Impact (EI) and
Chemical Ionisation (CI) mass spectrometry were carried out on
a Micromass Prospec magnetic sector instrument or a Kratos
Concept 1S instrument. Melting points were determined on a
hot stage microscope apparatus, and are quoted uncorrected
in °C. Thin layer chromatography (TLC) was carried out on
aluminium backed Merck Kiesgel plates, with detection by UV
(254 nm) fluorescence, or ammonium molybdate or potassium
permanganate dips. Chromatography was carried out using Merck
Silica gel 60 (<63 micron) or Fisher Matrex (35-70 micron).

Chemicals

All chemicals were of analytical grade or of a higher purity and
were purchased from Sigma-Aldrich Company Ltd (Gillingham,
Dorset, UK), Fisher Scientific (Loughborough, UK), Roche
Diagnostics Ltd (Lewes, UK), VWR International Ltd (Poole,
UK), or were donated by Ultrafine (Manchester, UK).

Synthetic procedures

7-Benzyloxychromen-2-one [5]. Benzyl bromide (1.31 mlL,
11 mmol) was added to a stirred mixture of 7-hydroxycoumarin [4]
(1.62 g, 10 mmol) and potassium carbonate (2.07 g, 14.9 mmol) in
acetone (20 mL). The reaction mixture was heated under reflux
until TLC analysis confirmed that the reaction was complete.
Aqueous citric acid (5% w/v) was added until the potassium
carbonate was neutralised and the mixture was extracted with
dichloromethane (2 x 20 mL). The combined organic extracts
were washed with water and brine, dried (MgSQO,), and the solvent
was removed under reduced pressure. The title compound [5] was
obtained as colourless crystals (2.05 g, 8.13 mmol, 82%). Mp 153—
155 °C (lit.,”® 155-156 °C); "H NMR (CDCl;, 250 MHz): ¢ 7.65

(d, 1H, J = 9.5 Hz), 7.47-7.33 (m, 6H), 6.96-6.89 (m, 2H), 6.27
(d, 1H, J = 9.5 Hz), 5.14 (s, 2H); m/z (CI) 253 (100%, [M + HJ*).
Compounds 6 and 7 were prepared similarly.

7 - (3 - Methylbut - 2 - enyloxy)chromen - 2 - one [6]. (2.17 g,
9.43 mmol, 94%). Mp 77-78 °C (lit.,”* 66-68 °C); '"H NMR
(CDClL,, 250 MHz): 6 7.65 (d, 1H, J = 9.5 Hz), 7.38 (d, IH, J =
8.4 Hz), 6.88-6.82 (m, 2H), 6.25 (d, 1H, J = 9.5 Hz), 5.52-5.45
(m, 1H), 4.58 (d, 2H, J = 6.7 Hz), 1.82 (s, 3H), 1.78 (s, 3H); m/z
(CI) 231 (100%, [M + H]").

7-(3',7-Dimethylocta-2,6-dienyloxy)chromen-2-one [7]. (1.30 g,
4.36 mmol, 44%). Mp 64-65 °C (lit.,"” 66-67 °C); '"H NMR
(CDCl;, 250 MHz): 6 7.64 (d, 1H, J = 9.5 Hz), 7.37 (d, 1H,
J = 8.3 Hz), 6.87-6.82 (m, 2H), 6.25 (d, 1H, J = 9.5 Hz), 5.47
(t, IH, J = 6.5 Hz), 5.10-5.05 (m, 1H), 4.60 (d, 2H, J = 6.5 Hz),
2.01 (m, 4H), 1.76 (s, 3H), 1.66 (s, 3H), 1.60 (s, 3H); m/z (CI) 299
(84%, [M + HJ").

4-Hydroxy-7 H-furo-[3,2-g|chromen-7-one [8]. To a solution of
bergapten [15] (500 mg, 2.31 mmol) in dichloromethane (20 mL)
BBr; (20 mL, 20 mmol, 1 M in DCM) was slowly added and the
solution stirred under argon at room temperature. After 2 hours
the mixture was poured slowly into a solution of saturated sodium
bicarbonate (100 mL) resulting in the precipitation of a grey solid.
After 30 minutes the product was recovered by filtration, washed
with cold water and ether and was dried under a high vacuum,
yielding the title compound [8] as an off-white solid (387 mg,
1.92 mmol, 83%). Mp 283-284 °C (lit.,'* 276 °C); '"H NMR (d,-
acetone, 250 MHz): ¢ 8.28 (d, 1H, J = 9.8 Hz), 7.82 (d, IH, J =
2.3 Hz), 7.17 (d, 1H, J = 2.3 Hz), 7.06 (s, 1H), 6.23 (d, 1H, J =
9.8 Hz); m/z (ET) 202 (100%, M*).

4-(3,7-Dimethylocta-2,6-dienyloxy)-furo[3,2-g]chromen-7-one
(bergamottin) [1]. Geranyl bromide (240 pL, 1.2 mmol) was
added dropwise to a stirred mixture of bergaptol [8] (242 mg,
1.2 mmol) and potassium carbonate (248 mg, 1.8 mmol) in acetone
(20 mL) and heated under reflux for 1 hour. Aqueous citric
acid (5% w/v) was added to neutralise the potassium carbonate
and the solution was extracted with DCM (2 x 20 mL). The
combined organic layers were washed with water and brine and
were dried (MgSQO,). Removal of the solvent under reduced
pressure furnished a pale yellow oil, which was purified by column
chromatography eluting with ethyl acetate-hexane (1 : 4). Removal
of the solvent under reduced pressure afforded a translucent yellow
oil, which crystallised on trituration and cooling with hexane.
Recovery by filtration afforded colourless crystals of the title
compound [1] (283 mg, 0.84 mmol, 70%). Mp 55-56 °C (lit.,"””
56-58 °C); 'H NMR (CDCl;, 250 MHz): ¢ 8.18 (d, IH, J =
9.8 Hz), 7.61 (d, IH, J = 2.1 Hz), 7.16 (s, 1H), 6.97 (d, IH, J =
2.1 Hz), 6.28 (d, 1H, J = 9.8 Hz), 5.54 (t, 1H, J = 6.5 Hz), 5.07
(bs, 1H), 4.96 (d, 2H, J = 6.5 Hz), 2.10 (s, 4H), 1.69 (s, 6H), 1.60
(s, 3H); m/z (EI) 338 (17%, M*), 202 (100%).

4-(3-Methylbut-2-enyloxy)-furo[3,2-g]chromen-7-one [9]. This
compound was prepared using the procedure outlined above.
(305 mg, 1.13 mmol, 74%). Mp 108-109 °C (lit.,’* 108 °C); 'H
NMR (CDCl;, 250 MHz): § 8.18 (d, 1H, J = 9.9 Hz), 7.60
(d, 1H, J = 2.4 Hz), 7.19 (s, 1H), 6.97 (d, 1H, J = 2.4 Hz),
6.28 (d, 1H, J = 9.8 Hz), 5.54 (t, IH, J = 6.0 Hz), 4.92 (d, 2H,
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J = 6.5 Hz), 1.81 (s, 3H), 1.73 (s, 3H); m/z (EI) 270 (4%, M"),
202 (100%).

4-[5-(3,3-Dimethyloxiranyl)-3-methylpent-2-enyloxy]-furo[3,2-
glchromen-7-one [2]. 3-Chloroperoxybenzoic acid (180 mg,
1.04 mmol) was added to a stirred solution of bergamottin [1]
(250 mg, 0.74 mmol) in DCM (10 mL). The solution was stirred at
—10 °C for 2 hours 30 minutes. The organic layer was washed with
aqueous sodium sulfite (10% w/v) and sodium carbonate (5%
w/v) (20 mL, 1 : 1), was dried and the solvent was evaporated
under reduced pressure. The title compound was obtained by
column chromatography, eluting with ethyl acetate—hexane (4 :
1). Removal of the solvent under reduced pressure furnished
a translucent oil, which crystallised on trituration and cooling
with hexane. Recovery by filtration afforded colourless crystals
(212 mg, 0.60 mmol, 81%). Mp 69-70 °C (lit.,’” 67-70 °C); 'H
NMR (CDCl;, 250 MHz): 4 8.17 (d, 1H, J = 9.8 Hz), 7.61 (d, 1H,
J=2.3Hz),7.17 (s, 1H),6.96 (d, IH,J =2.3Hz),6.28 (d, 1H, J =
9.8 Hz), 5.61 (t, 1H, J = 6.4 Hz), 497 (d, 2H, J = 6.4 Hz), 2.73~
2.71 (m, 1H), 2.26-2.22 (m, 2H), 1.71 (s, 3H), 1.70-1.61 (m, 2H),
1.32 (s, 3H), 1.28 (s, 3H); m/z (EI) 354 (23%, M*), 202 (100%).

4- (3,3 - Dimethyloxiranylmethoxy) - furo[3,2 - glchromen- 7 - one
[10]. 3-Chloroperoxybenzoic acid (160 mg, 0.93 mmol) was
added to a stirred solution of 9 (250 mg, 0.92 mmol) in
dichloromethane (10 mL) at —10 °C in an ice-methanol bath.
After 2 hours 30 minutes the temperature was allowed to rise to
room temperature and the reaction was stirred for a further hour.
The solution was washed with aqueous sodium sulfite (10% w/v)
and sodium carbonate (5% w/v) (20 mL, 1:1). Evaporation of
the organic layer under reduced pressure yielded yellow crystals,
which were purified by column chromatography eluting with ethyl
acetate—hexane (3 : 7). The relevant fractions were combined and
removal of the solvent under reduced pressure afforded pale yellow
crystals (228 mg, 0.80 mmol, 86%). Mp 141-142 °C (lit.,'* 142-
143 °C); '"H NMR (CDCl;, 250 MHz): 6 8.23 (d, 1H, J = 9.8 Hz),
7.64 (d, 1H, J = 2.3 Hz), 7.23 (s, 1H), 6.97 (d, 1H, J = 2.3 Hz),
6.36 (d, IH, J =9.8 Hz), 4.63 (dd, 1H, J = 4.4, 10.8 Hz), 4.46 (dd,
1H, J =6.5,10.8 Hz), 3.26 (dd, 1H, J = 4.4, 6.5 Hz), 1.43 (s, 3H),
1.35 (s, 3H); m/z (CI) 287 (100%, [M + HJ*).

4-(6,7 - Dihydroxy - 3,7 - dimethylocta - 2 - enyloxy) - furo[3,2 - g] -
chromen-7-one (6',7-DHB) [3]. An aqueous solution of perchlo-
ric acid (9 mL, 3% v/v) was added dropwise to a stirred solution
of 2 (140 mg, 0.40 mmol) in 1,4-dioxane (15 mL) under argon at
room temperature. After 1 hour water (10 mL) was added and
the solution was extracted with ethyl acetate (3 x 15 mL). The
combined organic layers were washed with water (30 mL) and
dried (MgSO,). Removal of the solvent under reduced pressure
yielded the desired compound? as small colourless needles (100 mg,
0.27 mmol, 68%). Mp 112-113 °C (lit.,”” 104-107 °C); '"H NMR
(CDCl;, 250 MHz): 6 8.16 (d, 1H, J = 9.8 Hz), 7.60 (d, 1H, J =
2.4 Hz), 7.16 (s, 1H), 6.96 (d, 1H, J = 2.4 Hz), 6.28 (d, IH, J =
9.8 Hz), 5.60 (t, 1H, J = 6.7 Hz), 4.96 (d, 2H, J = 6.7 Hz), 3.33
(d, 1H, J = 10.4 Hz), 2.38-2.16 (m, 3H), 1.93 (bs, 1H), 1.67 (s,
3H), 1.66-1.42 (m, 2H), 1.33 (s, 3H), 1.26 (s, 3H); m/z (EI) 372
(6%, M*), 202 (100%).

4-(2,3-Dihydroxy -3-methylbutoxy)-furo[3,2- glchromen-7-one
(oxypeucedanin hydrate) [11]. This compound was prepared as
outlined in the previous procedure. (78 mg, 0.26 mmol, 92%). Mp

129-131 °C (lit.,” 129-132 °C); '"H NMR (CDCl;, 250 MHz): 6
8.19 (d, IH, J = 9.8 Hz), 7.62 (d, 1H, J = 2.4 Hz), 7.16 (s, 1H),
7.01 (d, 1H, J = 2.4 Hz), 6.29 (d, 1H, J = 9.8 Hz), 4.56 (dd, 1H,
J =3.1,9.8 Hz), 4.46 (dd, IH, J = 7.7,9.8 Hz), 3.93 (t, |H, J =
3.7 Hz), 2.97 (bd, 1H, J = 3.7 Hz), 2.26 (s, 1H), 1.38 (s, 3H), 1.34
(s, 3H). Following D,0 exchange, the peaks at 2.97 and 2.26 ppm
disappeared and the bt at 3.97 ppm became a dd at 3.93 ppm (J =
3.1 Hz, 7.6 Hz); m/z (EI) 304 (20%, M*).

4-(6-Hydroxy-7-methoxy-3,7-dimethyloct-2-enyloxy)-furo[3,2-
g|chromen-7-one (6'-OH-7-OMeB) [12]. (1R)-(—)-10-Camphor-
sulfonic acid (66 mg, 0.28 mmol) was added to a stirred solution
of 2 (100 mg, 0.28 mmol) in methanol (5 mL) under argon. On
completion of the reaction (TLC) a few drops of saturated aqueous
sodium bicarbonate solution were added and the methanol was
evaporated under reduced pressure. The residual oil was dissolved
in DCM (20 mL), then the organic layer washed with water (2 x
20 mL) and dried (MgSO,). Removal of the solvent yielded a
translucent oil, which upon trituration with ether-hexane (1 : 1)
furnished colourless crystals (89 mg, 0.23 mmol, 82%). Mp 67—
68 °C; vy cm™' 3581, 1731, 1622; "H NMR (CDCl;, 250 MHz):
08.17(d, 1H, J =9.8 Hz), 7.60 (d, 1H, J = 2.3 Hz), 7.18 (s, 1H),
6.98 (d, 1H,J=2.3Hz),6.27(d, IH,J=9.8 Hz), 5.59 (t, 1H, J =
6.7Hz),4.94 (d,2H, J = 6.7 Hz), 3.36 (bd, 1H, J = 9.8 Hz), 3.24 (s,
3H), 2.50 (bs, 1H), 2.45-2.33 (m, 1H), 2.20-2.08 (m, 1H), 1.71 (s,
3H), 1.56-1.41 (m, 2H), 1.10 (s, 6H). Following D,0 exchange the
bs at 2.50 ppm disappeared and the bd at 3.36 ppm became a dd
at 3.36 ppm (J = 2.0 Hz, 10.2 Hz); *C NMR (CDCl,, 63 MHz): 6
159.7,156.4, 151.0, 147.2, 143.3, 141.5, 138.0, 117.4, 112.6, 110.9,
105.9, 103.4, 92.6, 75.7, 74.6, 68.0, 35.0, 27.5, 19.0, 17.0, 15.1;
m/z (ET) 386 (5%, M*), 202 (74%); found (EI) 386.1736; C,,H,,04
requires 386.1729; found C 68.40%, H 6.83%; C,,H,O; requires
C 68.38%, H 6.78%.

4-Hydroxy-2,3-dihydrofuro[3,2-g|chromen-7-one (5-DHOH)
[14]. Bergaptol [8] (350 mg, 1.73 mmol) was dissolved in acetone
(120 mL) at 40 °C under argon. Pd/C (10%, 700 mg), formic acid
(653 uL, 17.3 mmol) and triethylamine (2.90 mL, 20.8 mmol) were
added to the solution. After 10 minutes '"H NMR indicated that
the reaction was complete. The solution was filtered through celite
and the solvent was removed under reduced pressure, affording
a light green oil, which solidified on cooling. The solid was
dissolved in acetone and pre-absorbed onto silica. Purification
by column chromatography furnished the desired compound after
elution with ethyl acetate—hexane (3 : 7) increasing to ethyl acetate
(100%). The relevant fractions were combined and the solvent
was removed under reduced pressure, yielding an off-white solid
(280 mg, 1.37 mmol, 79%). Mp 200202 °C; v, cm~' 3303, 1669,
1623; "TH NMR (d¢-acetone, 250 MHz): 6 7.92 (d, 1H, J =9.7 Hz),
6.13 (s, 1H), 5.92 (d, 1H, J = 9.7 Hz), 4.54 (t, 2H, J = 8.6 Hz),
3.10 (t, 2H, J = 8.6 Hz); *C NMR (d,-DMSO, 63 MHz): 6 164.5,
160.8, 156.3, 150.6, 139.8, 108.9, 108.8, 103.4, 89.7, 72.7, 26.5;
m/z (EI) 204 (100%, M*); found (EI) 204.0421; C,,H;O, requires
204.0423; found C 64.81%, H 3.91%; C,,H;O, requires C 64.71%,
H 3.95%.

4-(3,7 - Dimethylocta - 2,6 - dienyloxy) - 2,3 - dihydrofuro[3,2 - g] -
chromen-7-one (5-DHB) [13]. Preparation as outlined for com-
pound 1. (115 mg, 0.33 mmol, 69%). Mp 61-62 °C; v,,,, cm™" 1713,
1620; '"H NMR (CDCl;, 250 MHz): 6 7.58 (d, 1H, J = 9.7 Hz),
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6.50 (s, 1H), 6.15 (d, 1H, J = 9.7 Hz), 5.48 (t, 1 H, J = 6.8 Hz), 5.09
(bs, 1H), 4.68 (m, 4H), 3.39 (t, 2H, J = 8.5 Hz), 2.19 (bs, 4H), 2.10
(s, 3H), 1.70 (s, 3H), 1.61 (s, 3H); *C NMR (CDCl, 63 MHz): §
163.4,160.0, 154.8, 150.3, 141.1, 137.8, 130.4, 121.8, 117.3, 110.4,
108.9,105.2,91.7, 70.8, 67.2, 37.8, 26.4, 24.6, 24.0, 16.1, 15.0; m/ =
(CI) 341 (18%, [M + HJ*); found (CI) 341.1750; C,, H,;O, requires
341.1675; found C 73.92%, H 7.08%; C, HasO, requires C 74.09%,
H7.11%.

Source and preparation of tissue samples

Human liver tissue (coded HL7) was obtained with written consent
from a patient undergoing surgery for the removal of a hepatocel-
lular tumour secondary to colon cancer. Macroscopically normal
tissue close to the resection line was used. Samples of upper
intestine (duodenum and jejunum) were obtained with written
consent from patients undergoing total gastrectomy. These studies
were approved by the appropriate Hospital Ethics Committee.
Human liver microsomes and intestinal supernatant S9 fractions
were prepared as described previously. Intestinal S9 samples
were pooled from five patients due to limited tissue availability.

Incubation conditions

Human liver microsomes and intestinal S9 (0.2 mg protein mL™")
were incubated with testosterone (37 uM) and the test compounds
(0.5-100 uM) at 37 °C in the presence of KCI (1.15%), phosphate
buffer (0.2 M, pH 7.4) and an NADPH generating system, for
10 min in a total volume of 1 mL. Preincubation studies were
undertaken employing the same conditions, but the test com-
pounds were incubated with intestinal S9 and liver microsomes for
15 min prior to the addition of testosterone. After 10 minutes the
reaction was terminated by the addition of ethyl acetate (2 mL). 16-
a-Hydroxytestosterone (1.5 ug) or 11-B-hydroxytestosterone (1 pg)
was added as the internal standard. Samples were gently mixed
for 15 minutes, before centrifugation at 1500 g for 15 minutes. The
organic layer was evaporated to dryness under reduced pressure.

Determination of 6p-hydroxytestosterone by HPLC

Sample residues were reconstituted with the mobile phase (150 pL)
and an aliquot was injected onto the HPLC. A Hypersil C; BDS
column (150 mm x 4.6 mm; 5 pm particle size) was used. The
mobile phase was methanol-water (55 : 45 v/v) delivered at a flow
rate of 1 mL min~". Eluants were detected by UV at 254 nm. The
lower limit of determination of the assay was 30 pmol mL~!, and
the coefficient of variation at 328 pmol mL~" was less than 5%.

Molecular modelling

The models used were derived from the two Catalyst hypotheses
generated by Ekins ez al.'' and based on the inhibition of mida-
zolam 1-hydroxylation and of quinine metabolism. Alignments
were performed by manual fitting of the hydrogen bond acceptor
and the hydrophobic regions to bergamottin [1] using Sybyl (v 7.0)
software.
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Two distinct syntheses of samples of the amino acid L-proline which are stereospecifically deuteriated
on the B-carbon atom are reported. In the first of these, the labelled diazoketones 6, prepared by a
chemico-enzymatic synthesis, have been photolysed in alkaline conditions to give the corresponding
labelled methyl pyroglutamates 10 via hydrolysis and intramolecular trapping of the resultant ketene
intermediates 9. These were then converted into (25,3S5)-[3-*H,]- and (2S,3R)-[2,3-*H,]-proline, 1a and
1b respectively. The second synthesis provides (25)-[3,3-*H,]-, (25,3S5)- and (25,3 R)-[3-*H,]-proline, 1d,
1a and 1c respectively, and has as its key step the highly stereoselective hydrolysis of the silylenol ethers
14 and 14a respectively in which deuteriation or protonation occurs from the re-face of the enol ether.

Introduction

The use of stereospecifically labelled amino acids in metabolic
studies? and, in combination with multidimensional NMR spec-
troscopy, in obtaining detailed protein solution structures** makes
the ready availability of such compounds of considerable impor-
tance. The amino acid L-proline 1 and its post-translationally mod-
ified derivatives are constituents of antibiotics and are important
for conformational constraint in proteins. Several syntheses of
stereospecifically labelled samples of this amino acid have been
completed by ourselves' and others*® and we now wish to report
two straightforward syntheses of samples of L-proline which are
labelled with deuterium in the 3-pro-R or the 3-pro-S position.

N COZH
H
1

Department of Chemistry, University of Sussex, Falmer, Brighton, UK BN1

Results and discussion

As the first step in our synthesis of stereospecifically labelled L-
amino acids’ and B-amino acids,® we have used the well-known*®
anti-addition of ammonia to the double bond of fumaric acid 2 by
the enzyme L-aspartase (EC 4.3.1.1) to obtain samples of (2S,3R)-
[3-*H,]- and (2S5,35)-[2,3-*H,]-aspartic acid, 3a and 3b respectively,
as shown in Scheme 1. We subsequently found that using this
enzyme in a preparation of Escherichia coli immobilised on
polyacrylamide gel'® was more effective for accessing these labelled
samples 3 of aspartic acid which were used in our general synthesis
of stereospecifically labelled amino acids.'' In our synthesis of
labelled glutamic acids,”* we treated the labelled aspartic acids 3
with trifluoroacetic anhydride, followed by methanol to obtain a
mixture containing ca. 80% of the trifluoroacetyl-p-acid-a-ester 4
together with ca. 20% of its isomer, the a-ester-f-acid. The mixed
esters were converted into a mixture of the acid chloride 5 and its
isomer which were originally™ separated by recrystallisation from
benzene. The isomer 5 was then converted into the diazoketone 6.

90J In the current synthesis, we have carried through the mixtures of
T See ref. 1. regioisomers to the diazoketones 6, 6a, and 6b which have been
Ha CO,H 0 H2N>H7A/C02H i CFsCONH, Hy CO,H 0 CFsCONH, H,y COCI
§ g N <
’l,H ’, HB /,HB
HO,C Ha HO,C Ha B MeO,C Ha MeO,C Ha
2 3 Ha=Hg=H 4 Hy=Hg=H 5 Ha=Hg=H
3aHp=H,Hg=2H 4aHp=H, Hg =2H 5aHu =H, Hg =2H
3bHa=2H,Hg=H 4bHp=2H,Hg=H 5bHp=2H,Hg=H
Ha
. Hg HoN, Hy  CH=C=0 CFsCONH H, COCHN, (,_) CFsCONH_ 1, CH=C=0 CF3CONH,  H, CH.CO,Me
S iii S I S
wHa >_<"‘HB i) aqm L I He N o
07 "N” Ycogme MeO,C  Ha MeO,C  Ha MeO,C  Ha MeO,C HA
10 Ha=Hg=H 9 6 Hy=Hg=H 7 8 Hy=Hg=H

10aHp =H, Hg =2H
10bHp=2H,Hg=H

6aHy =H, Hg = 2H
6bHy=2H, Hg = H

Scheme 1

Reagents and conditions: (i) see ref. 7b; (ii) hv, MeOH,

8aHy = H, Hg = 2H
8bHp=2H, Hg=H

3 h (96%); (iii) hv, MeOH, aq. NaHCO;, 3 h (quantitative).
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purified by recrystallisation from dichloromethane and petroleum
ether.

In our synthesis of labelled samples of glutamic acid,™® the
diazoketones 6 were photolysed in redistilled methanol to give
labelled samples of dimethyl N-trifluoroacetylglutamate 8 via
rearrangement to the ketenes 7 which reacted with the solvent
methanol. However, when we carried out the photolysis of the
unlabelled diazoketone 6 in methanol which had previously
been dried by distillation from magnesium methoxide or calcium
hydride, a new product was obtained. This was identified as methyl
pyroglutamate 10 by spectroscopic comparison with an authentic
sample. When the reaction was repeated using the labelled
diazoketones, 6a and 6b, stercospecifically labelled samples of
methyl pyroglutamate 10a and 10b were obtained. The most
reasonable explanation for the new course of the reaction was that
the solution had become slightly alkaline, leading to hydrolysis of
the trifluoroacetate to give the primary amine 9. The amine would
then undergo intramolecular nucleophilic addition to the ketene
function, yielding the pyroglutamate 10. In neutral conditions the
unhydrolysed trifluoroacetamide moiety would not be sufficiently
nucleophilic to compete with methanol for the ketene in the
intermediate 7 and so the protected dimethyl glutamate 8 would be
formed. To test this hypothesis, the diazoketone 6 was hydrolysed
to the corresponding free amino acid by adaptation of a litera-
ture method.’? Photolysis of the crude amino acid diazoketone
in methanol gave (25)-pyroglutamic acid. However, when this
sequence of reactions was conducted using the stereospecifically
labelled samples of diazoketone, 6a and 6b, the 3R and 3S
deuterium labels (but not the C-2 label) were exchanged. Photolysis
in methanol containing sodium methoxide caused exchange of
labels both at C-2 and at C-3. Eventually, conditions were found
which reliably and consistently gave the stereospecifically labelled
methyl pyroglutamates 10a and 10b in quantitative yield. This
involved photolysis in methanol containing 1 equivalent of 6%
w/v aqueous sodium bicarbonate.

The samples of methyl pyroglutamate, 10a and 10b, obtained
by this latter method, were converted into the corresponding terz-
butoxycarbonyl protected derivatives 11a and 11b by reaction with
di-fert-butyl dicarbonate and DMAP in acetonitrile, as shown
in Scheme 2. Reduction using borane dimethylsulfide then gave
the protected proline derivatives 12a and 12b. The '"H NMR
spectra of the products 12 were complicated by the well-known"?
conformational isomerism found in N-acylproline derivatives
but, when the products were deprotected using refluxing 6 M
aqueous HCI, good yields of the labelled prolines 1a and 1b
were obtained. The '"H NMR spectra of these compounds, shown
in Fig. 1, indicated stereospecific labelling, and so synthesis of
(25,35)-[3-*H,]-proline 1a and (2S,3R)-[2,3-*H,]-proline 1b had
been achieved.

In our second synthesis, where stereoselectively B-mono-
deuteriated products were required, we used the silylenol ether
14, prepared during our work on the synthesis of analogues
of kainic acid™ as starting material. When this silylenol ether
was prepared from a solution of the ketone 13 using excess
trimethylsilyl chloride and the product was treated in situ with
*H,0 (Scheme 3), we observed remarkable stereoselectivity in
deuteriation at C-3 in the resultant ketone 13a, since, although
the "H NMR spectrum of the unpurified product was complicated
by the conformational isomerism' shown by N-acylprolines,

Ha
o He 10 Hy=Hg=H
o+Ha  10aHa=H, Hg=2H
—2 =
(e} N COZMe 10b HA =°H, HB =H

Has 11 Hy=Hg=H
qoHa 11aHA=H, HB=2H
-2 =
07 >N Voome 1MbHa=2H, Hg=H
12 Hy=Hg=H

. Hg
o+Ha  12aHy=H,Hg=2H
2 -
N VcoMe 12bHa=2H, Hg=H
Boc
(iii)\
e 1aH=H,Hg=2H
‘Ha 1bHa=2H,Hg=H

H CO.H

Scheme 2 Reagents and conditions: (i) O(CO,'Bu),, DMAP, CH;CN, rt,
overnight (71% 11, 24% 11a, 26% 11b); (ii) H;B-SMe,, THF, 0 °C, 18.5 h
(65% 12, 66% 12a, 56% 12b); (iii) 6 M HCI, reflux, 2 h (55% 1, 78% la,
94% 1b).

H-2 (a)
H-3s H-3R
NN\
.5

3.0 25 20
3 (ppm)

Fig. 1 360 MHz 'H NMR spectra in C°H;O’H of (a) (25)-proline 1; (b)
(28,35)-[3-*H, ]-proline 1a; and (c) (2S,3R)-[2,3-*H,]-proline 1b.

only one of the two multiplets at 6 2.50 and 2.89 ppm (due to
the diastereotopic protons at C-3) was absent in the '"H NMR
spectrum of the ketone 13a. Since the signal at 6 2.89 ppm showed
a 4.5% enhancement upon irradiation of the signal for H-2 at ca. 0
4.6 ppm, it was evidently due to H-3R and the signal at ¢ 2.50 ppm
was therefore assigned as being due to H-3S. Deuteriation had
evidently occurred from the re-face of the silylenol ether 14.
Attempts to purify the compound by chromatography on silica
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Scheme 3  Reagents and conditions: (i) (a) LDA, THF, —78 °C; (b) Me;SiCl, —78 °C; (ii) °H,O, rt (quantitative); (iii) NaBH,, MeOH, Et,0, 0 °C, 5 min,

then rt, 30 min (98% 15 from 13, 85% 15a from 13a).

gel ‘washed out’ the label. The unpurified compounds 13 and 13a
were reduced directly to the stable alcohols 15 and 15a respectively
using sodium borohydride in methanol and diethyl ether at 0 °C,
as shown in Scheme 3. This allowed the stereoselectivity to be
confirmed using a purer and more stable compound. The 'H NMR
spectrum of the purified unlabelled compound 15 in C*°HCl; was
complicated by conformational isomerism but a simpler spectrum
was obtained for a solution in C2H;CN at 60 °C. NOE experiments
in C*HCl;, summarised in Fig. 2, allowed assignment of the signals
due to the hydrogens H-3Rand H-3S, since irradiation atd 4.2 ppm
(H-2) gave a considerably larger enhancement to the signal for H-
3 at 6 2.3 ppm than to that at 6 2.0 ppm. The former signal was
therefore assigned as being due to H-3R. Irradiation at the signal
at 0 4.3 ppm (H-4) gave a large enhancement to the signal for
H-3R, thus confirming the stereochemistry at C-4. The '"H NMR
spectrum of the labelled alcohol 15a exhibited a broad one-proton
singlet for H-3S at 6 2.03 ppm and a residual multiplet (ca. 20%)
for H-3R at ¢ 2.3 ppm. The stereoselectivity of hydrolysis of the
silylenol ether 14 was thus confirmed. No deuterium was present
in H-3S and the small amount of protium at H-3 R was presumably
the result of an isotope effect.

The high stereoselectivity found in this reaction was somewhat
surprising and it is tempting to suggest that the mechanism
shown in Scheme 4 could be partly synchronous giving the
chair-like transition state 16B shown. Interaction of the bulky
trimethylsilyl and fert-butoxycarbonyl groups in 16B would result
in deuteriation occurring from the re-face as shown.

Reasoning that we might obtain the isotopomer 13b by pro-
tonation of the deuteriated silylenol ether 13a, we decided to
prepare the [3,3-°H,]-ketone 13c. We therefore treated the ketone
13 with lithium diisopropylamide (LDA) in tetrahydrofuran and
quenched the solution with *H,O. The 'H NMR spectrum of
the product indicated that any label introduced at C-3 had been
‘washed out’ upon purification using silica gel chromatography
but that there was evidently considerable deuteriation (ca. 75%) at
C-5. We therefore stirred the ketone 13 in 2H,O containing silica
gel which had been washed with *H,O (Scheme 5). After 10 d
at room temperature, complete exchange was obtained and the
product 13c¢ was converted to a solution of the silylenol ether
14a by reaction with LDA followed by treatment with excess
trimethylsilyl chloride. Addition of H,O to the solution gave the
ketone 13b. The '"H NMR spectrum of this compound exhibited
a signal at 6 2.89 ppm for H-3R but not at ¢ 2.50 ppm for H-3S.

Since the ketone 13 had been shown to be so acidic, readily
exchanging at C-3, the labelled sample 13b was not further
purified, but reduced immediately with sodium borohydride to give
the alcohol 15b. The '"H NMR spectrum of the purified alcohol
15b showed a one-proton multiplet at J 2.28 ppm for H-3R and
ca. 30% residual protium at 6 2.0 ppm for H-3S. The residual
protium presumably reflected incomplete deuteriation in the initial
dideuteriated compound.

Me Me Me Me Me Me
Me >LMe %Me
@ Me
e} o 0 0o’ 'BuO,C o o 0 0., Me
(-\ \SI\Me \ H = S'\\Me 2 H ~ o N H - \S,i/\Me
>; —_— N H (V Me — Boc—NIAH >~N‘ - \H 6+,~'\Me
Me o o H 2H O\,ZH o H H Me o g H ‘zH,-('D\zH
Me Me Me Me 2H Me Me 2H
14 2H 16A 13a 16B
Scheme 4
2|
TMSO H
?—)\ ?—S\ (") ﬁ\ (I") ‘H (IV) HR
CO,Bu CO,'Bu N CO,'Bu CO,Bu CO,'Bu
Boc Boc
13 13c 14a 13b 15b Hg = 24

15¢ Hy = Hg = 2H

Scheme 5 Reagents and conditions: (i) *H,0, silica gel, rt, 10 d (93%); (ii) (a) LDA, THF, —78 °C, (b) Me;SiCl, —78 °C; (iii) H,O, rt (quantitative);
(iv) NaBH,, MeOH, Et,0, 0 °C, 5 min, then rt, 30 min (40% 15b from 13b; 89% 15¢ from 13c).
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Conversion of the unlabelled and labelled alcohols 15 to
the corresponding samples of proline 1 proceeded as described
in Scheme 6. The alcohols 15 were first converted into the
para-toluenesulfonates 17 using para-toluenesulfonyl chloride in
pyridine at room temperature. These were then reduced to the
protected proline derivatives 18 by heating at 85 °C with NaBH,
in DMSO for 6.5 h. Deprotection using 6 M aqueous hydrochloric
acid for 2 h at room temperature gave the samples of proline, 1,
1a, 1c and 1d. The '"H NMR spectra of these compounds are
shown in Fig. 3, the sample of (25,35)-[3-*H,]-proline 1a having
22% protium at H-3S, and that of (2S,3R)-[3-°H,]-proline 1c
having ca. 33% protium at H-3R. The same synthetic route was
used to convert (2S5)-[3,3-*H,]-4-ketoproline 15¢ to (2S)-[3,3-*H,]-
proline 1d.

1)
CO2BU 45¢ Hp = Hg = 2H

Ho, H Hs 15
15aHg = 2H
15b Hg = 2H
Boc

(i)\
17
17aHg=2H
17b Hg = 2H
Boc

COBU 47¢ Hp, = Hg = 2H
(ii)‘

18
18aHg=2H
18b Hg = 2H

Boc

1)
CO2BU 8¢ Hp = Hg = 2H
(iii)‘

1
1aHg=2H
1cHg=2H

COH 44 H, = Hg = 2H

Scheme 6 Reagents and conditions: (i) TsCl, pyridine, rt, 20 h (58% 17,
33% 17a, 71% 17b, 50% 17¢); (ii)) NaBH,, DMSO, 85 °C, 6.5 h (94% 18,
87% 18a, 59% 18b, 89% 18c); (iii) 6 M HCl, rt, 2 h (88% 1, 27% 1a, 71%
1c, 53% 1d).

Conclusions

Two distinct and separate syntheses of samples of L-proline which
are stereospecifically deuteriated in the B-position have been
completed. The first, a chemico-enzymatic synthesis, provided
samples of (25,35)-[3-*H,]- and (2S,3R)-[2,3-*H,]-proline, 1a and
1b, while the second, a chemical synthesis from a homochiral 4-
ketoproline derivative, provided samples of (25,3S)- and (2S,3R)-
[3-*H,]-proline, 1a and 1c.

Experimental

Melting points were determined on a Kofler hot-stage and are
uncorrected. Optical rotations (given in units of 10~' degem=—2g™')

(d)

ALJML
o A

(b)

(a) H-2 H-5 H-3s | /H-4

S(ppm) 40 35 3.0 25 20

Fig. 3 360 MHz '"H NMR spectra in C2H;O*H of (a) (25)-proline
1; (b) (2S,35)-[3-*H,]-proline 1a; (c) (2S,3R)-[3-*H,]-proline 1¢; and (d)
(25)-[3,3-*°H,]-proline 1d.

were measured on a Perkin Elmer PE241 polarimeter using a
1dm path length micro cell. IR spectra were recorded on a Perkin
Elmer 1710 Fourier transform instrument. '"H NMR spectra were
recorded on Bruker WM 360 (360 MHz), AMX500 (500 MHz) and
AC-P250 (250 MHz) instruments. *C NMR spectra were recorded
on Bruker AMX 500 (125.8 MHz) WM360 (90.6 MHz) and AC-
P250 (62.9 MHz) instruments. J values are given in Hz. Residual
solvent peaks were used as internal references in all NMR spectra.
Low resolution mass spectra were recorded at Sussex University
using Kratos MS80RF and Fisons VG Autospec instruments by
Mr A. M. Greenway and Dr A. Abdul Sada, and at the Wellcome
Research Laboratories, Beckenham using Kratos Concept 1S and
MS50, and Fisons BIO Q instruments by Dr S. Chotai. High
resolution mass measurements were performed by Dr S. Chotai
at the Wellcome Research Laboratories, Beckenham using a
Kratos Concept 1S instrument. Microanalyses were performed
by Miss M. Patel at Sussex University, and by Ms C. Lawless and
W. C. Man at the Wellcome Research Laboratories, Beckenham.
Column chromatography was carried out using Merck Kieselgel 60
(230400 mesh-Art 9385). Unless otherwise indicated, petroleum
ether refers to that fraction of hexanes of bp 60-80 °C.

Dimethyl (2.5)-N-trifluoroacetylglutamate (8)

Methyl (2S)-5-diazo-4-oxo-trifluoroacetamidopentanoate 67
(500 mg, 1.87 mmol) was dissolved in methanol (200 ml) that
had been purified by fractional distillation. The solution was
degassed under a rapid stream of dry nitrogen for 30 min and
then irradiated using a 125 W medium pressure Hanovia UV lamp
fitted with a quartz filter. The reaction was shown to be complete
after 3 h by UV spectroscopy. The solvent was removed in vacuo
to give dimethyl (25)-N-trifluoroacetylglutamate 8 (460 mg, 96%)
as a brown oil with identical spectra to those of an authentic
sample.

Methyl (25)-pyroglutamate (10)

Methyl (2S)-5-diazo-4-oxo-2-trifluoroacetamidopentanoate 67
(3 g, 11.2 mmol) was added to a mixture of methanol (100 ml) and
aqueous sodium hydrogencarbonate (6% w/v, 1.56 ml). Further
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methanol (500 ml) was added and the solution was degassed using
a rapid stream of dry argon with continuous stirring for 45 min.
Precipitated bicarbonate had dissolved after this time and the
mixture was irradiated using a 125 W Hanovia medium pressure
UV lamp fitted with a quartz filter until no starting material could
be detected by UV spectroscopy (ca. 3 h). The solvent was removed
in vacuo to give methyl (25)-pyroglutamate 10 as a viscous yellow
oil after thorough drying (1.6 g, quant.). A sample was purified by
column chromatography on silica gel by sequential elution with
ethyl acetate—petroleum ether (1 : 2); then ethyl acetate; then ethyl
acetate—methanol (9 : 1) to yield methyl (2S5)-pyroglutamate 10 as a
pale yellow oil; [a] —2.3 (¢ 1, CH,CL,) [lit."® —6.95 (¢ 1, CH,CL)];
Vmax (film)/cm=" 3300 (br, NH), 1742 (ester) and 1698 (lactam); 5y
(360 MHz, C*HCl;) 2.18-2.39 (4H, m, H-3 and H-4), 3.76 (3H, s,
OCH,), 4.26 (1H, dd, J,3z 5, J,35 9, H-2) and 6.40 (1H, br s, NH,
exch. in H,0); d¢ (90.6 MHz, C*H;0%H) 26.2 (C-3), 30.6 (C-4),
53.4 (OCH,), 57.3 (C-2), 174.9 (ester) and 181.0 (lactam).

Methyl (25,35)-[3-*H, |-pyroglutamate (10a)

This was prepared from methyl (25,3 R)-[3-*H,]-5-diazo-4-ox0-2-
trifluoroacetamidopentanoate 6a (3.1 g, 11.6 mmol) as described
above (1.67 g, quant.). A sample was purified by chromatography
as described above; v,,,, (film)/cm™" 3380 (br, NH), 1730 (br, ester)
and 1686 (lactam); 6y, (360 MHz, C*HCl,) 2.18-2.37 (3H, m, H-3R
and H-4), 3.75 (3H, s, OCH,), 4.23 (1H, d, J,3x 5, H-2) and 6.60
(1H, br s, NH); 6 (62.9 MHz, C*H;0’H) 26.0 (t, C-3), 30.6 (C-4),
53.4 (OCH,), 57.4 (C-2), 174.9 (ester) and 181.5 (lactam).

Methyl (25,3R)-[2,3-*H,]-pyroglutamate (10b)

This was prepared from methyl (25,3S5)-[2,3-*H,]-5-diazo-4-ox0-2-
trifluoroacetamidopentanoate 6b " (3.6 g, 13.4 mmol) as described
above (1.88 g, 97%). A sample was purified by chromatography as
described above; v,,,, (film)/cm~"' 3380 (br, NH), 1730 (ester) and
1681 (lactam); 5y (360 MHz, C*HCl;) 2.30-2.50 (3H, m, H-3 and
H-4), 3.77 (3H, s, OCH;) and 6.1 (1H, br s, NH); . (90.6 MHz,
C*H,;0%H) 25.8 (t, C-3), 30.6 (C-4), 53.3 (OCH,;), 57.0 (t, C-2),
174.9 (ester) and 181.4 (lactam).

Methyl (25)-N-tert-butoxycarbonylpyroglutamate (11)

Crude methyl (2S5)-pyroglutamate 10 from photolysis of the
diazoketone 6 (1.6 g, 11.2 mmol) was dissolved in acetonitrile (50
ml) at 0 °C under nitrogen. DMAP (122 mg, 1 mmol) was added
and the solution was stirred at room temperature for 10 min. Di-
tert-butyl dicarbonate (3.17 g, 14.5 mmol) was added and stirring
was continued overnight at room temperature. The solvent was
removed in vacuo to afford an orange gum which was dissolved in
ethyl acetate (50 ml). The organic layer was washed with saturated
aqueous sodium hydrogen carbonate (2 x 20 ml), 10% aqueous
citric acid (2 x 20 ml) and saturated aqueous sodium chloride (20
ml), and dried (MgSO,). The solvent was removed in vacuo to give
an orange solid which was purified by column chromatography on
silica gel, eluting with diethyl ether to yield methyl (2S5)-N-tert-
butoxycarbonylpyroglutamate 11 as a white solid (2.73 g, 71%);
mp 69 °C (lit.’ 72.5-73.5 °C); [a]5 —30 (¢ 0.36, CHCL,) [lit.*
—30.4 (¢ 1.0, CHCL)]; (Found C, 54.3; H, 7.0; N, 5.7. C,;H;;NOs
requires C, 54.3; H, 7.0; N, 5.8%); m/z [+ve FAB, (CHCl;/NBA)],
244 (IM + HJ*); viux (KBr)/ecm™' 1760 (imide), 1741 (ester) and

1705 (urethane); 5, (360 MHz, C*HCl;) 1.42[9H, s, C(CH;);], 1.90
(1H, dddd, Jizss 13.3, Jiz2 3.0, Jigar 10.0, J3z4s 3.7, H-3R), 2.30
(IH, m, J353z 13.3, Ji52 = Jisar = Jis4s ~ 9.4, H-3S), 2.40 (1H,
ddd, Jusr 17.5, J4s35 9.4, Jusar 3.7, H-4S), 2.60 (1H, m, J4z4s 17.5
Jirss = Jurar ~ 10.0, H-4R), 3.72 (3H, s, OCHj;) and 4.55 (1H,
dd, J,35 9.4, J,3z 3.0, H-2); irradiation at J 4.55 ppm (H-2) gave
3.5% enhancement at ¢ 2.30 ppm (H-3S) and 1% enhancement
at 0 1.90 ppm (H-3R); d. (125.8 MHz, C*HCl;) 21.5 (C-3), 27.9
[C(CH5;),], 31.1 (C-4), 52.5 (OCH5;), 58.8 (C-2), 83.6 [OC(CH,);],
149.3 (urethane), 171.8 (ester) and 172.9 (lactam).

Methyl (25,3.5)-[3-*H, |- V-tert-butoxycarbonylpyroglutamate
(11a)

This was prepared by as described above from methyl (2.5,3S)-[3-
*H,]-pyroglutamate 10a (4.3 g, 29.8 mmol) (1.73 g, 24%); mp 68—
70°C; [a]Z —31.2(c0.35, CHCL,); m/z [+ve FAB, (CHCL;/NBA)],
245 (M + HJ*); vpux (KBr)/cm™' 1759 (imide), 1742 (ester) and
1704 (urethane); o (360 MHz, C*HCl;) 1.49 [9H, s, C(CH,),], 2.0
(1H, br d, J3z4z 9.6, H-3R), 2.50 (1H, dd, J,54z 17.5, Jys3z 3.6, H-
45),2.60 (1H, dd, J4z4s 17.5, J4r1z 9.6, H-4R), 3.79 (3H, s, OCH,)
and 4.60 (1H, d, J,3z 2.8, H-2); d¢ (125.8 MHz, C*HCl,) 21.1 (t,
C-3), 27.8 [C(CH;);], 30.9 (C-4), 52.4 (OCHj;), 58.7 (C-2), 83.5
[OC(CHj;);], 149.2 (urethane), 171.8 (ester) and 172.9 (lactam).

Methyl (2S,3R)-[2,3-2H,]-N-tert-butoxycarbonylpyroglutamate
(11b)

This was prepared as described above from methyl (25,3 R)-[2,3-
*H,]-pyroglutamate 10b (5.59 g, 38.5 mmol) as a solid (2.45 g,
26%); mp 69-70 °C; [a] —31.5 (c 0.42, CHCL,); m/z [+ve FAB,
(CHCI;/NBA)], 246 (IM + HJ*); Vi (KBr)/cm™' 1759 (imide),
1740 (ester) and 1704 (urethane); d; (360 MHz, C*HCI,) 1.47
[9H, s, C(CH;);] 2.20 (1H, br t, J 10, H-3S), 2.50 (1H, dd, Jus.x
17.5, Jys3s 9.4, H-4S), 2.60 (1H, dd, Jyrus 17.5, J4rss 10.2, H-4R)
and 3.77 (3H, s, OCHj;); 6 (125.8 MHz, C°HCl;) 21.1 (t, C-3),27.8
[C(CH5;);],30.9 (C-4),52.3 (OCH,;), 58.4 (t, C-2), 83.4[OC(CH,);],
149.2 (urethane), 171.7 (ester) and 172.9 (lactam).

Methyl (25)-N-tert-butoxycarbonylprolinate (12)

Methyl (2S)-N-tert-butoxycarbonylpyroglutamate 11 (180 mg,
0.74 mmol) was dissolved in dry tetrahydrofuran (10 ml) and
the solution was cooled to 0 °C. Borane dimethylsulfide (2 M
in tetrahydrofuran, 0.7 ml, 1.4 mmol) was added via syringe and
the mixture was stirred for 18.5 h. The solvent was removed in
vacuo and the crude oily product was dissolved in ethyl acetate
(20 ml). The organic layer was washed with water (2 x 10 ml)
and saturated aqueous sodium chloride (10 ml), dried (MgSO,),
filtered and the solvent was removed in vacuo to yield methyl (2.5)-
N-tert-butoxycarbonylprolinate 12 as a clear oil (110 mg, 65%);
[a]Z —61.7(c1.15,MeOH) [lit."” —68.3 (¢ 1.08, MeOH) for the [4,4-
*H,]-labelled compound]; m/z [FAB/3-NBA] 252 (IM + Na]*) and
230 (M + H]*); m/z [EI], 170 (M — CO,CH;]*); Vi (film)/cm™
1751 (ester) and 1703 (urethane); d (360 MHz, C*HCl;) 1.36 and
1.42 [9H, 2s, C(CH;);], 1.80 (3H, m, H-3R and H-4), 2.20 (1H, m,
H-3S), 3.40 (2H, m, H-5), 3.70 (3H, s, OCH,), and 4.18 and 4.28
(1H, 2dd, H-2); 0. (125.8 MHz, C*HCl;) 23.6 and 24.2 (C-4), 28.2
and 28.3 [C(CH5;)s], 29.8 and 30.8 (C-3), 46.2 and 46.5 (C-5), 52.0

This journal is © The Royal Society of Chemistry 2006

Org. Biomol. Chem., 2006, 4, 1483-1491 | 1487





(OCH;), 58.6 and 59.0 (C-2), 79.7 and 79.9 [OC(CH5;);], 153.7 and
154.3 (urethane), and 173.4 and 173.7 (ester).

Methyl (25,35)-[3->H, |- N-tert-butoxycarbonylprolinate (12a)

This was prepared as above from methyl (2S5,3S)-[3-*H,]-N-
tert-butoxycarbonylpyroglutamate 11a (74 mg, 0.30 mmol) and
purified by column chromatography on silica gel, eluting with 1 : 1
ethyl acetate—petroleum ether (40-60 °C) (46 mg, 66%); [a]5 —58.2
(¢ 0.98, MeOH); m/z [E1], 171 [M — CO,CH;]*; vy, (film)/cm™
1751 (ester) and 1703 (urethane); dy (360 MHz, C*HCI;) 1.37 and
1.43 [9H, 2s, C(CH,);], 1.80 (3H, m, H-3R and H-4), 3.40 2H, m,
H-5), 3.69 (3H, s, OCHj;) and 4.28 and 4.31 (1H, 2br s, H-2); dc
(125.8 MHz, C*HCl;) 23.5and 24.1 (C-4), 28.2 and 28.3 [C(CH5)s],
29.0 and 30.0 (t, C-3), 46.2 and 46.5 (C-5), 52.0 (OCH,), 58.6 and
59.0 (C-2), 79.7 and 79.9 [OC(CH,);], 153.7 and 154.4 (urethane)
and 173.4 and 173.7 (ester).

Methyl (25,3R)-[2,3-*H,]-N-tert-butoxycarbonylprolinate (12b)

This was prepared as above from methyl (2S,3R)-[2,3-*H,]-N-
tert-butoxycarbonylpyroglutamate 11b (80 mg, 0.326 mmol) and
purified by column chromatography on silica gel, eluting with 1: 1
ethyl acetate—petroleum ether (40-60 °C) (42 mg, 56%); [a]5 —56.5
(¢ 0.96, MeOH); m/z [EI], 172 (IM — CO,CH;]"); Vjnax (film)/cm ™
1751 (ester) and 1703 (urethane); dy (360 MHz, C*HCI;) 1.39 and
1.44[9H, 2s, C(CHj;);], 1.80 (2H, m, H-4), 2.20 (1H, m, H-3S), 3.40
(2H, m, H-5) and 3.70 (3H, s, OCH,); o (125.8 MHz, C*HCl;)
23.5 and 24.2 (C-4), 28.2 and 28.4 [C(CHj;);], 29.1 and 30.4 (t,
C-3), 46.2 and 46.5 (C-5), 52.0 (OCHs;), 58.6 (m, C-2), 79.7 and
79.8 [OC(CHs;);], 153.7 and 154.4 (urethane), and 173.5 and 173.7
(ester).

(28)-Proline (1)

Methyl (2S)-N-tert-butoxycarbonylprolinate 12 (98 mg, 0.427
mmol) was heated at reflux with 6 M aqueous HCI (2 ml) for
2 h. The product was dried by lyophilisation and excess water
was removed by vacuum desiccation. The residue was dissolved
in water, the pH was adjusted from 2 to 7 with 2 M aqueous
ammonium hydroxide, and the solution was loaded onto a Dowex
50X8 ion exchange column. The column was washed with water
until the eluant was no longer acidic. The product 1 was eluted with
2 M aqueous ammonium hydroxide, dried by lyophillisation and
obtained as an off-white solid (30 mg, 55%); mp 229 °C (decomp.);
(lit."* 227-229 °C); [a]Z —82.0 (¢ 0.72, H,0) [lit." —83 (¢ 1, H,0)];
m/z [+ve FAB (thioglycerol)], 231 (2M + HJ*), 138 (M + Na]*)
and 116 (M + HJ*); vpa (KBr)/cm™' 3400 (br, NH and OH) and
1622 (br, carboxylate); dy (360 MHz, C*H;0*H) 1.96 (2H, m, H-
4),2.13 (1H, m, H-3R), 2.28 (1H, m, H-3S), 3.23 (1H, m, H-5A),
3.36 (1H, m, H-5B) and 3.95 (1H, dd, J,3; 6.2, J,35 8.7, H-2);
dc (62.9 MHz, C*H;0%H) 25.1 (C-4), 30.4 (C-3), 47.0 (C-5), 62.6
(C-2) and 174.2 (acid).

(25,35)-[3-’H, ]-Proline (1a)

This was prepared as above from methyl (25,35)-[3-°H,]-N-tert-
butoxycarbonylprolinate 12a (46 mg, 0.20 mmol) (20 mg, 78%);
mp 230 °C (decomp.); [a]5 —83.2 (¢ 0.1, H,0O); m/z [+ve FAB
(thioglycerol)], 117 (IM + HJ*); vypa (KBr)/cm™' 3400 (br, NH and

OH) and 1626 (carboxylate); d; (360 MHz, C*H,O*H) 1.95 (2H,
m, H-4), 2.20 (1H, m, H-3R), 3.23 (1H, m, H-5A), 3.36 (1H, m,
H-5B) and 3.94 (1H, d, J,3; 6.2, H-2); d. (62.9 MHz, C°H;0’H)
25.4 (C-4), 30.3 (m, C-3), 47.4 (C-5), 63.0 (C-2) and 174.0 (acid).

(25,3R)-[2,3-*H,]-Proline (1b)

This was prepared as above from methyl (25,3R)-[2,3-*H,]-N-
tert-butoxycarbonylprolinate 12b (42 mg, 0.18 mmol) (22 mg,
94%); mp 230 °C (decomp.); [a]®* —85.2 (¢ 0.20, H,0); m/z [+ve
FAB (thioglycerol)] 140 ((M + NaJ]*) and 118 (M + H]"); Vi
(KBr)/cm™" 3400 (br, NH and OH) and 1626 (carboxylate); dy
(360 MHz, C*H;O*H) 1.95 (2H, m, H-4), 2.20 (1H, br t, H-
3S), 3.23 (1H, m, H-5A) and 3.36 (1H, m, H-5B); d. (62.9 MHz,
C*H;0%H) 24.0 (C-4), 28.9 (t, C-3), 46.0 (C-5) and 172.9 (acid).
The signal for C-2 was too weak to detect.

tert-Butyl (25)-N-tert-butoxycarbonyl-4-oxoprolinate (13)

This was prepared as described in ref. 14; dy (360 MHz, C*°HCl;),
1.42 [18H, 2s, C(CHs;)], 2.5 (1H, d, Jss3z 18.8, H-3S), 2.89 (1H,
m, Jz, 10.4, J3ss 18.8, H-3R), 3.85 (2H, m, H-5) and 4.55 and
4.63(1H, 2 x brd, J,3; 10.4, H-2); d (125.8 MHz, C*HCl;), 27.88
and 28.23 [C(CH5;);], 40.87 and 41.40 (C-3), 52.51 and 52.95 (C-5),
56.56 and 57.03 (C-2), 81.03 and 82.36 [OC(CH,);], 153.65 and
154.34 (urethane), 170.84 and 170.92 (ester) and 208.18 and 209.0
(ketone). Irradiation at the two doublets for H-2 at 6 4.55 and
4.63 ppm gave a 4.5% enhancement to the multiplet at 6 2.89 ppm,
thus defining this as the signal due to H-3R.

tert-Butyl (25,3 R)-[3-*H, |- N-tert-butoxycarbonyl-4-oxoprolinate
(13a)

Diisopropylamine (2.9 ml, 20.7 mmol) was dissolved in dry
tetrahydrofuran (50 ml) and cooled to —78 °C under nitrogen.
n-Butyl lithium (1.6 M in hexane, 11.6 ml, 18.56 mmol) was added
and the solution was stirred for 30 min. A solution of fert-butyl
(2S)-N-tert-butoxycarbonyl-4-oxoprolinate 13 (5 g, 17.5 mmol)
in dry tetrahydrofuran (50 ml) was added and the mixture was
stirred for 1 h at —78 °C. Chlorotrimethylsilane (3.8 ml, 297
mmol) was added slowly over a period of 5 min. The mixture
was allowed to warm to room temperature, stirred for 1 h and
deuterium oxide (15 ml) was added. The organic solvents were
removed in vacuo and the aqueous residue was extracted with ethyl
acetate (3 x 50 ml) and dried (MgSO,). The solvent was removed
in vacuo to give tert-butyl (25,3 R)-[3-*H,]- N-tert-butoxycarbonyl-
4-oxoprolinate 13a (5.27 g, quant.) as a pale yellow oil which
was reduced without further purification as described below; v,
(film)/cm™" 1769 (ketone), 1742 (ester) and 1708 (urethane); dy
(360 MHz, C*HCl,) 1.42 [18H, br s, C(CH,);], 2.5 (1H, s, H-3S),
3.8 (2H, m, H-5) and 4.52 and 4.6 (1H, 2s, H-2).

tert-Butyl (25)-[3,3-*H,]-V-tert-butoxycarbonyl-4-oxoprolinate
(13¢)

Deuterium oxide (15 ml) and silica gel prewashed with deuterium
oxide (3 x 10 ml) were added to a solution of ftert-butyl
(25)-N-tert-butoxycarbonyl-4-oxoprolinate 13 (6 g, 21 mmol) in
dry tetrahydrofuran (15 ml). The mixture was stirred at room
temperature for 10 days under nitrogen, filtered, and the filtrate
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was concentrated in vacuo. The aqueous phase was extracted
with ethyl acetate (3 x 50 ml) and the combined organic layers
were washed with saturated aqueous sodium chloride (50 ml) and
dried (MgSO,). The solvent was removed in vacuo to afford tert-
butyl (25)-[3,3-*H,]-N-tert-butoxycarbonyl-4-oxoprolinate 13¢ as
a colourless oil (5.6 g, 93%) which was not further purified; dy
(360 MHz, C*HCl;) 1.46 and 1.47 [18H, 2s, C(CH;);], 3.86 (2H,
m, H-5) and 4.57 (50%) and 4.65 (50%) (1H, 2 br s, H-2); ¢
(125.8 MHz, C*HCl;) 27.85 [C(CHjs)s], 28.19 [C(CHs;);], 40.93
(m, C-3), 52.49 and 52.92 (C-5), 56.44 and 56.90 (C-2), 80.97
and 82.31 [OC(CHs;);], 153.63 and 154.31 (urethane), 170.82 and
170.91 (ester) and 208.23 and 209.0 (ketone).

tert-Butyl (25,4.5)-N-tert-butoxycarbonyl-4-hydroxyprolinate (15)

tert-Butyl (2S)-N-tert-butoxycarbonyl-4-oxoprolinate 13 (4.8 g,
17 mmol) was dissolved in distilled methanol (51 ml) and dry di-
ethyl ether (66 ml) and the solution was cooled to 0 °C under nitro-
gen. Sodium borohydride (1.32 g, 35 mmol) in distilled methanol
(51 ml) and dry diethyl ether (66 ml) was added and the reaction
was stirred at 0 °C for 5 min and allowed to warm to room
temperature for 30 min. The solvent was removed in vacuo and
the residue was dissolved in ethyl acetate (60 ml) and washed
with saturated aqueous sodium hydrogen carbonate (2 x 60 ml),
water (2 x 60 ml) and saturated aqueous sodium chloride (2 x
60 ml) and dried (MgSO,). The solvent was removed in vacuo to
give tert-butyl (25,4S)- N-tert-butoxycarbonyl-4-hydroxyprolinate
15 as a white solid (4.77 g, 98%); mp 53-55 °C; [a]}} —2.52 (¢ 0.5,
CHC,); (Found C, 58.6; H, 9.0; N, 4.85. C,;H,sNOjs requires C,
58.5; H, 8.8; N, 4.9%); m/z [+ve FAB (3-NBA)] 288 (M + HJ*);
Vmax (KBr)/cm™" 1745 (ester) and 1674 (urethane); J; (500 MHz,
C*HCl;) 1.45 [18H, 3s, C(CHs);], 2.0 (1H, 2d, J3535 11.5, H-3S),
2.3 (1H, m, J324 9.6, J3z2 9.8, Jizas 11.5, H-3R), 3.47-3.75 3H, m,
IH exch., Jsp4 4.6, Jspss 11.9, Jsssz 11.9, OH and H-5), 4.16 (63%)
and 4.22 (37%) (1H, 2d, J,3z 9.8, H-2) and 4.3 (1H, m, J, 5z 4.6,
J43r 9.6, H-4); irradiation at ¢ 4.16 and 4.22 ppm (H-2) caused an
11.1% enhancement at J 2.3 ppm and a 1.6% enhancement at &
2.0 ppm, indicating that the former was due to H-3R; irradiation
at 0 4.3 ppm (H-4) caused a 9.2% enhancement at 6 2.3 ppm (H-
3R) and a 3.3% enhancement at ¢ 2.0 ppm (H-3S), confirming the
stereochemistry at C-4; dy; (360 MHz, C*H;CN, 60 °C) 1.45 [18H,
2s, C(CH;)s], 1.89 (1H, m, J3554 1.3, Jss4 3.5, J3s2 3.4 J3s3r 13.6,
H-3S5),2.35 (1H, m, Jig4 5.4, J3z2 9.4 J3rss 13.6, H-3R), 3.08 (1H,
d, exch., Jous 6.3, OH), 3.28 (1H, ddd, Jsxss 1.3, Jsas 3.1, Jsase
11.4, H-5A) 3.55 (1H, dd, Jsg4 5.3, Jspsa 11.4, H-5B), 4.13 (1H,
dd, J,5 3.5, J232 9.4, H-2) and 4.28 (1H, m, H-4); § (125.8 MHz,
C*HCl;) 27.80 and 27.87 [C(CH;);], 28.30 and 28.45 [C(CHj5)s],
37.67 and 38.64 (C-3), 55.67 and 56.08 (C-5), 58.72 and 58.75 (C-
2),70.33 and 71.31 (C-4), 80.08 and 80.24 [OC(CH;);], 82.32 and
82.50 [OC(CHs)s], 153.82 and 154.33 (urethane) and 174.3 and
174.53 (ester).

tert-Butyl (25,3R,45)-[3->’H, |- N-tert-butoxycarbonyl-4-
hydroxyprolinate (15a)

This was prepared from tert-butyl (2S,3R)-[3-°H,]-N-tert-
butoxycarbonyl-4-oxoprolinate 13a (4.8 g, 17 mmol) as described
above to afford a white solid (4.17 g, 85%). A small amount was pu-
rified for analysis by column chromatography on silica gel, eluting

with ethyl acetate—petroleum ether (1 : 1); mp 55-57 °C; [a]; —4.38
(c 0.5, CHCly); m/z [+ve FAB (EtOAc/3-NBA)] 289 (M + HJ*);
Vmax (KBr)/cm™" 1748 (ester) and 1654 (urethane); oy (360 MHz,
C*HCI;) 1.48 [18H, 3s, C(CH;);], 2.03 (1H, br s, H-3S), 3.46-3.79
(3H, m, 1H exch., OH and H-5), 4.19 (1H, 2s, H-2) and 4.3 (1H, br
d, H-4); ¢ (125.8 MHz, C*HCl;) 27.79 and 27.85 [C(CHs);], 28.29
[C(CH,);], 38.3 (m, C-3), 55.61 and 56.02 (C-5), 58.67 and 58.3 (C-
2), 70.21 and 71.2 (C-4), 80.05 and 80.22 [OC(CH,);], 82.27 and
82.45 [OC(CH;);], 153.82 and 154.31 (urethane) and 174.22 and
174.45 (ester).

tert-Butyl (25,35,4.5)-[3-*H,]-N-tert-butoxycarbonyl-4-
hydroxyprolinate (15b)

Diisopropylamine (2.19 ml, 16 mmol) was dissolved in dry
tetrahydrofuran (38 ml) and cooled to —78 °C under nitrogen.
n-Butyl lithium (1.6 M in hexane; 8.76 ml, 14 mmol) was added
and the solution was stirred for 30 min. A solution of fert-butyl
(25)-[3,3-*H,]-N-tert-butoxycarbonyl-4-oxoprolinate 13¢ (3.9 g,
14 mmol) in dry tetrahydrofuran (38 ml) was added and the
mixture was stirred for 1 h at —78 °C. Chlorotrimethylsilane
(2.87 ml, 22 mmol) was added slowly over a period of 5 min.
The reaction was allowed to warm to room temperature, stirred
for 1 h and poured into saturated aqueous ammonium chloride
(50 ml). The solvent was concentrated in vacuo. The aqueous
layer was extracted with ethyl acetate (3 x 50 ml) and dried
(MgS0,). The solvent was removed in vacuo to produce (25,35)-
[3-*H,]-N-tert-butoxycarbonyl-4-oxoprolinate 13b (3.9 g, quant.)
as a pale yellow oil which was reduced without purification
using the method described above. The product was purified by
column chromatography on silica gel, eluting with ethyl acetate—
petroleum ether (1 : 1) to give tert-butyl (25,3S,4S5)-[3-*H,]-N-
tert-butoxycarbonyl-4-hydroxyprolinate 15b as a colourless oil
(1.59 g, 40%); [a]Z? —6.32 (¢ 0.5, CHCL,); m/z [ES+] 327 (M +
KJ%), 311 ((M + Na]*) and 289 (M + HJ"); Vpa (film)/cm™!
1745 (ester) and 1674 (urethane); oy (360 MHz, C*HCl;) 1.46
[18H, 3s, C(CH;);], 2.28 (1H, m, H-3R), 3.47-3.75 (3H, m, 1H
exch., OH and H-5), 4.1-4.3 (H-2 and H-4); J- (125.8 MHz,
C*HCl,) 27.92 [C(CHj;);], 28.34 [C(CH;)5], 38.2 (m, C-3), 55.79
and 56.9 (C-5), 58.75 (C-2), 70.38 and 71.37 (C-4), 80.3 and 80.29
[OC(CH,);], 82.39 and 82.58 [OC(CH5;),], 153.87 (urethane) and
174.36 (ester).

tert-Butyl (25,45)-[3,3-*H,]- N-tert-butoxycarbonyl-4-
hydroxyprolinate (15¢c)

tert-Butyl  (25)-[3,3-*H,]-N-tert-butoxycarbonyl-4-oxoprolinate
13c¢ (2.55 g, 8.9 mmol) was reduced according to the method
described above to yield tert-butyl (25,4S)-[3,3-*H,]-N-tert-
butoxycarbonyl-4-hydroxyprolinate 15¢ as a colourless o0il (2.28 g,
89%), m/z [+ve FAB (3-NBA)] 290 (M + H]*); v (KBr)/cm™
3430 (OH), 1745 (ester) and 1703 (br, urethane); d4 (360 MHz,
C*HCL,) 1.5 [18H, 3s, C(CHs);], 3.49-3.77 (3H, m, 1H exch., OH
and H-5), 4.21 (1H, 2s, H-2) and 4.3 (1H, m, H-4); 6 (125.8 MHz,
C?’HCl;) 27.90 and 28.3 [C(CH;),], 38.4 (m, C-3), 55.67 and
56.08 (C-5), 58.72 and 58.75 (C-2), 70.33 and 71.31 (C-4), 80.08
and 80.24 [OC(CH;);], 82.32 and 82.50 [OC(CH;);], 153.82 and
154.33 (urethane) and 174.3 and 174.53 (ester).
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tert-Butyl (25,45)-N-tert-butoxycarbonyl-4-O-para-
toluenesulfonyloxyprolinate (17)

tert-Butyl (285,4S5)-N-tert-butoxycarbonyl-4-hydroxyprolinate 15
(4.5 g, 15.7 mmol) was dissolved in pyridine (21 ml, 260 mmol) and
cooled to —15 °C under nitrogen. para-Toluenesulfonyl chloride
(10.11 g, 53 mmol) was added over 30 min and the mixture was
stirred at room temperature for 20 h. The solvent was removed
in vacuo and the resultant solid was partitioned between ethyl
acetate (60 ml) and water (60 ml). The organic phase was washed
with 10% aqueous citric acid (60 ml), water (60 ml) and saturated
aqueous sodium chloride (30 ml) and dried (MgSO,). The solvent
was removed in vacuo and the residue was purified by column
chromatography on silica gel, eluting with ethyl acetate—petroleum
ether (1 : 2) to afford tert-butyl (25,4S)-N-tert-butoxycarbonyl-4-
O-para-toluenesulfonyloxyprolinate 17 as a colourless oil which
solidified on standing to give a white solid (3.98 g, 58%); mp 67—
70 °C; [a]3 —28.34 (¢ 0.5, CHCL,); (Found C, 57.0; H, 7.2; N, 3.1.
C, H;NO;S requires C, 57.1; H, 7.1; N, 3.2%); m/z [+ve FAB
(ethyl acetate/3-NBA)] 442 ((M + HJ*); Viue (KBr)/cm=' 1707
(urethane); dy (360 MHz, C*HCl;) 1.5 [18H, 4s, C(CHj;);], 2.4 (2H,
m, H-3),2.45(3H, s, CH,), 3.5 (1H, t, J5o 55 13.0, H-5A), 3.65 (1H,
m, Jspy 5.5, Jspsa 13.0, H-5A), 4.2 (54%) and 4.3 (46%) (1H, 2 dd,
Jyas 2.8, J532 9.07, H-2), 5.0 (1H, m, J, 5z 5.5, H-4), 7.35 (2H, 2d,
Jorno 8.1, ArH) and 7.76 (1H, 2 d, J 4, 8.1, ArH); 6 (125.8 MHz,
C*HCl;) 21.04 and 21.65 (CHs), 27.79, 28.25 and 28.30 [C(CHj);],
36.03 and 37.18 (C-3), 51.81 and 52.25 (C-5), 57.93 and 58.18
(C-2), 78.95 (C-4), 80.21 and 80.31 [OC(CH;);], 81.69 and 81.74
[OC(CH;);], 127.74-145.08 (Ar), 153.42 and 153.59 (urethane)
and 170.09 and 170.40 (ester).

tert-Butyl (25,3R,45)-[3->H,|-N-tert-butoxycarbonyl-4-O-para-
toluenesulfonyloxyprolinate (17a)

This was prepared from tert-butyl (2S,3R,4S)-[3-°H,]-N-tert-
butoxycarbonyl-4-hydroxyprolinate 15a (3.96 g, 14 mmol) as
described above (2.04 g, 33%); mp 69-71 °C; [a]? —23.68 (c
0.5, CHCL,); (m/z [EI] Found 442.1911 C,H;,>HNO;S requires
442.1884); vy (KBr)/cm™" 1742 (ester) and 1706 (urethane); oy
(360 MHz, C*HCI;) 1.45 [18H, 4s, C(CHj;)], 2.36 (1H, m, H-35),
2.45 (3H, s, CH;), 3.6 (2H, m, H-5), 4.2 (54%) and 4.3 (46%) (1H,
2s, H-2), 5.0 (1H, br s, H-4), 7.35 (2H, d, J,.4, 7.5, ArH) and
7.76 (1H, d, J s, 7.5, ArH); 6 (125.8 MHz, C*HCl;) 21.64 (CH,),
27.81,28.26 and 28.31 [C(CH5;);], 37.18 (m, C-3), 51.81 and 52.25
(C-5), 57.89 and 58.14 (C-2), 77.93 and 78.74 (C-4), 80.22 and
80.32 [OC(CH,);], 81.74 [OC(CH5;);], 127.75-145.07 (Ar), 153.44
and 153.61 (urethane) and 170.11 and 170.41 (ester).

tert-Butyl (25,35,45)-[3-*H, |- V-tert-butoxycarbonyl-4-O-para-
toluenesulfonyloxyprolinate (17b)

This was prepared from rert-butyl (2S5,35,4S)-[3-°H,]-N-tert-
butoxycarbonyl-4-hydroxyprolinate 15b (1.5 g, 5.2 mmol) as
described above to give the product as a colourless oil (1.64 g, 71%);
[al —21.48 (¢ 0.25, CHCL); m/z [EI] 442 (IM]*) Vpnyx (KBr)/cm™
1700 (br, urethane); o, (360 MHz, C*HCl,) 1.5 [18H, 4s, C(CHs);],
2.45(4H, s+ m, CH; and H-3R), 3.53 (1H, m, J5, 4 2.25 J55 55 13.0,
H-5A), 3.59 (1H, m, Jsz4 5.64, Jszsa 13.0, H-5B), 4.21 (67%) and
4.33 (33%) (1H, 2d, J,3z 9.06, H-2), 5.0 (1H, br s, H-4), 7.35 (2H,
2d, J 4, 8.0, ArH) and 7.8 (1H, 2d, J,,.4, 8.0, ArH); 0 (125.8 MHz,

C?HCl;) 21.64 (CHj3), 27.81, 28.26 and 28.31 [C(CH;);], 37.18 (m,
C-3),51.81 and 52.25(C-5), 57.95 and 58.14 (C-2), 77.93 and 78.88
(C-4), 80.22 and 80.32 [OC(CHy;);], 81.69 and 81.74 [OC(CH,);],
127.75-145.07 (Ar), 153.43 and 153.61 (urethane) and 170.1 and
170.4 (ester).

tert-Butyl (25,45)-[3,3-*H,]- N-tert-butoxycarbonyl-4-O-para-
toluenesulfonyloxyprolinate (17c)

This was prepared from fert-butyl (25,4S5)-[3,3-°H,]-N-tert-
butoxycarbonyl-4-hydroxyprolinate 15¢ (2.28 g, 7.9 mmol) as
described above (1.75 g, 50%); mp 67-70 °C; m/z [ES+] 444 (M +
H]); Viax (KBr)/cm™! 1747 (urethane); 6, (360 MHz, C*HCl,) 1.5
[18H, 4s, C(CHs)s], 2.45 (3H, s, CH3), 3.6 (2H, m, H-5), 4.25 (1H,
2s, H-2), 5.0 (1H, br s, H-4), 7.35 (2H, 2d, J 41, 7.5, ArH) and 7.76
(1H, 2d, J,u4 7.5, ArH); o (125.8 MHz, C*HCI;) 21.64 (CHs),
27.80 [C(CH;)s], 28.25 [C(CH,;);], 36.0 (C-3), 51.81 and 52.25
(C-5), 57.81 and 58.06 (C-2), 77.89 and 78.83 (C-4), 80.26 and
80.35 [OC(CH;);], 81.77 [OC(CHj;);], 127.75-145.09 (Ar), 153.46
(urethane) and 170.43 (ester).

tert-Butyl (2S)-NN-tert-butoxycarbonylprolinate (18)

tert-Butyl  (2S,4S5)-N-tert-butoxycarbonyl-4- O-para-toluenesul-
fonyloxyprolinate 17 (3.55 g, 8.05 mmol) was dissolved in dry
dimethyl sulfoxide (60 ml). Sodium borohydride (1.87 g, 49
mmol) was added and the mixture was heated under nitrogen at
85 °C for 6.5 h. The mixture was cooled, diluted with water (100
ml) (effervescence) and the aqueous phase was extracted with
diethyl ether (3 x 100 ml). The combined organic phases were
washed with saturated aqueous sodium chloride (50 ml) and dried
(MgSO,). The solvent was removed in vacuo to afford tert-butyl
(2S)-N-tert-butoxycarbonylprolinate 18 as a colourless oil (2.04 g,
94%) which was used without further purification. A small
amount was purified for analysis by column chromatography
on silica gel, eluting with ethyl acetate—petroleum ether (1 : 4);
[a]Z —50.2 (¢ 1, CHCL,); (m/z [EI] Found 271.17718, C,H,;NO,
requires 271.17838); m/z [ES+] 272 (IM + H]*); vy (film)/cm™!
1742 (ester) and 1703 (urethane); oy (250 MHz, C*HCl;) 1.45
[18H, 2s, C(CH;);], 1.85 (3H, m, H-3R and H-4), 2.19 (1H, m,
H-39), 3.45 (2H, m, H-5) and 4.15 (1H, m, H-2); 6 (125.8 MHz,
C*HCl;) 23.37 and 24.16 (C-4), 27.96 and 28.32 [C(CH;);], 28.38
and 29.84 [C(CHj;);], 30.84 (C-3), 46.26 and 46.47 (C-5), 59.66
(C-2),79.38 and 79.58 [OC(CH,);], 80.78 [OC(CH;);], 153.95 and
154.28 (urethane) and 172.29 (ester).

tert-Butyl (25,35)-[3->’H, |- N-tert-butoxycarbonylprolinate (18a)

This was prepared from tert-butyl (2S,3R,4S)-[3-°H,]-N-tert-
butoxycarbonyl-4-O-para-toluenesulfonyloxyprolinate 17a (2 g,
4.52 mmol) as described above (1.07 g, 87%); [a]} —44.94 (¢
0.95, CHCl,); m/z [ES+] 273 (IM + H]*); vy (film)/cm™" 1739
(ester) and 1703 (urethane); oy (250 MHz, C*°HCl;) 1.45[18H, 2s,
C(CH;);], 1.85 (3H, m, H-3R and H-4), 3.45 (2H, m, H-5) and
4.15 (1H, 2s, H-2).

tert-Butyl (25,3R)-[3-*H, ]-N-tert-butoxycarbonylprolinate (18b)

This was prepared from fert-butyl (25,3S,4S)-[3-°H,]-N-tert-
butoxycarbonyl-4-O-para-toluenesulfonyloxyprolinate 17b (1.6 g,
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3.6 mmol) as described above (580 mg, 59%); [al; —47.87 (¢ 1,
CHCl,); m/z [EI] 272 (IM]*); Vaax (film)/cm™' 1742 (ester) and
1703 (urethane); oy (250 MHz, C*HCI;) 1.45 [18H, 2s, C(CH,);],
1.85 (2H, m, H-4), 2.19 (1H, m, H-3S), 3.45 (2H, m, H-5) and
4.15 (1H, 2d, H-2); ¢ (125.8 MHz, C*HCl;) 23.37 and 24.16 (C-
4), 27.96 and 28.32 [C(CH5;)], 28.38 and 29.84 [C(CH5;);], 30.72
(m, C-3), 46.26 and 46.47 (C-5), 59.66 (C-2), 79.38 and 79.58
[OC(CH5;);], 80.78 [OC(CH;);], 153.95 and 154.28 (urethane) and
172.29 (ester).

tert-Butyl (25)-[3,3-*H,]-V-tert-butoxycarbonylprolinate (18¢)

This was prepared from fert-butyl (2S,4S5)-[3,3-°H,]-N-tert-
butoxycarbonyl-4-O-para-toluenesulfonyloxyprolinate 17¢ (1.75 g,
3.95 mmol) as described above (960 mg, 89%), m/z [EI] 273 [(M)*];
Vmax (film)/cm~" 1740 (ester) and 1702 (urethane); oy (250 MHz,
C*HCl;) 1.45[18H, 2s, C(CH;);], 1.85 (2H, m, H-4), 3.45 2H, m,
H-5) and 4.15 (1H, 2s, H-2).

(28)-Proline (1)

tert-Butyl (2S)-N-tert-butoxycarbonylprolinate 18 (720 mg,
2.66 mmol) was stirred with 6 M aqueous hydrochloric acid (12 ml)
at room temperature for 2 h. The solvent was removed in vacuo and
the residue was dissolved in water (5 ml). The pH was adjusted
from pH 2 to 6 using 2 M aqueous ammonium hydroxide and
the solution was loaded on to a Dowex 50X8 (H*) ion exchange
column. The column was eluted with water until the eluant was
no longer acidic and the product was eluted with 2 M aqueous
ammonium hydroxide. The solvent was removed in vacuo. The
residue was dissolved in water (5 ml) and lyophilised to afford
(28)-proline 1 as an off-white solid which was recrystallised from
diethyl ether and ethanol (300 mg, 88%); mp 223 °C (decomp.);
(lit.** 227-229 °C); [a]Z —61.48 (¢ 1.33, MeOH) [lit."”* —83 (¢ 1,
H,0)]; m/z[ES+] 116 (M + HJ*); vy (KBr)/cm™" 1624 (acid); oy
(500 MHz, C*H;0°H) 1.96 (2H, m, H-4), 2.1 (1H, m, H-3R), 2.29
(1H, m, H-3S), 3.25 (1H, m, H-5A), 3.38 (1H, m, H-5B) and 4.0
(1H, dd, J,z 6.23, J,35 8.74, H-2); ¢ (125.8 MHz, C*HCl;) 25.63
(C-4), 30.91 (C-3), 47.53 (C-5), 63.16 (C-2) and 174.55 (acid).

(25.,3S)-[3-2H, ]-Proline (1a)

This was prepared from tert-butyl (2S,3S5)-[3-°H,]-N-tert-
butoxycarbonylprolinate 18a (1 g, 3.68 mmol) as described above
and was purified by dissolving in methanol and boiling with
decolourising charcoal (126 mg, 27%), mp 225 °C (decomp.);
[a]® —47.2 (¢ 0.25, MeOH); m/z [ES+] 117 (IM + HJ*); Vi
(KBr)/cm™" 1624 (acid); dy (360 MHz, C*H;0*H) 1.96 (2H, m,
H-4), 2.1 (1H, m, H-3R), 3.25 (1H, m, H-5A), 3.38 (1H, m, H-
5B) and 4.0 (1H, d, J,3z 5.8, H-2); d¢ (125.8 MHz, C*HCl;) 25.53
(C-4), 30.8 (m, C-3), 48.99 (C-5), 63.09 (C-2) and 174.54 (acid).

(25,3R)-[3-*H, ]-Proline (1c)

This was prepared from tert-butyl (2S,3R)-[3-°H,]-N-tert-
butoxycarbonylprolinate 18b (580 mg, 2.13 mmol) as described
above (195 mg, 71%); mp 225 °C (decomp.); [a]¥ —57.36 (c 1.1,
MeOH); m/z [+ve FAB (thioglycerol)] 139 ((M + Na]* and 117
(IM + HJ%); Vinay (film)/cm~" 1626 (acid); J (360 MHz, C*H;0*H)

1.96 (2H, m, H-4), 2.29 (1H, m, H-3S), 3.25 (1H, m, H-5A), 3.38
(1H, m, H-5B) and 4.0 (1H, d, J,;s 8.48, H-2); . (125.8 MHz,
C*HCl;) 25.53 (C-4), 30.8 (m, C-3), 47.52 (C-5), 63.10 (C-2) and
174.47 (acid).

(285)-[3,3-H,]-Proline (1d)

This was prepared from tert-butyl (2S5)-[3,3-*H,]-N-tert-
butoxycarbonylprolinate 18¢ (960 mg, 3.51 mmol) as described
above and the product was purified by dissolving in methanol and
boiling with decolourising charcoal (240 mg, 53%); mp 227 °C
(decomp.); [a]} —63.53 (¢ 1, MeOH) m/ z [+ve FAB (thioglycerol)]
118 (M + HI*); v (film)/cm™ 1624 (acid); oy (360 MHz,
C?’H,0’H) 1.96 (2H, m, H-4), 3.25 (1H, m, H-5A), 3.38 (IH, m,
H-5B) and 4.0 (1H, s, H-2); d. (125.8 MHz, C*HCl;) 25.45 (C-4),
30.6 (m, C-3), 47.54 (C-5), 63.05 (C-2) and 174.55 (acid).

Acknowledgements

We thank the EPSRC for studentships (to P. D. and C. A. S))

References

1 This work has been published as separate communications, in: (a) P.
Dieterich and D. W. Young, Tetrahedron Lett., 1993, 34, 5455-5458;
(b) P. Barraclough, C. A. Spray and D. W. Young, Tetrahedron Lett.,
2005, 46, 4653-4655.

2 D. W. Young, Topics Stereochem., 1994, 21, 381-465.

3 M. Kainosho, Nat. Struct. Biol., NMR Suppl., 1997, 858-861.

4 K. Wuthrich, NMR of Proteins and Nucleic Acids, Wiley, New York,
1986.

5 G. C. K. Roberts, NMR of Macromolecules. A Practical Approach,
Oxford University Press, Oxford, 1993.

6 M. Oba, T. Terauchi, J. Hashimoto, T. Tanaka and K. Nishiyama,
Tetrahedron Lett., 1997, 38, 5515-5518; M. Oba, T. Terauchi, A.
Miyakawa and K. Nishiyama, Tetrahedron: Asymmetry, 1999, 10,
937-945; M. Oba, A. Miyakawa, K. Nishiyama, T. Terauchi and M.
Kainosho, J. Org. Chem., 1999, 64, 9275-9278.

7 (a) S. J. Field and D. W. Young, J. Chem. Soc., Perkin Trans. 1, 1983,

2387-2392; (b) D. Gani and D. W. Young, J. Chem. Soc., Perkin Trans.

1, 1983, 2393-2398; (¢) D. Gani, D. W. Young, D. M. Carr, J. P. Poyser

and 1. H. Sadler, J. Chem. Soc., Perkin Trans. 1, 1983, 2811-2814.

D. Gani and D. W. Young, J. Chem. Soc., Perkin Trans. 1, 1985, 1355—

1362; D. Gani, P. B. Hitchcock and D. W. Young, J. Chem. Soc., Perkin

Trans. 1, 1985, 1363-1372.

D. W. Young, in Isotopes in the Physical and Biomedical Sciences, vol. 1,

Labelled Compounds ( Part B), E. Buncel and J. R. Jones, eds., Elsevier,

Amsterdam, 1991, pp. 341-427.

10 K. M. Lee, K. Ramalingam, J.-K. Son and R. W. Woodard, J Org.

Chem., 1989, 54, 3195-3198.

B. S. Axelsson, K. J. O’Toole, P. A. Spencer and D. W. Young, J. Chem.

Soc., Perkin Trans. 1,1994, 807-816; B. S. Axelsson, N. J. Church, P. A.

Spencer and D. W. Young, Folia Microbiol. ( Prague, Czech Repub.),

1995, 40, 17-22; K. J. M. Beresford and D. W. Young, Tetrahedron,

1996, 52, 9891-9900; N. J. Church and D. W. Young, J. Chem. Soc.,

Perkin Trans. 1, 1998, 1475-1482.

12 F. Weygand, H. J. Bestmann and E. Klieger, Chem. Ber., 1958, 91,
1037-1040; H. A. DeWald and A. M. Moore, J. Am. Chem. Soc., 1958,
80, 3941-3945.

13 J. Hondrelis, G. Lonergan, S. Voliotis and J. Matsoukas, Tetrahedron,
1990, 46, 565-576.

14 P. Barraclough, P. Hudhomme, C. A. Spray and D. W. Young,
Tetrahedron, 1995, 51, 4195-4212.

15 K. Drauz, A. Kleeman, J. Martens, P. Scherberich and F. Effenberger,
J. Org. Chem., 1986, 51, 3494-3498.

16 T. Katoh, Y. Nagata, Y. Kobayashi, K. Arai, J. Minami and S.
Terashima, Tetrahedron, 1994, 50, 6221-6238.

17 J.-R. Dormoy and B. Castro, Synthesis, 1986, 81-82.

oo

=)

1

—_

This journal is © The Royal Society of Chemistry 2006

Org. Biomol. Chem., 2006, 4, 1483-1491 | 1491






PAPER

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

Synthesis of (25,35)-[3-*H;]-4-methyleneglutamic acid
and (25,3R)-|2,3-*H,]-4-methyleneglutamic acid

Petra Dieterich and Douglas W. Young*

Received 23vd January 2006, Accepted 14th February 2006
First published as an Advance Article on the web 9th March 2006
DOI: 10.1039/b601098a

(2S5,35)-[3-*H,]-4-Methyleneglutamic acid 1a and (2S,3R)-[2,3-°H,]-4-methyleneglutamic acid 1b have

been synthesised for use in biosynthetic and metabolic studies.

Introduction

L-4-Methyleneglutamic acid 1 was first isolated as a product of
germinated peanuts' and then found in a variety of other plants.?
Its biosynthesis in tissue cultures of peanut seeds has been shown
to be inhibited by auxins.® It has been reported to exhibit strong
CNS inhibitory action,* and, in peptides, to inhibit the vitamin
K mediated y-carboxylation of glutamic acid residues, a process
which is important in blood clotting.> We have synthesised this
amino acid, among others, in our versatile and general amino
acid synthesis® and now report a synthesis of samples of this
compound which are stereoselectively deuteriated at C-3. This
will allow the stereochemistry of the hydroxylation, which has
been suggested’ to yield (25,3.5)-3-hydroxy-4-methyleneglutamic
acid 2 in Leguminosae, to be investigated in addition to other
metabolic and biosynthetic processes involving this amino acid.
Since deamination of these products will allow appropriately
labelled samples of 2-methyleneglutaric acid 3 to be obtained, the

Department of Chemistry, University of Sussex, Falmer, Brighton, UK BN1
90J

synthesis had application to the study of the stereochemistry of the
reaction catalysed by 2-methyleneglutarate mutase (EC 5.4.99.4),
as shown in Scheme 1. However, subsequent to our commencing
this aspect of the work, it has been reported?® that this biological
reaction is non-stereospecific.

Results and discussion

In our chemico-enzymatic synthesis of labelled L-amino acids® we
used the well-known' anti-addition of ammonia to the double
bond of fumaric acid 5 either by the enzyme L-aspartase (EC
4.3.1.1) or by using this enzyme in a preparation of Escherichia coli
immobilised on polyacrylamide gel to obtain samples of (25,3 R)-
[3-°H,]-and (25,35)-[2,3-*H,]-aspartic acid, 6a and 6b respectively,
as shown in Scheme 2. For the synthesis of stereospecifically
labelled samples of L-proline 9," we converted the labelled aspartic
acids 6 into the diazoketones 7, which were photolysed in methanol
containing aqueous sodium bicarbonate and then reacted with
di-tert-butyl dicarbonate. This gave the stereospecifically labelled
methyl pyroglutamate urethanes 8a and 8b in quantitative yield.
The unlabelled urethane ester 8 was now heated to 75 °C
with  tert-butoxy  bis(dimethylamino)methane (Bredereck’s

H H
N Ha H N H oH reagent) in 1,2-dimethoxyethane to give the enaminone 10 in
H EA H H 93% yield (Scheme 3) and this was treated with DIBAL-H in
HO.C COH HO.C COH tetrahydrofuran to yield the olefin 11 in 55% yield together with the
HoN HN diastereoisomeric amines 12 in 45% yield. The yield of the olefin
1 2
6 H H
"\Hg
MeoN N
4 Ha
H H H 2\
COzH S H p H 07 N7 YCOMe
—  » H N Boc
HO.C COLH 12 Hy=Hg=H
12aHp=H, Hg=2H
3 4 12bHp =2H,Hg =H
Scheme 1
Ha Ha
Ha CO-H HoN, Ha COH CF3CONH H, COCHN, o Ha e He
f— . S / _»—» S H . wwHa — Ha
H - B — =0 - N
HO,C Ha o, Ha e MeO.C  H, goc CO,Me N "COH
5 6 Ha=Hg=H 7 Ha=Hg=H 8 Ha=Hg=H 9aHa=H, Hg =2H

6aHp =H, Hg =2H
6bHp=2H,Hz=H

7aHp=H, HB=2H
TbHa=2H, Hg=H

8aHp=H,Hg=2H
8bHp=2H,Hz=H

9bHp =2H, Hg=H

Scheme 2
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8 Ha=Hg=H
8aHa =H, Hg =2H
8bHy=2H Hg =H

10 Hy=Hg=H
10aHp =H, Hg =2H
10b Ha=2H, Hg = H

11 Hy=Hg=H
11aHy =H, Hg =2H
11bHa=2H,Hg=H

13 Hy=Hg=H
13aHy=H, Hg =°H
13bHa=2H,Hg=H

1Ha=Hg=H
laHy=H, HB=2H
1bHy=2H,Hg=H

Scheme 3 Reagents and conditions: (i) (BuO)CH(NMe,),, MeOCH,CH,OMe, 75 °C, 12 h (93% 10, 71% 10a, 72% 10b); (ii) DIBAL-H, hexane, THF,
—78°C, 1 h, then rt, 1 h (64% 11, 62% 11a, 66% 11b); (iii) LiOMe, MeOH, THF, —40 °C, 15 min (76% 13, 78% 13a, 88% 13b); (iv) 9 M aq. HBr, reflux,

2 h (quantitative 1, 97% 1a, quantitative 1b).

11 could be increased to 64% on a small scale but a 19%
yield of the amine mixture 12 was still obtained. The amines
12 were converted into the olefin 11 in 85% yield by Hoffman
elimination using methyl iodide followed by reaction with
triethylamine. The labelled amines 12a and 12b and enones 11a
and 11b were obtained in good yield and without loss of label
from the enaminones 10a and 10b when the urethane esters
8a and 8b were used in these experiments. The next stage was
to open the pyroglutamate ring by solvolysis of the reactive
lactam-urethanes 11. This was achieved using methanolic lithium
methoxide in tetrahydrofuran at —40 °C since Michael addition
of methanol occurred at higher temperatures, lowering the yield.
In this way, good yields of the diesters 13, 13a, and 13b were
obtained. These were converted into the desired amino acid
hydrobromides 1, 1a and 1b, by heating at reflux with 9 M
aqueous HBr. The "H NMR spectra of these compounds are
shown in Fig. 1 and indicate that the stereoselective synthesis of

(C) J
1 L e A l

IREEN

(a) H-6B
H-6A
X
H-2
H-35 H-3R
A A IJM
=0 1 T T T T T T T
5(ppm) 6.0 5.0 4.0 3.0

Fig. 1 360 MHz 'H NMR spectra in C*H;0?H of (a) 4-methyleneg-
lutamic acid 1; (b) (25,35)-[3-*H,]-4-methyleneglutamic acid 1a; and (c)
(2S5,3R)-[2,3-*°H,]-4-methyleneglutamic acid 1b.

(25,35)-[3-*H,]-4-methyleneglutamic acid 1a and (2S,3R)-[2,3-
*H,]-4-methyleneglutamic acid 1b has been successful.

Conclusions

We have completed the synthesis of (25,3S5)-[3-°H,]-4-methyl-
eneglutamic acid 1a and (2S,3R)-[2,3-*H,]-4-methyleneglutamic
acid 1b for use in metabolic and biosynthetic studies.

Experimental

Melting points were determined on a Kofler hot-stage and are
uncorrected. Optical rotations (given in units of 10~' degem=2g™')
were measured on a Perkin Elmer PE241 polarimeter using a 1 dm
path length micro cell. IR spectra were recorded on a Perkin Elmer
1720 Fourier transform instrument and UV spectra on a Philips
PU8720 spectrophotometer. '"H NMR spectra were recorded on
a Bruker WM 360 (360 MHz) Fourier transform instrument. J
values are given in Hz. *C NMR spectra were recorded on a
Bruker AMX 500 (125.9 MHz) Fourier transform instrument.
INEPT experiments were used to help assign *C NMR signals
where necessary. Residual solvent peaks were used as internal
references in the NMR spectra. Mass spectra were recorded on
Kratos MS80RF and MS25 double focussing spectrometers by
Mr A. M. Greenway at the University of Sussex and on a Kratos
MS50 spectrometer by Dr S. Chotai at the Wellcome Research
Laboratories, Beckenham. Microanalyses were performed by
Miss M. Patel. Column chromatography was performed using
Merk Kieselgel 60 (230-400 mesh-ART 9385).

Methyl (25)-N-tert-butoxycarbonyl-4-N,N-
dimethylaminomethylenepyroglutamate (10)

tert-Butoxy bis(dimethylamino)methane (Bredereck’s reagent)
(22.27 g, 0.128 mol) was added to a solution of methyl (25)-
N-tert-butoxycarbonylpyroglutamate 8! (20.72 g, 85 mmol)
in 1,2-dimethoxyethane (200 ml). The mixture was heated at
75 °C for 12 h and the solvent was removed in vacuo to
give a dark solid which was recrystallised from diethyl ether
and petroleum ether (40-60 °C) containing a small amount
of dichloromethane. Methyl (2S5)-N-tert-butoxycarbonyl-4-N,N-
dimethylaminomethylenepyroglutamate 10 was obtained as a pale
yellow solid (23.78 g, 93%); mp 127 °C; [a]¥ —44 (¢ 0.77, CHCL,);
(Found C, 56.4; H, 7.4; N, 9.15. C,H,,N,Os requires: C, 56.4; H,
7.4; N, 9.4%); m/z [+ve FAB, (EtOAc/NBA)] 299 (M + HJ");
Ve (KBr)/cm™ 1766 (urethane-lactam), 1730 (ester) and 1682
(lactam-urethane); A ., (MeOH)/nm 313 (¢ 22 000); 6,4 (360 MHz,

This journal is © The Royal Society of Chemistry 2006
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C*HCl;) 1.46 [9H, s, C(CH;);], 2.88 (1H, dd, Jsg3s 15.3, J3z2 3.5,
H-3R),2.99[6H, s, N(CH.),], 3.22 (1H, dd, J35 15.3, J35, 10.7, H-
3S),3.73(3H, s, OCH;), 4.52 (1H, dd, J,35 10.7, J,3 3.5, H-2) and
(1H, brs, H-6);d (125.9 MHz, C*HCl;) 26.2 (C-3), 27.9 [C(CH,);],
41.9[N(CH5;),], 52.2 (OCHj;), 55.9 (C-2), 82.2[OC(CHj;);],90.8 (C-
4), 146.4 (C-6), 150.4 (urethane), 169.4 (ester) and 172.5 (lactam).

Methyl (25,35)-[3->H,|-N-tert-butoxycarbonyl-4-N, N -
dimethylaminomethylenepyroglutamate (10a)

This was prepared as the above using methyl (2S,395)-[3-
’H,]-N-tert-butoxycarbonylpyroglutamate ~ 8a'  (1.73 g,
7.1 mmol). Methyl (25,35)-[3-°H,]-N-tert-butoxycarbonyl-4-
N,N-dimethylaminomethylenepyroglutamate 10a was obtained
as a solid (1.5 g, 71%); mp 124-127 °C; [a]y —43.3 (¢ 0.77,
CHCl,); m/z [+ve FAB, (EtOAc/NBA)] 300 (M + HI*); Vi
(KBr)/cm™" 1767 (urethane-lactam), 1730 (ester) and 1682
(lactam-urethane); oy (360 MHz, C*HCI;) 1.47 [9H, s, C(CH,);],
2.87 (1H, br s, H-3R), 3.00 [6H, s, N(CH,),], 3.74 (3H, s, OCH,),
4.53 (1H, d, J,3z 3.6, H-2) and 7.12 (1H, d, Js:z 1.5, H-6); d¢
(125.9 MHz, C*HCl;) 25.7 (t, C-3), 28.0 [C(CH5);], 41.9 (NMe,),
52.3 (OCHs;), 55.8 (C-2), 82.2[OC(CH5;);], 90.8 (C-4), 146.5 (C-6),
150.5 (urethane), 169.4 (ester) and 172.6 (lactam).

Methyl (25,3R)-[2,3-*H,]-V-tert-butoxycarbonyl-4-N,N-
dimethylaminomethylenepyroglutamate (10b)

This was prepared as above from methyl (2S5,3R)-[2,3-*H,]-
N-tert-butoxycarbonylpyroglutamate 8b (2.45 g, 10 mmol).
Methyl (2S,3R)-[2,3-*H,]-N-tert-butoxycarbonyl-4-N,N-dimeth-
ylaminomethylenepyroglutamate 10b was obtained as a solid
(2.15 g, 72%); mp 123-127 °C; [a]y —44.4 (¢ 0.77, CHCL,); m/z
[+ve FAB, (EtOAc/NBA)] 301 [(M + HJ*); Vo (KBr)/cm™' 1765
(urethane-lactam), 1730 (ester) and 1682 (lactam-urethane); dy
(360 MHz, C*HCl;), 1.47 [9H, s, C(CHj;);], 3.00 [6H, s, N(CH,),],
3.22 (1H, s, H-3S), 3.79 (3H, s, OCH;) and 7.11 (1H, d, Jess 1.7,
H-6); 5. (125.9 MHz, C*HCl;) 26.0 (t, C-3), 28.4 [C(CH;)], 42.4
[N(CH,),], 52.7 (OCHj;), 55.8 (t, C-2), 82.6 [OC(CH5);], 91.2 (C-4),
146.9 (C-6), 150.9 (urethane), 169.4 (ester) and 172.9 (lactam).

Methyl (25)-N-tert-butoxycarbonyl-4-methylenepyroglutamate
(11) from the enaminone 10 (method A)

Methyl (2S)-N-tert-butoxycarbonyl-4-N,N-dimethylaminometh-
ylenepyroglutamate 10 (1 g, 3.35 mmol) was dissolved in tetrahy-
drofuran (200 ml) and cooled to —78 °C. A 1.0 M solution of
DIBAL-H in hexane (5.53 ml, 5.53 mmol) was added and the
mixture was kept at —78 °C for 1 h, allowed to warm to room
temperature and stirred for 1 h. Saturated aqueous ammonium
hydroxide solution (ca. 20 ml) was added and the mixture was
stirred at room temperature overnight. The mixture was dissolved
in ethyl acetate (40 ml) and 10% aqueous citric acid (20 ml) and the
layers were separated. The organic layer was further washed with
saturated aqueous sodium chloride (20 ml), saturated aqueous
sodium hydrogencarbonate (20 ml) and saturated aqueous sodium
chloride (20 ml). The organic layer was dried (Na,SO,) and
the solvent was removed in vacuo to yield methyl (25)-N-tert-
butoxycarbonyl-4-methylenepyroglutamate 11 (550 mg, 64%) as a
clear, viscous oil; [a]y —13.2 (¢ 1.79, CHCL,); m/z [+ve FAB, (ethyl
acetate/NBA)] 156 (M — CO,C,H, + 2H]*); m/z [EI] 240 (M —

CH,1Y); Viax (film)/cm™" 1787 (urethane-lactam), 1751 (ester) and
1721 (lactam-urethane); A,,, (MeOH)/nm 217 (br, ¢ 7600); Jy
(360 MHz, C°'HCl;) 1.48 [9H, s, C(CH;);], 2.65 (1H, tdd, J3zss
17.5, J3r2 3.2, J3r6 2.3, H-3R), 2.99 (1H, tdd, J353 17.5, J35, 10.1,
H-35), 3.73 (3H, s, OCH;), 4.60 (1H, dd, J,3s 10.1, J, 3.2, H-2),
5.49 (1H, t, Joass = Jeasr ~ 2.3, H-6A) and 6.20 (1H, t, Jepss
~ Jear ~ 3.0, H-6B); d. (125.9 MHz, C*HCl;) 27.7 (C-3), 27.8
[C(CH5;);], 52.5 (OCHS), 55.5 (C-2), 83.7[OC(CH5;);], 120.8 (C-6),
136.4 (C-4), 149.7 (urethane), 165.3 (ester) and 171.4 (lactam).

The acidic layer was treated with saturated aqueous sodium
hydrogen carbonate to pH 8-9 and extracted with ethyl acetate
(3 x 40 ml). The organic layers were dried (Na,SO,) and the
solvent was removed in vacuo to yield methyl (2S,4RS)-N-tert-
butoxycarbonyl-4-N,N-dimethylaminomethylpyroglutamate 12
(190 mg, 19%), a clear oil which solidified after long drying; mp
57-60 °C; (Found: C, 56.25; H, 7.95; N, 8.8. C,,H,,N,O; requires:
C, 56.0; H, 8.05; N, 9.3%); m/z [EI] 300 (IM]"); Vpux (KBr)/cm™'
1784 (urethane-lactam), 1740 (ester) and 1704 (lactam-urethane);
oy (360 MHz, C*HCl,, mixed diastereoisomers) 1.43 [9H, br s,
C(CHs;);], 1.90 (1H, m, H-3R) 2.16 and 2.17 [6H, 2s, N(CHs),],
2.20-2.80 (4H, m, H-3S, H-4 and H-6), 3.71 (3H, 4s, OCH,)
and 4.50 (1H, 2dd, H-2); 6. (125.9 MHz, C*'HCl;, mixed di-
astereoisomers) 26.2 (C-3), 27.7 [C(CH;);], 40.6 and 41.5 (C-4),
45.3 and 45.5 [N(CHj;),], 52.3 and 52.4 (OCH;), 57.0 and 57.4
(C-2), 59.7 and 59.9 (C-6), 83.4 and 83.5 [OC(CH,);], 149.1 and
149.2 (urethane), 171.1 and 171.9 (ester), and 173.9 and 174.1
(lactam).

Methyl (2S)-NN-tert-butoxycarbonyl-4-methylenepyroglutamate
(11) from the amine 12 (method B)

Methyl (2S,4RS)-N-tert-butoxycarbonyl-4-N,N-dimethylamino-
methylpyroglutamate 12 (200 mg, 0.66 mmol) was dissolved in
methyl iodide (5 ml) and stirred at room temperature in the dark
under argon overnight. The methyl iodide was removed in vacuo
and the amine salt was suspended in dichloromethane (5 ml).
Triethylamine (1 ml, 7.2 mmol) was added and the mixture was
stirred at room temperature for 7 h. The solvents were removed in
vacuo and and the residue was dissolved in ethyl acetate (30 ml).
The organic layer was washed with 10% aqueous citricacid (10 ml),
saturated aqueous sodium thiosulfate (10 ml), saturated aqueous
sodium chloride (10 ml) and dried (Na,SO,). Further drying in
vacuo provided the product 11 as a clear oil (140 mg, 83%) with
identical spectra to those described for the sample prepared by
method A.

Methyl (2S,3S5)-[3-*H,]-N-tert-butoxycarbonyl-4-
methylenepyroglutamate (11a)

This was prepared by the two methods described above for the
unlabelled compound 11, using methyl (2S,3S5)-[3-°H,]-N-tert-
butoxycarbonyl-4- N,N -dimethylaminomethylenepyroglutamate
10a. Methyl (25,3S)-[3-°H,]-N-tert-butoxycarbonyl-4-methylene-
pyroglutamate 11a was obtained (62% by method A and 75%
by method B); [a]¥ —15.0 (¢ 1.34, CHCL); m/z [+ve FAB,
(EtOAc/NBA)] 157 (M — CO,C,Hy + 2H]"); vy, (film)/cm™
1785 (urethane-lactam), 1750 (ester) and 1719 (lactam-urethane);
du (360 MHz, C*HCl,) 1.48 [9H, s, C(CH,);], 2.67 (1H, br s, H-
3R), 3.74 (3H, s, OCHy;), 4.60 (1H, d, J, 3 3.0, H-2), 5.50 (1H, d,
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Jeasr 2.1, H-6A) and 6.20 (1H, d, Je53x 2.3 H-6B); 6 (125.9 MHz,
C*HCly), 27.0 (t, C-3), 27.5 [C(CH5;);], 52.5 (OCH5;), 55.5 (C-2),
84.0 [OC(CH,;);], 121.0 (C-6), 136.5 (C-4), 149.5 (urethane), 165.5
(ester) and 171.5 (lactam).

Methyl (25,3S,4RS)-[3->H,]- N - tert-butoxycarbonyl-4-N,N-
dimethylaminomethylpyroglutamate 12a was isolated as a yellow
oil (23% by method A); vy, (film)/cm~" 1789 (urethane-lactam),
1751 (ester) and 1718 (lactam-urethane); é,; (360 MHz, C*HCl,,
mixed diastereoisomers) 1.46 [9H, br s, C(CH;);], 1.94 (1H, m,
H-3R), 2.20 and 2.21 [6H, 2s, N(CHs),], 2.27-2.81 (3H, m, H-4
and H-6), 3.73-3.76 (3H, 4s, OCHj;) and 4.50-4.60 (1H, m, H-2).

Methyl (25,3R)-[2,3-*H,]-N-tert-butoxycarbonyl-4-
methylenepyroglutamate (11b)

This was prepared by the two methods described above for the
unlabelled compound 11, using methyl (2S5,3R)-[2,3-*H,]-N-tert-
butoxycarbonyl-4- N,N -dimethylaminomethylenepyroglutamate
10b. Methyl (2S,3R)-[2,3-*H,]- N -tert-butoxycarbonyl-4-methyl-
enepyroglutamate 11b was obtained (66% by method A, 71%
by method B); [a]? —13.6 (¢ 1.59, CHCL); m/z [+ve FAB,
(CHCI;/NBA)] 158 (IM — CO,C,H, + 2H]*); vy (CHCL;)/cm™
1785 (urethane-lactam), 1748 (ester) and 1718 (lactam-urethane);
on (360 MHz, C*HCl;) 1.48 [9H, s, C(CH;);], 3.00 (1H, br s, H-3S),
3.74 (3H, s, OCH,;), 5.50 (1H, d, Ju3s 2.7, H-6A) and 6.20 (1H,
d, Jepss 3.2, H-6B); o (125.9 MHz, C*HCL;) 26.5 (t, C-3), 26.9
[C(CH;);], 51.5 (OCH3;), 54.3 (t, C-2), 82.8 [OC(CH;);], 119.9 (C-
6), 135.5 (C-4), 148.8 (urethane), 164.4 (ester) and 170.5 (lactam).

Methyl (2S,3R,4RS)-[2,3-°H,]-N-tert-butoxycarbonyl-4-N,N-
dimethylaminomethylpyroglutamate 12b was isolated as a yellow
0il (25% from method A); vy, (film)/cm=" 1789 (urethane-lactam),
1749 (ester) and 1718 (lactam-urethane); 6, (360 MHz, C?HCl,,
mixed diastereoisomers) 1.46 [9H, br s, C(CHj;);], 2.21 and 2.22
[6H, 2s, N(CH,),], 2.27-2.82 (4H, m, H-3S, H-4 and H-6) and
3.74-3.75 (3H, 4s, OCHj;).

Dimethyl (25)-N-tert-butoxycarbonyl-4-methyleneglutamate (13)

Methyl (2S)-N-tert-butoxycarbonyl-4-methylenepyroglutamate
11 (1.53 g, 6 mmol) was dissolved in dry freshly distilled
tetrahydrofuran (30 ml) and the mixture was cooled to
—40 °C. Lithium methoxide (1.0 M in MeOH, 7.2 ml, 7.2 mmol)
was added in portions via syringe (0.5 ml) and the solution
was stirred for 15 min. Ethyl acetate (50 ml) and water (50 ml)
were added, the layers were separated and the aqueous layer
was re-extracted with ethyl acetate (50 ml). The organic layers
were combined, washed with saturated aqueous sodium chloride
(30 ml), dried (Na,SO,) and the solvent was removed in vacuo.
Column chromatography on silica gel, eluting with diethyl
ether—petroleum ether (30-40 °C) (1 : 1) gave dimethyl (25)-
N-tert-butoxycarbonyl-4-methyleneglutamate 13 as a clear oil
(1.3 g, 76%); [a]® +15.2 (¢ 1.2, CHCL,); m/z [+ve FAB, (ethyl
acetate/NBA)] 288 (M + HJ); vy (film)/cm™" 1756 (sh,
urethane-lactam) and 1718 (urethane/ester); Jy (360 MHz,
C?’HClL,) 1.40 [9H, s, C(CH,)s], 2.65 (1H, dd, Jizss 14.0, J3x, 8.0,
H-3R), 2.80 (1H, dd, Jss3z 14.0, J3s, 5.8, H-3S), 3.71 (3H, s,
OCH,), 3.75 (3H, s, OCH,), 4.46 (1H, dd, J,5 5.8, J,1z 8.0, H-2),
5.10 (1H, br d, Ju, 7.4, NH, *H,O exchangeable), 5.64 (1H, s,
H-6A) and 6.20 (1H, s, H-6B); d. (125.9 MHz, C*HCl;) 28.6
[C(CH,);], 35.2 (C-3), 52.4 (OCH5;), 52.5 (OCHj), 53.3 (C-2), 80.1

[OC(CH,);], 128.9 (C-6), 136.0 (C-4), 155.5 (urethane), 167.4
(ester) and 172.7 (ester).

Dimethyl (25,3S)-[3-2H, |- N-tert-butoxycarbonyl-
4-methyleneglutamate (13a)

This was prepared as for the unlabelled compound 13 using
methyl (2S,3S)-[3-*H,]-N-tert-butoxycarbonyl-4-methylenepyro-
glutamate 11a (310 mg, 1.21 mmol). Dimethyl (25,3.5)-[3-*H,]-N-
tert-butoxycarbonyl-4-methyleneglutamate 13a was obtained as
an oil (270 mg, 78%); [a]5 +16.9 (¢ 1.3, CHCL); m/z [+ve FAB,
(ethyl acetate/NBA)] 289 (IM + HJ*); vy (film)/cm™" 1756 (sh)
and 1718 (urethane-ester); oy (360 MHz, C*HCl;) 1.37 [9H, s,
C(CH,);], 2.61 (1H, d, J3z, 7.5, H-3R), 3.67 (3H, s, OCH,), 3.71
(3H, s, OCH,), 4.42 (1H, t, Jy3z =~ Joan ~ 7.9, H-2), 5.20 (1H,
br d, Jyu, =~ 7.6, NH), 5.61 (1H, s, H-6A) and 6.22 (1H, s, H-
6B); dc (125.9 MHz, C*HCl;) 27.3 [C(CH;);], 33.6 (t, C-3), 51.1
(OCH,), 51.2 (OCHs;), 51.9 (C-2), 78.8 [OC(CH,);], 127.6 (C-6),
134.6 (C-4), 154.2 (urethane), 166.1 (ester) and 171.3 (ester).

Dimethyl (25,3 R)-[2,3->H,]-N-tert-butoxycarbonyl-4-
methyleneglutamate (13b)

This was prepared as for the unlabelled compound 13 above us-
ing methyl N-(2S,3R)-[2,3->H,]-tert-butoxycarbonyl-4-methylene-
pyroglutamate 11b (330 mg, 1.28 mmol). Dimethyl (2S,3R)-
[2,3-H,]-N-tert-butoxycarbonyl-4-methyleneglutamate 13b was
obtained as an oil (330 mg, 88%); [a]y +18.0 (¢ 1.7, CHCL,);
m/z [+ve FAB, (NBA)] 290 (IM + HJ*); vy (film)/cm™ 1756
(sh) and 1718 (urethane-ester); d,; (360 MHz, C*HCl;) 1.39 [9H, s,
C(CH,);], 2.77 (1H, s, H-3S), 3.70 (3H, s, OCH;), 3.74 (3H, s,
OCH,), 5.28 (1H, br s, NH), 5.63 (1H, s, H-6A) and 6.24 (1H, s,
H-6B); 6. (125.9 MHz, C*HCl;) 27.3 [C(CHjs)s], 33.5 (t, C-3), 51.1
(OCH,), 51.2 (OCH,;), 51.6 (t, C-2), 78.7 [OC(CH,);], 127.6 (C-6),
134.6 (C-4), 154.8 (urethane), 166.1 (ester) and 171.4 (ester).

(25)-4-Methyleneglutamic acid hydrobromide (1)

Dimethyl (2S)-N-tert-butoxycarbonyl-4-methyleneglutamate 13
(1.31 g, 4.56 mmol) was heated at reflux with 9 M aqueous
hydrobromic acid (30 ml) for 2 h. The solvent was removed in vacuo
and the oily product was azeotroped with methanol to yield pale
orange crystals. A sample was recrystallised from 9 M aqueous
hydrobromic acid to give the product 1 as off-white crystals (1.08 g,
quantitative); mp ~ 200 °C (decomp.); [a]l] +12 (¢ 1.0, 3 M HCI)
[lit.> +12.8 (11% w/v HCI)]; (Found C, 30.3; H, 4.1; N, 5.8.
CsHyNO,-HBr requires: C, 30.0; H, 4.2; N, 5.8%); m/z [+ve FAB,
(EtOH/ glycerol)] 160 (free amino acid [M + H]*); v, (KBr)/cm™!
3600-2800 (br, NH, OH) and 1739 (br, carboxylate); oy (360 MHz,
C?H,0%H) 2.76 (1H, dd, Js, 8.1, J3z35 14.3, H-3R), 3.00 (1H, dd,
Jis2 5.6, Jssar 14.3, H-3S), 4.20 (1H, dd, J,35 5.6, J,3¢ 8.1, H-2),
5.86 (1H, d, J4a sz 1.0, H-6A) and 6.39 (1H, d, J3x 1.0, H-6B); o
(125.9 MHz, C*H,;0’H) 35.0 (C-3), 53.8 (C-2), 131.8 (C-4), 136.5
(C-6), 169.8 (acid) and 171.8 (acid).

(2S5,35)-[3-’H,]-4-Methyleneglutamic acid hydrobromide (1a)

This was prepared as for 1 above using dimethyl (2S5,3S)-[3-
*H,]-N-tert-butoxycarbonyl-4-methyleneglutamate 13a (95 mg,
0.33 mmol). (25,35)-[3-°H,]-4-Methyleneglutamic acid hydrobro-
mide 1a was a solid (77 mg, 97%); mp ~ 200 °C (decomp.); [a]2 +10
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(¢ 0.46, 3 M HCIl); m/z [+ve FAB, (EtOH/ethyl acetate/glycerol)]
161 (free amino acid [M + H]*); v, (KBr)/ecm™' 3600-2800 (br,
NH, OH) and 1737 (br, carboxylate); dy (360 MHz, C°H;0°H) 2.74
(1H, d, J5z, 8.3, H-3R), 4.21 (1H, d, J,3 8.3, H-2), 5.86 (1H, d,
Jeasr 1.0, H-6A) and 6.39 (1H, d, J¢z3z 1.0, H-6B); 6 (125.9 MHz,
C*H;0°H) 34.7 (t, C-3), 53.8 (C-2), 131.6 (C-4), 136.5 (C-6), 169.8
(acid) and 171.5 (acid).

(25,3R)-[2,3-*H,]-4-Methyleneglutamic acid hydrobromide (1b)

This was prepared in the same way as 1 above using dimethyl
(2S,3R)-[2,3-*H,]-N-tert-butoxycarbonyl-4-methyleneglutamate
13b (110 mg, 0.38 mmol). (25,3 R)-[2,3-*H,]-4-Methyleneglutamic
acid hydrobromide 1b was a solid (92 mg, quantitative);
mp ~ 200 °C; [a]? +10 (¢ 0.72, 3 M HCI); m/z [+ve FAB,
(EtOH/glycerol)] 162 (free amino acid [M + HJ"); v
(KBr)/cm™" 3600-2800 (br, NH, OH) and 1736 (carboxylate); dy
(360 MHz, C*H;0%H) 2.99 (1H, s, H-3S), 5.86 (1H, s, H-6A) and
6.39 (1H, s, H-6B); 6. (125.9 MHz, C*H;0’H) 34.6 (t, C-3), 53.5
(t, C-2), 131.6 (C-4), 136.5 (C-6), 169.8 (acid) and 171.5 (acid).
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A novel C,-symmetric 2,6-diallylpiperidine carboxylic acid methyl ester 1 was prepared by the double
asymmetric allylboration of glutaldehyde followed by an aminocyclization and carbamation. On the
basis of desymmetrization of 1 using iodocarbamation, one allyl group of 1 was protected and
monofunctionalizations of the resulting oxazolidinone 11 were performed. The reaction of the

N-methoxycarbonyl piperidine 25 employing decarbamation reagent (n-PrSLi or TMSI) as a key step

gave oxazolidinone 26 or 17 including an intramolecular ring formation, which was transformed in a

few steps into (—)-porantheridine (2) and (—)-2-epi-porantheridine (3), respectively. In addition, the
expedient synthesis of (+)-epi-dihydropinidine (4), (2R,6 R)-trans-solenopsin A (5), and precoccinelline

(6), starting from 11 is described.

Introduction

The abundance of biologically active compounds containing
the 2,6-disubstituted piperidine ring has resulted in consider-
able synthetic efforts to prepare such systems.! With respect
to biologically-active target molecules, an increasing interest in
the diastereo- and enantioselective synthesis of piperidines has
developed.? The focus of our interest in this field is on the
synthetic applications of double or iterative asymmetric reactions
to achieve enantiomeric enhancement.®> We recently reported on
the asymmetric synthesis of several piperidine-related alkaloids
using a novel C,-symmetric 2,6-diallylpiperidine (1), prepared by
a double asymmetric allylboration of glutaraldehyde followed by
aminocyclization as the key steps.* In this paper, we describe the
full detail of an expedient synthesis of (—)-porantheridine (2),° a
novel tricyclic alkaloid of Poranthera corymbosa, and its 2-epimer
(3), (—)-epi-dihydropinidine (4),* a constituent of pine and spruce
species, and (2R,6R)-trans-solenopsin A (5),” a constituent of fire-
ant venom, and precoccinelline (6),® a ladybug defense alkaloid
starting from 1 (Fig. 1).

Results and discussion

We began with the synthesis of 1 as a chiral building block.
The treatment of glutaraldehyde with B-allyldiisopinocamphenyl-
borane, prepared by the reaction of B-methoxydiisocamphenyl-
borane {(—)-Ipc,BOMe} and allylmagnesium bromide, followed
by oxidation with alkaline H,O, gave the diastereomeric and
inseparable mixture of diols 7 in 74% yield.” The diols 7 were
successively subjected to ditosylation and aminocyclization with
benzylamine to give the diastereomeric isomers of piperidines 8,
which were fortunately separated by chromatography to yield C,-

“Faculty of Pharmaceutical Sciences, Tohoku Pharmaceutical University,
Sendai, 981-8558, Japan. E-mail: Takahata@tohoku-pharm.ac.jp,; Fax: 81-
22-275-2013; Tel: 81-22-727-0144
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University, Toyama, 930-0194, Japan

kc“Lo u\o
| O\J 2 (-)-porantheridine 3 (-)-2-epi-porantheridine
LG S
COOMe o
1 (j\/ On_~

+)-epi-dihydopinidine 6 precoccinelline
-)-solenopsin A

=

@O
—~—

4 n=
5n=

Fig. 1

symmetric 2,6-diallylpiperidine 8 and meso-8 in 61 and 14% yields,
respectively. This success of the separation can be attributed to
both a rigid conformation and close proximity (1,3-relationship)
between the two chiral centers of 8 compared with acyclic 1,5-diols
7 (Scheme 1).

>B/\/
W
1. T2 1. p-TsCl, Et;N
OH OH 12 BnNH
OHC.__~_CHO w -BoNH,
2. H,0O,, NaOH
202 C,-T
+ meso-7
L - L0
A\ '|d '}l
Bn Bn
Cx8 meso-8

(61% for 4 steps) (14% for 4 steps)

Scheme 1

The exchange of N-protecting groups from benzyl to carbamate
group was examined with methyl chloroformate. First, the use
of benzene and toluene as solvents under reflux resulted in the
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recovery of C,-8. However, the use of chloroform, a more polar
solvent, afforded the title carbamate 1 in 59% yield together
with the recovery of C,-8 (35%). Finally, methyl carbamate 1
was obtained in 93% yield by a reaction in a sealed tube at
90 °C for 48 h. On the other hand, carbamation using ethyl and
benzyl chloroformates in chloroform under the same conditions
did not proceed, resulting in the recovery of C,-8. No carbamation
with chloroformates bulkier than methyl chloroformate would
presumably occur due to steric effects (hindrance) of the a,o-
disubstituted allyl groups in the piperidine ring (Scheme 2).

CICOOMe k (j\)
Cr8

(93%)
COOMe
1

Scheme 2

With the C, chiral building block 1 in hand, our synthesis began
with the selective monodihydroxylation of the diallyl appendages
in 1. Unfortunately, the dihydroxylation of 1 using AD-mix-a was
nonselective, resulting in a diasteromeric mixture of monodiols 9
and 10 and inseparable diastereomeric tetraols together with the
recovery of the starting material 1 (Scheme 3).%

OH | g

|
COOMe COOMe
9 (32%) 10 (11%)

O Y
T HO\/&\\“’ N OH

éOOMe
(24%)

AD-mix-

Scheme 3

We hypothesized that this problem could be overcome by an
intramolecular iodocarbamation with one of the two allyl groups,
because it is impossible for a second iodocarbamation to occur
with the other one. Thus, the intramolecular iodocarbamation of 1
with iodine produced a diastereomeric and inseparable mixture of
oxazolidinones 11 in 98% yield. This desymmetrization indicates
that one of the two allyl groups was protected (Scheme 4).

Iy ”\
o

(98%)

Scheme 4

We hypothesized that this problem could be overcome by an
intramolecular iodocarbamation with one of the two allyl groups,
because it is impossible for a second iodocarbamation to occur
with the other one. Thus, the intramolecular iodocarbamation of 1
with iodine produced a diastereomeric and inseparable mixture of
oxazolidinones 11 in 98% yield. This desymmetrization indicates
that one of the two allyl groups was protected.

Having the promising piperidine 11, the Sharpless asymmetric
dihydroxylation (AD-mix-a) of 11 was conducted to provide the
diastereomeric mixtures of diols 12 in 90% yield. Deprotection of
the oxazolidine was accomplished by the exposure of 12 to zinc in
acetic acid to give the allylpiperidine, of which N-protection was
achieved by treatment with methyl chloroformate to yield 9 and
10 in 55 and 18% from 11, respectively (Scheme 5).

9
AD-mix-c. i Jecn fe ] 1§2r53’)5tep5)
1 RO A 2 STOLE0, 1)
i) O%J\O | 10
12 g? C.Z/Usteps)
Scheme 5

Treatment of the diol 9 in a three-step sequence (1. cyclic
stannoxanation, 2. primary tosylation, 3. epoxidation) afforded
the epoxide 13 in 92% yield. Without further purification, epoxide
13 was cleaved with ethylmagnesium bromide in the presence of
CuBr-Me,S to yield the alcohol 14 in 76% yield. O-Protection of
14 with MOMCI in the presence of Hiinig base gave 15 in 90%
yield. Oxidative cleavage of 15 with cat. OsO, in combination with
NalO, followed by the Horner—Wadsworth-Emmons reaction of
the resulting aldehyde with dimethyl 2-oxopropylphosphonate in
the presence of NaH afforded the o,B-unsaturated ketone, which
was hydrogenated with cat. Pd(OH), to give the ketone 16 in 84%
yield (Scheme 6).

1. Bu,SnO
2. p-TsCl, Et;N EtMgBr,
9 M’ \}\ CuBr-SMe,
(92%) toome (76%)
13
OH | MoMCI,
k)\ ENPr, K/V\ (j\)
AN N
CIZO OMe 0%
CO oM
14 h ©
1. 0sO,, NalO,
2. NaH, (MeO),P(O)CH,COMe oM
3. H,, cat. Pd(OH), K/'\
(84%)
C OOMe
16
Scheme 6

The decarbamation of 16 with iodotrimethylsilane'’ unpre-
dictably led to the production of the oxazolidinone 17 in 50%
yield. At this stage, the stereochemistry (C; position) of 17
remained undetermined. Acetalization of 17 gave the acetal 18,
the spectral data for which was surprisingly inconsistent with
those of Comin’s synthetic intermediate of (—)-porantheridine
19.5 From these results, the formation of 17 can be understood on
the basis of an intramolecular cyclization of the proposed reaction
intermediate 20 accompanied by an inversion of configuration at
the methoxymethyloxy-substituted carbon (Scheme 7).!?
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Therefore, the epimer of 16, i.e., 21 was prepared starting
with the diol 10 according to the same procedure as was used
for the preparation of 16 (Scheme 8). Deprotection of 21 with
TMSI followed by acetalization of the resulting oxazolizinone
gave Comin’s synthetic intermediate 19, the spectral data of which
was in agreement with the reported values. Thus, the proposed
mechanism was verified.
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2. p-TsCl, EtsN
3 K00, vOMC, M
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(99%)

Y N
k\v‘Lo/& 6]
24

Scheme 8

Next, the O-non-protected ketone 25 was synthesized from 14
in a three-step procedure in 79% yield (Scheme 9). In the ho-
mologation, the Wittig reagent (1-triphenylphosphranylidene-2-
propanone) was used in place of the Horner—Wadsworth—-Emmons
reagent (dimethyl 2-oxopropylphosphonate). The decarbamation
of 25 with Corey’s reagent n-PrSLi*® fortunately provided the
desired oxazolidinone 24 in 90% yield. An intramolecular attack
of a secondary alkoxide anion, generated by n-PrSLi, to the
carbamate carbonyl had probably occurred. In addition, treatment
of 25 with TMSI gave 17 in high yield (97%). Finally, cleavage
of the oxazolidinone ring of acetal 18 with 2 M KOH in 2-
propanol at 120 °Cin a sealed tube' followed by an intramolecular
aminalization of the resulting amine 26 with p-TsOH afforded (—)-
2-epi-porantheridine (3) in 25% yield. Thus, 14 was transformed

1. 0s0,, NalO,
2. PhsPCHCOMe

3. My, cat. Pd(OH), n-PréLi
4

— 24
COOMe (00%)
25

L

(79%)
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(86%)
™SI w

ref. 5¢c

* LA
(97%) o” o
p-TsOH, 17,X=0
HO(CH,),0H 18, X = O(CH,),0

O\)X -
\\/\ (30%)
26
(84%)

Scheme 9

to 2 and 3 based on n-PrSLi and TMSI-mediated oxzolidinone
ring formation of 25, respectively, in a short step.

In addition, we focused on the synthesis of 2,6-trans-dialkylpi-
peridines such as (+)-epi-dihydropinidine (4), and (2R,6R)-trans-
solenopsin A (5). OsO,-Mediated dihydroxylation of 14 followed
by an oxidative cleavage of the resulting diol with NalO, provided
the aldehyde, which was decarbonylated with (Ph;P);RhCI to
afford the methyl-substituted piperidine 27 in 48% yield. Deprotec-
tion of oxazolidine occurred upon exposure of 27 to zinc in acetic
acid followed by N-protection of the resulting allylpiperidine with
Boc,O to give N-Boc-2-allyl-6-methylpiperidine 28. Transforma-
tion of 28 into 4 has been reported previously.” The oxidative
cleavage of 28 with cat. OsO, in combination with NalO, provided
the aldehyde, which was coupled by the Wittig olefination with n-
nonyltriphenylphosphonium bromide in the presence of n-Buli,
followed by hydrogenation of the resulting olefin to give the 2,6-
disubstituted piperidine 29 in 64% yield. N-Deprotection of 29 by
treatment with trifluoroacetic acid (TFA) in CH,Cl, provided 5 in
84% yield (Scheme 10).

Next, the transformation of 14 into precoccinelline (6) was
pursued. Wacker oxidation of 14 provided the ketone 30 in 86%
yield. By a procedure similar to that described for 28, a two-
step treatment (deprotection of the oxazolidine and N-protection)
of 30 gave the allylpiperidine 31 in 81% yield. Treatment of 32
with cat. OsO, in combination with NalO, followed by the Wittig
reaction of the resulting aldehyde with (triphenylphosphoranyli-
dene)acetaldehyde afforded the o,pf-unsaturated aldehyde, which
was exposed to hydrogen in the presence of cat. Pd(OH), in ethyl
acetate to give the keto aldehyde 32 in 59% yield. N-Deprotection
of 32 with TFA followed by an intramolecular Mannich-type
cyclization with 10-camphorsulfonic acid (CSA) gave the known
synthetic intermediate 33 for 6 in 52% yield, which constitutes a
formal synthesis of precoccinelline (Scheme 11).
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Conclusion

In conclusion, we explored the use of C,-symmetric 2,6-diallylpi-
peridine 1 as a novel chiral building block via the double
asymmetric allylboration of glutaldehyde followed by aminocy-
clization and carbamation. The formal asymmetric synthesis of
(—)-porantheridine (2) and the asymmetric synthesis of (—)-2-
epi-porantheridine (3) were demonstrated based on the distinc-
tive desymmetrization of 1 by iodocabamation including the
protection of one allyl group and »n-PrSLi and TMSI-assisted
intramolecular oxazolidinone ring formation accompanied by
retention and inversion of the configuration at the 2 position
of the hydroxypentyl substituent in 25, respectively. Moreover,
the convenient synthesis of (—)-epi-dihydropinidine (4), (2R,6R)-
trans-solenopsin A (5), and precoccinelline (6), starting from 11
was achieved.

Experimental
General

Melting points are uncorrected. IR spectra were measured with
a JASCO A102 and a Perkin Elmer 1600 spectrophotometers.
'H NMR and "C spectra were recorded on a JEOL FX 270,
Varian Gemini-300, and Varian Unity-500. MS and HRMS were
taken on a JEOL-JMS D-200 spectrometer using the electron
ionization. Elemental analyses were performed by a Perkin Elmer
2400 Elemental Analyzer. Optical rotations were measured with

a JASCO-DIP-1000 digital polarimeter. Column chromatography
was performed on silica gel (Fuji-Division BW-200 or Merck 60
(No 9385) with a medium pressure apparatus. The extracts were
dried over Na,SO, unless otherwise specified.

(25,65)-1-Benzyl-2,6-bis(2-propenyl)piperidine (C,-8). .0 M
Allylmagnesium bromide (20 mL, 20 mmol) in ether was added to
a solution of (—)-Ipc,BOMe (6.32 g, 20.0 mmol) in ether (25 mL)

—78 °C. After being stirred for 15 min, the reaction was warmed
to rt. To the mixture was added a solution of glutaraldehyde
(1.0 g, 10 mmol) in ether (5 mL) at —78 °C. After being stirred for
1 h, the solution was warmed to rt. To the reaction mixture were
successively added 3 N NaOH (14.6 mL) and 30% H,O, (6.0 mL)
at 0 °C. The mixture was refluxed for 1 h and fractionated with
a separatory funnel. The aqueous layer was extracted with ether
three times. The combined organic solvents were washed with
brine, dried, and evaporated. The residue was purified by flash
column chromatography on silica gel (n-hexane—ethyl acetate =
2 : 1) to give the diastereomeric mixture of diols (1.36 g, 74%) as
an oil. Et;N (3.48 mL, 25.0 mmol) and 4-dimethylaminopyridine
(305 mg, 2.50 mmol) were successively added to a mixture of
the diols (1.15 g, 6.25 mmol) and p-toluenesulfonyl chloride
(4.70 g, 25.0 mmol) at 0 °C and the mixture was stirred at room
temperature for 2 d. A large amount of ether was added to the
mixture. The mixture was filtered through Celite. The filtrate
was washed with brine, dried, and evaporated. The residue was
purified by chromatography using n-hexane-ethyl acetate (5 :
1) as eluent to yield the ditosylate (2.38 g, 78%) as a yellow
oil. A solution of the tosylate in benzylamine (15.3 mL, 0.14
mol) was heated at 75 °C for 2 d. The reaction was diluted
with n-pentane (100 mL) at 0 °C and 2 N NaOH (150 mL) was
added to the dilute solution. The organic layer was separated
and the aqueous layer was extracted with n-pentane (40 mL)
four times. The combined organic layers were dried over K,CO,
and evaporated. The residue was purified by medium-pressure
chromatography using n-hexane—ethyl acetate (80 : 1) as eluent
to yield C,-8 (973 mg, 61%) and meso-8 (223 mg, 14%) as
oils. C,-8: [a]¥¥ —4.87° (¢ 1.03, CHCL;); IR (neat) 2928, 1559,
1447 cm™'; "H NMR (300 MHz, CDCl;) 6 1.34-1.39 (m, 2 H),
1.57-1.60 (m, 4 H), 2.13-2.24 (m, 4 H), 2.79-2.83 (m, 2 H, H-2, H-
6), 3.68, 3.82 (ABq, J = 14.3 Hz, 2 H, CH,C¢H5), 4.95-5.02 (m, 4
H, 2 x CH=CH,), 5.68-5.81 (m, 2 H, 2 x -CH=CH,), 7.20-7.38
(m, 5H); *.CNMR (75 MHz, CDCl;)6 20.1, 26.1, 35.7, 51.1, 54.5,
115.7, 126.5, 128.1, 128.5, 137.0, 141.3; anal. calcd for C,3H,sN:
C, 84.65; H, 9.87; N, 5.48. Found: C, 84.73; H, 9.74; N, 5.38.

Methyl (2S,65)-2,6-Bis(2-propenyl)piperidinecarboxylate (1).
A solution of C,-5 (297 mg, 1.16 mmol) and methyl chloroformate
(0.45 mL, 5.81 mmol) in CHCI; (5.2 mL) in a sealed tube was
heated at 90 °C for 2 d. The solution was diluted with ether. The
resulting mixture was washed with 10% HCl and H,O and dried.
Evaporation left an oil, which was purified with chromatography
using n-hexane—ethyl acetate (30 : 1) as eluent to yield 1 (242 mg,
93%); [a]y 4+6.00° (¢ 1.14, CHCL); IR (neat) 2949, 1734, 1700,
1653, 1636, 1559, 1443, 1395 cm™'; "H NMR (300 MHz, CDCl;) 6
1.59-181 (m, 6 H), 2.1-2.25 (m, 2 H), 2.45-2.53 (m, 2 H), 3.68 (s,
3 H, COOCH), 3.81-3.88 (m, 2 H, H-2S, H-6S), 5.03-5.08 (m,
4 H), 5.68-5.82 (m, 2 H); "C NMR (75 MHz, CDCl;) ¢ 13.6, 23.2,
39.1, 51.7, 52.3, 116.8, 135.9, 156.4; HRMS calcd for C;H, NO,
(M*) 223.1572, found 223.1576.

1590 | Org. Biomol. Chem., 2006, 4, 1587-1595

This journal is © The Royal Society of Chemistry 2006





Methyl (25,6S5)-2-[(2S)-2,3-Dihydroxypropyl]-6-prop-2-enyl-
piperidinecarboxylate (9) and Methyl (2S5,6S5)-2-[(2R)-2,3-Dihy-
droxypropyl]-6-prop-2-enylpiperidinecarboxylate (10) from 1.
The olefin 1 (412 mg, 1.84 mmol) was added to a mixture of
AD-mix-o (2.58 g) in tert--BuOH (13 mL), and H,O (13 mL)
at 0 °C. After the reaction mixture was stirred for 9 h at the
same temperature, sodium sulfite (2.6 g) was added to the mixture.
After stirring for 30 min, the mixture was filtered through a Celite
pad. The filtrate was extracted with chloroform—2-propanol (5 :
1) three times. The extracts were washed with brine, dried, and
evaporated. The residue was chromatographed using n-hexane—
ethyl acetate (1 : 1) as eluent to yield 1 (78 mg, 19%), 9 (152 mg,
32%), 10 (51 mg, 11%), and the diastereomeric mixture of tetraols
(127 mg, 24%) as oils. 9; [a]¥ —27.2° (¢ 0.98, CHCL,); IR (neat)
3415, 2947, 1673, 1453, 1396 cm™'; "TH NMR (300 MHz, CDCl;) 6
1.68-1.93 (m, 8 H), 2.17-2.28 (m, 1 H), 2.44-2.51 (m, 2 H), 3.40-
3.48 (m, 1 H, H-2S or H-6S), 3.61-3.73 (m, 1 H, H-2S or H-6S),
3.71 (s, 3 H), 3.81-3.84 (m, 1 H, -CHOH), 4.00-4.07 (m, 2 H,
-CH,0OH), 5.03-5.11 (m, 2 H), 5.67-5.81 (m, 1 H); *C NMR
(75 MHz, CDCl;) § 12.8, 22.8, 24.8, 38.7, 39.7, 49.3, 51.4, 52.5,
66.8, 70.3, 116.8, 135.2, 156.7; HRMS calcd for C,;H,;NO, (M*)
257.1627, found 257.1616. 10; [a]¥ +2.34° (¢ 1.01, CHCL); IR
(neat) 3418, 2948, 1672, 1452, 1396, 1370, 1112 cm™'; '"H NMR
(300 MHz, CDCl;) 6 1.40-1.48 (m, 1 H), 1.58-1.70 (m, 4 H), 1.83—
1.98 (m, 1 H), 2.09-2.20 (m, 1 H), 2.39-2.47 (m, 1 H), 3.40-3.50
(m, 2 H), 3.50-3.62 (m, 2 H, H-2S, H-6S), 3.67 (s, 3 H), 3.69-3.70
(m, 1 H,-CHOH), 4.04-4.14 (m, 2 H, -CH,OH), 4.58 (br s, 1 H),
4.98-5.23 (m, 2 H), 5.60-5.74 (m, 1 H); *C NMR (75 MHz,
CDCl,) 0 13.1, 22.1, 25.7, 38.9, 39.4, 48.3, 51.8, 52.9, 66.5, 68.4,
117.0, 135.4, 158.0; HRMS calcd for C;H;NO, (M*) 257.1627,
found 257.1625.

(4RS,65,10S5)-1-Aza-4-(iodomethyl)-3-oxa-10-prop-2-enyl-
bicyclo[4.4.0]-decan-2-one (11). Iodine (634 mg, 2.50 mmol) was
added to a solution of 1 (279 mg, 1.25 mmol) in CH,Cl, (10 mL)
at 0 °C and the reaction mixture was stirred at room temperature
overnight. The reaction was quenched with saturated Na,SO;
and the resulting mixture was extracted with CH,Cl, three times.
The extracts were washed with brine, dried, and evaporated. The
residue was purified by chromatography using n-hexane—ethyl
acetate (3 : 1) as eluent to yield 11 (412 mg, 98%); IR (neat) 2934,
1685, 1427,1367, 1269 cm™'; "H NMR (300 MHz, CDCl;) J 1.09—
2.52 (m, 10 H), 3.14-3.25 (m, 1 H), 3.31-3.46 (m, 2 H), 4.00-4.08
(m, 0.6 H, H-4),4.23-4.31 (m, 0.4 H, H-4), 4.58-4.66 (m, | H, H-
69), 5.02-5.09 (m, 2 H), 5.68-5.85 (m, 1 H); "C NMR (75 MHz,
CDCl;) § 5.05 (6.13), 19.1 (18.3), 27.3 (27.4), 32.8, 33.2, 33.4,
34.7, 35.1, 35.9, 46.5, 49.2, 50.2, 51.1, 73.2 (73.6), 117.3 (117.3),
135.2, 152.8; HRMS caled for C;,H;sNO,I (M*) 335.0382, found
335.0377.

Methyl  (2S5,6S5)-2-[(2S5)-2,3-Dihydroxypropyl]-6-prop-2-enyl-
piperidinecarboxylate (9) and methyl (25,65)-2-[(2R)-2,3-Dihy-
droxypropyl]-6-prop-2-enylpiperidinecarboxylate (10) from 11.
The olefin 11 (220 mg, 0.657 mmol) was added to a mixture of
AD-mix-o (1.05 g) in tert-BuOH (5 mL), and H,O (5 mL) at
0 °C. After the reaction mixture was stirred for 17 h at the same
temperature, sodium sulfite (1.3 g) was added to the mixture.
After stirring for 30 min, the mixture was filtered through a
Celite pad. The organic layer was separated, and the aqueous
layer was extracted with ethyl acetate three times. The combined

organic layers were washed with brine, dried, and evaporated.
The residue was chromatographed using ethyl acetate-methanol
(10 : 1) as eluent to yield a diasteromeric mixture of the diols
12 (218 mg) as an oil. Zinc (69 mg, 1.06 mmol) was added to a
solution of the diols (218 mg, 0.59 mmol) in a mixture of THF
(1.7 mL), acetic acid (70 pL), and H,O (70 uL) at 0 °C and the
reaction mixture was vigorously stirred at room temperature for
1.5 h. The mixture was filtered through Celite. 1 N NaOH was
added to the filtrate. The basic solution was extracted with CHCI,
three times. The extracts were dried over K,CO; and evaporated.
To a solution of the residue in THF (2 mL) and H,O (2 mL) were
added K,CO; (122 mg, 0.88 mmol) and methyl chloroformate
(68 uL, 0.88 mmol). The mixture was stirred at room temperature
overnight. The mixture was acidified with 20% KHSO, and
extracted with CH,Cl, three times. The extracts were washed
with brine, dried and evaporated. The residue was purified by
chromatography using n-hexane—ethyl acetate (1 : 1) as eluent to
yield 9 (93 mg, 55%) and 10 (30 mg, 18%). All spectra of 9 and 10
were in accordance with those of 9 and 10 prepared from 1.

Methyl (25,65)-2-[(2R)-2-Hydroxypentyl]-6-prop-2-enylpiperi-
dinecarboxylate (14). 7-Bu,SnO (2.3 mg, 9.41 pmol), triethy-
lamine (78.6 puL, 0.56 mmol) and p-toluenesulfonyl chloride (p-
TsCl) (108 mg, 0.56 mmol) were added to a solution of 9 (231 mg,
0.47 mmol) in CH,Cl, (1.5 mL). The mixture was stirred for 1.5 h
at room temperature and brine (10 mL) was added to the mixture.
The organic layer was separated and the aqueous layer was
extracted with CH,Cl, three times. The combined organic layers
were dried and evaporated. The residue was chromatographed
using n-hexane-acetone (3 : 1) as eluent to yield the tosylate.
To a solution of the tosylate in methanol (2.0 mL) was added
K,CO; (77 mg, 0.56 mmol) at 0 °C. After 1 h of stirring at
room temperature and saturated NH,Cl (5 mL) was added to
the mixture. The mixture was extracted with CH,Cl, three times.
The extracts were dried and evaporated to yield 13 (125 mg, 92%)
as an oil. To a slurry of CuBr-SMe, (115 mg, 0.56 mmol) in
THF (4 mL) was added ethylmagnesium bromide (1 M in THF,
1.12 mL, 1.12 mmol) at —78 °C with stirring. After being stirred
for 1 h at —45 °C, a solution of 13 in THF (1 mL) was slowly
added. The mixture was gradually warmed to —30 °C, stirred
for 1 h, and quenched with saturated NH,Cl. The mixture was
diluted with ether and the phases were separated. The organic
layer was washed with brine, dried, and evaporated. The residue
was chromatographed using n-hexane—acetone (7 : 1) as eluent
to give 14 (76 mg, 76%) as an oil; [a]¥ —28.8° (¢ 1.94, CHCL,);
IR (neat) 3451, 2953, 1674, 1450, 1368, 1115 cm™'; '"H NMR
(300 MHz, CDCl;) 6 0.92 (t, J = 6.9 Hz, 3 H), 1.21-1.89 (m,
12 H), 2.17-2.27 (m, 1 H), 2.45-2.53 (m, 1 H), 3.30 (br s, 1 H),
3.58-3.62 (m, 1 H), 3.71 (s, 3 H), 3.73-3.84 (m, 1 H), 4.00-4.02
(m, 1 H, H-2(2R)), 5.02-5.11 (m, 2 H), 5.68-5.82 (m, 1 H); *C
NMR (75 MHz, CDCL) 0 13.1, 14.1, 18.8, 23.0, 24.7, 38.7, 40.1,
43.7,49.7, 51.4, 52.3, 69.7, 116.7, 135.4, 156.6; HRMS calcd for
CsH,;,NO; (M*) 269.1991, found 270.2000.

(2S5,6S) - Methyl 2 - Allyl- 6 - ((R) - 2 - (methoxymethoxy)pentyl)-
piperidine-1-carboxylate (15). To a solution of 14 (92 mg,
0.34 mmol) in CHCl; (3 mL) were successively added N,N-
diiopropylethylamine (0.2 mL, 1.12 mmol) and chloromethyl
methyl ether (77.8 uL, 1.03 mmol) at 0 °C and the reaction
mixture was refluxed overnight. To the reaction mixture was
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added 20% KHSO, and the mixture was extracted with CH,Cl,
three times. The extracts were dried and evaporated. The residue
was chromatographed using n-hexane—acetone (15 : 1) as eluent
to give 15 (96 mg, 90%) as an oil; [a]) —16.3° (¢ 0.98, CHCL,);
IR (neat) 2951, 1694, 1448, 1328, 1100 cm™'; "H NMR (300 MHz,
CDCl;)00.92(t,J =7.1 Hz,3 H), 1.26-1.76 (m, 11 H), 1.85-1.93
(m, 1 H), 2.20-2.30 (m, 1 H), 2.52-2.60 (m, 1 H), 3.39 (s, 3 H), -
OCH,OCH;, 3.53-3.62 (m, 1 H), 3.68 (s, 3 H), 3.76-3.82 (m, 1 H),
3.99-4.06 (m, 1 H), 4.63 (d, J = 7.1 Hz, | H,-OCH,0OCH,), 4.66
(d, J = 7.1 Hz, 1 H, -OCH,0CH,), 5.01-5.10 (m, 2 H), 5.70—
5.84 (m, 1 H); "C NMR (75 MHz, CDCl;) ¢ 14.2, 15.0, 18.6,
24.1,24.7,36.6, 38.2, 38.6,49.1, 52.0, 52.1, 55.5, 75.0, 95.1, 116.4,
135.8, 156.3; HRMS calcd for C,;H; NO, (M*) 313.2253, found
313.2250.

(28,6S5) - Methyl 2 - ((R) - 2 - (Methoxymethoxy)pentyl) - 6 - (4 -
oxopentyl)piperidine-1-carboxylate (16). Three drops of an aque-
ous 4% OsO, solution were added to a solution of 15 (96 mg,
0.3 mmol) in dioxane (1.5 mL) and H,O (1.5 mL) and then the
reaction mixture was stirred for 10 min at room temperature. After
NalO, (65 mg, 0.30 mmol) was added to mixture, the reaction
mixture was stirred for 15 min. Again NalO, (65 mg, 0.30 mmol)
was added to the mixture. The reaction was stirred for 1 h,
quenched with 10% sodium thiosulfate. The mixture was extracted
with CH,Cl, three times. The extracts were dried and evaporated.
Dimethyl 2-oxopropylphosphonate (53.4 uL, 0.36 mmol) was
added to a suspension of 60% NaH (14.8 mg, 0.36 mmol) in
THF (1.5 mL) and the reaction mixture was stirred for 5 min
at room temperature. A solution of the above residue was added
to the mixture at 0 °C and the reaction was stirred overnight.
Saturated NH,Cl solution was added to the reaction mixture and
the mixture was extracted with CH,Cl, three times. The extracts
were washed with brine, dried, and evaporated. The residue was
chromatographed using n-hexane—acetone (5 : 1) as eluent to give
the unsaturated ketone (91 mg, 85%) as an oil. Pd(OH), (20 mg)
was added to a solution of the ketone in ethyl acetate (4.5 mL) and
the suspension was stirred under hydrogen for 2 h. The mixture
was filtrated through Celite and the filtrate was evaporated. The
residue was chromatographed using n-hexane—acetone (5 : 1) as
eluent to give the saturated ketone 16 (91 mg, 99%) as an oil; [a]*
—24.0° (¢ 0.81, CHCl,); IR (neat) 2949, 1697, 1448, 1369, 1099,
1038 cm™'; "HNMR (300 MHz, CDCl;)5 0.92 (t, J =7.4Hz, 3 H,
-CH;), 1.23-1.78 (m, 15 H), 1.90-1.99 (m, 1 H), 2.14 (s, 3 H,
-COCH;), 2.45-2.49 (m, 2 H), 3.38 (s, 3 H), 3.56 (quint, J =
5.8 Hz, 1 H), 3.67 (s. 3 H), 3.74 (brs, 1 H), 3.93-3.96 (m, 1 H), 4.63
(d,J=7.1Hz,1H),4.66(d,J =7.1 Hz, 1 H); "*CNMR (75 MHz,
CDCly) 0 14.2, 15.8, 18.5, 21.1, 25.2, 25.3, 29.8, 33.1, 36.6, 38.1,
43.3,49.2,52.9, 52.5, 55.5,74.9, 95.1, 156.4, 208.5; HRMS calcd
for C,yH;;NOs (M*) 357.2515, found 357.2513.

(3S,4aS.,8S) - Hexahydro - 8 - (4 - oxopentyl) - 3- propylpyrido[1,2-
cli1,3loxazin-1(3H)-one (17). Iodotrimethylsilane (61.3 puL,
0.43 mmol) was added to a solution of 16 (35 mg, 0.10 mmol)
in CH;CN (3.5 mL) at 0 °C and the solution was stirred
for 2 h. After the reaction was quenched with 10% sodium
thiosulfate, the mixture was extracted with CH,Cl, three times.
The extracts were dried over K,CO; and evaporated. The residue
was chromatographed using CHCI, as eluent to give the 17 (14 mg,
50%) as an oil; [a]¥ —57.6° (¢ 0.68, CHCL); IR (neat) 2934, 1681,
1431, 1363, 1274 cm™'; "H NMR (300 MHz, CDCl;)6 0.92 (t, J =

6.9 Hz, 3H), 1.35-1.78 (m, 16 H), 1.85-1.95 (m, 1 H), 2.11 (s, 3 H),
2.38-2.60 (m, 2 H), 3.41-3.48 (m, 1 H), 4.17-4.21 (m, | H, H-4aS),
4.46-4.49 (m, 1 H, H-3S); *CNMR (75 MHz, CDCL,)6 13.9, 18.2,
19.2, 20.0, 28.1, 28.7, 29.9, 33.0, 33.1, 36.5, 42.9, 46.8, 50.9, 72.6,
153.7, 208.6; HRMS calcd for C,H,NO, (M*) 281.1991, found
281.2001.

(35 4aS,85)Hexahydro-8-3-(2-methyl-1,3-dioxolan-2-yl)propyl)-
3-propylpyrido[1,2-c][1,3]oxazin-1(3H)-one (18). A mixture of
17 (82 mg, 0.29 mmol), ethyleneglycol (81.3 uL, 1.46 mmol), and
p-TsOH-H,O (11 mg) in benzene (5 mL) using a Dean—Stark
apparatus was refluxed overnight. Saturated NaHCO; was
added to the mixture. The mixture was extracted with CH,Cl,
three times. The extracts were dried and evaporated. The residue
was purified by chromatography using CHCI; as eluent to yield
18 (87 mg, 92%) as an oil; [a]¥ —56.3° (¢ 1.18, CHCL,); IR (neat)
2936, 2872, 1682, 1433, 1375, 1284, 1229, 1120, 1059 cm™'; 'H
NMR (300 MHz, CDCl;) 6 0.94 (t, J = 6.3 Hz, 3 H), 1.30 (s, 3 H,
-C-CH;), 1.25-1.72 (m, 17 H), 1.85-1.96 (m, 1 H), 3.42-3.48 (m,
1 H), 3.92 (s, 4 H. -OCH,CH,0-), 4.19 (m, 1 H), 4.50 (m, 1 H);
BC NMR (75 MHz, CDCl,) § 14.1, 18.5, 19.5, 21.0, 24.0, 28.0,
29.8, 33.4, 36.8, 39.2, 47.0, 51.7, 64.8, 72.8, 110.0, 153.8; HRMS
caled for CsH; NO, (M*) 325.2253, found 325.2246.

(25,6S5)-Methyl 2- Allyl-6-((S)-2-hydroxypentyl)piperidine-1-
carboxylate (22). According to the same procedure described for
preparation of 14, 22 was prepared from 10 in 61% yield. An oil;
[aly —28.8° (c 0.96, CHCL;); IR (neat) 3452, 2953, 1675, 1450,
1368, 1115 cm™'; '"H NMR (300 MHz, CDCl;) 6 0.90 (t, J =
6.9 Hz, 3 H, -CH;), 1.24-1.93 (m, 12 H), 2.15-2.26 (m, 1 H),
2.49-2.53 (m, 1 H), 3.47-3.49 (m, 1 H), 3.68-3.78 (m, 1 H), 3.72 (s,
3H), 4.16-4.20 (m, 2 H, -CHOH), 5.02-5.09 (m, 2 H), 5.66-5.80
(m, 1 H); "C NMR (75 MHz, CDCl;) ¢ 13.8, 14.5, 189.5, 22.8,
26.3, 38.9, 39.4, 43.7, 48.9, 52.0, 52.9, 67.5, 117.0, 135,8, 158.0;
HRMS calcd for C,sH,,NO; (M*) 269.1991, found 270.1988.

(25,6S5) - Methyl 2- Allyl-6-((S)- 2 - (methoxymethoxy)pentyl)-
piperidine-1-carboxylate (23). According to the same procedure
described for preparation of 15, 23 was prepared from 22 in 80%
yield. An oil; [a]f) —17.1° (¢ 1.02, CHCL;); IR (neat) 2949, 1698,
1446, 1327, 1100 cm™'; "H NMR (300 MHz, CDCl;)5 0.92 (t, J =
7.1 Hz, 3 H), 1.26-1.93 (m, 12 H), 2.20-2.30 (m, 1 H), 2.50-2.58
(m, 1 H), 3.38 (s, 3 H, -OCH,OCH;), 3.53-3.60 (m, 1 H), 3.68
(s, 3 H), 3.73-3.80 (m, 1 H), 3.99 (m, 1 H), 4.62-4.68 (m, 2 H,
-OCH,0CHjy), 5.01-5.10 (m, 2 H), 5.70-5.83 (m, 1 H); *C NMR
(75 MHz, CDCL,) ¢ 14.2, 15.1, 18.2, 24.3, 25.6, 37.1, 38.5, 38.9,
50.1, 52.0, 52.2, 55.5, 76.5,95.9, 116.4, 135.7, 156.3; HRMS calcd
for C,;H; NO, (M*) 313.2253, found 313.2260.

(25,6S5) - Methyl 2 - ((S) - 2 - (Methoxymethoxy)pentyl) - 6 - (4-
oxopentyl)piperidine-1-carboxylate (21). According to the same
procedure described for preparation of 16, 21 was prepared from
23 in 79% yield. An oil; [a]® —27.0° (¢ 0.97, CHCL,); IR (neat)
2949, 1697, 1447, 1368, 1099, 1039 cm™'; "H NMR (300 MHz,
CDCL)60.92 (t,J =7.1 Hz, 3 H), 1.18-1.76 (m, 15 H), 1.88-1.96
(m, 1 H), 2.14 (s, 3H,-COCH;), 2.44-2.47 (m, 2 H), 3.38 (s, 3 H),
3.51-3.62 (m, 1 H), 3.66 (s, 3 H), 3.71 (m, 1 H), 3.87 (m, 1 H),
4.63-4.70 (m, 2 H); "C NMR (75 MHz, CDCl;) ¢ 14.5, 16.0,
18.5,21.4, 25.5, 26.4, 30.2, 33.4, 37.4, 39.0, 43.6, 50.3, 52.2, 52.8,
55.8, 76.7, 96.1, 156.7, 208.8; HRMS calcd for CyH;sNOs (M*)
357.2515, found 357.2513.
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(3R,4a8,8S)-Hexahydro - 8-(4-oxopentyl) - 3-propylpyrido[1,2-
cli1,3loxazin-1(3H)-one (24) from 21. According to the same
procedure described for preparation of 17, 24 was prepared from
21 in 48% yield. An oil; [a]y +9.67° (¢ 0.73, CHCL;); IR (neat)
2936, 2870, 1708, 1674, 1433, 1363, 1289, 1129 cm™'; 'H NMR
(300 MHz, CDCl;)6 0.93 (t,J = 6.9 Hz, 3 H), 1.09-1.80 (m, 16 H),
2.04 (dd, J =13.4,5.5Hz, 1 H), 2.13 (s, 3 H), 2.42-2.58 (m, 2 H),
3.37-3.47 (m, 1 H), 4.07-4.12 (m, 1 H, H-4aS), 4.58-4.61 (m, 1
H, H-3R); BC NMR (75 MHz, CDCl,) 6 13.9, 17.9, 18.2, 19.9,
27.7,29.1,30.0, 33.6, 35.8,36.9,42.8,49.1,49.9, 74.4, 153.9, 208.5;
HRMS calcd for C,sHxNO; (M*) 281.1991, found 281.2000.

(3R,4a8,8S5)-Hexahydro-8-(3-(2-methyl-1,3-dioxolan-2-yl)-
propyl)-3-propylpyrido[1,2-c][1,3]oxazin-1(3H)-one (19). Accor-
ding to the same procedure described for preparation of 18, 19
was prepared from 24 in 99% yield. An oil; [a]¥ +10.0° (¢ 0.25,
CHCL), lit.** [a]3 +10.3° (¢ 1.96, CHCL); IR (neat) 2934, 1682,
1429, 1372, 1286, 1229, 1120, 1059 cm™'; '"H NMR (300 MHz,
CDCl;) 6 0.93 (t, J = 6.6 Hz, 3 H), 1.30 (s, 3 H, -CCH,;), 1.07-
1.80 (m, 17 H), 2.02 (dd, J = 13.5, 5.2 Hz, 1 H), 3.34-3.43 (m,
1 H), 3.92 (s, 4 H, -OCH,CH ,0-), 4.04-4.10 (m, 1 H), 4.59 (m,
1 H); "C NMR (75 MHz, CDCl;) ¢ 13.9, 17.9, 18.2, 20.7, 23.8,
27.2,29.8,33.7,35.8,36.9, 38.8,49.2,50.4, 64.5,74.3,109.7, 153.8;
HRMS calcd for C3sH; NO, (M*) 325.2253, found 325.2240.

Methyl (25,6S5) -2 - [(2R) - 2 - Hydroxypentyl] - 6 - (4 - oxopentyl)
piperidinecarboxylate (25). Three drops of 4% OsO, solution
were added to a solution of 14 (77 mg, 0.29 mmol) in a mixture of
dioxane (1.5 mL) and H,O (1.5 mL) and the solution was stirred
at room temperature for 10 min. NalO, (61 mg, 0.29 mmol) was
added to the solution, which was stirred for 15 min. NalO, (61 mg,
0.29 mmol) was again added to the mixture. After 1 h, 10% sodium
thiosulfate was added, and extracted with CH,Cl, three times. The
extracts were dried and the mixture was evaporated to leave the
aldehyde. 1-Triphenylphosphranylidene-2-propanone (182 mg,
0.57 mmol) was added to a solution of the aldehyde in CH,Cl,
(3mL). After being refluxed for 15 h, the mixture was evaporated.
The residue was diluted with ether and the resulting mixture was
filtered through Celite. The filtrated was evaporated. The residue
was purified by chromatography using n-hexane—ethyl acetate (3 :
1) as eluent to yield the ketone. A suspension of the ketone and
Pd(OH), (20 mg) in ethyl acetate (4 mL) was stirred under a
hydrogen atmosphere at room temperature for 1 h. The mixture
was filtered through Celite and the filtrate was evaporated. The
residue was purified with chromatography using n-hexane—ethyl
acetate (3 : 1) as eluent to yield 25 (71 mg, 79%) as an oil; [a]¥
—39.2° (¢ 0.74, CHCl,); IR (neat) 3445, 2950, 2870, 1677, 1452,
1370, 1190, 1115 cm™'; "H NMR (300 MHz, CDCl;) 6 0.92 (t,
J =17.1 Hz, 3 H), 1.25-1.96 (m, 16 H), 2.14 (s, 3 H, -COCH,),
247 (t, J = 5.5 Hz, 2 H), 3.19 (br s, 1 H), 3.58-3.60 (m, 1 H),
3.69 (s, 3 H), 3.76-3.77 (m, 1 H), 3.92-3.96 (m, 1 H); "C NMR
(75 MHz, CDCl;) J 13.9, 14.1, 18.8, 20.9, 23.9, 25.0, 29.9, 33.2,
40.1, 43.2, 43.4, 49.6, 51.8, 52.3, 69.6, 156.5, 208.4; HRMS calcd
for C,;H; NO, (M*) 313.2253, found 313.2249.

(4R,65,10S5)-1-Aza-3-oxa-10-(4-oxopentyl)-4-propylbicyclo-
[4.4.0]decan-2-one (24) from 25. n-Buli (1.6 M solution in
hexane) (1.58 mL, 2.52 mmol) was added to a solution n-PrSH
(0.27 mL, 3.03 mmol) in HMPA (1.0 mL) at 0 °C and the mixture
was stirred for 30 min. A solution of 22 (79 mg, 0.25 mmol) in

THF (2 mL) was added to the mixture at 0 °C and the mixture was
stirred at room temperature for 5 d. 28% NH; solution was added
to the reaction mixture and the mixture was extracted with ether
ten times. The extracts were dried over K,CO; and evaporated. The
residue was purified by chromatography using CHCI; as eluent to
yield 24 (63 mg, 90%) as an oil; [a]¥ +9.67° (¢ 0.74, CHCL,). All
spectra were in accordance with those of 24 prepared from 21.

(35,4aS,8S) - Hexahydro - 8 - (4 - oxopentyl) - 3- propylpyrido[1,2-
cll1,3]loxazin-1(3H)-one (17) from 25. Todotrimethylsilane (71 uL,
0.5 mmol) was added to a solution of 25 (71 mg, 0.23 mmol) in
CH,CN (6 mL) at 0 °C and the solution was stirred for 2 h. After
the reaction was quenched with 10% sodium thiosulfate, the mix-
ture was extracted with CH,Cl, three times. The extracts were dried
over K,CO; and evaporated. The residue was chromatographed
using CHCI, as eluent to give 17 (62 mg, 97%) as an oil. All spectra
were in accordance with those of 17 prepared from 16.

(S)-14(2S,65)-6-(3«(2-Methyl-1,3-dioxolan-2-yl)propyl)piperidin-
2-yl)pentan-2-ol (26). A solution of 18 (65 mg, 0.20 mmol) in
2 M KOH of 2-propanol (2.1 mL) was heated in a sealed tube for
3 d at 120 °C. After addition of H,O to the reaction mixture, the
mixture was extracted with CHCI, three times. The extracts were
dried over K,CO; and evaporated. The residue was purified by
chromatography using CHCL;—MeOH (5 : 1) as eluent to yield 26
(51 mg, 85%) as an oil; [a]¥ +1.22° (¢ 1.31, CHCL); IR (neat)
3385, 2932, 2871, 1456, 1375, 1219, 1127, 1061 cm™'; "H NMR
(300 MHz, CDCl;) 6 091 (t, J = 6.9 Hz, 3 H), 1.20-1.65 (m,
17 H), 1.30 (s, 3 H), 1.77-1.86 (m, 1 H), 2.89-2.90 (m, 2 H),
3.20-3.36 (m, 1 H, H-2 or H-6), 3.83-3.88 (m, 1 H, -CHOH),
3.92 (s, 4 H); "C NMR (75 MHz, CDCl;) § 14.5,19.5, 19.9, 21.2,
24.0, 30.7, 31.7, 33.6, 38.9, 39.4, 39.9,47.8, 50.9, 64.8, 69.5, 110.1;
HRMS calcd for C,;H3;;NO, (M*) 299.2460, found 299.2449.

(25,3aS,6aS,9aS) - Decahydro - 9a - methyl - 2 - propyl - 2H -[1,3]-
oxazino[4,3,2-de]quinolizine {(—)-2-epi-poranthredine} (3). A
mixture of 26 (51 mg, 0.17 mmol) and p-TsOH-H,O (39 mg,
0.20 mmol) in benzene (3 mL) was refluxed for 3 h. After
addition of saturated NaHCO; to the reaction mixture, the
mixture was extracted with CHCI, three times. The extracts were
dried over K,CO; and evaporated. The residue was purified by
chromatography using ethyl acetate-MeOH (10 : 1) as eluent
to yield 3 (12 mg, 30%) as an oil; [a]¥ —42.9° (¢ 0.36, CHCL,);
IR (neat) 2931, 2867, 1453, 1375, 1254, 1131 cm™'; '"H NMR
(300 MHz, CDCl;) 6 0.93 (t, / = 7.1 Hz, 3 H, -CH,CH;), .15~
1.83 (m, 17 H), 1.49 (s, 3 H, CH;-9aS), 2.35-2.46 (m, 1 H), 2.96 (t,
J=11.3Hz, 1 H, H-6aS), 3.74-3.78 (m, 1 H, H-3aS), 4.01-4.07
(m, 1 H, H-2); *C NMR (75 MHz, CDCl;) ¢ 14.5, 19.6, 20.2,
20.3,24.4,29.0, 30.9, 34.1, 34.4, 40.2, 41.6, 44.5, 50.0, 71.5, 86.1;
HRMS calcd for C,sH,NO (M*) 237.2093, found 237.2102.

(4RS,68,108)-1-Aza-4-(iodomethyl)-3-oxa-10-methyl-2-enyl-
bicyclo-[4.4.0]decan-2-one (27). Three drops of 4% OsO, solution
were added to a solution 14 (89 mg, 0.27 mmol) in a mixture of
dioxane (2 mL) and H,O (2 mL) and the mixture was stirred at
room temperature for 10 min. NalO, (57 mg, 0.27 mmol) was
added to the mixture, which was stirred for 15 min. NalO, (57 mg,
0.27 mmol) was again added to the mixture, which was stirred for
1 h. The reaction was quenched with 10% sodium thiosulfate, and
the resulting mixture was extracted with CH,Cl, three times. The
extracts were dried and evaporated. To a solution of the residue
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in toluene (3 mL) was added RhCI(PPh;); (270 mg, 0.3 mmol).
The reaction mixture was refluxed overnight and filtered through
Celite. The filtrate was evaporated. Ethanol was added to the
residue and the mixture was filtered through Celite. The filtrate was
evaporated to leave an oil, which was purified by chromatography
using n-hexane—ethyl acetate (3 : 1) as eluent to yield 27 (39 mg,
48%) as a diasteromeric mixture; IR (neat) 2936, 1686, 1428, 1290,
1234, 1136 cm™'; 'H NMR (300 MHz, CDCl;) ¢ 1.19-1.22 (m,
3 H, -CH;), 1.38-2.2.38 (m, 8 H), 3.15-3.72 (m, 3H, H-6S, —
CH.I), 4.08-4.71 (m, 1 H, H-4), *C NMR (75 MHz, CDCl;) ¢
5.34,6.27, 159, 16.4, 18.1, 19.1, 29.7, 29.9, 30,8, 33.1, 33.3, 33.4,
33.6,35.9,44.5,45.1,46.3,46.9,47.8,48.8,72.3,72.5, 73.9, 152.3;
HRMS calcd for C,,H ;(NO,I (M*) 309.0226, found 309.0222.

tert-Butyl (2R,6S5)-2-Methyl-6-(2-propenyl)piperidinecarboxy-
late (28). Zinc (55 mg, 0.842 mmol) was added to a solution
of 27 (48 mg, 0.15 mmol) in a mixture of THF (1 mL), acetic
acid (40 uL), and H,O (40 puL) at 0 °C. The reaction mixture was
stirred at room temperature for 5 h and filtered through Celite. 2 N
NaOH was added to the filtrate. To the basic solution was added
Boc,0O (0.16 mL, 0.70 mmol). The mixture was stirred at room
temperature overnight. 20% KHSO, was added to the reaction
mixture and the mixture was extracted with CH,Cl, three times.
The extracts were dried and evaporated. The residue was purified
by chromatography using n-hexane—ethyl acetate (60 : 1) as eluent
to yield 28 (28 mg, 80%); [a]¥ —24.2° (¢ 0.23, CHCL), lit."* [a]¥
—24.67° (¢ 3.1, CHCL;); IR (neat) 2944, 1689, 1368, 1176 cm™'; 'H
NMR (300 MHz, CDCl;) ¢ 1.22 (d, J = 6.6 Hz, 3 H, CH;-65),
1.47 (s, 9 H), 1.53-1.91 (m, 6 H), 2.13-2.24 (m, 1 H), 2.42-2.47
(m, 1 H), 3.83-3.87 (m, 1 H, H-2 or H-6), 3.97 (m, 1 H, H-2 or
H-6), 5.00-5.09 (m, 2 H), 5.70-5.82 (m, 1 H); *"C NMR (75 MHz,
CDCly) 6 13.3,21.2,22.6, 26.8, 28.8, 39.4, 47.1, 51.2, 79.1, 116.6,
136.3, 155.2; HRMS calcd for C,,H,;NO, (M*) 239.1885, found
239.1885.

tert-Butyl  (2R,6R)-2-Methyl-6-undecylpiperidinecarboxylate
(29). Two drops of 4% OsO, solution were added to a solution
of 28 (49 mg, 0.21 mmol) in a mixture of dioxane (1.5 mL) and
H,O (1.5 mL) and the reaction was stirred at room temperature
for 10 min. NalO, (44 mg, 0.21 mmol) was added to the mixture,
which was stirred for 15 min. NalO, (44 mg, 0.21 mmol)
was again added to the mixture, which was stirred for 1 h.
The reaction was quenched with 10% sodium thiosulfate, and
the resulting mixture was extracted with CH,Cl, three times.
The extracts were dried and evaporated to leave the aldehyde.
n-BuLi (0.19 mL, 0.31 mmol) was added to a mixture of
n-nonyltriphenylphosphonium bromide (193 mg, 0.41 mmol) in
THF (1.5 mL) at 0 °C and the mixture was stirred at the same
temperature for 30 min. A solution of the aldehyde in THF (1 mL)
was added to the mixture. After being stirred at room temperature
for 5 h, the mixture was quenched with saturated NH,Cl at 0 °C
and extracted with CH,Cl, three times. The extracts were dried
and evaporated. The residue was purified by chromatography
using n-hexane-ethyl acetate (100 : 1) as eluent to yield olefin
(48 mg, 66%). A suspension of the olefin (36 mg, 0.1 mmol)
and Pd(OH), (10 mg) in methanol (2 mL) was stirred under a
hydrogen atmosphere at room temperature for 1 h. The mixture
was filtered through Celite and the filtrate was evaporated. The
residue was purified with chromatography using n-hexane—ethyl
acetate (100 : 1) as eluent to yield 29 (35 mg, 97%) as an oil;

[al¥¥ —26.3° (¢ 1.58, CHCL); IR (neat) 2927, 2855, 1690, 1461,
1369 cm~'; '"H NMR (300 MHz, CDCl;) 6 0.88 (t, J = 6.5 Hz,
3 H, (CH,),,CHj;), 1.22-126 (m, 23 H), 1.46 (s, 9 H), 1.49-1.85
(m, 6 H), 3.78-3.79 (m, 1 H, H-2R or H-6R), 3.91-3.93 (m, 1 H,
H-2R or H-6R); C NMR (75 MHz, CDCl,) 6 13.7, 14.1, 20.8,
22.6, 23.1, 26.8, 27.1, 28.5, 29.3, 29.59, 29.63, 31.8, 34.3, 46.8,
51.6, 78.5, 155.0; HRMS calcd for C,,H,;;NO, (M*) 353.3294,
found 353.3306.

(—)-Solenopsin A (6). Trifluoroacetic acid (1 mL) was added
to a solution of 29 (35 mg, 0.10 mmol) in CH,Cl, (1 mL) and
the reaction mixture was stirred at room temperature for 2 h. The
mixture was evaporated and the residue was diluted with 2 N
NaOH. The basic solution was extracted with CH,Cl, three times.
The extracts were dried over K,COj; and evaporated. The residue
was purified with chromatography using CHCl;—methanol (5 : 1)
as eluent to yield 6 (21 mg, 84%) as an oil; [a]¥ —1.3° (¢ 0.94,
CH;O0H), lit.” [a]¥ —1.3° (¢ 1.3, CH;OH); IR (neat) 2924, 2853,
1460 cm™'; '"H NMR (300 MHz, CDCl;) § 0.88 (t, J = 6.5 Hz,
3 H, (CH,),,CH;), 1.07 (d, J = 6.5 Hz, 3 H), 1.19-1.64 (m,
26 H), 2.85-2.89 (m, 1 H, H-2R or H-6R), 3.03-3.08 (m, 1 H,
H-2Ror H-6R); "*CNMR (75 Hz, CDCl;) 6 14.1,19.5,21.2,22.7,
26.4,29.3,29.6,29.7, 30.7, 31.9, 32.9, 34.0, 45.7, 50.7.

tert-Butyl (25,6S5)-8-(2-Oxopropyl)-2-prop-2-enylpiperidine-
carboxylate (31). A suspension of PdCl, (4 mg, 23.6 umol)
and CuCl (23 mg, 0.23 mmol) in a solution of DMF and H,0O
(7 : 1) (0.3 mL) was stirred under oxygen atmosphere at room
temperature for 1 h. A solution of 14 (79 mg, 0.24 mmol) in
DMF and H,O (7: 1) (0.1 mL) was added to the reaction mixture.
After being stirred at room temperature overnight, the mixture was
quenched with 20% KHSO, and extracted with ether three times.
The extracts were successively washed with saturated NaHCO,
and brine, dried, and evaporated. The residue was purified by
chromatography using n-hexane—ethyl acetate (3 : 1) as eluent to
yield 30 (71 mg, 86%). Zinc (22 mg, 0.337 mmol) was added to a
solution of 30 (66 mg, 0.19 mmol) in a mixture of THF (0.5 mL),
acetic acid (20 pL), and H,O (20 puL) at 0 °C and the reaction
mixture was vigorously stirred at room temperature for 1 h. The
mixture was filtered through Celite. 2 N NaOH was added to the
filtrate. The basic solution was extracted with CH,Cl, three times.
The extracts were dried over K,CO; and evaporated. To a solution
of the residue in THF (1 mL) and H,O (1 mL) were added K,CO;
(35 mg, 0.27 mmol) and Boc,O (79 uL, 0.34 mmol). The mixture
was stirred at room temperature overnight. 20% KHSO, was
added to the reaction mixture and the mixture was extracted with
CH, (1, three times. The extracts were washed with brine, dried and
evaporated. The residue was purified by chromatography using -
hexane—ethyl acetate (10 : 1) as eluent to yield 31 (43 mg, 81%) as
an oil; [a]y +19.4° (¢ 1.07, CHCL,); IR (neat) 2942, 1687, 1389,
1253,1172, 1116 cm™'; "HNMR (300 MHz, CDCl;) 4 1.44 (s, 9 H),
1.61-1.79 (m, 6 H), 2.16 (s, 3 H. -COCH;), 2.18-2.21 (m, 1 H),
2.24-2.48 (m, 1 H), 2.59 (dd, J = 15.9,9.1 Hz, 1 H), 2.87-2.94 (m,
1 H), 3.86-3.88 (m, 1 H), 4.174.21 (m, 1 H), 4.99-5.08 (m, 2 H),
5.74-5.76 (m, 1 H); "C NMR (75 MHz, CDCl;) d 14.3, 23.6, 25.4,
28.7, 30.4, 38.7, 47.7, 48.8, 51.9, 79.6, 116.7, 135.8, 155.0, 207.0;
HRMS caled for C,(H,;NO; (M*) 281.1991, found 281.1990.

tert-Butyl  (25,6.S5)-8-(2-Oxopropyl)-2-(4-oxobutyl)piperidine-
carboxylate (32). Two drops of 4% OsO, solution were added
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to a solution of 31 (68 mg, 0.24 mmol) in a mixture of dioxane
(1.5 mL) and H,O (1.5 mL) and the mixture was stirred at
room temperature for 10 min. NalO, (52 mg, 0.24 mmol) was
added to the mixture, which was stirred for 15 min. NalO,
(52 mg, 0.24 mmol) was again added to the mixture. After 1 h,
sodium thiosulfate was added, and the mixture was extracted
with CH,Cl, three times. The extracts were dried and evaporated
to leave the aldehyde. (Triphenylphosphranylidene)acetaldehyde
(147 mg, 0.482 mmol) was added to a solution of the aldehyde
in toluene (2.5 mL.). After being refluxed for 9 h, the mixture
was evaporated. The residue was diluted with ether and the
resulting solution was filtered through Celite. The filtrated was
evaporated. The residue was purified by chromatography using
n-hexane—ethyl acetate (5 : 1) as eluent to yield a,p-unsaturated
aldehyde (45 mg, 60%). A suspension of the aldehyde (45 mg,
0.15 mmol) and Pd(OH), (10 mg) in ethyl acetate (2 mL) was
stirred under a hydrogen atmosphere at room temperature for
1 h. The mixture was filtered through Celite and the filtrate was
evaporated. The residue was purified by chromatography using
n-hexane—ethyl acetate (5 : 1) as eluent to yield 32 (44 mg, 98%)
as an oil; [a]® +0.68° (¢ 0.98, CHCL,); IR (neat) 2935, 2865, 1717,
1685, 1367, 1252, 1171 cm™'; "H NMR (300 MHz, CDCl;) ¢ 1.43
(s, 9 H), 1.48-1.78 (m, 10 H), 2.15 (s, 3 H), 2.40-2.50 (m, 2 H),
2.56-2.64 (m, 1 H), 2.96-3.01 (m, 1 H), 3.88-3.91 (m, 1 H), 4.07
(m, 1 H), 9.75-9.77 (m, 1 H, -CHO); *C NMR (75 MHz, CDCl;)
019.4,22.3,25.5,26.8,28.7,30.4,32.7,43.8,47.7,48.4, 52.5, 79.6,
155.2, 202.5, 206.9; HRMS calcd for C,;HyNO, (M*) 311.2097,
found 311.2094.

13-Azatricyclo[7.3.1.0(5,13)|tridecan-3-one ~ (33). Trifluoro-
acetic acid (1.5 mL) was added to a solution of 32 (62 mg,
0.20 mmol) in CH,Cl, (1.5 mL) and the reaction mixture was
stirred at room temperature for 1 h. The mixture was evaporated
and the residue was diluted with saturated NaHCO,. The
resulting basic solution was extracted with CH,Cl, three times.
The extracts were dried and evaporated. A mixture of the residue
and CSA (139 mg, 0.60 mmol) in toluene (9 mL) was refluxed for
2 h. Saturated NaHCO, was added to the mixture. The mixture
was extracted with CH,Cl, three times. The extracts dried and
evaporated. The residue was purified by chromatography using
CHCl;—methanol (30 : 1) as eluent to yield 33 (20 mg, 52%) as
a solid; mp. 80-81 °C, lit.* mp. 81-83 °C; IR (KBr) 2931, 2866,
1708, 1435, 1336, 1253 cm™'; '"H NMR (300 MHz, CDCl;) ¢
1.19-2.05 (m, 14 H), 2.79 (t, J = 13.1 Hz, 3 H), 3.24 (br d, J =
12.4 Hz, 2 H); *C NMR (75 MHz, CDCl;) 6 19.2, 30.1, 34.1, 40.7,
48.4, 58.9, 211.1; HRMS calcd for C,H,,NO (M*) 193.1467,
found 193.1460.
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The C;-symmetric molecule 1 has been previously shown to
mimic CD40 ligand (CD40L) homotrimers and to display
effector functions. This molecule consists of a cyclic hexapep-
tide core containing the repetition of the D-Ala-L-Lys motif.
The side chains of the lysine residues have been modified by
appending the CD40L-derived sequence '*Lys-Gly-Tyr-Tyr'*
via a 6-aminohexanoic acid residue as a spacer. The present
report describes a general solid-phase synthesis approach to
1 and related trimeric architectures. In addition, their CD40
binding properties as well as their effector functions have been
evaluated.

The interaction between CD40, a member of the tumour necrosis
factor receptor (TNF-R) superfamily, and its ligand CD40L is
key to the differentiation and activation of antigen presenting
cells (APCs) as well as T and B lymphocytes.! Blockade or
activation of this pathway represents a potentially useful approach
to immunomodulate T-cell-mediated diseases or to enhance
anti-infective/anti-tumour host defence, respectively.>* Signalling
through CD40 and other TNF-R members involves ligand-
induced receptor trimerisation and the formation of a 3 : 3
hexameric ligand-receptor complex.* In this context, we have
described rationally designed CD40L mimetics (<3 kDa) that
can both interact with CD40 and display effector functions.’
The design of these small molecules was based on the crystal
structure of CD40L homotrimers and a homology model of the
CD40L/CD40 complex.*” The three-fold axis of the hexameric
complex suggested to conceive trimeric architectures with C;
symmetry.

Large cyclic peptides can be considered as excellent cores
to assemble multivalent ligands.® The preparation of this type
of structure is highly flexible and is amenable to solid-phase
synthesis.® For the design of CD40L mimetics we focused on
macrocylic peptides with rigid ring conformation and three
arms at the twelve, four and eight o’clock positions that could
promote radial distribution of a short CD40 binding segment.
Crystallographic studies have shown that cyclic hexapeptides
consisting of alternated L- and D-amino acid residues meet these
criteria and are able to adopt the expected symmetric C; spatial
arrangement.®'! For this reason, we prepared a series of molecules
based on the cyclo-(L-Lys-D-Ala); core structure (Fig. 1).
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munologie et Chimie Thérapeutiques, 15 Rue René Descartes, 67084 Stras-
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T Electronic supplementary information (ESI) available: detailed experi-
mental procedures. See DOI: 10.1039/b601528j
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Fig.1 Molecular structures of CD40L mimetics.

The synthesis of molecules 1-3 was performed entirely on a
solid support.”> We followed the strategy for the head-to-tail
cyclisation on polymer beads using Fmoc/#-Bu chemistry.’*!* We
initially functionalised 2-(3,5-dimethoxy-4-formylphenoxy)ethyl
polystyrene resin with the D-Ala residue protected at the carboxylic
group as an allyl ester under reductive amination conditions
(Scheme 1)."* The secondary amine 5 was coupled with Fmoc-
L-Lys(Mtt)-OH, activated with triphosgene in the presence of
collidine.” Because dipeptide esters made of heterochiral residues
are particularly prone to fast 2,5-diketopiperazine formation,'
we did not attempt to remove the Fmoc group of 6. Instead, the
synthesis was continued towards the C-terminus. The allyl group
(All) was removed by treatment with Pd(Ph;), and H-L-Lys(Mtt)-
OAll was coupled to give tripeptide 8. At that stage, the elongation
was continued from the N-terminus to give hexamer 10."7 The
N- and C-protections of the linear peptide were subsequently
removed and cyclisation to 13 was achieved by activation with
DIC (diisopropylethylcarbodiimide) and HOAt (1-hydroxy-7-
azabenzotriazole). The Mtt (4-methyltrityl) groups on the three
lysine side chains were removed in mild acid conditions and the
synthesis of 1 was terminated using Fmoc/#-Bu chemistry and
standard coupling procedures.f 6-Aminohexanoic acid (Ahx) was
inserted as a spacer to assure a favourable interaction between
the CD40L-derived '“Lys-Gly-Tyr-Tyr'* loop sequence and the
residues of the CD40 receptor. After the cleavage from the resin,
the crude compound 1 was obtained in good yield and fairly
good purity (Fig. 2A). After purification by semi-preparative RP-
HPLC (Fig. 2B), we isolated ligand 1 in 16% yield, subsequently
characterised by MALDI-tof.

During the initial solid-phase peptide synthesis (SPPS) opti-
misation phase, we were able to identify and separate the ligand
2 (Fig. 1), which was not expected and presented one missing
sequence in one of the arms due to an incomplete removal of
Mtt groups (Scheme 1). This dimeric analogue of 1 lacking
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Scheme 1  Solid-phase synthesis of CD40L mimetics.
mAU - 1 A The capacity of the CD40L mimetic 1 to interact with CD40
500 - was previously evaluated with surface plasmon resonance (SPR).*
400 - SPR experiments showed a concentration-dependent competition
500 with binding of recombinant CD40L to CD40. The mean in-
hibitory concentration of 1 corresponded to 78 nM.> Here we
2001 2 have measured the inhibitory activity of dimeric ligand 2. The
100 measurements were performed by immobilising the recombinant
o+—V CD40 onto the sensor chip and subsequently injecting a solution
0 25 50 75 100 125 150 175 200 of 0.15 pM of CD40L alone, mixed to 0.1 or 1 uM of 2.1 As a
Minutes control, we have tested in the same experimental trimeric ligand
mAU B 1 at 1 uM. Fig. 3 shows the sensorgrams of the competition
250
200 1
150
100
50 ﬂ
i
0 25 50 75 100 125 150 175 200
Minutes
Fig.2 RP-HPLC chromatograms of crude (A) and purified (B) 1.

C; symmetry is potentially useful to evaluate the importance
of valency in the interaction of CD40L mimetics with CD40
and to investigate possible cooperativity effects.”® Finally, the
circular core 3 was obtained directly by treating part of the
cyclohexapeptide resin 14 with TFA (Scheme 1).

100

200 300
Time (s)

400 500 600

Fig. 3 Inhibition of CD40L binding to CD40 by ligand 1 and 2. Red:
0.15 uM CDA40L alone; blue: addition of 0.1 uM of 2; cyan: addition of
1 uM of 2; green: addition of 1 uM of 1.
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assay. Although ligand 2 is missing one CD40 binding motif
compared to 1, it still displays an inhibitory effect at the highest
concentration. In contrast to 1, however, the inhibition by 2 at
1 uM is not complete (about 40%). This result highlights how
the concomitant presence of the three CD40 binding motifs is
critical for an efficient interaction with CD40. We have formerly
shown that ligand 3, where the three H-Lys-Gly-Tyr-Tyr-Ahx-
OH sequences were completely absent, was unable to block the
formation of the CD40/CD40L complex.®

Finally, we investigated whether or not ligand 2 displays effector
function. Our cellular assay was based on the property of Burkitt
lymphoma cells to enter apoptosis after CD40 ligation.” As
previously described,® compound 1 as well as recombinant soluble
CDA40L (data not shown) induced a high level of apoptosis of BL41
Burkitt lymphoma cells in a dose-dependent manner (Fig. 4). On
the contrary, the core structure 3 and the short Lys-Gly-Tyr-Tyr-
Ahx linear peptide 4,1 used as negative controls, had no effect
(Fig. 4). Interestingly, compound 2 induced significant apoptosis,
suggesting that it could bind to CD40 and trigger an apoptotic
signalling. However, the apoptosis generated by compound 2
was reduced significantly compared with trimeric compound 1,
showing the importance of C; symmetry in CD40L signalling.
This result is in agreement with the SPR data (Fig. 3), showing a
reduced inhibition capacity of ligand 2 in comparison to 1.
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Fig. 4 Induction of apoptosis by compound 1 and 2. BL41 cells (5 x
10° cells mL~") were incubated with compound 1, 2, 3 and 4 at the indicated
concentrations for 16 h. Apoptosis was then measured by detection of
phosphatidylserine externalisation by flow cytometry after co-labelling
with annexin V-FITC and propidium iodide (PI). Results are expressed as
percentage of specific apoptosis (see ESIT).

In conclusion, we have successfully developed a strategy for the
solid-phase total synthesis of CD40L mimetics. As this approach
is highly versatile, the design of new combinatorial ligands
containing different peptide sequences involved in the interaction

with CD40 as well as a structure—activity relationship should be
greatly facilitated. In addition, this method can be extended to the
conception of other types of mimetics involved in protein/protein
interactions within the family of TNF-R, to whom CD40 belongs.
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Herein we report on the synthesis and ionophore properties of the first asymmetric p-zert-
butylcalix[4]-p-R-thiacalix[4]tubes 7a—c (R = #-Bu, H, 1-adamantyl). The target compounds were
obtained by the condensation of tosyloxyethoxy-p-ztert-butylcalix[4]arene with the corresponding
p-R-thiacalix[4]arenes in the presence of K,CO; in acetonitrile. The complexation with sodium,
potassium and rubidium iodides was studied in CDCL;—CD;O0D (4 : 1) medium by means of '"H NMR
measurements. It was found that the ionophore properties of calixtubes 7a—c are controlled by the
character of the substituents at the upper rim of the thiacalix[4]arene fragment and it was shown that
only the molecular tube 7¢ with an adamantane-containing thiacalixarene unit is capable of
quantitatively binding potassium (swiftly) and rubidium (slowly) cations.

Introduction

Selective recognition and extraction of alkali metals are currently
interesting for researchers.! Recently biscalixarenes composed of
two lower rim ethylene linked calix[4]arene moieties, calix[4]tubes
1 and 2 (Fig. 1), have attracted considerable interest due to their
exceptional selectivity towards potassium over other group IA
cations.? Calix[4]arene units in these compounds serve as size
discriminatory filters for cations entering in a manner similar to
that for tyrosine-based filters in cellular potassium ion channels,?
and rates of complexation were found to depend on the char-
acter of the substituents at the upper rims of the calix[4]arene
units.2>¢

The calix[4]tubes family has been extended with the symmetric
thiacalix[4]tube 3.* Due to the replacement of the methylene
bridges with sulfur compound 3 possesses entrance filters and a
molecular cavity of slightly larger size in comparison with the par-
ent ligands 1 and 2. However thiacalix[4]tube 3 was characterized
also by considerably higher conformational flexibility resulting in
poor binding ability and selectivity towards alkaline metal cations.
Compounds 1 and 2 were also found to form complexes with
silver(1)*>* and thallium(1)® ions with a cation located within the
oxygen donor cryptand-like enclosure or in the aromatic cavity of
a calix[4]arene unit.

Being interested in further exploring chemistry of these
ionophores we investigated new calix[4]tubes bearing calix[4]- and
thiacalix[4]arene units simultaneously. In contrast to calix[4]tubes
1-3 these new ligands have different calixarene filters for cation
entry. Moreover, the replacement of one thiacalix[4]arene
fragment in heterocalix[4]tube 3 with a classical one should give
heterotubes with a slightly smaller molecular cavity, higher rigidity
and, consequently, different ionophore properties. In this paper

Laboratory of Macrocyclic Receptors, Chemistry Department, Moscow
State University, Lenin’s Hills, 119992, Moscow, Russia. E-mail: kovalev@
petrol.chem.msu.ru

classical calix[4]tubes
1a,R'=R*=t-Bu 3
1b,R'=R*=H
1c, R' = R? = t-Oct
2, R" = t-Bu, t-Oct

R’ = H, t-Oct, i-Pr, Ph,
CH,Ph, Br, |

asymmetric heterocalix[4]tubes

7a, R =1t-Bu
7b,R=H

7¢c,R=

Fig. 1 Calix[4]tubes.

we report on the synthesis of the first asymmetric p-tert-
butylcalix[4]-p-R-thiacalix[4]tubes 7 (R = #-Bu, H, 1-adamantyl)
and their complexation properties towards selected group IA
metal cations (Na*, K*, Rb*).
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Results and discussion

Synthesis and NMR structural determination

The synthesis of calix[4]-thiacalix[4]tubes 7a—c was performed
via the condensation reaction of known p-tert-butylcalix[4]arene
tetratosylate 47 with selected p-R-thiacalix[4]arenes 5a—¢ (R =
t-Bu,® H,’ l-adamantyl™) in the presence of K,CO; in boiling
acetonitrile (Scheme 1) according to the procedure developed for
calix[4]tube preparations.**® These conditions were proved to be
suitable for the synthesis of heterocalix[4]tubes 7 in moderate to
good yield.

In order to clarify the influence of adamantane substituents at
the calixarene upper rim on cation binding, classical calix[4]tube
8 derived from the p-(1-adamantyl)calix[4]arene 6'' and bis-
calix[4]arene 1a were also prepared.

K,CO,
CH,CN
for 5

—-

R =t-Bu, 72%
, R=H, 50%
R = 1-adamantyl, 12%

-

All compounds synthesized were fully characterized by NMR
("H, 1D NOE and *C) and mass spectrometry (ESI-MS). Since '"H
and "C NMR spectra (see Experimental section) contain doubled
sets of resonance signals (excluding signals of methylene bridges),
(thia)calix[4]arene units in heterotubes 7 as well as in asymmetric
classical calix[4]tube 8 possess C,, symmetry and are connected
by ethylene linkers of two types (trans and gauche) in a manner
described for known calix[4]tubes 1 and 2.%

The fact that formally C,-symmetrical calix[4]tubes appear
in spectra as less symmetrical ones (C,,) was attributed to the
conformational properties of the calixarene units forming the
tube.” Macrorings were proved to undergo flattened cone (C,,)
to flattened cone (C',,) interconversion which is slow on the NMR
time-scale (Fig. 2). Rates of these motions were measured and k...,
in CDCIl; were found to be ~1-3 s7' (depending on the upper
rim substituents) for classical tubes 1-2 at 328 K and close to

flattened cone
CZV

flattened cone
Coy

Fig.2 Conformational interconversions in calix[4]tubes.
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957! for thiacalixtube 3 at 273 K.* Such a difference characterizes
the significant increase of conformational mobility of calix[4]tube
molecules upon replacement of all ArCH,Ar fragments with
ArSAr motifs.

To investigate the mobility of the calix[4]tubes synthesized,
dynamicand 2D EXSY NMR experiments were performed. Upon
heating to 328 K in CDCIl; 'H NMR spectra of heterotubes 7
undergo line broadening which is most significant in the case
of calixtube 7¢ bearing adamantane groups at the upper rim of
the thiacalixarene unit (Fig. 3). On the other hand the spectrum
of classical tube 8 remains without remarkable changes. 2D
EXSY NMR spectroscopy describes conformational mobility
more or less quantitatively.”? The exchange NMR experiments
for aromatic protons were performed at 303 K and 328 K for
tubes 7a,b and 8, and at 303 K for 7c¢ since the experiment
should be applied before significant line broadening occurs.
In all cases large exchange cross-peaks were observed proving
the conformational interconversion takes place. The quantitative
exchange data extracted from the spectra allow comparison of
the mobility of the calix[4]tubes synthesized (the same experiment
applied to classical tube 1a at 328 K gave a k.4, value which is in
good agreement with the published one?).

It was found that the mobility of classical tube 8 is very close to
that of tube 1a and the k., was estimated to be ~1 s~ at 328 K. At
the same time k., for heterotubes 7 have the same values but at
303 K. EXSY experiments for 7a,b performed at 328 K showed
Keen ~ 2.5 s7'. Thus the internal mobility of heterotubes increases
in the order 7b ~ 7a < 7c¢. Hence the obtained heterotubes 7 are
more flexible than classical tubes (like 1 and 8) but much more
rigid in comparison with thiacalixtube 3.

'"H NMR spectra of the newly synthesized compounds were
also recorded in a CDCL,-CD;0OD (4 : 1, v/v) mixture since the
complexation of heterotubes with alkali cations was investigated
in these solutions. We were surprised with the significant line
broadening that occurred exclusively for adamantane containing
heterotube 7¢ (Fig. 3). On the other hand no notable line

broadening was observed for adamantylated classical calix[4]tube
8 upon increasing the solvent polarity.

Thus the data reported showed that the dynamic properties of
calix[4]tubes are significantly influenced both by the macroring
type (classical of thiacalixarene) and by the structure of the upper
rim substituents.

Complexation study

The exceptional complexation affinity and selectivity towards
potassium cations over other alkali metals and barium is the
most impressive property of calix[4]tubes 1 and 2. In the present
study we investigated the complexation between heterotubes 7 and
Na*, K*, Rb* ions by means of "H NMR measurements. Classical
calix[4]tubes 1a and 8 were also tested in order to clarify the role
of the thiacalixarene unit and the upper rim substituents in the
ionophore behavior of heterotubes 7.

The experiments were performed as follows. The solution of
calix[4]tube (1 pmol) in CDCI, (0.54 cm?®) was added to the NMR
sample tube containing the appropriate metal iodide (50 pmol)
in CD;0D (0.135 cm®). The sample was sonicated for 1 min and
"H NMR spectra were recorded at various times (starting from
5 min after mixing). Since complexations are accompanied by
the structural reorganization of the ligand molecules followed
by the increase of symmetry from C,, to C,,, ion uptakes were
measured directly by the integration of the NMR signals of
complexes and free ligands. Selected results are presented in
Table 1.

Initially complexation with potassium was studied. It was ob-
served that the heterotube 7¢ bearing adamantane groups formed
the potassium complex quantitatively and swiftly (Fig. 4a,b), while
the biscalixarene 7b with an unsubstituted thiacalix[4]arene upper
rim did not demonstrate any binding ability towards potassium
ions. The heterotube 7a with a p-tert-butylthiacalix[4]arene unit
occupies the intermediate position: an equilibrium with ~35% of
complex was found to be achieved in 1-2 h after mixing of the

7a 7b Tc
c) n A A
b) LL
) A .
T T v 1T 7 1T T T T T T T 17 L L S I L L I B LI L L BN BN BB L LI B
76 7.2 6.8 6.4 7.4 7.0 6.6 6.2 7.8 7.4 7.0 6.6 6.2
ppm

Fig. 3 Aromatic regions in '"H NMR spectra of calixtubes 7: (a) CDCl;, 328 K; (b) CDCl;, 303 K; (¢) CDCL;-CD;0D (4 : 1), 303 K.
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Table 1 Uptake (%) of alkali metal ions by calixtubes 1a, 7 and 8

Tube
Ton Time la Ta 7b Te 8
Na* 144 h 0 0 0 0 0
K+ 10 min 100 22.1 0 100 100
1h 31.9 0
2h 32.6 0
Rb* 10 min 1.6 1.0 0 13.3 4.9
1h 2.9 1.8 0 21.6 6.3
12h 6.8 52 0 424 8.9
48 h 10.8 9.4 0 61.7 10.8
144 h 15.7 15.0 0 83.1 12.6
312h 96.3
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7.5 6.5 5.0 4.0 3.0 1.5 0.5
ppm
Fig. 4 '"H NMR spectra of 7¢ and its mixtures with KI and RbI in

CDCL-CD;OD (4 : 1): (a) pure 7¢; (b) 7¢ + KI, 10 min; (c) 7¢ + Rbl, 1 h;
(d) 7¢ + RbI, 312 h.

components. At the same time calix[4]tubes 8 and 1a complexed
potassium ions quantitatively in less than 5 min demonstrating
that the replacement of zerz-butyl groups with 1-adamantyl ones
did not change the ionophore properties of classical tubes.

Then the complexation of calix[4]tubes with sodium and rubid-
ium iodides was investigated. The data presented in Table 1 show
that calix[4]tubes 1a, 7 and 8 do not form any NMR detectable
sodium complexes even within several days.

At the same time remarkable results were obtained for rubidium
uptake. Classical tubes 1 and 2 with various substituents at the
upper rim are known to bind rubidium cations slowly and far
from quantitatively.>»>¢ Similarly the new classical tube 8 bearing
adamantane fragments was found to be ineffective in complexation
with rubidium. According to the data presented in Table 1
calixarene 8 has more or less the same binding affinity as known
tube 1a. Rubidium ion uptake by zert-butylthiacalix[4]arene based
heterotube 7a is comparable with that for classical tubes 1a and
8, while the removal of the thiacalixarene upper rim substituents
in the case of 7b resulted in complete loss of ionophore activity
towards alkaline metals. Suddenly, slow (for several days) but
almost quantitative rubidium uptake followed by C,, symmetrical
complex formation was observed for heterotube 7¢ (Fig. 4a,c,d).

These data indicate that ligand 7c¢ containing an adamantane
substituted thiacalix[4]arene unit possesses unique ionophore
properties. The reasons could be explained in terms of the earlier
suggested axial mechanism of complexation between calix[4]tubes
and metal cations.” According to this mechanism the ion upon
complexation passes into the molecular tube through one of the
calixarene gates (routes A, D, Fig. 5a) to be located between
eight ether oxygen atoms. The increase of the gate size upon the
replacement of the classical calixarene unit with a thiacalixarene
one allows the rubidium cation (as well as sodium and potassium
ones) to pass easily into the cryptand-like cavities of ligands 7 by
route A. The efficiency of complexation is influenced also by the
ability of the calix[4]tube to hold the complexed ion inside the
internal cavity, or by the difficulty for the guest to leave the host
molecule (routes B, C). The rise of potassium and rubidium uptake

05A

1

for 7a

for 7¢c

a) b)

Fig. 5 (a) Possible routes for 7¢-M* complex formation/decomposition
according to the axial mechanism (see text for notation). (b) ‘Lipophilic
layer thickness’ for terz-butylated and adamantylated upper rims of
calixtubes 7.
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upon the increase of the thiacalixarene upper rim substituent
lipophilicity and bulkiness is concerned, perhaps, with higher
shielding of the cation complexed from polar solvent molecules
(methanol) resulting in higher complex stability. The comparison
of the so-called ‘lipophilic layer thickness’ (the distance between
the first carbon atom of the substituent and the plane passing
through the outermost ones) shows that for 1-adamantyl groups
this parameter is 5 times higher than for terz-butyl groups (Fig. 5b).

We also compared chemical shift values changes in the 'H
NMR spectra of ligands 7a,c and 8 upon the complexation
with potassium and rubidium. For all the calix[4]tubes low-
field shift deviations of calixarene signals (aromatic, ArCH,Ar,
upper rim substituent) were observed (+0.07 to +0.43 ppm).
However a significant difference in the behavior of OCH, signals
was found. While a high-field shift change (—0.24 ppm) was
observed for 8, in ligands 7 the signals of OCH, groups connected
to the classical calixarene units are slightly unshielded (+0.04
to +0.11 ppm) and the signals of methylene groups connected
to the thiacalixarene units are significantly shielded (—0.48 to
—0.58 ppm for potassium complexes and —0.65 to —0.66 ppm
for rubidium complexes). Apparently these features of molecular
tubes are concerned with a displacement of electronic density of
the ligand towards the molecule equatorial plane caused by the
close proximity charge of the complexed metal ion, and with the
dissymmetry of heterotubes 7 due to the presence of bridging
sulfur atoms in the thiacalixarene fragment.

Conclusions

The asymmetric heterotubes 7 constructed from calix[4]- and
thiacalix[4]arene units have been synthesized and their complex-
ation properties towards group IA metal cations (Na*, K*, Rb*)
have been studied. It was revealed that the type of upper rim
substituents in the thiacalix[4]arene units of ligands 7a—c (R =
H, #-Bu, 1-adamantyl) influences significantly the metal uptake.
Fast and effective complexation of p-(1-adamantyl)thiacalix[4]-p-
tert-butylcalix[4]tube 7¢ was observed only for potassium ions. At
the same time this compound is the first ligand of this group
of biscalixarenes which is capable of binding rubidium ions
completely, although the complexation rate is slower than that
for potassium ions. Since the adamantane containing classical
tube 8 does not possess such unusual complexation properties, it
could be concluded that this results from the unique combination
of calixarene filter size and high cation-shielding ability of
adamantane substituents in ligand 7c.

Experimental

'H, C, 1D NOE, 2D EXSY and temperature-dependent NMR
spectra were recorded on a Bruker Avance 400 spectrometer with
the solvent signals as internal reference. The labeling of adaman-
tane carbon atoms for signal attribution in *C NMR spectra of 7c,
8 is indicated in Scheme 1. ESI mass spectra were recorded on an
Agilent 1100 LC/MS instrument. Melting points are uncorrected.
Chemicals were commercial grade and used without further pu-
rification. Solvents were purified and dried according to standard
procedures. p-tert-Butylcalix[4]tube 1a,* tetra(tosyloxyethoxy)-p-
tert-butylcalix[4]arene 4,” p-tert-butylthiacalix[4]arene 5a,® p-H-
thiacalix[4]arene 5b,° p-(1-adamantyl)thiacalix[4]arene 5¢'° and

p-(1-adamantyl)calix[4]arene 6'' were prepared according to the
published procedures.

General procedure for the synthesis of calix|4]tubes 7a—c, 8

A suspension of tetrakis[(4-methylphenyl)sulfonyloxyethoxy]-
calix[4]arene 4 (0.15 mmol), p-substituted thiacalix[4]arene Sa—
c or l-adamantylcalix[4]arene 6 (0.162 mmol), and K,CO; (0.1 g,
0.75 mmol) in acetonitrile (25 cm?®) was heated at reflux for 120 h.
After cooling the solvent was removed under reduced pressure and
the residue was triturated with a hot ethanol-water mixture (4 : 1).
The crude product was separated by filtration, dried and purified
by column chromatography (silica gel, hexane—chloroform (2 : 1))
to give calix[4]tubes as white solids.

Heterotube 7a.  Yield 72%, mp > 350 °C. (400 MHz; CDCl;)
7.66 (4 H, s, thia-ArH), 7.12 (4 H, s, class-ArH), 6.94 (4 H, s, thia-
ArH), 6.49 (4 H, s, class-ArH), 5.43 (4 H, m, OCH,), 5.07 (4 H, m,
OCH,),4.79 (4 H,m, OCH,), 4.66 (4 H, d, J 12.76 Hz, ArCH,Ar),
4.35 (4 H, m, OCH,), 3.25 (4 H, d, J 12.76 Hz, ArCH,Ar), 1.33
(36 H, s, t-Bu), 0.85 (18 H, s, thia-t-Bu) and 0.82 (18 H, s, class-t-
Bu). 6.(100 MHz; CDCl;) 160.93, 158.32, 156.12, 152.92, 145.86,
145.67, 144.53, 144.30 (ArC), 135.42, 134.10 (ArCH), 133.42,
131.92,131.04,127.88 (ArC), 125.47, 124.66 (ArCH), 73.96, 73.45,
73.17, 72.56 (OCH,), 34.32, 34.07, 33.83, 33.58 (C(CH;),), 32.01
(ArCH,Ar), 31.75, 31.44, 31.10 and 30.85 (C(CH,);). ESI-MS
m/z 1496.6 (IM + Na]*, 100%), 1495.7 (99), 1497.7 (55) for
Cy,H,;,NaO;S, (1495.7).

Heterotube 7b.  Yield 50%, mp > 350 °C. 6(400 MHz; CDCl;)
7.58 (4 H, d, J 7.83 Hz, thia-ArH), 7.13 (4 H, s, class-ArH),
6.93 (2 H, t, J 7.83 Hz, thia-ArH), 6.71 (4 H, d, J 7.83 Hz,
thia-ArH), 6.49 (4 H, s, class-ArH), 6.33 (2 H, t, J 7.83 Hz,
thia-ArH), 5.36 (4 H, m, OCH,), 497 (4 H, m, OCH,), 4.59
(4 H, d, J 12.63 Hz, ArCH,Ar), 4.33 (4 H, m, OCH,), 3.25
(4 H, d, J 12.63 Hz, ArCH,Ar), 1.32 (18 H, s, -Bu) and 0.82
(18 H, s, t-Bu). 6.(100 MHz; CDCl;) 161.96, 158.60, 156.10,
152.64, 144.69, 144.37 (ArC), 135.58 (ArCH), 135.38 (ArC),
134.92 (ArCH), 132.88, 131.75, 129.13 (ArC), 125.57, 124.70,
123.11, 122.55 (ArCH), 73.45, 73.01, 72.77, 72.42 (OCH,), 34.08,
33.57 (C(CH,);), 31.80 (ArCH,Ar), 31.72 and 31.05 (C(CH,),).
ESI-MS m/z 1271.8 ((M + Na]*, 100%), 1272.6 (83), 1273.4 (39)
for C;sHgNaOgS, (1271.5).

Heterotube 7c.  Yield 12%, mp > 350 °C. 6,4,(400 MHz; CDCl,)
7.64 (4 H, s, thia-ArH), 7.13 (4 H, s, class-ArH), 6.99 (4 H, s, thia-
ArH), 6.49 (4 H, s, class-ArH), 5.45 (4 H, m, OCH,), 5.11 (4 H, m,
OCH,),4.75(4H, m, OCH,), 4.67 (4H, d, J 12.63 Hz, ArCH,Ar),
435 (4 H, m, OCH,), 325 (4 H, d, J 12.63 Hz, ArCH,Ar),
2.20-1.35 (60 H, m, AdH), 1.33 (18 H, s, +-Bu) and 0.83 (18 H,
s, -Bu). (100 MHz; CDCI;) 161.25, 158.65, 156.06, 153.01,
146.05, 145.83, 144.44, 144.28 (ArC), 135.43, 134.15 (ArCH),
133.33, 131.98, 130.73, 127.72 (ArC), 125.42, 124.64 (ArCH),
74.14, 73.51, 73.12, 72.66 (OCH,), 43.46, 42.68 (AdCP), 36.81,
36.57 (AC?), 35.88, 35.44 (AdCY), 34.06, 33.58 (C(CH,),), 32.08
(ArCH,Ar), 31.75,31.10 (C(CHs;)5), 29.04 and 28.79 (AdCY). ESI-
MS m/z 1808.9 (M + NaJ*, 100%), 1808.1 (78), 1809.9 (64) for
C1H 3 NaOgS, (1807.9).

Classical tube 8. Yield 15%, mp > 350 °C. 64(400 MHz;
CDCl;) 7.10 (4 H, s, +-Bu-ArH), 7.07 (4 H, s, Ad-ArH), 6.54
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(4 H, s, Ad-ArH), 6.49 (4 H, s, +-Bu-ArH), 5.17 (8 H, m, OCH,),
4.60 (4 H, d, J 12.63 Hz, ArCH,Ar), 4.58 (4 H, d, J 12.63 Hz,
ArCH,Ar), 4.39 (8 H, s, OCH,), 3.26 (8 H, br d, J 12.63 Hz,
ArCH,Ar), 2.12-1.35 (60 H, m, AdH), 1.32 (18 H, s, #-Bu) and
0.82 (18 H, s, #-Bu). o(100 MHz; CDCL,) 157.08, 157.03, 155.88,
155.78, 144.87, 144.73, 144.46, 144.33, 135.17, 135.12, 131.95,
131.80 (ArC), 125.47, 125.01, 124.77, 124.41 (ArCH), 72.92, 72.52
(OCH.,), 43.87, 42.99 (AdC), 37.07, 36.85 (AdC’), 35.68, 35.16
(AdC®), 32.53, 32.26 (C(CH,),), 31.74, 31.05 (C(CH,),), 29.30
(ArCH,Ar), 29.25 and 28.99 (AdCY). ESI-MS m/z 1753.0 (M +
KJ*, 100%), 1752.0 (77), 1754.0 (66) for CzH,, KOy (1752.1).
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Diastereoselective aldol coupling reactions with butane-2,3-
diacetal (BDA) protected glyceraldehyde derivatives are re-
ported. Good selectivities of up to 20 : 1 for the homologated
aldol products have been achieved in preparatively useful
yields.

Owing to the prevalence of the 1,3-oxidation pattern found in
polyketide natural products, the aldol reaction has become the
principal carbon-carbon bond-forming process used in their
synthesis.! Extensive development of enantioselective versions of
this important reaction have led to significant advances in the use
of auxiliaries and asymmetric catalysts.> In many studies of the
aldol reaction (S)-glyceraldehyde acetonide 1 (and its enantiomer)
has been used as a coupling partner (Fig. 1).> Yet despite its
popularity as a three-carbon chiral building block this compound
has some limitations; it is readily polymerised, easily racemised
and has a propensity to form hydrates.* For these reasons we
have recently introduced an alternative unit based on a butane-
2,3-diacetal (BDA) protection® that affords a crystalline aldehyde
2°

(0]
OMe
H o o
o% ﬁ
CHO OMe
1 2

Fig. 1 Glyceraldehyde acetonide 1 and BDA-protected aldehyde 2.

This protected aldehyde is relatively stable and can be stored
at 5 °C for over a year without any noticeable decomposition. It
is also easily prepared in either enantiomeric form from cheap
starting materials on a large scale.* In earlier work we have
investigated the stereoselective addition of Grignard reagents to
the BDA aldehyde 2.* This paper extends that work and here we
disclose our results using the BDA-protected aldehyde 2 and two
further a-substituted derivatives 5a and 5b as well as the methyl
ketone 7 as electrophiles in diastereoselective aldol reactions.
The protected polyol products resulting from these reactions
constitute useful fragments for potential application in various
natural product synthesis programmes.

We began these studies by reacting BDA aldehyde 2 with a
series of esters and ketones using reaction conditions previously
developed for the alkylation of BDA derivatives (Table 1).% The

Department of Chemistry, University of Cambridge, Lensfield Road, Cam-
bridge, UK CB2 1EW. E-mail: svl1000@cam.ac.uk; Fax: +44 (0) 1223
336442

Table 1 Substrate survey
OMe
o ) LDA, THF,—78°C
H’E
i) 2, THF, -=78 °C
H2
R2
3a-g da—g
Substrate R! R? Time/h:m  Yield (%) Product d.r.
3a OMe H 0:45 62 4a 6.5:1
3b O'Bu H 1:00 83 4b 7:1
3c OEt Et 1:00 59 4c 5:1
(anti)
3d SPh  H 4:00 35 4d 2:1
3e Ph H 0:45 52 4e 6:1
3f iPr H 18:00 69 4f 10:1
3g Ph Me 1:00 83 4g 3:1
(syn)

esters and ketones 3a—-g were dissolved in THF and deprotonated
at —78 °C using lithium diisopropylamide (LDA) in the usual
way. A solution of BDA aldehyde 2 in THF was then added and
the reaction mixture maintained at —78 °C. A simple aqueous
workup gave the crude products 4a—g whose diastereomeric ratios
were determined by '"H NMR spectroscopy. In all cases the major
product was formed by addition of the enolate from the Re-face of
the carbonyl group in compound 2 and could be isolated in pure
form by silica gel chromatography.

Methyl ester 3a was obtained in 6.5 : 1 selectivity and 62% yield,
while the more bulky zert-butyl ester 3b afforded slightly higher
selectivity and in better yield. Thioester 3d was also investigated
in these coupling reactions but resulted in a low yield of product
(35%) presumably due to loss via an alternative pathway that could
involve ketene formation.” Selectivity for the addition to the methyl
ketones 3ef and 3f was 6 : 1 and 10 : 1 in 52 and 69% yields,
respectively. In the case of ethyl butyrate 3¢ and propiophenone
3g only two out of the four possible diastereoisomers were formed
with modest selectivities of 5: 1 and 3 : 1, with complete selectivity
at the R? position according to the Zimmerman-Traxler model
(Table 1).2

The influence of the counter ion and structure of the base
on reaction selectivity was then explored using the enolate of
acetophenone 3e as a nucleophile (Table 2). With lithium as the
counter ion, selectivity improved as the bulk of the amine increased
such that when lithium 2,2,6,6-tetramethylpiperidide (LiTMP)
was used a selectivity of >14: 1 was observed. This probably arises
as a result of complex changes within the mixed aggregates of the
enolate and amine.® However, increasing the size of the counter ion
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Table 2 Base screening using the enolate of acetophenone 3e as the
nucleophile

OMe
- 0
o i) base, THF, —78°C o O~#\
Ph)K i s OMB
i) 2, THF, -78°C Ph OH
3e de
Base d.r.
LDA 6:1
LiHMDS 12:1
LiTMP >14:1
NaHMDS 6:1
KHMDS 2:1

led to a significant decrease in selectivity (2 : 1) when potassium
hexamethyldisilazide (KHMDS) was used as the deprotonating
base.

The enhanced selectivity for acetophenone using LITMP led to
the investigation of a further series of reactions. Here, enolates
generated from esters and ketones were generated using LITMP
as the base, which were then coupled with the BDA aldehyde 2.
Methyl ester 3a gave 80% yield and a 4 : 1 selectivity whereas the
tert-butyl ester 3b derivative afforded product 4b (53%). Ester 3h
on the other hand gave a 3 : 1 selectivity with total control of the
formed stereocentre at R* (Table 3). Acetophenone 3e afforded 4e
in 81% and >14 : 1 selectivity. Propiophenone 3g led to a 3 : 1
selectivity. Hence LiTMP is superior for the aromatic ketone 3e,
for esters 3a and 3b LDA is clearly better.

Next, the scope of the aldol addition was explored using a-
substituted BDA aldehydes 5a and 5b following the reaction
conditions developed above for BDA aldehyde 2 (Table 4). The
selectivity of the addition to the methyl substituted BDA aldehyde
5a was found to be largely independent of the base used. However,
a slight overall increase in selectivity was observed for the allyl
aldehyde 5b. In all cases the major product was generated by
attack of the enolate from the Si-face of the carbonyl group.

The BDA methyl ketone 7 was also investigated as an elec-
trophile using LDA as the base. Here, the reaction of BDA ketone
7 with acetophenone 3e provided 8e in 73% yield with >20 : 1
diastereomeric ratio (Table 5). 3-Methyl-butane-2-one 3f afforded

Table 3 Substrate survey using LITMP as the base

OMe

o i) LITMP, THF, —78°C, 18 h

H‘JH
i)y 2, THF, -78°C OMe
H2

3 4
Substrate R! R?  Yield (%) Product d.r.
3a OMe H 80 4a 4:1
3b O'Bu H 53 4b 4:1
3h OBu Me 69 4h 31 (anti)
3e Ph H 81 4e >14:1
3g Ph Me 57 4g 3:1(syn)

Table 4 Aldol reaction of substituted BDA glyceraldehyde derivatives

OMe
. R o¢
0 i) base, THF, -78°C o]
FpJ\ i) THF, -78°C OMe g on oM
3 R2 OO 6
CHO OMe

5a R?=Me, 5b R2=allyl

Substrate  R! R? Base Yield (%) Product d.r.
3b O'Bu  Me LDA 99 6b 2:1
3b O'Bu  Me LiTMP 50 6b 1:1
3e Ph Me LDA 95 6e 2:1
3e Ph Me LiTMP 50 6e 2:1
3a OMe allyl LDA 60 6a 3:1
3e Ph allyl LDA 52 6¢ 3:1
3e Ph allyl LiHMDS 55 6¢ 2:1
3e Ph allyl LiTMP 50 6¢c 2:1
Table 5 Scope of the aldol reaction with BDA ketone 7
OMe
oO
o) i) LDA, THF, —=78°C M\#
.OH
OMe
R1J\ i) THF,-78°C  OMe R’ Me
3 7/62# 8
OMe
o

Substrate R! Yield (%) Product D.r.

3b O'Bu 15 8b 1:1

3e Ph 73 8e >20:1

3f Pr 88 8f >20:1

the major isomer with the same selectivity and in a good 88% yield.
The major isomer in this case is formed by attack from the Re-face
of BDA methyl ketone 7. The BDA appendage can confer crys-
tallinity on certain products formed and thus aids work-up in these
cases. The coupling of fert-butyl acetate 3b with 7 was however
poor, the reaction afforded only a 1 : 1 mixture of diastereoisomers
8b in 15% yield. The reason for this result is not clear.

The stereochemical outcome of these reactions may be explained
using the Felkin—Anh model (Fig. 2). In the case of BDA aldehyde
2 the enolate attacks from the Re-face with selectivities ranging
from 2 : 1 to >14 : 1, whereas there is a slight preference for
the substituted methyl and allyl BDA aldehydes 5a and 5b to
be attacked from the Si-face (Table 4). The trend suggests the
selectivity increases with the size of the substituent in a-position
according to Felkin—-Anh control. The stereochemistries were
proven by single crystal X-ray diffraction of the p-nitrobenzyl
esters of 4a, 4e and 6a.

In this work a series of diastereoselective aldol reactions with
BDA-protected glyceraldehyde derivates have been disclosed. The
reactions generally proceed in good yield and have reasonable
selectivity. The products of the reactions are useful as suitably
protected building blocks for natural product synthesis, and the
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Fig.2 Stereochemical outcomes explained using the Felkin-Anh model.

procedures clearly complement studies using less stable glyceralde-
hyde acetonide 1 as a coupling partner.
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