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Rotaxane-type receptors, which were composed of anionic cyclophane-based resorcinarene tetramers as
the wheel and a 2,6-disubstituted naphthalene derivative having two fluorophore moieties, such as
fluorescein and rhodamine residues, as the axle (1 and 2, respectively), were prepared. Rotaxane-type
receptors 1 and 2 bound histone, a small basic protein component of eukaryotic chromatins, with
binding constants of 2.3 x 10° and 9.0 x 10> M, respectively. The rotaxane-type receptors showed
fluorescence sensing ability with remarkable histone selectivity. Moreover, fluorescence resonance
energy transfer (FRET) between the fluorescein residues of 1 and the rhodamine residues of 2 took
place in the presence of histone, which was a useful method for the detection of histone.

Introduction

Protein surface recognition by artificial receptors’ is an important
concept in chemical biology. Numerous attempts have been made
to develop artificial receptors based on macrocycles® that can
recognize and bind to specific protein surfaces. In particular,
histones, a family of basic proteins that organize eukaryotic
chromatins, are attractive as target proteins. Post-translational
modifications of histones such as acetylation and methylation
are claimed to play important roles in important biological
processes such as gene regulation and chromosome condensation.?
Histones have high concentrations of the amino acids lysine
and arginine on their surfaces. On these grounds, we previously
developed an anionic cyclophane-based resorcinarene tetramer
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(4 in Scheme 1) as a histone binding receptor.* The binding
constant of the resorcinarene tetramer 4 with histone was 31-
fold larger than that of an untethered reference resorcinarene,
reflecting the multivalency effect in resorcinarenes.* In addition,
when a dansyl group was covalently attached to the macrocycle, the
resulting fluorescent cyclophane-based resorcinarene was found to
act as a fluorescent sensor for histone.’

On the other hand, a rotaxane is a typical interlocked compound
consisting of wheel and axle components, which have unique func-
tionality in the movement and rotation of the macrocycle (wheel).®
In the course of our ongoing research on the surface recognition
and fluorescence sensing of histones, we adopted rotaxane’s func-
tionality as molecular terms of the histone receptors. We have now
designed novel rotaxane-type receptors composed of cyclophane 4
as the wheel and a 2,6-disubstituted naphthalene derivative having
two fluorophore moieties, such as fluorescein and rhodamine
residues, as the axle (1 and 2, respectively, see Fig. 1). The
movable and rotatable cyclophane-based resorcinarene tetramer
acts as a histone-binding site, whereas the fluorophore termini are
expected to bring about desirable fluorescence spectral changes
upon complexation with histone. We describe herein the synthesis
of rotaxane-type receptors and their histone surface recognition
behavior in an aqueous medium, with an emphasis on fluorescence
detection and specificity.

Scheme 1 Preparation of rotaxane-type resorcinarene tetramer 1.
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Fig. 1 Rotaxane-type resorcinarene tetramers.

Results and discussion
Synthesis of rotaxane-type receptors

It is well known that water-soluble cyclophanes provide ap-
propriate hydrophobic cavities in aqueous media for the inclu-
sion of guest molecules.” Indeed, guest molecules such as 6-p-
toluidinonaphthalene-2-sulfonate were effectively incorporated by
cyclophane-based resorcinarene tetramer 4 through hydrophobic
interactions.* Therefore, the rotaxane-type cyclophane-based re-
sorcinarene tetramers 1 and 2 were prepared by following the
reaction sequence given in Scheme 1. First, an aqueous solution
containing 4 and the 2,6-disubstituted naphthalene derivative (3)
having two side chains with terminal amine residues, gave host—
guest complex 3—4. Subsequently, the terminal amine residues of
the host—guest complex were subject to reaction with fluorescein

isothiocyanate (FITC) to afford the corresponding rotaxane
1. In addition, a rotaxane-type cyclophane-based resorcinarene
tetramer bearing rhodamine residues (2) was also prepared by
using rhodamine isothiocyanate in place of FITC, in a manner
similar to that applied to the synthesis of 1.

Based on molecular mechanics studies® of 1, followed by
molecular dynamics simulations, 1 was found to provide four
anionic resorcinarene derivatives suitable for histone binding as
well as two fluorescein termini, separated by a reasonable distance
(ca.4.5nm), as steric stoppers (see ESIT). These hydrophilic groups
were expected to confer the advantage of enhanced solubility in
neutral aqueous media. From a practical standpoint, fluorescent
rotaxane 1 had good H,O-solubility of >0.2 g ml™'. At least
at concentrations of 1 below 5.0 uM, the fluorescence intensity
originating from 1 increased in a linear fashion as its concentration
increased, without any change in its maximum (4.,, 518 nm)
(see ESI¥), indicating that 1 is in a monomeric state under these
conditions. In addition, the molecular size of 1 in its extended
conformation is 3.3-4.5 nm, while histone has a diameter of ca.
7-10 nm (see ESIT).

Histone binding by rotaxane-type receptors

First, the binding behavior of 1 with histone was evaluated by
fluorescence spectroscopy. Upon the addition of histone to an
aqueous 2-[4-(2-hydroxyethyl)-1-piperazinyl]-ethanesulfonic acid
(HEPES) buffer (0.01 M, pH 7.4, 0.15 M with NaCl) containing
1 (0.1 pM), the fluorescence intensity originating from the
fluorescein groups of 1 increased, showing a saturation behavior
for the complexation of 1 with histone as shown in Fig. 2(a).
The quantum yield of 1 was increased from 0.23° to 0.42 in the
absence or presence of histone (3.0 uM). The stoichiometry for the
complexes formed with the receptor and histone was investigated
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Fig. 2 Fluorescence spectral changes for an aqueous solution of 1
(0.1 uM) (a) or 2 (0.1 uM) (b) upon the addition of histone, [histone] = 0,
0.3,0.6,0.9,1.2,1.5, 1.8, 2.1, 2.4, 2.7, and 3.0 uM (from bottom to top).
Ex. 488 and 540 nm, respectively.
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by Job’s continuous variation method. The obtained Job’s plot for
the complexes of 1 with histone is shown in Fig. 3. The result
reveals that receptor 1 forms a complex with histone in a 3 : 1
molar ratio of receptor to histone. The 1 : 1 binding constant (K)
of 1 toward histone (per binding site) was evaluated on the basis
of the Benesi—Hildebrand relationship for the titration data under
the condition of large excess amounts of histone. The K value
was calculated to be 2.3 x 10° M~'. The K value of rotaxane-type
receptor 1 toward histone was somewhat smaller than that of a
tetramer of resorcinarene 4 (1.3 x 10" M'),* reflecting the steric
hindrance of the fluorescein groups of 1 for the histone binding.
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Fig. 3 Job’s plot for the complex of 1 with histone: total concentration
of 1 and histone, 0.2 pM.

Furthermore, relatively large fluorescence polarization values
(P) were obtained for 1 in the presence of histone (0.30) and the
obtained P value was much larger than that of 1 alone (0.12),
reflecting tight interactions in the 1-histone complexes.'® A similar
binding characteristic toward histone of another rotaxane-type
cyclophane-based resorcinarene tetramer 2, which has rhodamine
residues, was also confirmed by identical methods, as shown in
Fig. 2(b) (K, 9.0 x 10° M™).

The fluorescence intensity of 1 showed characteristic pH-
dependence, reflecting the acid-dissociation equilibrium of a
carboxylic acid of the fluorescein groups of 1 (pK,,!* 7.2'2), as
shown in Fig. 4. Interestingly, the apparent pK, value of 1 was
found to be 6.3 in the presence of histone, as shown in Fig. 4. These
results imply that the micro-environmental pH around the 1-
histone complexes was somewhat basic in comparison with that for
the bulk aqueous phase. That is, hydroxide ions were concentrated
to some extent on the histone surfaces through electrostatic
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Fig. 4 pH-Dependency of the fluorescence intensity for an aqueous
solution of 1 (0.1 uM) in the absence or presence of histone (3.0 uM).

interactions with residues of the amino acids lysine and arginine
of the histone surfaces. The micro-environmental properties of the
binding sites of histone were mainly responsible for the fluores-
cence spectral changes of 1 upon complexation with histone.

Histone selectivity of rotaxane-type receptors

We have previously clarified that cyclophane-based resorcinarene
oligomers such as 4 bound histone selectively as confirmed by
surface plasmon resonance measurements* as well as fluorescence
spectroscopy.’ The histone selectivity experienced by the rotaxane-
type receptor 1 was also evaluated using fluorescence spectroscopy
in a manner similar to that reported previously.’ The fluorescence
spectral changes of 1 were almost negligible upon the addition
of other acidic and neutral proteins such as ovalbumin, peanut
agglutinin, myoglobin, concanavalin A, and cytochrome c, to
the aqueous HEPES buffer containing 1 (Fig. 5) (see ESI{). In
addition, upon the addition of lysozyme having a pI of 11.0 to the
aqueous solution of 1, the fluorescence intensity of 1 decreased
slightly. These results suggests that the histone selectivity of 1
was maintained even when the cyclophane-based resorcinarene
tetramer was threaded by an axle. It was found that 1 exhibited
histone selectivity and a fluorescence sensing capability, reflecting
electrostatic interactions.
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Fig. 5 Changes in fluorescence intensity at 518 nm for an aqueous
solution of 1 upon addition of proteins (0.5 uM) such as ovalbumin,
peanut agglutinin, myoglobin, concanavalin A, cytochrome c, histone, and
lysozyme. Ex, 488 nm.

FRET study for histone detection

Fluorescein and rhodamine form an archetypical donor—acceptor
pair in fluorescence resonance energy transfer (FRET)"® experi-
ments. The supramolecular assembly of two or more individual
rotaxane-type receptors on the histone surfaces was also easily
monitored by means of the FRET technique. That is, upon
addition of 2 to an aqueous solution containing histone and 1,
the fluorescence intensity originating from 1 at 518 nm decreased
along with a concomitant increase in the fluorescence intensity
of 2 bound to histone at 576 nm by excitation at 430 nm** of
the fluorescein residues of 1, as shown in Fig. 6. The FRET
between fluorescein residues of 1 and rhodamine residues of 2
did take place under the conditions described above, but in the
absence of histone. These results suggest that both receptors 1 and
2 were, to some extent, assembled simultaneously on the histone
surfaces, which brought two-wavelength fluorescence detection. In
addition, the histone selectivity of the rotaxane-type receptors was
also confirmed by the FRET assay (see ESIt).
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Fig. 6 Fluorescence spectral changes for an aqueous solution containing
1 (0.2 uM) and histone (0.6 uM) upon addition of 2, [2] = 0, 0.04, 0.08,
0.12,0.16, and 0.20 uM (from bottom to top at 576 nm). Ex, 430 nm. Inset:
corresponding titration curve.

Conclusions

In conclusion, fluorescent rotaxanes, composed of a cyclophane-
based resorcinarene tetramer and a 2,6-disubstituted naphthalene
derivative having two fluorophore termini, were prepared as
histone-sensing receptors. These rotaxanes performed histone
binding as a result of the presence of four anionic resorcinarene
derivatives. The micro-environmental pH experienced by the
bound rotaxane-type receptors provided a fluorescence sensing
ability with remarkable histone selectivity. In addition, to the best
of our knowledge, the pair of rotaxanes 1 and 2 are the first
examples of compounds enabling the FRET detection of histones.
These rotaxane-type histone receptors may be quite promising
to use as long-wavelength fluorescent probes for the fluorescent
imaging of living cells. These subjects of interest will be explored
further in the future.

Experimental

Elemental analyses were performed at the Microanalysis Center of
Kyushu University. '"H and *C NMR spectra were taken on Bruker
DRX 600 and JEOL JINM-EX400 spectrometers. Fluorescence
spectra were recorded on a Perkin Elmer LS55 spectrophotometer.
The following proteins were obtained from commercial sources
and used without further purification: calf thymus histone, egg
white ovalbumin (both from Worthington), egg white lysozyme,
horse heart cytochrome ¢ (both from Wako Pure Chemical),
peanut agglutinin (from Vector), concanavalin A, and myoglobin
(both from Nacalai Tesque).

Naphthalene derivative having terminal amines (3)

A solution of N-1-Boc-1,4-diaminobutane hydrochloride (230 mg,
1.0 mmol) in dry N,N-dimethylformamide (DMF, 3 ml) was
added dropwise to a solution of 2,2-(naphthalene-2,6-diyl-
bis(oxy))diacetic acid®® (100 mg, 0.34 mmol), benzotriazole-1-
yloxytris(pyrrolidino)-phosphonium hexa-fluorophosphate (Py-
BOP, 1.6 g, 1.0 mmol) and triethylamine (0.28 ml, 1.5 mmol) in dry
DMF (5 ml) under nitrogen at room temperature, and the resulting
mixture was stirred for 5 days at room temperature. The precipi-
tates were collected by filtration, and dried in vacuo. The residue
was dissolved in dry dichloromethane (10 ml). Trifluoroacetic acid
(4.0 ml) was added to the solution and the mixture was stirred
for 3 h at room temperature. After the solvent was evaporated off

under reduced pressure, dichloromethane (20 ml) was added to the
residue, and this procedure was repeated three times to remove the
remaining trifluoroacetic acid. Evaporation of the solvent under
reduced pressure gave a white solid as the trifluoroacetic acid salt
(170 mg, 95%): '"H NMR (400 MHz, D,0, 298K) J 1.5 (m, 8H),
2.8 (m, 4H), 3.2 (m, 4H), 4.4 (m, 4H), 7.0 (m, 2H), 7.1 (m, 2H)
and 7.6 (m, 2H). This compound was subjected to the next step
without further purification.

Rotaxane-type receptor (1)

A mixture of 4 (40 mg, 7.4 umol) and 3 (40 mg, 65 pmol) in
H,O (1 mL) was stirred for 1 h at room temperature. Fluorescein
isothiocyanate (FITC) (80 mg, 205 pmol) and aqueous sodium
hydroxide (1 ml, 0.1 mmol) were added to the solution, and
the mixture was stirred for 24 h at room temperature. The
crude product was purified by gel filtration chromatography on a
column of Toyopearl HW-40 with H,O as the eluant, followed by
HPLC (YMC Pack ODS-A) with acetonitrile-H,O as the eluant.
Evaporation of the solvent under reduced pressure gave a yellow
solid (3 mg, 6%): *C NMR (150 MHz, D,0, 298K) ¢ 20, 24, 26,
31, 34, 36, 40, 45, 47, 49, 56, 67, 69, 100, 128, 129, 130, 131, 137,
139, 140, 153, 154, 155, 173 and 178. MALDI-TOF MS (matrix;
CHCA): m/z, 6180 [M + H + matrix]*. Found: C, 53.10; H, 4.26;
N, 2.67. Caled for Cy, Hys N1, Na3 O,40S, 10H,0: C, 53.44; H, 4.28;
N, 2.89.

Rotaxane-type receptor (2)

This compound was prepared by using rhodamine isothiocyanate
in place of FITC in a manner similar to that applied to the
synthesis of 1. The crude product was purified by gel filtration
chromatography on a column of Toyopearl HW-40 with H,O as the
eluant, followed by HPLC (YMC Pack ODS-A) with acetonitrile—
H,O as the eluant. Evaporation of the solvent under reduced
pressure gave a dark brown solid (4 mg, 14%): *C NMR (100 MHz,
D,0, 298K) 0 12, 17, 20, 24, 26, 31, 39, 45, 58, 66, 68, 99, 108, 114,
115,118, 129, 130, 135, 139, 141, 154, 155, 170 and 177. MALDI-
TOF MS (matrix; CHCA): m/z, 6265 [M + Na]*. Found: C, 50.54;
H, 5.18; N, 3.62. Calcd for C;;3H;3sCL,N gNa30,46S,- 34H,0: C,
50.84; H, 5.02; N, 3.36.

Binding constants of rotaxane-type receptors with histone

To asolution of 1 and 2 (0.1 uM) in HEPES buffer (0.01 M, pH 7.4,
with 0.15 M NaCl) were added increasing amounts of histone at
298K, and the fluorescence intensity originating from the receptors
was monitored after each addition, by excitation at 488 and 540 nm
for 1 and 2, respectively. The K values of the receptors toward
histone (per binding site) were evaluated based on the Benesi—
Hildebrand method applied to the fluorescence titration data.
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The [3 + 2] cycloaddition reaction between carbonyl ylides generated from epoxides and ketones (ethyl
pyruvate, ethyl phenylglyoxylate, isatin, N-methylisatin and 5-chloroisatin) to give substituted
dioxolanes and spirocyclic dioxolane indolinones was investigated. The effect of microwave irradiation
on the outcome of the reaction was studied. The thermal reaction between 2,2-dicyano-3-phenyloxirane

and N-methylisatin was theoretically studied using DFT methods. This reaction is a domino process
that comprises two steps. The first is the thermal ring opening of the epoxide to yield a carbonyl ylide
intermediate, whereas the second step is a polar [3 + 2] cycloaddition to yield the final spiro
cycloadducts. The cycloaddition presents a low stereoselectivity and a large regio- and chemoselectivity.
Analysis of the electrophilicity values and the Fukui functions of the reagents involved in the

cycloaddition step allowed the chemical outcome to be explained.

Introduction

Cycloaddition reactions are one of the most important synthetic
processes, with both synthetic and mechanistic interest in organic
chemistry. Current understanding of the underlying principles in
reactions such as 1,3-dipolar cycloadditions has grown from a
fruitful interplay between theory and experiment.! 1,3-Dipolar
cycloadditions, whose general concept was introduced by Huisgen
and co-workers in 1960s,? are versatile tools for building five-
membered heterocycles.! Carbonyl ylides, generated by thermal
electrocyclic ring opening of epoxides, are known to react
with m-bonds of alkynes,® alkenes,**** imines,’ aldehydes® and
thioketones,” affording highly substituted dihydrofurans, tetrahy-
drofurans, oxazolidines, dioxolanes and oxathiolanes, respectively.

The spiro-oxindole system occupies a special place in het-
erocyclic chemistry because it is the core structure of many
pharmacological agents and natural alkaloids.® The dioxolane
moiety represents another important skeleton present in molecules
endowed with biological activities,” notably when substituted by an
aryl group at the 2 position, and both an aryl or alkyl group and an
ester function at the 4 position.!* Due to the importance of these
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two structural frameworks, synthesis of molecular architectures
containing both spiro-oxindole and dioxolane moieties could
be of biological interest. We focused on spiro[1,3-dioxolane-
4,3-indolin-2"-ones], which are very rare, and have only been
synthesized by Nair and co-workers using cycloadditions of
carbonyl ylides generated from diazo ketones in the presence
Rh,(OAc),."

To the best of our knowledge, we report here the first cycloaddi-
tions between carbonyl ylides, thermally generated from epoxides,
and ketones. The mechanism of these reactions was studied using
DFT calculations.

Results and discussion
Synthetic aspects

Reactions were first carried out between 2,2-dicyano-3-(4-
substituted)phenyloxiranes la—c'? and ethyl pyruvate (2a)
(2 molar equivalent). The conversion to the corresponding ethyl
5,5-dicyano-4-methyl-2-phenyl-1,3-dioxolane-4-carboxylates 3-5
monitored by NMR showed that the reactions carried out in
refluxing toluene were complete after 27 h (R = H), 29 h (R = Cl)
and 14 h (R = OMe) (Table 1, Entries 1-3).

The cis products 3a—5a were isolated from the crude mixture by
column chromatography over silica gel in yields ranging from 53
to 56% and identified by NMR. NOESY, HMBC and HMQC
sequences performed on a CDCl; solution of the racemic 4a
allowed the assignments of all the 'H and *C NMR signals. In
addition, the NOESY experiment clearly showed the relationship
between H2 (see Table 1, a) at 6.27 ppm and the methyl group
at C4 at 1.96 ppm. cis 4a was then identified unequivocally by
X-ray structure analysis. Suitable colorless crystals were obtained
by slowly evaporating a CDCl, solution of 4a (Fig. 1).T The trans
compounds 3b-5b were identified using 'H and *C NMR spectra
of enriched fractions.
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Table 1 Cycloaddition reaction of epoxides 1 and ethyl glyoxylates 2

(o]
CN "
mcn + YI\OEt —
R (o]
(o]
1 2
Entry R(1) R’ (2) a:b a: b ratio™* a: b ratio** Isolated product(s), yield(s)
1 H (1a) Me (2a) 3a:3b 60 : 40 57:43 3a, 54%° (52%)°
2 ClI (1b) Me (2a) 4a : 4b 64 :36 59 : 41 4a, 56%" (50%)°
3 OMe (1¢) Me (2a) 5a:5b 59 :41 41:59 5a, 53%° (38%)"
4 H (1a) Ph (2b) 6a: 6b 54.: 46 — —
5 Cl (1b) Ph (2b) 7a:7b 60 : 40 — 7a, 52%; Tb, 18%
6 OMe (1¢) Ph (2b) 8a:8b 38:62 — 8b, 48%

“Determined from the "H NMR spectra of the crude mixture. ® Reactions performed in refluxing anhydrous toluene under Ar. ¢ Reactions performed

without solvent in a microwave oven (285 W, 180 °C).

Fig. 1 ORTEP diagram (30% probability) of racemic 4a (most of the
hydrogen atoms are omitted for clarity).

The diastereoisomeric ratios were determined from "H NMR
spectra of the crude mixtures. When R = H and OMe, the cis
products 3a and Sa, respectively, only slightly predominate over
the trans products 3b and 5b (respective ratios of 60 : 40 and 59 :
41). When R = Cl, the formation of cis 4a is slightly more favored
over trans 4b (64 : 36).

A rising number of articles have advocated the use of microwave
technology in organic synthesis. Harsh conditions such as high
temperatures and long reaction times often required for cycload-
dition reactions could generally be reduced using this technique.’®
Syntheses of tetrahydrofurans, dioxolanes and oxazolidines using
cycloaddition reactions of alkenes, aldehydes or imines with
carbonyl ylides generated from epoxides were recently reported
using microwave irradiation.™

Thus, in order to shorten the reaction times, several experiments
were performed at various powers and under different conditions
using microwave irradiation." The best conversions were obtained
without solvent (power: 285 W), with significant reduction of
reaction times in comparison to reaction in toluene at reflux
(55 min (R = H) against 27 h, 50 min (R = Cl) against 29 h,
and 30 min (R = OMe) against 14 h). Recourse to classical
heating was nevertheless preferred since the formation of the cis
products, easier to isolate from the crude mixtures than the trans,
was disfavored using microwave heating mode (a : b ratios of 57 :
43,59 : 41 and 41 : 59 for compounds 3-5, against 60 : 40, 64 : 36
and 59 : 41 in toluene at reflux) (Table 1, Entries 1-3).

For these reasons, reactions between 2,2-dicyano-3-(4-sub-
stituted)phenyloxiranes 1a—¢'? and ethyl phenylglyoxylate (2b)
(1 molar equivalent) were next carried out in refluxing toluene.
Replacing ethyl methylglyoxylate by ethyl phenylglyoxylate slightly

disfavored the formation of the cis compounds 6a—8a over the trans
6b—8b (a : b ratios of 54 : 46, 60 : 40 and 38 : 62 for compounds 6-8,
against 60 : 40, 64 : 36 and 59 : 41 for compounds 3-5) (Table 1,
Entries 4-6).

Whereas neither cis 6a nor trans 6b could be isolated as pure
from the diastereoisomeric mixture but only identified using 'H
and "C NMR spectra of enriched fractions, the cis product 7a and
the trans products 7b—8b were isolated from the crude mixture by
column chromatography over silica gel followed by crystallization
from petrol-Et,O 4 : 1 in moderate to medium yields. trans 8b
was identified by NMR 2D experiments. A NOESY sequence
performed on a C¢Dy solution revealed the absence of relationship
between H2 (see Table 1, b) at 6.62 ppm and the unsubstituted
phenyl ortho hydrogens H2” and H6” at 7.27 ppm. The structure
of trans 7b was elucidated by X-ray analysis of colorless crystals
obtained by slowly evaporating a solution in acetone (Fig. 2).}

C.
C1 3

C15

Fig. 2 ORTEP diagram (30% probability) of racemic 7b (most of the
hydrogen atoms are omitted for clarity).

In order to reach spirocyclic dioxolane structures, reactions
were performed with three different isatins. When carried out
between 2,2-dicyano-3-phenyloxiranes la—c'> and isatin (9a) (1
molar equivalent), the reactions were completed in refluxing
toluene after reaction times of 32 h (R = H), 24 h (R = CI)
and 14 h (R = OMe) to afford 5,5-dicyano-2-phenylspiro[1,3-
dioxolane-4,3'-indolin-2"-ones] 10-12 (Table 2, Entries 1-3).

The cis products 10a—12a were isolated from the crude mixture
by column chromatography over silica gel in yields ranging from
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Table 2 1,3-Dipolar cycloaddition reaction of epoxides 1 and isatins 9

R2-5, \
9' /R1
2 N

0—=x o
CN + o 30 1N
ATV s
4 6
1 9 © R™ ~Z
b
Entry R (1) R',R*(9) a:b a : b ratio™? a : b ratio** Isolated product(s), yield(s)
1 H (1a) H, H (9a) 10a : 10b 57:43 55:45 10a, 42%*
2 CI (1b) H, H (9a) 11a:11b 75:25 54 : 46 11a, 66%"
3 OMe (1¢) H, H (9a) 12a:12b 55:45 35:65 12a, 49%"
4 H (1a) Me, H (9b) 13a:13b 73:27 — 13a, 72%
5 CI (1b) Me, H (9b) 14a: 14b 74:26 — 14a, 73%
6 OMe (1¢) Me, H (9b) 15a : 15b 63:37 — 15b, 30%
7 H (1a) H, C1 9¢) 16a: 16b 59 :41 — 16a, 52%; 16b, 28%
8 Cl (1b) H, Cl (9¢) 17a:17b 71:29 — 17a, 59%; 17b, 25%
9 OMe (1¢) H, Cl (9¢) 18a : 18b 58:42 — 18a, 49%

“Determined from the "H NMR spectra of the crude mixture. ® Reactions performed in refluxing anhydrous toluene under Ar. ¢ Reactions performed

without solvent in a microwave oven (285 W, 180 °C).

42 to 66%, and identified by NMR. NOESY, HMBC and HMQC
sequences performed on the racemic 12a allowed the assignments
of all the 'H and BC NMR signals. In addition, the proximity
between H2 (see Table 2, a) at 6.41 ppm and H4' at 7.52 ppm
was shown by conducting the NOESY experiment in C,Dj. cis
11a and 12a were then identified unequivocally by their crystal
structures. Colorless crystals suitable for X-ray structure analysis
were obtained by slowly evaporating an acetone solution of 11a
and a dibutyl ether solution of 12a (Fig. 3).}

After identification of the trans compounds 10b—12b using 'H
and "C NMR spectra of enriched fractions, the diastereoisomeric
ratios were calculated from the '"H NMR spectra integration of the
crude mixtures. When R = H and OMe, the cis products 10a and
12a, respectively, only slightly predominate over the trans products
10b and 12b (respective ratios of 57 : 43 and 55 : 45). In contrast,
when R = Cl, the formation of cis 11a is clearly favored over trans
11b (75 : 25).

If recourse to microwave irradiation could reduce the re-
action times as previously noted, it was again discarded, the
formation of the trans products, more difficult to isolate for the
crude mixtures than the cis, being similarly favored using this
heating mode (Table 2, Entries 1-3).

The reactions carried out between 2,2-dicyano-3-
phenyloxiranes la—¢> and N-methylisatin (9b) (0.7 molar
equivalent) in refluxing toluene show that the methyl group on
isatin helps in favoring the formation of the cis products. Indeed,
diastereoisomeric ratios of 73 : 27, 74 : 26 and 63 : 37 were
respectively obtained for compounds 13-15 against 57 : 43, 75 :
25 and 55 : 45 for compounds 10-12 (Table 2, Entries 4-6).

The cis products 13a and 14a were isolated from the crude
mixture by fractional crystallization from petrol-Et,O 5 : 1 in
satisfying yields. cis 13a was identified from its 'H and "“C
NMR spectra. After complete assignments of all the '"H and *C
signals using NOESY, HMBC and HMQC sequences performed
on 14a, the proximity between H2 (see Table 2, a, 6.98 ppm)
and H4' (7.86 ppm) was evidenced using the NOESY spectrum.

ci1

Cst 11a

Fig. 3 ORTEP diagrams of racemic 11a (50% probability) and 12a (20%
probability) (most of the hydrogen atoms are omitted for clarity).

The structures of 13a and 14a were confirmed by X-ray analysis
of colorless crystals obtained by slowly evaporating an acetone
solution (Fig. 4).1

cis 15a could not be purified, but trans 15b was isolated in 30%
yield, and its structure elucidated by X-ray analysis. Single crystals
of trans 14b suitable for X-ray diffraction analysis were collected
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Fig.4 ORTEP diagrams (30% probability) of racemic 13a and 14a (most
of the hydrogen atoms are omitted for clarity).

too (Fig. 5).1 The products 15a and 13b were identified using 'H
and “C NMR spectra of enriched fractions.

The presence of a chloro group at the 5-position of isatin does
not greatly affect the diastereoisomeric ratios. Indeed, when 5-
chloroisatin (9¢) (0.7 molar equiv.) was similarly involved in the

reactions with 2,2-dicyano-3-phenyloxiranes la—c,'* a : b ratios
of 59 : 41, 71 : 29 and 58 : 42 were respectively obtained for
compounds 16-18, against 57 : 43, 75 : 25 and 55 : 45 using isatin
(9a) (Table 2, Entries 7-9).

The products 16a, 17a, 18a, 16b and 17b were isolated from
the crude mixtures by fractional crystallization from CH,Cl,.
Concerning 18b, only single crystals suitable for X-ray diffraction
analysis were collected. The X-ray structures obtained from color-
less crystals of 16a, 17a, 17b and 18b (Fig. 6)T (slow evaporation

Fig.5 ORTEP diagrams (30% probability) of racemic 14b and 15b (most
of the hydrogen atoms are omitted for clarity).

Fig. 6 ORTEP diagrams of racemic 16a, 17a, 17b (50% probability) and
18b (30% probability) (most of the hydrogen atoms are omitted for clarity).
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of acetone solutions) are consistent with the interpretation of the
NMR spectra.

Calculations

Theoretical study of the domino reaction between the epoxide 1a
and theisatin9b. The thermal cycloaddition reaction between the
epoxide 1a and the isatin 9b to yield the spiro-cycloadducts 13a,b
is a domino process that comprises two consecutive reactions: i)
the thermal ring opening of 1a through the breaking of the C-
C bond to yield the carbonyl ylide intermediate CY, and ii) a
[3 + 2] cycloaddition reaction between CY and the isatin 9b. In
order to obtain mechanistic details as well as the stereo-, regio-
and chemoselectivity of the formation of the spirocyclic dioxolane
indolinones 13a,b (see Schemes 1 and 2), the two steps involved
in these domino reactions were studied using DFT calculations at
the B3LYP/6-31G* level.

29
=]
CN 1S CN
CN TS1 CN
—_—
R
1a(R=H) R CY(R=H)

Scheme 1 Thermal ring opening of the epoxide 1a.

Study of the thermal ring opening of the epoxide 1a. The first
step of this domino reaction is the thermal ring opening of the
epoxide 1a through the breaking of the C1-C3 bond of the
oxirane to yield the carbonyl ylide intermediate CY. An exhaustive
exploration of the reaction path of this step allowed a transition
structure (TS) to be found, TS1, and the subsequent carbonyl ylide
CY (see Scheme 1).

In the gas phase, the activation energy associated with the
breaking of the C1-C3 bond of the epoxide 1a is 26.9 kcal mol™';
the carbonyl ylide CY is located 11.7 kcal mol™' above the
epoxide la (see Table 3). These highly unfavorable energies are
in reasonable agreement with the high temperature required for
the reaction (toluene at reflux).

The geometry of TS1 is given in Fig. 7. The length of the C1-
C3 breaking bond at TSI is 2.124 A. Analysis of the atomic
movement associated with the unique imaginary frequency of
TS1, 112.9i cm™!, shows that this TS is mainly associated with
the C1-C3 breaking bond and to the disrotatory movement of the
substituents present at these carbon atoms, as a consequence of
the change in the hybridization of C1 and C3 carbon atoms from
sp® in 1a to sp? in CY. The carbonyl ylide CY presents a planar
rearrangement that allows the maximum stabilization by charge
delocalization at the corresponding zwitterionic structure. The
C1-02 bond length in CY is very short, 1.294 A, as a consequence
of the delocalization of the O2 oxygen lone pair over the Cl
carbon. On the other hand, both C3-CN bond lengths at CY,
1.400 A, are shorter than those at the epoxide 1a, 1.455 A, as a
consequence of the delocalization of the negative charge present
on C3 towards the two electron-withdrawing CN groups.

The extent of bond formation and bond rupture along the
reaction pathway is provided by the concept of bond order (BO).'
At TS1, the BO value of the C1-C3 breaking bond is 0.31. This low
value indicates that, at the TS, the breaking bond process is very

channel rg1a

N
(0]
.
> " N

channel rg 1b

o
TSrg2a ©1/ (e}
o) ———— " Ph
Q

channel rg2a

TSrg1b

}Vle

NC
N
CN > e,

TSrg2b (0]
wPh
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Q;’O 19b
N
cY NC
}\Ae CN
N CN
TSchi1a (o)
channel ch1a s O/k
5 Ph
20a
}\/Ie CN
N CN
TSch1ib (0}
channel ch1b “,
5 Ph
20b

Scheme 2  Cycloaddition reaction between CY and the isatin 9b.

advanced. This fact is in clear agreement with the endothermic
character of the process.” At the carbonyl ylide CY, the C1-O2
BO value, 1.24, points out its w character as a consequence of some
delocalization of the O2 oxygen lone pair over the C1 carbon. The
C1-C(Ar) bond order value, 1.22, indicates the participation of the
© aromatic ring in the stabilization of the carbonyl ylide. On the
other hand, the BO value of both C3-C(CN) bonds, 1.17, points
out their m character as a consequence of the delocalization of the
negative charge developed over the C3 carbon atom over the two
electron-withdrawing CN groups.

Study of the [3 + 2| cycloaddition reaction of the carbonyl
ylide CY with the isatin 9b. Due to the existence of two C=0
reactive centers at the isatin 9b, a carbonyl C5-O4 and an
amide carboxyl C7-O6 double bond, and the asymmetry of
both reagents, this cycloaddition reaction can yield up to eight
isomeric spiro-cycloadducts. The formation of these cycloadducts
can be related to the chemo-, regio- and stereoselectivity of this
cycloaddition reaction. The experimental results indicate that
these cycloaddition reactions take place with a total chemos-
electivity, with the unique participation of the carbonyl C5-
04 double bond, with total regioselectivity, with the unique
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Table 3 Total (E, in au) and relative® (AE, in kcal mol™") energies, and
total (G,,, in au) and relative® (AG,,, in kcal mol™") free energies in toluene
at 383.95 K, of the stationary points involved in the cycloaddition reaction
between the carbonyl ylide 1a and the isatin 9b

E AE Gool AG,
la —569.307603 —569.238018
9b —552.378472 —552.296654
TS1 —569.264771 26.9 —569.200802 23.4
CY —569.289033 11.7 —569.224206 8.7
CM —1121.678679 4.6 —1121.504526 18.9

~1121.670024 10.1

TSrgla —1121.486682 30.1
TSrglb —1121.668391 11.1
TSrg2a —1121.651633 21.6 —1121.468107 41.8
TSrg2b —1121.652029 21.4
TSchla —1121.665334 13.0 —1121.482218 329
TSchlb —1121.663287 14.3
13a —1121.716275 —-19.0 —1121.527140 4.7
13b —1121.718022 —20.0
19a —1121.714572 —17.9 —1121.526722 5.0
19b —1121.713157 —-17.0
20a —1121.698900 -8.0 —1121.512390 14.0
20b —1121.697709 -7.3

“ Energies relative to 1a + 9b.

1.369

T81 [ 4

Fig. 7 Geometry of TSI and the carbonyl ylide CY. The bond lengths
are given in A.

formation of the regioisomers associated with the C1-O4 and C3-
C5 bond formation, and with a low stereoselectivity due to the
formation of the two possible stereoisomers. In order to explain
the experimental results, the chemo-, regio- and stereoselectivity
associated with these cycloadditions were studied. For this purpose
we studied: the two stereoselective channels associated with the
approach of the carbonyl ylide O2 oxygen atom to the plane
containing the C=0 1 bond, named as a and b; those regioisomeric
channels associated with the approach of carbonyl ylide CY to
the carbonyl C5-O4 double bond of 9b, named as channels rg/
and rg2, and finally, the more favorable regioisomeric approach
modes of CY to the carboxyl C7-O6 double bond of 9b, named
as channels chl, allowed us to study the chemoselectivity in
these cycloaddition reactions. Therefore, six reactive channels
were studied (see Scheme 2). An exhaustive exploration of the
potential energy surface of these cycloadditions allowed us to find
a series of molecular complexes (MCs) that open the cycloaddition
pathways. In these MCs, the two reagents are separated by 2.8 A.
From these MCs we selected the more favorable one, MC. MC
is located —7.1 kcal mol™" below reagents, CY + 9b. Analysis
of the stationary points involved in these cycloaddition reactions
indicates that they present concerted mechanisms. Hence, six TS,
TSrgla, TSrglb, TSrg2a, TSrg2b, TSchla, and TSchlb, and the
corresponding spiro-cycloadducts were located and characterized.

The energy results are summarized in Table 3. The most
favorable reactive channels correspond to the formation of
the stereoisomeric spiro-cycloadducts 13a and 13b, via TSrgla
and TSrglb, respectively. Both TSs are located —1.6 and
—0.6 kcal mol™' below the reagents, respectively. From MC,
the activation energies associated with the formation of the
spiro-cycloadducts 13a and 13b are 5.5 (TSrgla) and 6.5
(TSrglb) kcal mol~'. The low energy difference between TSrgla
and TSrglb, AAE = 1.0 kcal mol™', agrees with the low stereos-
electivity experimentally observed. Note that major stereoisomer
13a has the cis stereochemistry. TSrg2a and TSrg2b are located ca.
10 kcal mol™" above TSrgla. This large energy difference prevents
the formation of the regioisomeric cycloadducts 19a and 19b, a fact
that is consistent with the experimental results. Finally, the forma-
tion of the spiro-cycloadduct 20a, via TSchla, is 2.9 kcal mol~!
more unfavorable than the formation of 13a. This energy result is
in reasonable agreement with the chemoselectivity experimentally
observed (attack to the carbonyl C5-04 double bond against the
attack to the carboxyl C7-O6 one). The chemoselectivity can
be explained by a larger nucleophilic character of the carbonyl
06 oxygen than the carboxyl O6 oxygen (see later). All these
cycloaddition reactions are strongly exothermic: between —29 and
—32 kcal mol™! for the rg/ and rg2 regioisomeric channels and be-
tween —19 and —20 kcal mol™! for the ¢kl regioisomeric channels.

The geometries of the TSs involved in these cycloadditions are
given in Fig. 8. The lengths of the forming bonds at the TSs
are: 1.966 A (C1-O4) and 2.425 A (C3-C5) at TSrgla, 2.007 A
(C1-04) and 2.614 A (C3-C5) at TSrglb, 2.036 A (C3-04) and
2.209 A (C1-C5) at TSrg2a, 2.061 A (C3-04) and 2.176 A (C1-
C5) at TSrg2b, 1.913 A (C1-06) and 2.687 A (C3-C7) at TSchla
and 1.801 A (C1-06) and 2.551 A (C3-C7) at TSchlb. Some

TSchia

TSch1b

Fig. 8 Geometry of the TSs involved in the cycloaddition reactions
between the carbonyl ylide CY and the isatin 9a. The bond lengths are
given in A.
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conclusions can be drawn from these values: i) at all TSs, the length
of the O-C forming bond is shorter that the C-C one, and ii) the
more favorable regioisomeric TSs, rgl, are more asynchronous
than the regioisomeric rg2 ones. Note that the ¢l channels are
equivalent to the rgl ones.

The BO values of the forming bonds at these TSs are: 0.34
(C1-04) and 0.22 (C3-C5) at TSrgla, 0.31 (C1-04) and 0.17
(C3-C5) at TSrglb, 0.32 (C3-04) and 0.34 (C1-C5) at TSrg2a,
0.31 (C3-04) and 0.34 (CI1-C5) at TSrg2b, 0.37 (C1-06) and
0.12 (C3-C7) at TSchla, and 0.46 (C1-O6) and 0.16 (C3-C7) at
TSchlb. These BO values indicate that both regioisomeric series of
TSs present a different behavior. While the TSs associated with the
rgl channel, including the chl one, correspond to asynchronous
bond-formation processes where the formation of the C-O bond
is more advanced than the C—C one, the more unfavorable TSs
associated with the rg2 channel correspond to synchronous bond-
formation processes where the C—C bond formation is slightly
more advanced than the C-O one.

The natural population analysis (NPA) allows us to evaluate
the charge separation at the TSs, that is the polar character of
the cycloaddition. The natural charges at the TSs appear shared
between the carbonyl ylide CY, and the isatin 9b. The net charge
at the isatin 9b framework at the TSs are: —0.09 e at TSrgla,
—0.13 e at TSrglb, —0.26 e at TSrg2a, —0.25 e at TSrg2b, 0.0 ¢ at
TSchla and —0.01 e at TSchlb. These values indicate that at the
TSs associated with the attack of the carbonyl C5-04 double bond
there is some charge separation, and that it is larger at the more
unfavorable regioisomeric TSs. At the TSs associated with the
attack of the carboxyl C7-0O6 double bond, the charge separation
is inappreciable.

Thermodynamic analysis of the domino reaction between 1a and
9b. As the two reactions involved in this domino process present
different molecularity: the ring-opening process is unimolecular
and the cycloaddition reaction is bimolecular, the free energies of
the stationary points associated with the stereoisomeric channels
a were computed at 383.95 K. Solvent effects of toluene on the
energies were considered at the thermodynamic calculations (see
computational methods). The energy results are summarized in
Table 3, while a schematic representation of the free energy profiles
is depicted in Fig. 9.

The activation free energy (considering the solvent effects)
associated with the ring-opening process is 23.4 kcal mol™.
Formation of the carbonyl ylide CY is an endergonic process by
8.7 kcal mol~'. Two factors are responsible of the decrease of
these unfavorable energies with respect to the gas-phase results: i)
solvent effects stabilize more efficiently the TS1 and the carbonyl
ylide CY than the epoxide 1a as a consequence of the zwitterionic
character of the former two, and ii) an increase of the entropy of
the system along the ring opening process.

The inclusion of solvent effects and thermal corrections to the
energies and the entropies raises the relative free energies of the
stationary points involved in the [3 + 2] cycloaddition reactions
as a consequence of the bimolecular character of the reactions.
Now MC is located 10.2 kcal mol~'above reagents, CY + 9b.
Therefore, in spite of the exothermic character of the formation
of MC, its existence on the free energy surface is irrelevant. The
free activation energy associated with TSrgla is 20.0 kcal mol™!
(relative to CY + 9b). TSrg2a remains 11.7 kcal mol™' above

TSrg2a
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Fig.9 Freeenergy profiles, in kcal mol™, for the domino reaction between
the epoxide 1a and the isatin 9b.

TSrgla, so this regioisomeric channel is clearly unfavorable.
Although the chemoselectivity, measured as AAG*, decreases
slightly to 2.8 kcal mol™', the formation of 13a is exergonic
by —3.9 kcal mol™ and the formation of 20a is endergonic by
5.3 kcal mol ™.

Both ring opening and cycloaddition reactions have similar
activation energies but, due to the endergonic character of the
formation of CY, TSrgla is located 6.8 kcal mol~' above TS1 and,
therefore, the cycloaddition reaction becomes the rate-determining
step of this domino process. In addition, the overall process is
endergonic by 4.7 kcal mol ™.

Analysis based on the reactivity indexes. Recent studies carried
out on cycloaddition reactions' have shown that the reactivity
indexes' are powerful tools to study the reactivity. In Table 4, the
static global properties (electronic chemical potential, x, chemical
hardness, #, and global electrophilicity, @) of the carbonyl ylides
CY (R = H) and CY' (R = OMe), and isatins 9a,b, are presented.

The electronic chemical potentials of the carbonyl ylides CY
and CY’, —0.1693 and —0.1576 au, are close to those of the
isatins 9a,b, —0.1691 and —0.1646 au. The presence of electron-
releasing substituents, methyl or methoxy, increases the value of
the electronic chemical potential of these molecules. The similar
values found in these reagents do not allow to predict clearly the
direction of the charge transfer along these polar cycloadditions.

The carbonyl ylides present a very large electrophilicity value,
4.29 (CY) and 3.79 (CY’) eV, being classified as strong elec-
trophiles within the electrophilicity scale.”® The inclusion of an

Table 4 Electronic chemical potential, # in au, chemical hardness, 7 in
au, and global electrophilicity, w in eV, for the carbonyl ylides CY and CY’
and the isatins 9a,b

u/au n/au w/eV
CY(R=H) —0.1693 0.0908 4.29
CY (R = OMe) —0.1576 0.0890 3.79
9a (R' =R*>=H) —0.1691 0.1433 2.71
9b (R! = Me, R? =H) —0.1646 0.1385 2.66
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electron-releasing methoxy group on the aryl substituent decreases
slightly the electrophilicity of the carbonyl ylide. The electrophilic-
ity value of the isatin 9a (R' = R? = H) is 2.71 eV, being also
classified also as a strong electrophile. Inclusion of an electron-
releasing methyl group on the amide nitrogen atom decreases
slightly the electrophilicity value of isatin 9b (R! = Me, R? = H)
to 2.66 eV. This decrease with the electron-releasing substitution,
which can be related to an increase of the nucleophilicity of this
compound, is in agreement with the reduction of the reaction time
for isatin 9b relative to that for isatin 9a.

The larger electrophilicity values of the carbonyl ylides CY and
CY' with respect to the isatins 9a,b indicate that, along a polar
cycloaddition, the carbonyl ylides CY and CY’ will behave as
electrophiles whereas the isatins 9a,b will behave as nucleophiles.”

Analysis of the Fukui functions at the carbonyl ylide CY
indicates that the C1 carbon corresponds to the most electrophilic
center of this intermediate, while its C3 carbon is the most
nucleophilic center. This picture agrees with a heterolytic C-C
bond breaking along the ring-opening process, where the negative
charge on the C3 carbon is delocalized over the two adjacent
electron-withdrawing cyano groups, while the positive charge
developed on the CI1 carbon is stabilized by the O2 oxygen and
the nearby conjugated phenyl substituent. On the other hand,
at the isatin 9b, while the carbonyl C5 carbon atom is the most
electrophilic center, the carbonyl O4 oxygen atom is the most
nucleophilic one. In a polar cycloaddition, the more favorable
electronic interaction takes place between the most electrophilic
center of the electrophile reagent and the most nucleophilic center
of the nucleophile reagent. This favorable electronic interaction
controls both the asynchronicity of the bond formation and the
regioselectivity of the reaction. Therefore, both the asynchronicity
found at the TSs as well as the regioselectivity of the reactions are in
agreement with the electrophile-nucleophile interaction predicted
by the analysis of the Fukui functions.

Conclusions

In conclusion, we have shown that first ethyl 4-phenyl or 4-methyl-
2-phenyl-1,3-dioxolane-4-carboxylate and then 2-phenylspiro[1,3-
dioxolane-4,3'-indolin-2'-ones] can be easily prepared by a regios-
elective cycloaddition between ethyl glyoxylates or isatins, and
carbonyl ylides, thermally generated from epoxides. It is relevant to
mention that frans spiro[1,3-dioxolane-4,3-indolin-2'-ones] have
been synthesized by Nair and co-workers using carbonyl ylides
generated from diazo ketones in the presence of Rh,(OAc),,"
whereas our method rather favors the formation of cis products,
which are unknown.

The cycloaddition reaction between  2,2-dicyano-3-
phenyloxirane and N-methylisatin to yield spiro-cycloadducts
has been theoretically studied using DFT methods at the
B3LYP/6-31G* level. The reaction is a domino process that
comprises two steps. The first one is the thermal cleavage of
the oxirane ring to yield a carbonyl ylide intermediate, whereas
the second step is a [3 + 2] polar cycloaddition initialized
by the nucleophilic attack of N-methylisatin to the carbonyl
ylide to yield final spiro-cycloadducts. In spite of the large
activation energy associated with the oxirane cleavage and the
low activation energy associated with the subsequent nucleophilic
attack, thermodynamic calculations in toluene indicate that

the cycloaddition reaction is the rate-determining step. The
cycloaddition presents a low stereoselectivity and a large regio-
and chemoselectivity. The more favorable channels are associated
with the nucleophilic attack of the isatin carbonyl oxygen atom to
the phenyl substituted carbon atom of the carbonyl ylide.

Analysis of the reactivity indexes of the reagents indicates that
while the large electrophilicity of the carbonyl ylide accounts for
the nucleophilic attack of isatin to ylide, analysis of the Fukui
functions allows the regio- and chemoselectivity experimentally
observed to be explained. The more favorable electronic interac-
tion takes place between the carbonyl oxygen atom of isatin, the
more nucleophilic center, and the phenyl substituted carbon atom
of the carbonyl ylide, the more electrophilic one.

Experimental
Syntheses: general methods

Melting points were measured on a Kofler apparatus. NMR
spectra were recorded with a Bruker ARX 200P, a Bruker Avance
300P or a Bruker Avance 300M spectrometer ('H at 200 or
300 MHz, and "*C at 50 or 75 MHz). Assignments of protons
and carbons could be made on the basis of two dimensional
techniques (NOESY, HMQC and HMBC experiments). Mass
spectra (HRMS) were recorded with a Varian MAT 311 spec-
trometer, and microanalyses were performed on a Flash EA1112
Thermo Electron. Microwave reactions were performed in open
glass containers (Prolabo Synthewave® 402) with accurate control
of power (maximum power: 300 W) and temperature (infrared
detection).

Oxiranes were prepared according to described procedures.’?
Toluene was dried before use. Reactions were performed under
dry argon. Petrol refers to petroleum ether (bp 40-60 °C).

General procedure 1. A mixture of epoxide (3 mmol) and
ketone (amount given in the product description) in anhydrous
toluene (30 mL) was heated at reflux under Ar. The mixture was
then evaporated to dryness and purified as specified in the product
description.

General procedure 2. A mixture of epoxide (3 mmol) and
ketone (amount given in the product description) was heated in
a microwave oven (power, temperature and time are given in the
product description). The residue was purified as specified in the
product description.

Diastereoisomers of ethyl 5,5-dicyano-4-methyl-2-phenyl-1,3-
dioxolane-4-carboxylate (3). The general procedure 1 (reflux
for 27 h), using 3-phenyloxirane-2,2-dicarbonitrile (1a, 0.51 g)
and ethyl pyruvate (2a, 0.70 g, 0.66 mL, 6.0 mmol), gave a
60 : 40 mixture from which the major diasterecoisomer 3a was
isolated by column chromatography over silica gel (eluent: petrol-
AcOEt 70 : 30) in 54% (0.46 g) yield as a greenish oil: 'H
NMR (CDCL): ¢ 1.41 (t, 3H, J = 7.1 Hz, CH;), 1.97 (s, 3H,
CH,), 4.374.47 (m, 2H, CH,), 6.29 (s, 1H, H2), 7.42-7.57 (m,
5H, Ph); "C NMR (CDCL): ¢ 14.0 (CH;CH,), 19.5 (CH,),
63.9 (CH,), 70.3 (C5), 88.8 (C4), 107.5 (C2), 110.8 (CN), 112.0
(CN), 127.4 and 129.0 (C2, C3, C5 and C6'), 131.2 (C4), 132.7
(C1), 166.1 (C=0); HRMS, m/z: 286.0961 and 213.0666 found
(caled for CsH;N,O,, M*", and C,,H,N,0O,, [M — CO,Et]*,
requires: 286.09536 and 213.06640, respectively). Anal. Calcd for
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CsH,N,O,: C, 62.93; H, 4.93; N, 9.79. Found: C, 63.15; H, 5.09;
N, 9.68%. The minor diastereoisomer 3b was identified by NMR:
'"H NMR (CDCl;): ¢ 1.42 (t, 3H, J = 7.1 Hz, CH;), 1.98 (s, 3H,
CH;), 4.42 (q, 2H, J = 7.1 Hz, CH,), 6.50 (s, 1H, H2), 7.43-
7.58 (m, 5H, Ph); *C NMR (CDCl): ¢ 13.9 (CH;CH,), 21.5
(CH,), 63.8 (CH,), 71.4 (C5), 88.4 (C4), 108.5 (C2), 110.9 (CN),
111.1 (CN), 127.1 and 128.8 (C2/, C3, C5 and C6'), 131.1 (C4),
132.9 (C1"), 167.1 (C=0). The general procedure 2 (285 W, 15 min
to reach 180 °C and 55 min at 180 °C), using 3-phenyloxirane-
2,2-dicarbonitrile (1a, 0.51 g) and ethyl pyruvate (2a, 0.46 g,
0.44 mL, 4.0 mmol), gave a 57 : 43 mixture from which the major
diastereoisomer 3a was isolated by column chromatography over
silica gel (eluent: petrol-AcOEt 70 : 30) in 52% (0.45 g) yield.

Diastereoisomers of ethyl 2-(4-chlorophenyl)-5,5-dicyano-4-
methyl-1,3-dioxolane-4-carboxylate (4). The general procedure
1 (reflux for 29 h), using 3-(4-chlorophenyl)oxirane-2,2-
dicarbonitrile (1b, 0.61 g) and ethyl pyruvate (2a, 0.70 g, 0.67 mL,
6.0 mmol), gave a 64 : 36 mixture from which the major
diastereoisomer 4a was isolated by column chromatography over
silica gel (eluent: petrol-AcOEt 50 : 50) in 56% (0.54 g) yield as a
pale yellow glitter: mp 86 °C; '"H NMR (CDCl,): 6 1.40 (t, 3H, J =
7.1 Hz, CH,), 1.96 (s, 3H, CH,), 4.39-4.47 (m, 2H, CH,), 6.27 (s,
1H, H2), 7.43 (d, 2H, J = 8.5 Hz, H3' and HY'), 7.50 (d, 2H, J =
8.6 Hz, H2' and H6'); “"C NMR (CDCl;): ¢ 13.7 (CH;CH,), 19.1
(CH,), 63.7 (CH,), 70.0 (C5), 88.7 (C4), 106.4 (C2), 110.5 (CN),
111.8 (CN), 128.6 (C2" and C6'), 129.0 (C3' and C5'), 131.2 (C1"),
137.0 (C4), 165.8 (C=0); HRMS, m/z: 320.0557 and 247.0265
found (calcd for C;sH;;N,0,*Cl, M*, and C,,HsN,O,*Cl, [M-
CO,Et]*", requires: 320.05638 and 247.02743, respectively). Anal.
Calcd for CsH,;CIN,O,: C, 56.17; H, 4.09; N, 8.73. Found: C,
56.35; H, 4.17; N, 8.63%. The minor diastereoisomer 4b was
identified by NMR: 'H NMR (CDCl): 6 1.42 (t, 3H, J = 7.1 Hz,
CH,), 1.96 (s, 3H, CH,), 4.42 (q, 2H, J = 7.2 Hz, CH,), 6.47 (s,
1H, H2), 7.44 (s, 4H, Ph); *C NMR (CDCl,): § 14.0 (CH;CH,),
21.5 (CH;), 64.0 (CH,), 71.4 (C5), 88.5 (C4), 107.8 (C2), 110.8
(CN), 111.0 (CN), 128.5 and 129.3 (C2', C3, C5 and C6), 131.5
(C1"), 137.2 (C4), 167.0 (C=0). The general procedure 2 (285 W,
15 min to reach 180 °C, and 50 min at 180 °C), using 3-
(4-chlorophenyl)oxirane-2,2-dicarbonitrile (1b, 0.61 g) and ethyl
pyruvate (2a, 0.46 g, 0.44 mL, 4.0 mmol), gave a 59 : 41 mixture
from which the major diastereoisomer 4a was isolated by column
chromatography over silica gel (eluent: petrol-AcOEt 50 : 50) in
50% (0.48 g) yield.

Diastereoisomers of ethyl 5,5-dicyano-2-(4-methoxyphenyl)-4-
methyl-1,3-dioxolane-4-carboxylate (5). The general procedure
1 (reflux for 14 h), using 3-(4-methoxyphenyl)oxirane-2,2-
dicarbonitrile (1¢, 0.60 g) and ethyl pyruvate (2a, 0.69 g, 0.67 mL,
6.0 mmol), gave a 59 : 41 mixture from which the major
diastereoisomer 5a was isolated by column chromatography over
silica gel (eluent: petrol-AcOEt 70 : 30) in 53% (0.50 g) yield as
a yellowish oil: '"H NMR (CDCl;): ¢ 1.40 (t, 3H, J = 7.1 Hz,
CH,), 1.94 (s, 3H, CH,), 3.83 (s, 3H, OCH,), 4.37-4.48 (m, 2H,
CH,), 6.24 (s, 1H, H,), 6.94 (d, 2H, J = 8.7 Hz), 7.48 (d, 2H,
J = 8.7 Hz); “C NMR (CDCl;): 6 13.9 (CH;CH,), 19.4 (CHj,),
55.5 (OCH,;), 63.8 (CH,), 70.2 (C5), 88.6 (C4), 107.6 (C2), 111.0
(CN), 112.1 (CN), 114.3 (C3" and C¥'), 129.2 (C2' and C¢'), 124.7
(C1"), 161.9 (C4), 166.2 (C=0); HRMS, m/z: 316.1064 found
(caled for C,4H;4N,Os, M** requires: 316.10592). Anal. Calcd

for C,¢H(N,Os: C, 60.75; H, 5.10; N, 8.86. Found: C, 60.44;
H, 5.06; N, 8.53%. The minor diastereoisomer Sb was identified
by NMR: '"H NMR (CDCl): § 1.41 (t, 3H, J = 7.1 Hz, CHj,),
1.97 (s, 3H, CHj;), 3.82 (s, 3H, OCH,), 4.42 (t, 2H, J = 7.2 Hz,
CH.,), 6.44 (s, 1H, H2), 6.95 (d, 2H, J = 8.7 Hz), 7.43 (d, 2H,
J = 8.7 Hz); C NMR (CDCl;): ¢ 14.0 (CH;CH,), 21.6 (CHj;),
55.5 (OCH,), 63.8 (CH,), 71.3 (C5), 88.2 (C4), 108.7 (C2), 111.0
(CN), 111.3 (CN), 114.3 (C3' and CY%'), 128.9 (C2" and C6'), 124.8
(C1"), 161.8 (C4'), 167.2 (C=0). The general procedure 2 (285 W,
7 min to reach 180 °C and 30 min at 180 °C), using 3-(4-
methoxyphenyl)oxirane-2,2-dicarbonitrile (1¢, 0.60 g) and ethyl
pyruvate (0.35 g, 0.33 mL, 3.0 mmol), gave a 41 : 59 mixture
from which the minor diastereoisomer Sa was isolated by column
chromatography over silica gel (eluent: petrol-AcOEt 70 : 30) in
38% (0.36 g) yield.

Diastereoisomers of ethyl 5,5-dicyano-2,4-diphenyl-1,3-
dioxolane-4-carboxylate (6). The general procedure 1 (reflux for
80 h), using 3-phenyloxirane-2,2-dicarbonitrile (1a, 0.51 g) and
ethyl phenylglyoxylate (2b, 0.53 g, 0.48 mL, 3.0 mmol), gave a
54 : 46 mixture. The major diastereoisomer 6a was identified by
NMR: '"H NMR ((CD;),CO): ¢ 1.32 (t, 3H, J = 7.1 Hz, CHj,),
442 (q,2H,J =17.0, CH,), 6.72 (s, | H, H2), 7.54-7.83 (m, 10H);
BC NMR ((CD;),CO): 6 14.0 (CH,), 64.9 (CH,), 72.7 (C5), 92.1
(C4), 108.8 (C2), 111.7 (CN), 113.1 (CN), 126.2 (C2" and C0"),
128.3, 129.8 and 130.2 (C2, C3, C5, C6, C3” and C5"), 131.6
(C4"), 132.0 (C1"), 132.0 (C17), 134.1 (C4), 166.3 (C=0). The
minor diastereoisomer 6b was identified by NMR: 'H NMR
((CD;y),CO): 0 1.18 (t, 3H, J = 7.1 Hz, CH;), 4.27 (q, 2H, J =
7.1 Hz, CH,), 6.84 (s, 1H, H2), 7.54-7.83 (m, 10H); *C NMR
((CD;),CO): 6 13.9 (CH,), 64.3 (CH,), 73.7 (C5), 91.2 (C4),
108.4 (C2), 111.4 (CN), 112.0 (CN), 126.6 (C2" and C6"), 127.9,
129.5 and 130.0 (C2, C3, C5, C6, C3” and C5"), 131.5 (C4"),
131.6 (C4), 132.1 (Cl"), 134.2 (C1”), 166.8 (C=0). HRMS, m/z:
275.0819 found (caled for C;;H;;N,0,, [M — CO,Et]*" requires:
275.0820) (mixture of 6a and 6b). Anal. Calcd for C,)HsN,O,:
C, 68.96; H, 4.63; N, 8.04. Found: C, 69.21; H, 4.62; N, 8.41%
(mixture of 6a and 6b).

Diastereoisomers of ethyl 2-(4-chlorophenyl)-5,5-dicyano-4-
phenyl-1,3-dioxolane-4-carboxylate (7). The general procedure
1 (reflux for 72 h), using 3-(4-chlorophenyl)oxirane-2,2-
dicarbonitrile (1b, 0.61 g) and ethyl phenylglyoxylate (2b, 0.53 g,
0.48 mL, 3.0 mmol), gave a 60 : 40 mixture from which the major
diastereoisomer 7a was isolated by column chromatography over
silica gel (eluent: heptane—Et,0 70 : 30) followed by crystallization
from petrol-Et,O 4 : 1 in 52% (0.60 g) yield as a white powder: mp
109 °C; '"H NMR ((CDs),CO): 6 1.32 (t, 3H, J = 7.1 Hz, CH,),
442 (q, 2H, J = 7.1 Hz, CH,), 6.75 (s, 1H, H2), 7.61-7.64 (m,
5H), 7.73-7.81 (m, 4H); *C NMR ((CD;),CO): 6 14.1 (CHs;), 65.0
(CH,), 72.7 (C5), 92.2 (C4), 108.0 (C2), 111.6 (CN), 113.1 (CN),
126.3 (C2" and C6"), 129.9, 130.1 and 130.3 (C2', C3, C5, C¢/, C3”
and C5"), 131.8 (C4"), 132.0 (C1"), 133.2 (C1"), 137.6 (C4), 166.3
(C=0); HRMS, m/z: 309.0435 found (caled for C,;H,,N,0,%Cl,
[M — CO,Et]** requires: 309.0431). Anal. Calcd for C H,sCIN,O,:
C, 62.75; H, 3.95; N, 7.32. Found: C, 62.68; H, 4.02; N, 7.23%.
The minor diastereoisomer 7b was isolated similarly in 18% (0.21
g) yield as a white powder: mp 78 °C; 'H NMR ((CD),CO): ¢
1.20 (t, 3H, J = 7.1 Hz, CH;), 4.28 (q, 2H, J = 7.1 Hz, CH,), 6.88
(s, 1H, H2), 7.57-7.62 (m, 5H), 7.75 (d, 2H, J = 8.5 Hz, H2 and
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H6'), 7.80-7.84 (m, 2H); *C NMR ((CD),CO): 6 13.9 (CH,), 64.6
(CH,), 73.8 (C5), 91.4 (C4), 107.8 (C2), 111.4 (CN), 111.9 (CN),
126.8 (C2" and C6"), 129.8, 129.9 and 130.2 (C2, C3, C5, C6,
C3" and C5"), 131.7 (C4"), 132.1 (C1'), 133.3 (C1"), 137.2 (C4),
166.8 (C=0).

Diastereoisomers of ethyl 5,5-dicyano-2-(4-methoxyphenyl)-4-
phenyl-1,3-dioxolane-4-carboxylate (8). The general procedure
1 (reflux for 60 h), using 3-(4-methoxyphenyl)oxirane-2,2-
dicarbonitrile (1¢, 0.60 g) and ethyl phenylglyoxylate (2b, 0.53 g,
0.48 mL, 3.0 mmol), gave a 38 : 62 mixture from which the minor
diastereoisomer 8a was identified by NMR: '"H NMR ((CD;),CO):
0 1.31(t,3H,J =7.1 Hz, CH;), 3.87 (s, 3H, OCH,), 4.42 (qd, 2H,
J = 7.1 and 1.1 Hz, CH,), 6.64 (s, 1H, H2), 7.10 (d, 2H, J =
8.7 Hz, H3 and HY'), 7.60-7.68 (m, 5H), 7.77-7.81 (m, 2H); *C
NMR ((CD;),CO):  14.1 (CH;), 55.9 (OCH,), 64.9 (CH,), 72.7
(C5), 92.0 (C4), 109.1 (C2), 111.9 (CN), 113.4 (CN), 115.2 (C¥
and C5), 126.0 (C1’), 126.3 (C2” and C6"), 130.2 and 130.3 (C2/,
C¢', C3" and C5"), 131.7 (C4"), 132.3 (C1”), 163.0 (C4), 166.5
(C=0). The major diastereoisomer 8b was isolated by column
chromatography over silica gel (eluent: heptane-Et,O 70 : 30)
followed by crystallization from petrol-Et,O 4 : 1 in 48% (0.54 g)
yield as a pale green powder: mp 95 °C; '"H NMR ((CD;),CO): ¢
1.24 (t, 3H, J = 7.1 Hz, CH;), 3.87 (s, 3H, OCH,), 4.33 (qd, 2H,
J =7.1and 2.3 Hz, CH,), 6.75 (s, 1H, H2), 7.09 (d, 2H, J = 8.8
Hz), 7.59-7.68 (m, 5H), 7.77-7.81 (m, 2H); *C NMR ((CD;),CO):
0 14.0 (CH;), 55.9 (OCH,;), 64.5 (CH,), 73.8 (C5), 91.2 (C4), 108.9
(C2),111.6 (CN), 112.3(CN), 115.0 (C3 and C5), 130.0 and 130.2
(C2,C6,C3" and C5"), 131.6(C4"), 132.5(C1"), 162.8 (C4), 167.1
(C=0); HRMS, m/z: 378.1212 found (caled for C,;H;sN,Os, M**
requires: 378.1216). Anal. Calcd for C,;H;N,Os: C, 66.66; H, 4.79;
N, 7.40. Found: C, 66.38; H, 4.73; N, 7.25%.

Diastereoisomers of 5,5-dicyano-2-phenylspiro|[1,3-dioxolane-
4,3'-indolin-2"-one] (10). The general procedure 1 (reflux for 32 h),
using 3-phenyloxirane-2,2-dicarbonitrile (1a, 0.51 g) and isatin
(9a, 0.44 g, 3.0 mmol), gave a 57 : 43 mixture from which the major
diastereoisomer 10a was isolated by column chromatography over
silica gel (eluent: petrol-AcOEt 60 : 40) in 42% yield as a white
powder: mp 160 °C; 'H NMR ((CD;),CO): § 6.95 (s, 1H, H2),
7.15(d, 1H, J =79 Hz, H7'), 7.25 (t, |H, J = 7.6 Hz, HY'), 7.55-
7.59 (m, 4H, H6' and Ph), 7.84-7.90 (m, 3H, H4' and Ph), 10.2
(s, IH, NH); "C NMR ((CD;),CO): 6 72.0 (C5), 86.5 (C4), 109.5
(C2),111.5(CN), 111.6 (CN), 112.3 (C7'), 122.2(C8), 124.0 (C5"),
127.7(C4), 129.0 (C3” and C5"), 129.5 (C2” and C6"), 132.0 (C4"),
133.9 (Co), 134.4 (C1"), 143.8 (CY), 170.6 (C=0); HRMS, m/z:
317.0815 found (calcd for CzsH;;N;O;, M** requires: 317.08004).
Anal. Calcd for C,sH,;;N;O;: C, 68.14; H, 3.49; N, 13.24. Found:
C, 68.38; H, 3.53; N, 12.96%. The minor diastercoisomer 10b was
identified by NMR: '"H NMR ((CD»),CO): ¢ 7.13 (s, IH, H2),
7.15 (d, 1H, J = 7.9 Hz, H7), 7.29 (t, 1H, J = 7.6 Hz, HY),
7.55-7.59 (m, 4H, H6' and Ph), 7.75-7.90 (m, 3H, H4 and Ph),
10.3 (s, 1H, NH); "C NMR ((CD;),CO): ¢ 70.2 (C5), 88.0 (C4),
109.3(C2), 112.0 (CN), 112.3(C7'), 113.0 (CN), 119.1 (C8'), 124.2
(C5), 127.8 (C4), 128.3 (C3” and C5”), 129.8 (C2" and C6"), 132.1
(C4"), 133.9 (C6), 134.0 (C1”), 144.4 (C9), 172.5 (C=0). The
general procedure 2 (285 W, 15 min to reach 180 °C and 60 min at
180 °C), using 3-phenyloxirane-2,2-dicarbonitrile (1a, 0.51 g) and
isatin (9a, 0.29 g, 2.0 mmol), gave a 55 : 45 mixture.

Diastereoisomers of 2-(4-chlorophenyl)-5,5-dicyanospiro[1,3-
dioxolane-4,3'-indolin-2"-one] (11). The general procedure 1 (re-
flux for 24 h), using 3-(4-chlorophenyl)oxirane-2,2-dicarbonitrile
(1b, 0.61 g) and isatin (9a, 0.44 g, 3.0 mmol), gave a 75 : 25
mixture from which the major diastereoisomer 11a was isolated by
column chromatography over silica gel (eluent: petrol-AcOEt 60 :
40) in 66% (0.70 g) yield as a white powder: mp 198 °C; '"H NMR
((CD;),C0):6 6.97 (s, 1H, H2), 7.15(d, IH, J =8.0 Hz, H7), 7.25
(t,1H,J=7.7Hz, HY),7.54 (td, 1H,J = 7.8 and 1.1 Hz, H6'), 7.58
(d, 2H, J = 8.5 Hz, H3” and H5"), 7.83 (d, 1H, J = 7.6 Hz, H4),
7.91(d,2H, J = 8.5 Hz, H2" and H6"), 10.2 (s, IH, NH); "*C NMR
((CD;),CO): 6 72.0 (C5), 86.5 (C4), 108.6 (C2), I11.3 (CN), 111.4
(CN), 112.3(C7), 121.8 (C8'), 124.0 (CY), 127.7 (C4), 129.7 (C3”
and C5”), 130.8 (C2” and C6”), 132.8 (C1”), 133.9 (C¢), 137.5
(C4"), 143.8 (CY), 170.7 (C=0); HRMS, m/z: 351.0405 found
(caled for C;sH,(N;0;%Cl, M** requires: 351.04107). Anal. Calcd
for C3H,,CIN;O;: C, 61.46; H, 2.87; N, 11.95. Found: C, 61.33;
H, 2.86; N, 11.70%. The minor diastereoisomer 11b was identified
by NMR: '"H NMR ((CD;),CO): 6 7.13 (s, |H, H2), 7.16 (d, 1H,
J = 8.0 Hz, H7), 7.29 (t, 1H, J = 7.1 Hz, HY'), 7.56-7.64 (m,
3H, H6/, H3” and H5"), 7.79-7.85 (m, 3H, H4', H2” and H6"),
10.3 (s, IH, NH); *C NMR ((CD;),CO): d 71.1 (C5), 83.0 (C4),
108.4(C2), 112.0 (CN), 112.4 (C7'), 112.9 (CN), 119.1 (C8), 124.2
(C5), 127.8 (C4), 130.0 and 130.1 (C2”, C3”, C5" and C6"), 132.9
(C1"), 134.5 (Co), 137.5 (C4"), 144.4 (C9), 172.3 (C=0). The
general procedure 2 (285 W, 15 min to reach 180 °C and 50 min at
180 °C), using 3-(4-chlorophenyl)oxirane-2,2-dicarbonitrile (1b,
0.61 g) and isatin (9a, 0.29 g, 2.0 mmol), gave a 54 : 46 mixture.

Diastereoisomers of 5,5-dicyano-2-(4-methoxyphenyl)spiro[1,3-
dioxolane-4,3'-indolin-2"-one] (12). The general procedure 1
(reflux for 14 h), using 3-(4-methoxyphenyl)oxirane-2,2-
dicarbonitrile (1¢, 0.60 g) and isatin (9a, 0.44 g, 3.0 mmol), gave
a 55 : 45 mixture from which the major diastereoisomer 12a was
isolated by column chromatography over silica gel (eluent: petrol—
AcOEt 70 :30) in 49% (0.51 g) yield as a white powder: mp 188 °C;
'HNMR ((CD;),CO): 6 3.85 (s, 3H, OCH,), 6.89 (s, 1H, H2), 7.06
(d, 2H, J = 8.0 Hz, H3" and HY"), 7.15 (d, 1H, J = 7.5 Hz, H7),
7.25(t,1H,J =7.0Hz, HY),7.54 (t,1H,J =7.1 Hz, H6'), 7.83 (m,
3H, H4, H2” and H6"), 10.2 (s, IH, NH); *C NMR ((CD;),CO):
0 55.7 (OCH;), 71.9 (C5), 86.3 (C4), 109.7 (C2), 111.6 (CN), 111.8
(CN), 112.3 (C7'), 114.9 (C3” and CY5"), 122.3 (C8'), 124.0 (CY),
125.7 (C17), 127.7 (C4), 130.8 (C2” and C6"), 133.8 (C6'), 143.8
(C9), 162.9 (C4"), 170.9 (C=0); HRMS, m/z: 347.0913 found
(caled for C,yH;;N;0,, M** requires: 347.09061). Anal. Calcd for
CiyHi3N;0,: C, 65.70; H, 3.77; N, 12.10. Found: C, 65.35; H,
3.75; N, 11.78%. The minor diastereoisomer 12b was identified
by NMR: '"H NMR ((CD;),CO): ¢ 3.85 (s, 3H, OCHj), 7.04-7.30
(m, 4H, H2, H7', H3” and HY"), 7.55-7.88 (m, 5H, H4, H5, H6',
H2” and H6"); *C NMR ((CD;),CO):  55.6 (OCH,), 69.9 (C5),
87.6 (C4), 109.5 (C2), 112.1 (CN), 112.3 (C7"), 112.9 (CN), 115.1
(C3” and C5”), 118.9 (C¥), 124.2 (C5'), 125.5 (C1”), 127.8 (C4),
130.1 (C2” and C6"), 134.1 (C6'), 144.2 (C9'), 162.7 (C4"), 172.4
(C=0). The general procedure 2 (285 W, S min to reach 180 °C and
30 min at 180 °C), 3-(4-methoxyphenyl)oxirane-2,2-dicarbonitrile
(1¢, 0.60 g) and isatin (9a, 0.29 g, 2.0 mmol), gave a 35 : 65 mixture.

Diastereoisomers of 5,5-dicyano-1’-methyl-2-phenylspiro|1,3-di-
oxolane-4,3'-indolin-2"-one] (13). The general procedure 1 (reflux
for 25 h), using 3-phenyloxirane-2,2-dicarbonitrile (1a, 0.51 g) and
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N-methylisatin (9b, 0.32 g, 2.0 mmol), gave a 73 : 27 mixture from
which the major diastereoisomer 13a was isolated by fractional
crystallization from petrol-Et,O 5 : 1 in 72% (0.48 g) yield as
a beige powder: mp 130 °C; '"H NMR ((CD;),CO): J 3.33 (s,
3H, CHj;), 6.96 (s, 1H, H2), 7.24 (d, 1H, J = 7.9 Hz, H7'), 7.30
(td, 1H, J = 7.7 and 0.79 Hz, HY'), 7.52-7.59 (m, 3H, Ph), 7.63
(td, 1H, J = 7.9 and 1.1 Hz, H¢), 7.87-7.90 (m, 3H, H4', Ph);
"C NMR ((CD;),CO): ¢ 27.3 (CHj;), 72.0 (C5), 86.2 (C4), 109.6
(C2), 111.0(C7), 111.6 (CN), 111.8 (CN), 122.0 (C8), 124.4 (C5),
127.3(C4), 129.1 (C3” and C5"), 129.6 (C2” and C6"), 132.2 (C4"),
134.0 (C6'), 134.0 (C1"), 145.8 (C9), 169.2 (C=0); HRMS, m/z:
331.0962 found (calcd for C,yH;N;0;, M** requires: 331.09569).
Anal. Calcd for C,oH;N;0;: C, 68.88; H, 3.95; N, 12.68. Found:
C, 68.69; H, 4.01; N, 12.34%. The minor diastereoisomer 13b was
identified by NMR: "H NMR ((CD;),CO): ¢ 3.34 (s, 3H, CHs),
7.13 (s, 1H, H2), 7.25 (d, 1H, J = 7.8 Hz, H7'), 7.33 (t, 1H,
J =7.7 Hz, HY'), 7.54-7.89 (m, 7H, Ph, H6' and H4'); *C NMR
((CD;),CO0): 6 27.0 (CHj;), 72.1 (C5), 86.3 (C4), 109.5 (C2), 111.2
(C7),112.1(CN), 113.2(CN), 121.9(C¥'), 124.8 (C5'), 127.6 (C4),
128.5(C3" and C5"), 130.0 (C2” and C6"), 132.3 (C4"), 134.1 (C1"),
134.6 (C6'), 146.4 (C9), 171.0 (C=0).

Diastereoisomers of 2-(4-chlorophenyl)-5,5-dicyano-1'-methyl-
spiro[1,3-dioxolane-4,3'-indolin-2'-one] (14). The general proce-
dure 1 (reflux for 26 h), using 3-(4-chlorophenyl)oxirane-2,2-
dicarbonitrile (1b, 0.61 g) and N-methylisatin (9b, 0.32 g,
2.0 mmol), gave a 74 : 26 mixture from which the major
diastereoisomer 14a was isolated by fractional crystallization from
petrol-Et,O 5 : 1 in 73% (0.53 g) yield as a beige powder: mp
146 °C; '"H NMR ((CD;),CO): ¢ 3.33 (s, 3H, CH;), 6.98 (s, 1H,
H2), 7.25 (d, 1H, J = 7.9 Hz, H7), 7.30 (td, 1H, J = 7.7 and
0.74 Hz, HY'), 7.60 (d, 2H, J = 8.5 Hz, H3” and H5"), 7.63 (td,
1H, J = 7.9 and 1.1 Hz, H¢'), 7.86 (d, 1H, J = 7.7 Hz, H4),
7.90 (d, 2H, J = 8.5 Hz, H2” and H6"); *C NMR ((CD;),CO):
0 27.3 (CHs;), 72.1 (C9), 86.5 (C4), 108.7 (C2), 111.1 (C7), 111.4
(CN), 111.7 (CN), 121.7 (C¥), 124.4 (C5'), 127.3 (C4), 129.9 (C3”
and C5”), 130.9 (C2” and C6"), 133.0 (C1”), 134.1 (C6'), 137.7
(C4"), 145.9 (C9), 169.4 (C=0); HRMS, m/z: 365.0559 found
(calcd for C,yH,,N;0;*Cl, M** requires: 365.05672). Anal. Calcd
for C,yH,,CIN;0;: C, 62.39; H, 3.31; N, 11.49. Found: C, 62.02; H,
3.25; N, 11.17%. The minor diastereoisomer 14b was identified by
NMR:"HNMR ((CD;),CO): 6 3.34 (s, 3H, CH;), 7.14 (s, |H, H2),
7.25(d, 1H, J = 8.0 Hz, H7'), 7.33 (td, 1H, J = 7.7 and 0.66 Hz,
HY), 7.61 (d, 2H, J = 8.6 Hz, H3” and HY5"), 7.67 (td, 1H, J =
7.8 and 1.2 Hz, H6'), 7.80 (d, 2H, J = 8.5 Hz, H2” and H6"), 7.85
(dd, 1H, J = 7.6 and 0.45 Hz, H4'); *C NMR ((CD;),CO): 6 27.0
(CH,), 70.5 (C5), 88.0 (C4), 108.5 (C2), 111.2 (C7), 111.9 (CN),
113.0 (CN), 118.8 (C¥), 124.7 (C5'), 127.5 (C4'), 130.1 and 130.2
(C27, C3”, C5” and C6"), 133.0 (C1"), 134.6 (C6'), 137.7 (C4"),
146.4 (C9), 171.0 (C=0).

Diastereoisomers of 5,5-dicyano-2-(4-methoxyphenyl)-1’-methyl-
spiro[1,3-dioxolane-4,3'-indolin-2'-one] (15). The general proce-
dure 1 (reflux for 20 h), using 3-(4-methoxyphenyl)oxirane-
2,2-dicarbonitrile (1c, 0.60 g) and N-methylisatin (9b, 0.32 g,
2.0 mmol), gave a 63 : 37 mixture from which the major di-
astereoisomer 15a was identified by NMR: '"H NMR ((CD,),CO):
03.35(s, 3H, NCH,), 3.88 (s, 3H, OCH,), 6.89 (s, 1H, H2), 7.07 (d,
2H, J = 8.6 Hz, H3” and HY"), 7.21-7.31 (m, 2H, HY and H7),
7.59-7.71 (m, 2H, H4' and H¢'), 7.82 (d, 2H, J = 8.7 Hz, H2"

and H6”); "C NMR ((CD;),CO): ¢ 27.2 (NCH;), 55.8 (OCH,),
71.2 (C5), 85.9 (C4), 109.7 (C2), 111.0 (C7), 111.6 (CN), 111.9
(CN), 115.0 (C3” and C5"), 122.1 (C¥'), 124.3 (CY5), 125.8 (C1"),
127.3 (C4), 130.9 (C2" and C6"), 133.9 (C6), 145.8 (C9), 163.0
(C4"), 169.5 (C=0). The minor diastercoisomer 15b was isolated
by fractional crystallization from petrol-Et,O 5 : 1 in 30% (0.22
2) yield as a white powder: mp 163 °C; '"H NMR ((CD;),CO): 6
3.33 (s, 3H, NCHs;), 3.87 (s, 3H, OCHy;), 7.08 (s, 1H, H2), 7.09 (d,
2H, J = 8.6 Hz, H3” and HY"), 7.25 (d, 1H, J = 7.9 Hz, H7),
7.33 (t, 1H, J = 7.7 Hz, HY), 7.66 (t, 1H, J = 7.9 Hz, H6), 7.69
(d, 2H, J = 8.6 Hz, H2" and H¢"), 7.85 (d, 1H, J = 7.4 Hz, H4);
BC NMR ((CD;),CO): 6 27.0 (NCH,;), 55.9 (OCH;), 70.4 (C5),
87.8 (C4), 109.7 (C2), 111.1 (C7"), 112.1 (CN), 113.3 (CN), 115.2
(C3” and C5”), 119.1 (C¥'), 124.7 (C5), 125.8 (C1"), 127.5 (C4),
130.2 (C2” and C6"), 134.5 (C6), 146.3 (CY), 163.1 (C4"), 171.2
(C=0); HRMS, m/z: 281.1057 found (calcd for C;;H,;sNO;, [M —
CO(CN),]** requires: 281.10519). Anal. Calcd for C, H,sN;0,: C,
66.48; H, 4.18; N, 11.63. Found: C, 66.22; H, 4.10; N, 11.24%.

Diastereoisomers of 5,5-dicyano-2-phenylspiro[1,3-dioxolane-
4,3'-(5'-chloroindolin-2'-one)] (16). The general procedure 1 (re-
flux for 28 h), using 3-phenyloxirane-2,2-dicarbonitrile (1a, 0.51 g)
and S-chloroisatin (9¢, 0.36 g, 2.0 mmol), gave a 59 : 41 mixture
from which the major diastereoisomer 16a was isolated by
fractional crystallization from CH,Cl, in 52% (0.37 g) yield as
a beige powder: mp 234 °C; 'H NMR ((CD;),CO): 6 7.03 (s,
1H, H2), 7.18 (d, 1H, J = 8.4 Hz, H7'), 7.53-7.58 (m, 4H, H6/,
Ph), 7.86-7.94 (m, 3H, H4, Ph), 10.3 (s, IH, NH); "C NMR
((CD;),C0): 6 72.0 (C5), 86.3 (C4), 109.6 (C2), 111.3 (CN), 111.6
(CN), 113.8 (C7"), 124.2 (C¥®), 127.8 (C4), 128.7 (C5), 129.0 (C3”
and C5”), 129.6 (C2" and C6”), 132.1 (C4"), 133.7 (C¢'), 133.7
(C17), 142.7 (C9), 170.4 (C=0); HRMS, m/z: 351.0426 found
(caled for CsH (N,0,*Cl, M** requires: 351.04107). Anal. Calcd
for C3H,,CIN;O;: C, 61.46; H, 2.87; N, 11.95. Found: C, 61.31;
H, 2.85; N, 11.82%. The minor diastereoisomer 16b was isolated
similarly in 28% (0.20 g) yield as yellow needles: mp 154 °C; 'H
NMR ((CD;),CO): 6 7.11 (s, 1H, H2), 7.19 (d, 1H, J = 8.4 Hz,
H7),7.54-7.60 (m, 4H, H6', Ph), 7.78-7.85 (m, 3H, H4', Ph), 10.4
(s, IH, NH); "C NMR ((CD;),CO): § 70.3 (C5), 87.7 (C4), 109.6
(C2), 111.9(CN), 112.9(CN), 113.9(C7'), 121.2(C¥), 127.9 (C4),
128.5(C3” and C5"), 129.0 (C5'), 129.8 (C2” and C6"), 132.2 (C4"),
133.7 (C6'), 134.3 (C17), 143.3 (C9), 172.2 (C=O0). Anal. Calcd
for C,3sH,,CIN;O;: C, 61.46; H, 2.87; N, 11.95. Found: C, 61.75;
H, 2.94; N, 11.92%.

Diastereoisomers of 2-(4-chlorophenyl)-5,5-dicyanospiro[1,3-
dioxolane-4,3'-(5'-chloroindolin-2"-one)] (17). The general proce-
dure 1 (reflux for 24 h), using 3-(4-chlorophenyl)oxirane-2,2-
dicarbonitrile (1b, 0.61 g) and 5-chloroisatin (9¢, 0.36 g, 2.0 mmol),
gave a 71 : 29 mixture from which the major diastereoisomer
17a was isolated by fractional crystallization from CH,Cl, in 59%
(0.46 g) yield as a beige powder: mp 259 °C; '"H NMR ((CD;),CO):
0 7.05 (s, 1H, H2), 7.18 (d, 1H, J = 8.4 Hz, H7'), 7.55-7.61 (m,
3H, H3”, HS” and H6'), 7.87-7.91 (m, 3H, H2", H6” and H4),
10.3 (s, IH, NH); *C NMR ((CD;),CO): J 72.0 (C5), 86.3 (C4),
108.7 (C2), 111.1 (CN), 111.4 (CN), 113.8 (C7), 123.9 (C¥®), 127.8
(C4), 128.7 (C5'), 129.8 (C3” and C5”), 130.8 (C2” and C6"),
132.6 (C17), 133.8 (C6), 137.7 (C4"), 142.8 (C9), 170.5 (C=0);
HRMS, m/z: 385.0029 found (calcd for C,sH,N;0,*Cl,, M*
requires: 385.0021). Anal. Calcd for C,3Hy,CL,N;0;: C, 55.98; H,
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2.35; N, 10.88. Found: C, 56.27; H, 2.48; N, 10.55%. The minor
diastereoisomer 17b was isolated in 25% (0.19 g) yield as a white
powder: mp 229 °C; 'H NMR ((CD;),CO): ¢ 7.11 (s, 1H, H2),
7.19 (d, 1H, J = 8.4 Hz, H7'), 7.59-7.62 (m, 3H, H3", H5” and
H6'), 7.82-7.87 (m, 3H, H2", H6” and H4'), 10.4 (s, 1H, NH); “C
NMR ((CD;),C0): 6 70.3 (C5), 87.7 (C4), 108.6 (C2), 111.7 (CN),
112.8 (CN), 114.0 (C7), 121.1 (C¥), 127.9 (C4"), 129.0 (C5"), 130.0
and 130.3 (C2", C3”, C5” and C6"), 132.6 (C1”), 134.4 (C6'), 137.7
(C4), 143.3 (C9), 172.1 (C=0).

Diastereoisomers of 5,5-dicyano-2-(4-methoxyphenyl)spiro[1,3-
dioxolane-4,3'-(5'-chloroindolin-2"-one)] (18). The general proce-
dure 1 (reflux for 17 h), using 3-(4-methoxyphenyl)oxirane-2,2-
dicarbonitrile (1¢, 0.60 g) and 5-chloroisatin (9¢, 0.36 g, 2.0 mmol),
gave a 58 : 42 mixture from which the major diastereoisomer
18a was isolated by fractional crystallization from CH,Cl, in 49%
(0.37 g) yield as a beige powder: mp 216 °C; 'H NMR ((CD,),CO):
03.86 (s, 3H, OCH,), 6.98 (s, IH, H2), 7.06-7.19 (m, 3H, H3", HS"
and H7), 7.57 (dd, 1H, J = 8.6 and 2.1 Hz, H6'), 7.71-7.91 (m,
3H, H2", H6” and 4'), 10.3 (s, IH, NH); *C NMR ((CD;),CO): §
55.8 (OCH,), 70.2 (CS), 87.5 (C4), 109.8 (C2), 112.0 (CN), 113.1
(CN), 113.9 (C7'), 115.2 (C3" and CY5"), 121.4 (C8'), 125.5 (C1"),
127.9 (C4), 128.9 (C5'), 130.3 (C2" and C6"), 134.3 (C6'), 143.3
(C9), 163.1 (C4"), 172.3 (C=0); HRMS, m/z: 383.0474 found
(caled for CyH,,N;0,Cl, M** requires: 383.04868). Anal. Calcd
for C,,H,,CIN;O,: C, 59.78; H, 3.17; N, 11.01. Found: C, 59.40;
H, 3.11; N, 10.65%. The minor diastereoisomer 18b was identified
by NMR: 'H NMR ((CD;),CO): ¢ 3.87 (s, 3H, OCHj), 7.08 (s,
1H, H2), 7.06-7.10 (m, 3H, H3", H5” and H2), 7.57 (d, IH, J =
8.2Hz,H7),7.60(d, 1H,J =8.6 Hz, H¢'), 7.81 (d, 2H, J = 8.8 Hz,
H2" and H6"), 7.88 (d, 1H, J = 1.5 Hz, H4'), 10.3 (s, 1H, NH);
BC NMR ((CDs),CO): 6 55.7 (OCHs;), 71.8 (C5), 86.0 (C4), 109.8
(C2), 111.4 (CN), 111.7 (CN), 113.7 (C7'), 114.9 (C3” and C5"),
124.2 (C¥), 125.4 (C1"), 127.8 (C4), 128.6 (C5'), 130.7 (C2" and
C6"), 133.6 (C6'), 142.7 (C9Y'), 162.9 (C4"), 170.6 (C=0).

Crystallography

Single crystals suitable for X-ray diffraction were grown after slow
evaporation (several days at room temperature) of solutions of 4a
in CDCl;, 12a in dibutyl ether, and 7b, 11a, 13a, 14a, 14b, 15b,
16a, 17a, 17b and 18b in acetone.

The samples were studied with graphite monochromatized Mo-
Ka radiation (4 = 0.71073 A). Except for 12a, X-ray diffraction
data were collected at 7' = 100(2) K using APEXII Bruker-AXS
diffractometer. The structure was solved by direct methods using
the SIR97 program,?' and then refined with full-matrix least-
square methods based on F? (SHELX-97)* with the aid of the
WINGX program.? All non-hydrogen atoms were refined with
anisotropic thermal parameters. H atoms were finally included
in their calculated positions. Except N-linked hydrogen that was
introduced in the structural model through Fourier difference
maps analysis, H atoms were finally included in their calculated
positions. Molecular diagrams were generated by ORTEP-3
(version 1.08).%

Crystal data for 4a. C;;H;CIN,0,, M, = 320.72, triclinic,
space group P1, a = 7.5107(5), b = 10.4161(8), ¢ = 10.9534(7)
A, a=111.597(3), B = 96.849(3), y = 103.339(3)°, V = 755.25(9)
A, Z =2, Peaca = 1.41 gem™, 4 = 0.272 mm~'. A final refinement

on F? with 3361 unique intensities and 199 parameters converged
at OR(F*) = 0.1162 (R(F) = 0.0493) for 3060 observed reflections
with I > 2a(1).

Crystal data for 7b. C, H,;CIN,O,, M, = 382.79, monoclinic,
P2,/a, a = 8.5421(6), b = 26.3062(18), ¢ = 8.6602(6) A, f =
111.132(3)°, V = 1815.2(2) A}, Z = 4, poyes = 1.401 gem >, u =
0.239 mm™'. A final refinement on F? with 4140 unique intensities
and 245 parameters converged at o R(F?) = 0.0916 (R(F) = 0.0394)
for 3483 observed reflections with I > 2a([).

Crystaldata for 11a. C3H,,CIN;O;, M, = 351.74, monoclinic,
P2,/¢, a =11.4743(11), b = 10.6042(12), ¢ = 13.0970(14) A, § =
98.668(5)°, V = 1575.4(3) A%, Z = 4, peyea = 1.483 gem™, y =
0.266 mm~'. A final refinement on F? with 3596 unique intensities
and 229 parameters converged at @ R(F*) = 0.0873 (R(F) =0.0371)
for 3325 observed reflections with 1 > 2a(1).

Crystal data for 13a. C,,H;N;0;, M, = 331.32, monoclinic,
P2,/c, a = 9.1376(6), b = 9.8479(6), ¢ = 17.8528(13) A, g =
98.305(4)°, ¥ = 1589.66(18) A>, Z = 4, peyea = 1.384 gcm >,y =
0.096 mm™". A final refinement on F? with 3640 unique intensities
and 226 parameters converged at ©R(F?) = 0.11 (R(F) = 0.0443)
for 2892 observed reflections with 7 > 2a([).

Crystal data for 14a. C,,H,,CIN;O;, M, = 365.77, monoclinic,
C2/¢, a = 21.887(2), b = 6.6306(8), ¢ = 23.230Q2) A, f =
90.527(5)°, V = 3371.1(6) A, Z = 8, pyed = 1.441 gem™>, u =
0.252 mm™'. A final refinement on F? with 3840 unique intensities
and 235 parameters converged at o R(F?) = 0.1118 (R(F) = 0.0451)
for 3284 observed reflections with I > 2a([).

Crystal data for 14b. C,,H;,CIN;O;, M, = 365.77, triclinic,
P1,a=9.1044(8), b = 9.8097(8), c = 10.3197(9) A, a = 76.326(5),
B =69.2354), y = 87.179(4)°, V = 836.76(12) A>, Z =2, peea =
1.452 gecm™, u = 0.253 mm'. A final refinement on F? with 3795
unique intensities and 235 parameters converged at ®R(F?) =
0.1141 (R(F) = 0.0415) for 3188 observed reflections with 7 >
2a(1).

Crystal data for 15b. C,HsN,;0,, M, = 361.35, triclinic, PI,
a=9.0017(12), b = 9.2015(12), ¢ = 11.8723(16) A, a = 84.823(7),
B = 69.598(7), y = 70.128(6)°, V = 866.4(2) A3, Z = 2, puea =
1.385gem™, £ = 0.099 mm™. A final refinement on F? with 3934
unique intensities and 244 parameters converged at ® R(F*) = 0.13
(R(F) = 0.0519) for 3213 observed reflections with I > 2a([).

Crystal data for 16a. C;H,;CIN;O;, M, = 351.74, triclinic,
P1, a =7.4444(5), b = 8.6287(6), c = 12.8065(8) A, a = 71.202(3),
S =87.399(3), y = 83.872(3)°, V = 774.25(9) A}, Z = 2, peaea =
1.509 g cm™3, u = 0.271 mm~'. A final refinement on F* with
3524 unique intensities and 229 parameters converged at © R(F*) =
0.0917 (R(F) =0.038) for 3302 observed reflections with 7 > 20([).

Crystal data for 17a. C H,CI,N;0;, M, = 386.18, triclinic,
P1,a=17.2738(8), b =9.1406(9), c = 12.8097(14) A, a = 72.904(4),
S =87.391(4), y = 83.669(4)°, ¥ = 809.00(15) A%, Z =2, pees =
1.585gcem™, u = 0.426 mm™'. A final refinement on F? with 3529
unique intensities and 238 parameters converged at @R(F?*) =
0.0691 (R(F) = 0.0282) for 3146 observed reflections with 7 >
20(1).

Crystaldata for 17b. CHCI,N;0;, M, =444.26, monoclinic,
P2,/n, a = 13.2556(6), b = 6.9193(3), ¢ = 22.4721(10) A,
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B =95.608(2)°, V = 2051.26(16) A>, Z = 4, pouea = 1.439 g cm >,
# = 0.35 mm™". A final refinement on F? with 4692 unique
intensities and 276 parameters converged at ®R(F?) = 0.0784
(R(F) = 0.0349) for 4579 observed reflections with I > 2a([).

Crystal data for 18b. C,,H,,CIN;O,, M, =381.77, monoclinic,
P2,/n, a = 7.1149(11), b = 18.630(3), ¢ = 13.388(2) A, f =
98.387(6)°, V = 1755.6(5) A°, Z = 4, peea = 1.444 g cm™, pu =
0.249 mm™". A final refinement on F? with 4026 unique intensities
and 248 parameters converged at © R(F?) =0.1876 (R(F) = 0.0682)
for 3013 observed reflections with I > 2a(1).

Crystal data for 12a. X-Ray diffraction data of 12a (0.32 x
0.15 x 0.07 mm) were collected at 7' = 295(1) K using an Oxford
Diffraction Xcalibur Saphir 3 diffractometer. C,,H;N;0,, M, =
347.32, monoclinic, P2,/¢, a = 11.989(2), b = 10.720(1), ¢ =
13.132(1) A, p = 98.847(9)°, V = 1667.6(3) A%, Z = 4, poued =
1.383 g em™, x4 = 1.00 cm™!, F(000) = 720. The data collection
gave 13272 reflections, and 4892 independent reflections of which
1178 with I > 2a(1).

Computational methods

DFT calculations were carried out using the B3LYP* exchange-
correlation functionals, together with the standard 6-31G* basis
set.? This level of theory has been shown suitable to provide
enough good performance in the analysis of both geometric and
electronic properties in cycloaddition reactions.’” The optimiza-
tions were carried out using the Berny analytical gradient opti-
mization method.” Free energies were calculated with the standard
statistical thermodynamics® at 383.95 K and 1 atm, and were
scaled by a factor of 0.96. Solvent effects, toluene, were considered
at the thermodynamic calculations using a self-consistent reaction
field (SCRF)? based on the polarizable continuum model (PCM)
of the Tomasi’s group.”? The electronic structures of stationary
points were analyzed by the NBO method.* All calculations were
carried out with the Gaussian 03 suite of programs.!

The w index*? is given by the following expression, w = u*/(2n),
in terms of the electronic chemical potential u and the chemical
hardness 7.** Both quantities may be approached in terms of the
HOMO and LUMO energies as u ~ (¢4 + ¢.)/2 and n ~ (g, —
&y).*® Fukui functions* condensed to atoms have been evaluated
from single point calculations performed at the ground state of
molecules at the same level of theory, using a method described
elsewhere.*

Acknowledgements

We are grateful to the Spanish Government (project CTQ2006-
14297/BQU), and to MESRS (Algeria) for PROFAS financial
support to GB. We thank Jean Pierre Bazureau for generous
microwave access. We thank Sourisak Sinbandhit and Loic Toupet
for their contribution to this study. We thank CRMPO for HRMS
analysis and microanalysis.

Notes and references

1 (a) A. Padwa, in [,3-Dipolar Cycloaddition Chemistry, Wiley-
Interscience, New York, 1984; vol. 1-2; (b) K. V. Gothelf and K. A.
Jorgenson, Chem. Rev., 1998, 98, 863.

2 R. Huisgen, R. Grashey and J. Sauer, in The Chemistry of Alkenes,
Interscience, New York, 1964.

3 (a) A. Robert, J. J. Pommeret and A. Foucaud, C. R. Acad. Sci. Paris,
Ser. C,1970,270, 1739; (b) J. J. Pommeret and A. Foucaud, Tetrahedron,
1971,27,2977; (¢) S. G. Ruf, J. Dietz and M. Regitz, Tetrahedron, 2000,
56, 6259.

4 (a) P. Clawson, P. M. Lunn and D. A. Whiting, J. Chem. Soc., Perkin
Trans. 1, 1990, 159; (b) C. Yoakim, N. Goudreau, G. A. McGibbon,
J. O’'Meara, P. W. White and W. W. Ogilvie, Helv. Chim. Acta, 2003,
86, 3427; (¢) G.-W. Wang, H.-T. Yang, P. Wu, C.-B. Miao and Y. Xu,
J. Org. Chem., 2006, 71, 4346.

5 (a) J. J. Pommeret and A. Robert, C. R. Acad. Sci. Paris, Ser. C, 1971,
272, 333; (b) A. Robert, J. J. Pommeret, E. Marchand and A. Foucaud,
Tetrahedron, 1973, 29, 463.

6 (a) A. Robert, J. J. Pommeret and A. Foucaud, Tetrahedron Lett., 1971,
12, 231; (b) A. Robert, J. J. Pommeret and A. Foucaud, Tetrahedron,
1972, 28, 2085.

7 K.-R. Meier, A. Linden, G. Mloston and H. Heimgartner, Helv. Chim.
Acta, 1997, 80, 1190.

8 See for example: (¢) M. J. Kornet and A. P. Thio, J. Med. Chem., 1976,
19, 892; (b) D. M. James, H. B. Kunze and D. J. Faulkner, J. Nat. Prod.,
1991, 54, 1137.

9 See for example: (a) P. A. Wender and V. A. Verma, Org. Lett., 2006,
8, 1893; (b) Y. Liang, J. Narayanasamy, R. F. Schinazi and C. K. Chu,
Bioorg. Med. Chem., 2006, 14, 2178.

10 See for example: C.-D. Lu, Z.-Y. Chen, H. Liu, W.-H. Hu and A.-Q.
Mi, Org. Lett., 2004, 6, 3071.

11 V. Nair, S. Mathai, S. C. Mathew and N. P. Rath, Tetrahedron, 2005,
61, 2849.

12 M. Baudy, A. Robert and A. Foucaud, J Org. Chem., 1978, 43,
3732.

13 (a) A. de la Hoz, A. Diaz-Ortiz and F. Langa, in Microwave in Organic
Synthesis, ed. A. Loupy, Wiley-VCH, Weinhein, 1st edn, 2002, ch. 9;
(b) K. Bougrin, M. Soufiaoui and G. Bashiardes, in Microwaves in
Organic Synthesis, ed. A. Loupy, Wiley-VCH, Weinhein, 2nd edn, vol.
1, 2006, ch. 11.

14 (a) G. Bentabed, A. Derdour and H. Benhaoua, Synth. Commun.,
2003, 33, 1861; (b) G. Bentabed, M. Rahmouni, F. Mongin, A.
Derdour, J. Hamelin and J. P. Bazureau, Synth. Commun., 2007, 37,
2935.

15 Using a monomode reactor (Prolabo Synthewave® 402) with accurate
control of power and temperature (infrared detection) .

16 K. B. Wiberg, Tetrahedron, 1968, 24, 1083.

17 G. S. Hammond, J. Am. Chem. Soc., 1955, 77, 334.

18 () L.R. Domingo, M. J. Aurell, P. Pérez and R. Contreras, Tetrahedron,
2002, 58, 4417; (b) P. Pérez, L. R. Domingo, M. J. Aurell and R.
Contreras, Tetrahedron, 2003, 59, 3117; (¢) P. Pérez, L. R. Domingo,
A. Aizman and R. Contreras, in Theoretical Aspects of Chemical
Reactivity, ed. A. Toro-Labbé, Elsevier Science, Amsterdam, 2006, vol.
19, pp. 167-238.

19 (a) P. Geerlings, F. De Proft and W. Langenaeker, Chem. Rev., 2003,
103, 1793; (b) D. H. Ess, G. O. Jones and K. N. Houk, Adv. Synth.
Catal., 2006, 348, 2337.

20 (a) L. R. Domingo, Eur. J. Org. Chem., 2004, 4788; (b) L. R. Domingo,
E. Chamorro and P. Pérez, J. Phys. Chem. A, 2008, 112, 4046.

21 A. Altomare, M. C. Burla, M. Camalli, G. Cascarano, C. Giacovazzo,
A. Guagliardi, A. G. G. Moliterni, G. Polidori and R. Spagna, J. Appl.
Crystallogr., 1999, 32, 115.

22 G. M. Sheldrick, SHELX97, release 97-2 (Programs for Crystal
Structure Analysis), Institiit fiir Anorganische Chemie der Universitét,
Tammanstrasse 4, D-3400 Gottingen, Germany, 1998.

23 L. J. Farrugia, J. Appl. Crystallogr., 1999, 32, 837.

24 L. J. Farrugia, J. Appl. Crystallogr., 1997, 30, 565.

25 (a) A. D. Becke, J. Chem. Phys., 1993, 98, 5648; (b) C. Lee, W. Yang
and R. G. Parr, Phys. Rev. B, 1988, 37, 785.

26 W. J. Hehre, L. Radom, P. v. R. Schleyer and J. A. Pople, in 4b initio
Molecular Orbital Theory, Wiley, New York, 1986.

27 (a) H. B. Schlegel, J. Comput. Chem., 1982, 3, 214; (b) H. B. Schlegel,
Geometry Optimization on Potential Energy Surface, in Modern
Electronic Structure Theory, ed. D. R. Yarkony, World Scientific
Publishing, Singapore, 1994.

28 (a) J. Tomasi and M. Persico, Chem. Rev., 1994, 94, 2027; (b) B. Y.
Simkin and I. Sheikhet, in Quantum Chemical and Statistical Theory
of Solutions—A Computational Approach, Ellis Horwood, Chichester,
1995.

3156 | Org. Biomol. Chem., 2008, 6, 3144-3157

This journal is © The Royal Society of Chemistry 2008





29 (a) E. Cances, B. Mennucci and J. Tomasi, J. Chem. Phys., 1997, 107,
3032; (b) M. Cossi, V. Barone, R. Cammi and J. Tomasi, Chem. Phys.
Lett., 1996, 255, 327; (¢) V. Barone, M. Cossi and J. Tomasi, J. Comput.
Chem., 1998, 19, 404.

30 (a) A. E. Reed, R. B. Weinstock and F. Weinhold, J. Chem. Phys., 1985,
83, 735; (b) A. E. Reed, L. A. Curtiss and F. Weinhold, Chem. Rev.,
1988, 88, 899.

31 M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb,
J. R. Cheeseman, J. A. Montgomery, Jr., T. Vreven, K. N. Kudin, J. C.
Burant, J. M. Millam, S. S. Iyengar, J. Tomasi, V. Barone, B. Mennucci,
M. Cossi, G. Scalmani, N. Rega, G. A. Petersson, H. Nakatsuji, M.
Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T.
Nakajima, Y. Honda, O. Kitao, H. Nakai, M. Klene, X. Li, J. E.
Knox, H. P. Hratchian, J. B. Cross, V. Bakken, C. Adamo, J. Jaramillo,
R. Gomperts, R. E. Stratmann, O. Yazyev, A. J. Austin, R. Cammi,
C. Pomelli, J. Ochterski, P. Y. Ayala, K. Morokuma, G. A. Voth, P.
Salvador, J. J. Dannenberg, V. G. Zakrzewski, S. Dapprich, A. D.

Daniels, M. C. Strain, O. Farkas, D. K. Malick, A. D. Rabuck, K.
Raghavachari, J. B. Foresman, J. V. Ortiz, Q. Cui, A. G. Baboul, S.
Clifford, J. Cioslowski, B. B. Stefanov, G. Liu, A. Liashenko, P. Piskorz,
I. Komaromi, R. L. Martin, D. J. Fox, T. Keith, M. A. Al-Laham, C. Y.
Peng, A. Nanayakkara, M. Challacombe, P. M. W. Gill, B. G. Johnson,
W. Chen, M. W. Wong, C. Gonzalez and J. A. Pople, GAUSSIAN 03
(Revision D.01), Gaussian, Inc., Wallingford, CT, 2004.

32 R. G. Parr, L. von Szentpaly and S. Liu, J. Am. Chem. Soc., 1999, 121,
1922.

33 (@) R. G. Parr and W. Yang, in Density Functional Theory of
Atoms and Molecules, Oxford University Press, New York, 1989;
(b) R. G. Parr and R. G. Pearson, J Am. Chem. Soc., 1983, 105,
7512.

34 R. G. Parr and W. Yang, J. Am. Chem. Soc., 1984, 106, 4049.

35 (a) R. Contreras, P. Fuentealba, M. Galvan and P. Pérez, Chem. Phys.
Lett., 1999, 304, 405; (b) P. Fuentealba, P. Pérez and R. Contreras,
J. Chem. Phys., 2000, 113, 2544.

This journal is © The Royal Society of Chemistry 2008

Org. Biomol. Chem., 2008, 6, 3144-3157 | 3157






PAPER

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

Design and synthesis of bioactive 1,2-annulated adamantane derivatives

Grigoris Zoidis,” Andrew Tsotinis,* Nicolas Kolocouris,** John M. Kelly,” S. Radhika Prathalingam,”

Lieve Naesens® and Erik De Clercq®

Received 25th March 2008, Accepted 6th June 2008
First published as an Advance Article on the web 9th July 2008
DOI: 10.1039/b804907f

Adamantanopyrrolidines 8, 9 and 10, adamantanopyrrolidines 16 and 18, adamantanoxazolone 20,
adamantanopyrazolone 23, adamantanopyrazolothione 24 and adamantanocyclopentanamine 32 were
synthesized and tested for anti-influenza A virus and trypanocidal activity. The stereoelectronic
requirements for optimal antiviral and trypanocidal potency were investigated. Pyrrolidine 16 proved to
be the most active of the compounds tested against influenza A virus, being 4-fold more active than
amantadine, equipotent to rimantadine and 19-fold more potent than ribavirin. Oxazolone 20 showed
significant trypanocidal activity against bloodstream forms of the African trypanosome, Trypanosoma
brucei, being approximately 3 times more potent than rimantadine and almost 50-fold more active than

amantadine.

Introduction

The outbreaks of avian influenza A (H5N1) in Southeast Asia,
the increasing geographic distribution of this epizootic virus and
its ability to transfer to humans and cause severe infection,
such as pneumonia, have raised serious concerns regarding the
control measures that should be undertaken to curb a potential
pandemic'® and about the shortages in both the number and
supply of effective anti-influenza virus agents.*® There are, in
principle, two mechanisms by which pandemic influenza could
originate: first, by direct transmission, perhaps of a mutated virus
from animal (bird) to humans, as happened in 1918 with the
‘Spanish flu’ (HIN1)® or second, through reassortment of an avian
influenza virus with a human influenza virus, as occurred in 1957
with the ‘Asian flu’ (H2N2) and, again, in 1968 with the ‘Hong
Kong flu’ (H3N2).”

The adamantane derivatives amantadine and rimantadine (o-
methyl adamantanemethanamine) are specifically active against
influenza A. They interfere with the viral uncoating process
through a direct interaction with the matrix (M2) protein, which
functions as a channel for hydrogen ions (protons).? These drugs
have been postulated to block the transmembrane channel formed
by the tetrameric M2 helix.® Over the past twelve years our
group has synthesized many potent aminoadamantane derivatives,
mainly heterocycles and carbocycles, the most potent of which
usually bear a 5-membered ring (I-1V) and are shown in Fig. 1.1
It is noteworthy that these, bearing the pharmacophore group
of rimantadine and a carbon skeleton in the vicinity of the
adamantane moiety, have increased anti-influenza A virus activity
and exhibit excellent selectivity.

Another major public health problem in many areas
of sub-Saharan Africa is sleeping sickness (human African
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trypanosomiasis, HAT), which currently kills ca. 50000 people
each year.”® Recently, the annual incidence has varied between
50000 and 300000 cases, with about 60 million people at risk.™
The disease is caused by the protozoan parasites Trypanosoma
brucei gambiense (western and central Africa) and Trypanosoma
brucei rhodesiense (eastern and southern Africa) and is invariably
fatal unless treated. In the past 25 years, only one single drug,
eflornithine, has been approved for HAT therapy.’> Moreover,
all four drugs in use (suramin, pentamidine, melarsoprol and
eflornithine) require hospitalization for administration, can be
expensive and often produce severe side effects. In addition, drug
resistance is commonly observed, and suramin and pentamidine
are not effective against the later stages of the disease, which
occurs when the parasites gain access to the central nervous
system.'®"” Treatment of late stage East African trypanosomiasis
is a particular problem, since this sub-species is refractory to
eflornithine, and melarsoprol, which is the only effective drug,
causes arsenic encephalopathy with 5 to 10% patient mortality.'®
Although there is an urgent need for new antitrypanosome drugs,
the pharmaceutical industry pays little attention to this relatively
unprofitable area.

During the last decade, there have been reports that bloodstream
forms of the African trypanosome, 7. brucei, are sensitive to the
anti-influenza virus drug rimantadine (ICs, = 7 uM) and to a lesser
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extent amantadine. The trypanocidal activity is pH-dependent and
is enhanced with increasing alkalinity. Rimantadine is also toxic to
the trypanosomatid parasites Trypanosoma cruzi and Leishmania
major.” More recently, a number of other aminoadamantane
derivatives have been evaluated for their trypanocidal properties.
These studies revealed a correlation between increased lipophilic-
ity and potency against 7 brucei.?® By investigating the trypanoci-
dal properties of other lipophilic aminoadamantane derivatives
we hoped to provide greater insight into the chemical features
responsible for this activity. Here we report that the compounds
adamantanoxazolone 20 and adamantanocyclopentanamine 32
display considerable activity in vitro against bloodstream form 7
brucei.

We now describe the synthesis and biological evaluation of
the adamantanopyrrolidines 8, 9 and 10, adamantanopyrrolidines
16 and 18, adamantanoxazolone 20, adamantanopyrazolone
23, adamantanopyrazolothione 24 and adamantanocyclopen-
tanamine 32 (Fig. 2), and show that they contain the structural
features necessary for antiviral and trypanocidal activity.

Results and discussion
Chemistry

For the synthesis of the pyrrolidine 8, 2-oxo-1-adamantanacetic
acid 1*'*? was used as the starting material (Scheme 1). The acid
1 was esterified to the ethyl ester 2, which on treatment with
hydroxylamine hydrochloride in the presence of sodium acetate
gave the oxime ester 3. Catalytic hydrogenation of 3 over Raney
nickel, under different reaction conditions, gave either a mixture of

CH,COOH CH,COOCH,CH;
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e
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lactams 4 and 5 or lactam 7. Reduction of lactams 4, 5 and 7 with
LiAlH, in THF gave the pyrrolidines 8%, 9 and 10. N-Acylation
of the pyrrolidine 8 followed by reduction of the intermediate
carbamate 11 with LiAlH, gave the N-methyl derivative 9.

The synthetic route to the pyrrolidine 16 is shown in Scheme 2
and involved ketoacid 12** as the starting material, which was
esterified to the ketoester 13. Reductive cyanation of 13 was ac-
complished in high yield using toluenesulphonylmethyl isocyanide
(TOSMIC).” Hydrogenation of cyanoester 14 over Raney nickel
catalyst in ethanol gave either lactams 15 or 17, which were
reduced with LiAlH, in THF to the pyrrolidines 16 and 18,
respectively.

N-Alkylation of heterocyclic secondary amines during hydro-
genation has rarely been reported in the literature and only
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Scheme 1  Reagents and conditions: (a) (I) SOCl,, 50 °C, 30 min, (II) abs. CH;CH,OH (quant.); (b) NH,OH-HCI, CH;COONa-3H,0, CH;CH,OH :
H,O (5: 1), reflux, 1 h (97%); (c) (I) H,/Ni-Raney, EtOH, 55 psi, 120 °C, 10 h, (II) xylene, reflux, 12 h (5: 58%, 4: 40%); (d) H,/Ni-Raney, EtOH, 55 psi,
100 °C, 3 h, (5: 23%, 6: 34%); (e) (I) H,/Ni-Raney, MeOH, 55 psi, 200 °C, 4 h, (II) xylene, reflux, 20 h (64%); (f) LiAlH,, THF, 5 h, reflux (94-96%);
(g) xylene, reflux, 12 h, (quant.); (h) Et;N, CICOOC,Hs, ether, 24 h, 25 °C (96%); (i) LiAlH,, THF, 24 h, 25 °C (93%).
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Scheme 2 Reagents and conditions: (a) (1) SOCl,, 65 °C, 15 min, (IT) abs. EtOH (quant.); (b) TOSMIC, abs. EtOH, DME, #-BuOK, 0 °C, argon, 20 °C,
30 min and 48 °C, 1 h (74%); (c) H,/Ni-Raney, MeOH, 62 psi, 60 °C, 6 h; (d) xylene, reflux, 10 h (40%); (¢) LiAlH,, THF, 18 h, reflux (70%);
(f) H,/Ni-Raney, EtOH, 65 psi, 140 °C, 3 h (46%); (g) LiAlH,, THF, 13 h, reflux (92%); (h) NH,OH-HCI, CH;COONa-3H,0, EtOH : H,O (5 : 1), reflux,
3 h (19: 85%, 20: 15%); (i) NaOH, EtOH, H,O, 3.5 h, 60 °C and then conc. HCI (97%); (j) sublimation, 10~> mmHg (79%); (k) NH,NH,, abs. EtOH,
30 min, reflux (72%); (1) sublimation, 10~> mmHg (93%); (m) Lawesson’s reagent, toluene, 12 h, reflux (93%).

in cases where the reaction is run at high temperatures.® It is
noteworthy that at 140 °C, and after 3 h of hydrogenation, only the
N-ethyl lactam 17 was isolated from the reaction mixture.
Moreover, its formation, though partial, was also noticed at
temperatures below 100 °C. A plausible explanation for the
observed N-alkylation of lactams 4 and 15 might be the anticipated
stability to disproportionation of the solvent (primary alcohols:
ethanol, methanol), which, under the specific reaction conditions
is rendered sufficiently electrophilic. Nucleophilic attack on the
latter by the primary aminoesters, formed during the hydrogena-
tion, gives the secondary aminoesters which, in turn, cyclize to the
corresponding N-alkylated lactams.

Treatment of the ketoester 13 with hydroxylamine gave a
mixture of the oxime 19 and the oxazolone 20. Saponification
of this mixture followed by sublimation gave 20.>” Treatment
of 2-oxo-1-adamantane carboxylic acid 12 with hydrazine fol-
lowed by sublimation gave the pyrazolone 23.2* Compound 23
was refluxed in toluene with p-methoxyphenylthionophosphine
sulfide (Lawesson’s reagent) to give the pyrazolothione 24 in
93% yield.”

The condensed cyclopentanamine 32 was prepared by the route
shown in Scheme 3. Reaction of tetrahydrofuranic derivative
25% with triphenyldibromophosphorane in benzonitrile gave the
dibromine 26 in 84% yield,® which on heating for 1 h with
NaCN-DMSO at 155 °C gave a separable mixture of bromonitrile
27 and dinitrile 28 in a 4 : 1 ratio. A subsequent treatment
of this mixture with NaCN-DMSO gave 28 in 89% yield. The
dinitrile 28 was converted to the cyanoenamine 29 through

Thorpe-Ziegler reaction, using LDA in THF.*!' Acidic hydrolysis
of the enamine 29 with 33% H,SO, and glacial acetic acid led to
the key cyclopentanone 30. The desired amine 32 was obtained as
a single racemic diastereomer on Raney-Ni hydrogenation of the
racemic ketone oxime 31.

Biological activity

The antiviral efficacy of the new aminoadamantane heterocycles
8, 9, 10, 16, 18, 20, 23, 24 and 32 was examined in vitro
against influenza A (H3N2) and was compared to the activity
of amantadine, rimantadine and ribavirin (Table 1). The antiviral
assay used was identical to that previously reported.’**

The data presented in Table 1 indicate that compounds 8 and
16 elicit potent anti-influenza A virus activity, with a selectivity
index (SI) of 217 and 200, respectively. Pyrrolidine 16 was
endowed with the most potent anti-influenza A virus activity;
it proved to be at least 4-fold more potent than amantadine,
equipotent to rimantadine and 19-fold more active than ribavirin.
Cyclopentanamine 32 exhibited a 2-fold higher potency than
amantadine and had slightly lower potency than rimantadine.
The activity of 32 is not expected to be impaired by the fact
that this compound is racemic, as we'¥ and others* have found
that the absolute configuration of the chiral centre in rimantadine
and its analogues does not affect their biological behaviour. It
is noteworthy that pyrrolidine 8 exhibited 6-fold lower potency
than rimantadine, but displayed the highest selectivity index (more
than 4-fold higher than that of amantadine) of any of the test

This journal is © The Royal Society of Chemistry 2008

Org. Biomol. Chem., 2008, 6, 3177-3185 | 3179





CH,CH,Br

ﬁ

a
——
25

CH,CH,CN
CN ¢

E—

28 29

CHZCHch CH2CH2CN

Br CN Br
+ —_—
26 26 -
CN

NH, d e A\
L

H H

30 31

Scheme 3 Reagents and conditions: (a) Br,, CqH;CN, Ph;P, 124 °C, 4 h, (84%); (b) NaCN, DMSO, 145 °C, 2 h (27: 75%, 28: 18%); (c) LDA, THF,
—80 °C (quant.); (d) H,SO, (33%), glacial CH;COOH, reflux, 20 h (quant.); (¢) NH,OH-HCIl, CH;COONa-3H,0, abs. EtOH-H,O (14 : 1), 6h, reflux

(94%); () EtOH, Ni-Raney, 50 psi, 70 °C, 4 h (86%).

Table 1 Anti-influenza virus A (H3N2) activity and cytotoxicity of
1,2-annulated adamantane five-membered heterocyclic and carbocyclic
analogues 8, 9, 10, 16, 18, 20, 23, 24 and 32°—in MDCK cells’

Table 2 Susceptibility of cultured bloodstream form 70 brucei to
aminoadamantane derivatives

Compound 1Csy/pM 1Cyy/uM

8 >20 —

9 >20 —

10 >20 —

16 18.06 4 0.56 >25

18 >20 —

20 2.87+0.36 391+0.36
23 >20 —

24 >20 —

32 4.474+0.87 7.46 +0.43
Rimantadine 7.04 +0.12 13.97 £ 1.7

Compound ECs¢/uM MCC?/uM  SI (ratio MCC : ECy)
8 220 +1.10 (4) 468 217
9 3.40 +2.70 (4) 439 128
10 7.70 +2.90 (3) 83 11
16 0.46 +0.28 (4) 94 200
18 2.40 £+ 1.60 (3) 83 35
20 N/AS 105 <5
23 > 323+189(3) > 525 >2
24 N/AS > 525 <5
32 1.10 + 1.60 (3) 88 77
Amantadine 2.00 > 100 > 51
Rimantadine  0.36 > 100 > 276
Ribavirin 8.70 20 2

“Pyrrolidines 8, 9, 10, 16 and 18 were tested as hydrochlorides. Ox-
azolone 20, pyrazolone 23 and pyrazolothione 24 were tested as free
bases. * MDCK, Madin-Darby canine kidney cells; virus strain: influenza
A/Hong Kong/7/87 (H3N2). ¢ Concentration producing 50% inhibition
of the virus-induced cytopathic effect, as determined by measuring the
cell viability with the colorimetric formazan-based MTS assay. ¢ Minimal
cytotoxic concentration, or concentration that causes microscopically
detectable changes in cell morphology. ¢ Data are shown as mean = SD
(in brackets: number of independent determinations)./N/A: not active at
subtoxic concentrations or the highest concentration tested (~500 uM).

compounds. Methyl and ethyl substitution at the nitrogen atom of
all heterocycles (compounds 9, 10 and 18) caused a reduction in
anti-influenza virus A activity.

The numbered compounds in Table 2 were first tested at
5 ug ml™' (20-30 puM, depending on the compound) against
bloodstream form 7. brucei (strain 427) cultured at pH 7.4.
Compounds displaying significant activity were assessed further
and their IC;, and IC,, values determined by investigating
growth inhibition over a range of concentrations, from 1-20 uM.

The values shown are the mean =+ standard deviation from
three experiments, with the values for rimantadine shown for
comparison.

In the preliminary screen, bloodstream form 7. brucei, seeded
at an initial density of 0.25 x 10° ml™', were cultured for
3 days in the presence of aminoadamantane derivatives at
5 ug ml'. At this concentration, compounds 8, 9, 10, 18 and
23 showed a slight (30—60%) inhibition of parasite growth, while
pyrrolidine 16 was more active (70% growth inhibition). Further
assessment showed this analogue to be at least 7-fold more potent
than amantadine, although 2-fold less active than rimantadine
(Table 2). Oxazolone 20 and cyclopentanamine 32 were the
most active of the compounds tested, resulting in lysis of all
trypanosomes in the culture at 5 pg ml~'. Oxazolone 20 was found
to be around 3 times more active than rimantadine and at least
45 times more active than amantadine, while cyclopentanamine
32 exhibited around 2-fold higher potency than rimantadine and
30-fold more than amantadine. This contrasted with the limited
activity displayed by the pyrrolidines 8 and 16, and their N-alkyl
derivatives 9, 10 and 18.
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Conclusion

The aim of this study was to examine the anti-influenza A
virus and trypanocidal activity of 1,2-annulated adamantane
analogues 8, 9, 10, 16, 18, 20, 23, 24 and 32 and to correlate
their potency with the distance of the amine nitrogen atom from
the 2-adamantyl carbon. Two interesting points arise from this
analysis in the case of compounds active against influenza A
virus: (i) moving the amine nitrogen atom from the 2-adamantyl
carbon enhances activity (compound 8 vs. 16 and 32, Table 1)
(i1) nonsubstituted compounds are more active, with N-alkylation
causing a dramatic reduction in potency (compound 8 vs. 9 and
10, and compound 16 vs. 18).3 For the most active compounds,
the amine nitrogen lies a distance of 1.5-2.5 A away from the
2-adamantyl carbon. Interestingly, we could find no obvious
correlation between the trypanocidal activity of the analogues and
their anti-influenza virus properties. For example, compound 20
displayed significant activity against 7. brucei, but was relatively
ineffective in the antiviral assays. In contrast, compounds 8-10
displayed considerable potency against the influenza virus, but
only minimal trypanocidal activity. On the other hand, compound
32 was active in both cases (Table 1 and 2). This lack of corre-
lation is consistent with what we previously observed for other
aminoadamantanes.” Determination of the mechanism of action
of the aminoadamantane derivatives in trypanosomes, including
the identification of the target, will therefore be of considerable
importance. Such information should aid the design of derivatives
with enhanced activity. The predominant anti-influenza virus
properties of aminoadamantanes are mediated by their channel-
blocking activities. The interaction between the drugs and the M2
protein is highly specific. In other cases where aminoadamantanes
are therapeutically active, channel blocking activity is thought
to be the predominant mechanism involved.***” One possible
explanation for the trypanocidal activities of aminoadamantanes,
is that they also target an essential membrane-localized ion
channel or transporter in 7. brucei, but that the differences
observed here, in terms of efficacy between derivatives, reflect
structural/functional aspects of the target.

Experimental

Melting points were determined using a Biichi capillary apparatus
and are uncorrected. IR spectra were recorded on a Perkin-Elmer
833 spectrometer. 'H and *C NMR spectra were recorded on
Bruker MSL 400 and AC 200 spectrometers, respectively, using
CDCI; as the solvent and TMS as the internal standard. Carbon
multiplicities were established by DEPT experiments. The 2D
NMR experiments (HMQC, COSY and NOESY) were performed
for the elucidation of the structures of the new compounds.
Microanalyses were carried out by the Service Central de
Microanalyse (CNRS) France, and the results obtained had a
maximum deviation of £0.4% from the theoretical value.

Ethyl (2-oxotricyclo[3.3.1.1*7]dec-1-yl)acetate (2)

A mixture of ketoacid 1 (4.00 g, 19.1 mmol) and thionyl chloride
(6 ml) was heated at 50 °C for 30 min. The excess thionyl
chloride was removed under vacuum, and the resulting chloride
was esterified in an ethanolic solution (30 ml). After 24 h, 2 was

isolated in quantitative yield (4.50 g) as a clear oil; v,,,,/cm™" 1731
(CO), 1711 (CO); 6y (400 MHz; CDCl;; Me,Si) 1.24 (3H, t, J 7.1,
CH;) 1.58-2.08 (12H, complex m, 4, 5, 6, 7, 8, 9, 10-H), 2.34 (2H,
s, -CH,CQ,), 2.58 (1H, s, 3-H), 4.11 (2H, d, J 7.1, CO,CH ,CH,).

Ethyl [2-(hydroxyimino)tricyclo[3.3.1.137|dec-1-yl]acetate (3)

To a solution of ketoester 2 (4.11 g, 17.4 mmol) in ethanol (30 ml)
was added hydroxylamine hydrochloride (1.20 g, 17.4 mmol) and
CH;COONa-3H,0 (2.50 g, 19.0 mmol). The mixture was refluxed
for 1 h and was then evaporated to dryness under reduced pressure.
Water was added and the mixture was extracted with Et,O (4 x
35 ml). The organic phase was washed with H,O, dried (Na,SO,),
and evaporated under reduced pressure to afford oxime ester 3
(4.21 g, 97%); mp 102 °C (n-hexane); v,./cm~' 3475 (OH), 1727
(CO), 1653(CN); dy (400 MHz; CDCl;; Me,Si) 1.22 (3H, t, J 7.1,
CH;), 1.73-1.94 (10H, complex m, 4, 6, 8, 9, 10-H), 2.03 (2H, br
s, 5, 7-H), 2.40 (2H, s, CH,CO,-), 3.66 (1H, s, 3-H), 4.08 (2H,
q,J 7.1, CH,CH;), 8.52 (1H, br s, N-OH); 6. (100 MHz; CDCl;;
Me,Si) 14.2 (CH;), 28.0 (5, 7-C), 28.4 (3-C), 35.6 (8, 10-C), 37.2 (4,
9-C), 39.9 (1-C), 42.2 (CH,COO0-), 43.4 (6-C), 60.0 (CH,), 166.5
(C=NOH), 172.0 (C=0). Anal. calcd for C,H,; NO;: C, 66.91; H,
8.42. Found: C, 66.77; H, 8.40.

3-Azatetracyclo[6.3.1.151°.0>¢]tridecan-4-one (4) and
3-ethyl-3-azatetracyclo [6.3.1.1%"°.0*¢]tridecan-4-one (5)

A solution of the oxime ester 3 (4.60 g, 18.3 mmol) in dry ethanol
(30 ml) was hydrogenated in the presence of Raney nickel catalyst
under a pressure of 55 psi, at 120 °C, for 10 h. The solution
was filtered to remove the catalyst, and the filtrate evaporated to
dryness to afford an oily product, which was refluxed in xylenes
(20 ml) for 12 h. The solvent was removed by evaporation, and the
residue extracted with petroleum ether. The precipitated lactam
was filtered and washed with n-pentane (0.89 g). The filtrate was
evaporated under vacuum, and the oily residue was purified by
flash column chromatography on silica gel eluting with Et, O-THF
(1:1) to give first the liquid N-ethyl lactam 5 (2.31 g, 58%) and
then lactam 4 (0.5 g, overall yield 40%). Compound 4, white solid;
mp 156 °C (ether) (lit:*** 153-155 °C); vy /cm~" 3185, 3088 (NH),
1684 (CO); 0y (400 MHz; CDCl;; Me,Si) 1.37 (1H, d, J 12.2, 13e-
H), 1.57 (1H, d, J 10.5, 11e-H), 1.64-1.86 (10H, complex m, 5H ,,
7,9, 10, 11a, 12, 13a-H), 2.02 (3H, q, 1, 5H,, 8-H), 3.43 (1H, s,
2-H), 6.29 (1H, s, NH); d. (100 MHz; CDCl;; Me,Si) 27.2 (10-C),
28.9(8-0),29.4(1, 11-C), 36.7 (9-C), 37.0 (13-C), 37.1 (12-C), 38.5
(6-C), 40.0 (7-C), 46.2 (5-C), 64.0 (2-C), 179.2 (C=0).

N-ethyl lactam 5; v,,,./cm™' 1696 (CO); Jy (400 MHz; CDCl;;
Me,Si) 1.01 3H, t, J 14.4, CH;), 1.32 (1H, br d, J 13.4, 11e-H),
1.57-1.95 (11H, complex m, 5, 7, 8, 9, 11a, 12, 13e-H), 1.98 (1H,
brs, 10-H), 2.10 (2H, brs, 1, 13a-H), 2.88 (1H, m, CH ), 3.26 (1H,
d, J 2.4, 2-H), 3.59 (1H, m, CH,;); é. (100 MHz; CDCl;; Me,Si)
12.7 (CHjy), 27.0 (8-C), 28.1 (1-C), 28.8 (10-C), 30.1 (11-C), 34.2
(CH,), 36.1 (6-C), 36.7 (13-C), 36.8 (9-C), 37.6 (7-C), 40.0 (12-C),
46.0 (5-C), 65.8 (2-C), 176.0 (C=0). Anal. caled for C,;H, NO: C,
76.67; H, 9.65. Found: C, 76.94; H, 9.38.

3-Methyl-3-azatetracyclo [6.3.1.151°.0*¢]tridecan-4-one (7)

A solution of oxime ester 3 (1.30 g, 5.1 mmol) in methanol was
hydrogenated over Ni-Raney catalyst for 4 h, at 200 °C, and
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under pressure (55 psi). The catalyst was filtered off and the
solvent was evaporated under vacuum to give an oily product,
which was refluxed in xylenes (10 ml) for 20 h. The solvent was
evaporated, and the residue was then worked up with n-pentane.
The precipitated lactam was filtered and washed with petroleum
ether (0.41 g). The filtrate was evaporated under vacuum, and the
residue was purified by flash column chromatography on silica gel
using as eluents CH,Cl, and then CH,Cl,~-MeOH (1 : 1) to afford
0.26 g of N-methyl lactam 7 (overall yield 0.67 g, 64%) as a white
solid; mp 50 °C (n-pentane, —20 °C); v, /cm™ 1688 (CO); 5y
(400 MHz; CDCl;; Me,Si) 1.35 (1H, br d, J 13.0, 13e-H), 1.53—
1.95 (10H, complex m, 7, 8, 9, 11, 12, 13a-H), 1.89 and 1.97 (2H,
AB, J, 164, 5H,, 5SH;), 1.99 (1H, br d, 10-H), 2.12 (1H, br d,
1-H), 2.72 (3H, s, CH;), 3.16 (1H, d, J 2.0, 2-H); J. (100 MHz;
CDCl;; Me,Si) 26.3 (CHj;), 27.1 (8-C), 28.4 (3-C), 29.0 (10-C), 30.0
(11-C), 36.4 (6-C), 36.6 (13-C), 36.8 (7-C), 37.7 (9-C), 39.9 (12-C),
45.9 (5-C), 68.0 (2-C), 176.5 (C=0). Anal. calcd for C;;H;,NO: C,
76.06; H, 9.33. Found: C, 76.34; H, 9.51.

General procedures for the synthesis of pyrrolidines 8-10, 16 and 18

To a stirred suspension of LiAlH, (4 equiv.) in dry THF (50 ml)
was added a solution of the requisite lactam (1 equiv.) in dry
THF (40 ml). The reaction mixture was refluxed for 12 h and was
then hydrolyzed with water and a 20% NaOH solution under ice-
cooling. The inorganic precipitate was filtered off and washed with
Et,0, and the filtrate was evaporated under vacuum to afford a
viscous oily product (yield almost quantitative). The residue was
dissolved in ether and the resulting dry Et,O solution of the free
amine was treated with a saturated ethanolic solution of gaseous
HCI under ice cooling. The precipitate was filtered off, washed
with cold Et,O and dried to afford the hydrochloride salt as a
white solid.

3-Azatetracyclo[6.3.1.151°.0>¢|tridecane (8)

mpyc >260 °C (EtOH-Et,0); 4 (400 MHz; CDCl;; Me,Si) 1.23
(1H,d, J 12.7,13e-H), 1.32(1H, q, SA-H), 1.42-1.50 (2H, complex
m, 5B, 7a-H), 1.52 (1H, brd, J 12.7, 11e-H), 1.67 (4H, m, 9, 12-H),
1.76-1.83 (5H, m, 7e, 11a, 10, 13a-H, NH), 1.94 2H, m, 8-H, NH),
2.07 (1H, m, 1-H), 2.58 (1H, d, J 2.0, 2-H), 2.93 (1H, td, J 3.2,
4A-H), 3.04 (1H, m, 4B-H);); 6. (100 MHz; CDCly; Me,Si) 28.2
(10-C), 29.3 (8-C), 30.0 (11-C), 30.5 (1-C), 36.8 (13-C), 37.5 (9-C),
37.7 (12-C), 38.1 (5-C), 39.2 (6-C), 41.8 (7-C), 43.0 (4-C), 67.6 (2-
C). Anal. caled for C,,H,NCI: C, 67.43; H, 9.43. Found: C, 67.13;
H, 9.39.

3-Methyl-3-azatetracyclo[6.3.1.1%'°.0*¢]tridecane (9)

mpyq 237 °C (EtOH-Et,0); J, (400 MHz; CDCl;; Me,Si) 1.23
(1H, d, J 12.2, 13e-H), 1.31 (2H, t, J 8.2, 5-H), 1.45 2H, m, 7,
11e-H), 1.59 (3H, m, 9, 12a-H), 1.77-1.96 (8H, complex m, 1, 2,
7e, 8, 11a, 10, 12¢, 13a-H), 2.09 (1H, m, 4A-H), 2.22 (3H, s, CH};),
3.19 (1H, m, 4B-H);); . (100 MHz; CDCl;; Me,Si) 28.6 (8, 10-C),
29.3 (1-C), 30.1 (11-C), 35.9 (5-C), 37.0 (12-C), 37.6 (9-C), 39.3
(13-C), 39.5 (6-C), 40.6 (CH;), 42.6 (7-C), 53.7 (4-C), 75.2 (2-C).
Anal. calcd for C;;H,,NCI: C, 68.55; H, 9.73. Found: C, 68.14; H,
9.77.

3-Ethyl-3-azatetracyclo[6.3.1.1%".0*|tridecane (10)

mpy >250 °C (EtOH-Et,0); §,; (400 MHz; CDCl;; Me,Si) 1.03
(3H, t, J 7.3, CH;), 1.18 (1H, d, J 12.2, 13e-H), 1.28 (2H, m,
12-H), 1.39 (3H, m, 5A, 9-H), 1.55-1.64 (3H, m, 7a, 9-H), 1.76
(3H, m, 5B, 7e, 10-H), 1.90-1.98 (6H, complex m, 1, 2, 8, 13a-H,
CH,, NH), 2.07 (1H, m, 4A-H), 2.75 (1H, m, CH,), 3.16 (1H,
m, 4B-H); §. (100 MHz; CDCl;; Me,Si) 13.6 (CHj;), 28.6 (10-C),
29.4 (8-C), 29.6 (1-C), 30.0 (11-C), 35.8 (12-C), 36.9 (8-C), 37.6
(9-C), 39.0 (13-C), 39.4 (6-C), 42.4 (5-C), 47.9 (CH,), 50.4 (4-C),
73.3 (2-C). Anal. calcd for C,,H,,NCI: C, 69.54; H, 10.00. Found:
C, 69.74; H, 10.11.

3-Methyl-3-azatetracyclo [6.3.1.151°.0>¢|tridecane (9)

To a solution of pyrrolidine 8 (0.40 g, 2.2 mmol) and triethylamine
(1.39 g, 13.8 mmol) in dry ether (20 ml) was added, dropwise
and under ice cooling, a solution of ethyl chloroformate (1.00 g,
9.2 mmol) in dry ether (10 ml). The mixture was stirred for 24 h
at 25 °C, poured onto an ice-water mixture and extracted with
ether. The organic phase was washed with water, cold HCI
(3%) and water, dried (Na,SO,) and evaporated in vacuo. The
liquid carbamate ester 11 (0.54 g, 96%) was used without further
purification for the preparation of the derivative 9.

A solution of the carbamate 11 (0.50 g, 2.0 mmol) in dry THF
(10 ml) was added dropwise under ice cooling to a suspension of
LiAlH, (1.00 g, 26 mmol) in dry THF (10 ml). The mixture was
stirred for 24 h at 25 °C, hydrolyzed with water and NaOH (5%),
dried (Na,CO;), filtered off and concentrated in vacuo. The residue
was dissolved in ether and extracted with a 10% HCI solution.
The aqueous phase was made alkaline with solid Na,CO;, and
the oil that separated was extracted with ether, dried (Na,CO;),
and evaporated to dryness under vacuum to give 0.37 g (93%) of a
viscous oily, free amine 9, which was converted to its hydrochloride
salt (0.42 g); hydrochloride: mp >237 °C.

Ethyl (2-oxotricyclo[3.3.1.13]decane-1-carboxylate (13)

A mixture of the acid 12 (1.08 g, 5.5 mmol) and thionyl chloride
(4 ml) was heated at 65 °C for 15 min. The excess thionyl
chloride was removed under vacuum, and the resulting chloride
was esterified in an ethanolic solution (20 ml) to give, after 1 h at rt
and 0.5h at 70 °C, 1.14 g (quantitative yield) of ethyl 13 as a white
solid; v, /cm™" 1731 (CO), 1711 (CO); 5y (400 MHz; CDCl;;
Me,Si) 1.26 (3H, t, J 7.2, CH;) 1.60-1.96 (7TH, complex m, 4e, 6,
8a, 9¢, 10-H), 2.01-2.06 (4H, m, 4a, 5, 7, 8¢-H), 2.12 (1H, d, 9a-H),
4.13 (2H, d, J 7.2, CO,CH ,CH,); . (100 MHz; CDCl;; Me,Si)
14.1 (CH,), 26.7 (5-C), 26.8 (7-C), 30.8 (3-C), 32.1 (4-C), 34.0
(9-C), 35.7 (8, 10-C), 39.4 (6-C), 42.7 (1-C), 61.1 (COOCH,CH,),
174.4 (C=0), 217.4 (2-C).

Ethyl 2-cyanotricyclo[3.3.1.13"]decane-1-carboxylate (14)

Solid -BuOK (0.60 g, 4.3 mmol) was added portionwise to
a stirred (argon atmosphere) solution of ketoester 13 (0.48 g,
2.17 mmol) and TosMIC (0.55 g, 2.8 mol) in a mixture of 8 ml
of DME and 0.3 ml of absolute EtOH maintained at 0 °C. The
cooling was removed and stirring continued for 30 min at ambient
temperature and the mixture was then heated to 47 °C for 30 min.
The suspension thus obtained was cooled to room temperature
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with stirring. The precipitate (TosK) was filtered and washed
with DME. The combined DME solutions were concentrated and
purified by flashing the concentrate over silica gel using as eluents
n-pentane—Et,0 (3 : 1) to afford cyanoester 14 (370 mg, 74%); mp
39 °C (n-hexane); vy, /cm~' 2237 (CN), 1727 (CO); 5 (400 MHz;
CDCl; Me,Si) 1.26 3H, t, J 7.2, CH;), 1.67-1.94 (TH, complex
m, 4e, 6, 8a, 9¢, 10-H), 2.00-2.06 (4H, m, 4a, 5, 7, 8¢-H), 2.13 (1H,
d, J 14.0, 9a-H), 2.28 (1H, br's, 3-H), 3.18 (1H, s, 2-H), 4.15 (2H,
m, CO,CH,CHs); dc (100 MHz; CDCl;; Me,Si) 14.0 (CHs), 26.7
(5-C), 26.8 (7-C), 30.9 (3-C), 32.1 (4-C), 34.1 (9-C), 35.7 (8, 10-
C), 38.5 (2-0), 39.4 (6-C), 42.7 (1-C), 61.1 (COOCH,CHs;), 174.4
(C=0). Anal. calcd for C,;H,,NO,: C, 72.07; H, 8.21. Found: C,
71.84; H, 8.01.

4-Azatetracyclo[6.3.1.15"°.0*¢]tridecan-5-one (15)

Cyanoester 14 (0.52 g, 2.3 mmol) in dry methanol (20 ml) was
hydrogenated in the presence of Raney-Ni under a pressure of
65 psi, at 60 °C, for 6 h. The solution was filtered to remove catalyst,
and the filtrate was evaporated to dryness to give the aminoester
as an oil; IR (film) v 3374 cm™' (NH), 1729 cm™" (C=0). The
aminoester was refluxed in xylenes (10 ml) for 10 h. The solvent
was evaporated and the residue triturated with n-pentane. The
solid formed was filtered and washed with n-pentane to give lactam
15 (190 mg, 40%) as a white solid; mp 168 °C (Et,O-n-hexane);
Vmax/cm ™! 3123 (NH), 1695 (CO); lactam 15 6, (400 MHz; CDCl;;
Me,Si) 1.62-1.82 (9H, complex m, 7, 9, 11, 12a, 13-H), 1.93-2.06
(4H, m, 1, 8, 10, 12¢e-H), 2.25 (1H, t, J 8.7, 2-H), 3.17 (1H, t,
J9.1,3H,),3.37 (1H, t, J 9.1, 3Hj), 6.22 (1H, s, NH); o (100
MHz; CDCl;; Me,Si) 26.9 (1-C), 28.5 (8, 10-C), 31.3 (11-C), 33.7
(12-C), 36.9 (13-C), 37.1 (7-C), 38.3 (9-C), 40.8 (6-C), 42.7 (3-O),
48.0 (2-C), 182.6 (C=0). Anal. calcd for C;;H,;NO: C, 75.35; H,
8.96. Found: C, 75.55; H, 8.99.

4-Ethyl-4-azatetracyclo[6.3.1.1%".0*¢]tridecan-5-one (17)

A solution of the cyanoester 14 (0.35 g, 1.6 mmol) in dry ethanol
(20 ml) was hydrogenated in the presence of Raney-Ni catalyst
under a pressure of 65 psi, at 140 °C, for 3 h. The solution
was filtered to remove catalyst, and the filtrate was evaporated
to dryness to afford an oily product, which was chromatographed
on a silica gel column (Et,O-THF 1 : 1) to afford pure N-ethyl
lactam 17 (160 mg, 46%) as a white solid; mp 84 °C; v, /cm™
1687 (CO); 5y (400 MHz; CDCl;; Me,Si) 1.05 (3H, t, J 7.2, CH;),
1.56-1.70 (7TH, m, 7a, 9, 1le, 12a, 13-H), 1.74-1.78 (2H, m, 7e,
11a-H), 1.91 (1H, t, 10-H), 1.98-2.10 (3H, m, 1, 8, 12e-H), 2.13
(1H, m, 2-H), 3.08 (1H, dd, J 7.2, 3H,), 3.18 (1H, sextet, CH ,),
3.33 (1H, dd, J 7.2, 3H}), 3.38 (1H, sextet, CHj); dc (100 MHz;
CDCl;; Me,Si) 12.6 (CHs;), 26.9 (10-C), 28.2 (8-C), 28.4 (1-C),
31.3 (11-C), 33.5 (13-C), 36.8 (9-C), 37.1 (12-C), 37.2 (CH,), 38.5
(7-C), 41.8 (6-C), 45.8 (2-C), 46.6 (3-C), 178.7 (C=0). Anal. calcd
for C,,H, NO: C, 76.67; H, 9.65. Found: C, 76.42; H, 9.44.

4-Azatetracyclo[6.3.1.15".0*¢]tridecane (16)

Compound 16 was prepared in accordance with the general
procedure for the synthesis of pyrrolidines 8-10, 16 and 18. Mp
189 °C (dec.) (EtOH-Et,0); Jy (400 MHz; CDCl;; Me,Si) 1.18—
1.96 (16H, m, 1, 2, 7, 8, 9, 11, 10, 12, 13-H, NH), 2.42 (1H, dd,
J12,3H,),2.62 (1H, dd, J 7.2, 3H;), 2.95 (2H, br d, 5-H); ¢

(100 MHz; CDCl,; Me,Si) 27.4 (10-C), 27.5 (8-C), 28.0 (1-C), 29.6
(11-C), 35.1 (13-C), 36.7 (7-C), 37.8 (9-C), 38.4 (6-C), 40.3 (12-C),
45.6 (5-C), 48.6 (2-C), 56.8 (3-C). Anal. caled for C,,H,NCI: C,
67.43; H, 9.43. Found: C, 67.03; H, 9.38.

4-Ethyl-4-azatetracyclo[6.3.1.1%°.0*|tridecane (18)

Compound 18 was prepared in accordance with the general
procedure for the synthesis of pyrrolidines 8-10, 16 and 18. Mp
235 °C (EtOH-Et,0); dy (400 MHz; CDCl;; Me,Si) 1.03 (3H, t, J
7.2, CH;), 1.33 (1H, br d, 13e-H), 1.42-1.51 (2H, m, 7a, 11e-H),
1.55-1.65 (3H, m, 9, 12a-H), 1.72-1.79 (4H, m, 7e, 11a, 12e, 13a-
H), 1.82 (1H, br s, 10-H), 1.88-1.94 (3H, m, 1, 2, 8-H), 2.39 (2H,
AB, J,5 9.2, 5-H), 2.58-2.64 (2H, m, CH), 2.69 (1H, dd, J 7.6,
3H,),2.83(1H,dd, J 7.6, 3H); . (100 MHz; CDCl;; Me,Si) 14.3
(CH,), 28.6 (8, 10-C), 29.3 (1-C), 30.9 (11-C), 37.7 (13-C), 37.9 (9-
0), 38.9 (12-C), 39.2 (6-C), 41.9 (7-C), 48.9 (2-C), 51.9 (CH,), 54.0
(3-0), 65.6 (5-C). Anal. caled for C,,H,,NCI: C, 69.54; H, 10.00.
Found: C, 69.19; H, 10.24.

2-(Hydroxyimino)tricyclo[3.3.1.13"]decane-1-carboxylic acid (21)

A mixture of ketoester 13 (540 mg, 2.43 mmol), NH,OH-HCI
(180 mg, 2.7 mmol) and CH;COONa-3H,0 (367 mg, 2.7 mmol)
in EtOH 93% (30 ml) was refluxed for 3 h. After evaporation of the
solvent, the mixture was cooled to room temperature, water was
added and the precipitate formed removed by filtration, washed
with water and dried (400 mg oxime ester 19 and 50 mg azalactone
20).

The above mixture (450 mg) was saponified with a solution of
NaOH (0.55 g, 13.7 mmol) in EtOH-H,O (10ml, 1: 1) over 3.5h at
60 °C. After evaporation of the solvent, the mixture was extracted
twice with Et,O (20 ml) and the aqueous layer was acidified with
concd HCl at 0 °C. The white solid acid oxime 21 was removed by
filtration, washed with water and dried (0.37 g, 97%); mp 210 °C
(dec.) (EtOH-H,0); v, /cm~' 3286 (OH), 1713 (CO), 1665 (CN);
Ju (400 MHz; DMSO-ds; Me,Si) 1.67-1.89 (8H, m, 4e, 6, 8, 9e,
10-H), 2.06 (2H, br d, 5, 7-H), 2.17 (2H, br d, 4a, 9a-H), 3.51 (1H,
br s, 3-H); ¢ (100 MHz; DMSO-d,; Me,Si) 28.2 (5, 7-C), 28.6
(3-0), 35.8 (6-C), 37.4 (4, 9-C), 41.4 (8, 10-C), 48.4 (1-C), 162.4
(C=N), 175.3 (C=0). Anal. calcd for C;;H;sNO;: C, 63.14; H,
7.22. Found: C, 63.03; H, 7.16.

3-Oxa-2-azatetracyclo[6.3.1.1%"°.12%|tridec-2-en-5-one (20)

A 460 mg (2.2 mmol) portion of acid oxime 21 was melted in an
oil bath at 220 °C and then sublimed (10~ mmHg, heated over a
Bunsen burner flame) to yield 330 mg of azalactone 20 (79%); mp
184 °C (Et,0); du (400 MHz; CDCl;; Me,Si) 1.83-1.88 (6H, m,
7a,9, 11e, 12a, 13e-H), 2.09 (2H, m, 11a, 13a-H), 2.22 (4H, m, 7e,
8, 10, 12¢-H), 3.05 (1H, t, J= 2.8 Hz, 1-H); d. (100 MHz; CDCl;;
Me,Si) 27.6 (8, 10-C), 32.0 (1-C), 35.0 (9-C), 37.6 (11, 13-C), 39.3
(7, 12-C), 46.0 (6-C), 175.0 (C=N), 180.3 (C=0). Anal. calcd for
C, H;;NO,: C, 69.09; H, 7.32. Found: C, 69.12; H, 7.21.

3,4-Diazatetracyclo[6.3.1.151°.0*¢|tridec-2-en-5-one (23)

A mixture of ketoacid 12 (400 mg, 2.0 mmol), abs. EtOH (2 ml)
and hydrazine hydrate (126 mg, 2.4 mmol) was heated at reflux for
0.5 h. After evaporation of the solvent, the solid formed (300 mg)
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was sublimed (10~ mmHg, heated over a Bunsen burner flame) to
yield 260 mg of pyrazolone 23 (67%); mp 213 °C (EtOH); v,,,,/cm™
3142 (NH), 1693 (CO), 1653 (CN); 6 (400 MHz; CDCl;; Me,Si)
1.68 (2H, d, J 12.2, 11e, 12¢-H), 1.78 (2H, br d, J 12.5, 7a, 13a-H),
1.85 (2H, br s, 9-H), 2.04 (2H, br d, J 12.5, 7e, 13e-H), 2.12 (2H,
brs, 8, 10-H), 2.18 (2H, d, J 12.5, 11a, 12a-H), 2.92 (1H, t, J 2.7,
1-H), 9.1 (1H, br s, NH); o, (100 MHz; CDCl;; Me,Si) 27.6 (8,
10-C), 33.6 (1-C), 35.2 (9-C), 38.7 (7, 12-C), 39.1 (11, 13-C), 47.7
(6-C), 171.2 (C=N), 180.8 (C=0). Anal. calcd for C,;H;N,O: C,
69.45; H, 7.42. Found: C, 69.69; H, 7.31.

3,4-Diazatetracyclo[6.3.1.15"°.0*¢]tridec-2-en-5-thione (24)

A mixture of the pyrazolone 23 (500 mg, 2.6 mmol) and
p-methoxyphenylthionophosphine sulfide (Lawesson’s reagent)
(530 mg, 1.3 mmol) in toluene (30 ml) was heated for 12 h. After
cooling at ambient temperature the solvent was removed by evapo-
ration and the mixture was purified on silica gel, using ether as the
eluent, to give pyrazolothione 24 (500 mg, 93%) as a solid; mp 167—
169 °C; v, /cm™ 3112, 3074 (NH), 1618 (CN); dy (400 MHz;
CDCl;; Me,Si) 1.62 (2H, d, J 12.0, 1le, 13e-H), 1.82 (2H, d, J
12.4, 7a, 12a-H), 1.93 (2H, br s, 9-H), 2.14 (2H, d.d, J 12.4, 1.6,
7e, 12e-H), 2.20 (2H, s, 8, 10-H), 2.33 (2H, d, J 12, 11a, 13a-H),
3.21 (1H, s, 1-H), 11.20 (1H, br s, NH); . (100 MHz; CDCl;;
Me,Si) 27.7 (8, 10-C), 33.6 (1-C), 34.9 (9-C), 39.2 (7, 13-C), 43.0
(11, 12-C), 61.1 (6-C), 179.3 (C=N), 204.8 (C=S). Anal. calcd for
C,;Hi;N,S: C, 64.04; H, 6.84. Found: C, 63.87; H, 6.70.

2-Bromo-1-(2-bromoethyl)tricyclo[3.3.1.137]decane (26)

A solution of triphenyldibromophosphorane was prepared by
the dropwise addition of Br, (3.20 g, 20.0 mmol) in benzonitrile
(15 ml) to a solution of triphenylphosphine (5.24 g, 20.0 mmol) in
benzonitrile (15 ml) and the resulting solution was stirred at 124 °C
under an argon atmosphere. To this solution was added in one
portion the tetrahydrofuran derivative 25 (3.00 g, 16.8 mmol) and
the mixture was heated at 124 °C for 4 h. The mixture was cooled
to room temperature, n-pentane was added and the precipitate
formed was removed by filtration and washed with n-pentane.
The washings were combined and the upper layer was removed
and evaporated under vacuum to give a viscous oil. The product
was purified by fractional distillation in vacuo to give 26 (Eby o mme
120 °C) (4.50 g, 84%); Vinax/cm " 733 (C-Br); oy (400 MHz; CDCl;;
Me,Si) 1.32-2.28 (15H, complex m, 3, 4, 5, 6, 7, 8, 9, 10-H,
CH ,CH,Br), 3.31-3.44 (2H, complex m, CH,CH ,Br), 4.34 (1H,
s, 2-H).

1-(2-Cyanoethyl)tricyclo[3.3.1.137|decane-2-carbonitrile (28)

A mixture of dibromide 26 (3.00 g, 9.3 mmol) and NaCN (4.20 g,
85.0 mmol) in DMSO (50 ml) was stirred at 115 °C for 1 h and
at 145 °C for a further hour. The mixture was cooled to room
temperature, poured onto 40 ml of water and extracted with Et,O.
The organic extracts were washed with water and brine and dried
over anhydrous Na,SO,. After removal of the solvent in vacuo,
the residue was purified by column chromatography on silica gel,
using n-hexane-Et,0 (6 : 1) and Et,O as the eluents, to give 3-(2-
bromotricyclo[3.3.1.137]dec-1-yl)propanenitrile 27 (75%) and the
title compound 28 (18%); Vpa/cm™' 2249 (CN), 733 (C-Br); oy
(400 MHz; CDCl;; Me,Si) 1.34 (1H, m, 9¢e-H), 1.57-1.80 (8H,

complex m, 4e, 6e, 8, 10-H, CH,CH,CN), 1.87-1.95 (3H, m, 5, 6a,
9a-H), 2.00 (1H, m, 7-H), 2.25-2.34 (4H, m, 3, 4a, CH,CN), 4.30
(1H, s, 2-H); ¢ (100 MHz; CDCl;; Me,Si) 10.5 (CH,CN), 27.5
(5-C), 27.9 (7-C), 31.2 (4-C), 36.8 (1-C), 37.0 (8, 10-C), 37.2 (3-C),
37.5(9-C), 38.1 (6-C), 41.0 (CH,CH,CN), 66.8 (2-C), 120.2 (CN).
Anal. calcd for C;H{NBr: C, 58.22; H, 6.76. Found: C, 58.51; H,
6.92.

A mixture of bromonitrile 27 (2.53 g, 7.8 mmol) and NaCN
(4.20 g, 85.0 mmol) in DMSO (50 ml) was stirred at 155 °C for
1 h. The mixture was cooled to ambient temperature, poured onto
40 ml of water and extracted with Et,O. The organic extracts were
washed with water and brine and dried over anhydrous Na,SO,.
After removal of the solvent in vacuo the residue was crystallized
from a mixture of Et,O-n-pentane (5 : 1). The precipitated dinitrile
28 was filtered off, washed with the above mixture of solvents and
dried (1.80 g, 89%); mp 83 °C (Et,0); Ve /cm~' 2233, 2139 (CN);
Jy (400 MHz; CDCl;; Me,Si) 1.51-1.86 (11H, complex m, 4e, 6,
8,9, 10-H, CH,CH,CN), 2.06 (3H, br d, 4a, 5, 7-H), 2.26 (1H,
s, 3-H), 2.34 (2H, t, J 8.0, CH,CN), 2.65 (1H, br s, 2-H); d.
(100 MHz; CDCl;; Me,Si) 10.9 (CH,CN), 27.1 (5-C), 27.3 (7-C),
31.2 (3-C), 32.4 (4-C), 34.0 (1-C), 35.8 (8-C), 35.9 (10-C), 36.7
(6-C), 37.9 (9-C), 39.7 (CH,CH,CN), 41.4 (2-C), 119.7 (CH,CN),
120.0 (CN). Anal. caled for C,;H3N,: C, 78.46; H, 8.47. Found:
C,78.54; H, 8.41.

Tetracyclo[6.3.1.14'°.0*¢]tridecan-3-one (30)

A THF (20 ml) solution of freshly distilled diisopropylamine
(0.94 g, 9.34 mmol) was added to a solution of n-BuLi (3.2 ml,
2.5M, 0.81 mmol) in hexanes and the resulting solution was stirred
for 45 min at —80 °C under argon. To this solution was added
dropwise a solution of dinitrile 28 (1.25 g, 5.8 mmol) in dry THF
(20 ml) and the mixture was left overnight to slowly reach room
temperature. The mixture was treated with an ice-water mixture,
extracted with ether and the organic phase was washed with water,
HCl (5%), water, and then dried (Na,SO,) and evaporated in vacuo
to give enaminenitrile 29 (1.23 g, quantitative yield) as a solid,
which was decolorized with activated charcoal; mp 188 °C (ether);
Vma /! 3447, 3345, 3259 (NH,), 2173 (CN), 1654, 1594 (C=C).

A vigorously stirring mixture of enaminenitrile 29 (0.89 g,
4.1 mmol), 33% H,SO, (15 ml) and glacial acetic acid (10 ml)
was gently refluxed for 20 h. After cooling to room temperature,
water was added and the mixture extracted with ether. The organic
phase was separated, washed with water, aqueous Na,CO;, water,
and dried (Na,SO,). The solvent was evaporated and the residue
was filtered through silica gel to give ketone 30 (0.80 g, 100%); mp
61 °C; vy /cm™' 1743 (CO).

Tetracyclo[6.3.1.1%'°.0*¢]tridecan-3-one oxime (31)

A mixture of ketone 30 (0.60 g, 3.1 mmol), NH,OH-HCI (0.43 g,
6.2 mmol) and CH;COONa-3H,O (1.26 g, 9.3 mmol) and ethanol
90% (15 ml) was refluxed for 6 h. The mixture was cooled at room
temperature, ice-water was added and the precipitate formed was
filtered off, washed with water and dried to give 31 asa solid (0.60 g,
94%); mp 179 °C (Et,0, petr. ether); v,../cm™ 3307 (OH); oy
(400 MHz; CDCl;; Me,Si) 1.24-1.32 (2H, m, 5A, 13e-H), 1.45~
1.53 (4H, m, 5B, 7a, 1le, 13a-H), 1.61-1.67 (3H, m, 9, 12a-H),
1.80-1.86 (4H, m, 7e, 8, 11a, 12¢e-H), 2.00 (1H, br s, 1-H), 2.25
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(1H, s, 10-H), 2.37-2.45 (1H, br s, 2-H), 2.40 (1H, m, 4H ,), 2.52—
2.62 (1H, m, 4H;); 6 (100 MHz; CDCl;; Me,Si) 24.3 (4-C), 27.8
(10-C), 28.0 (1-C), 29.2 (8-C), 30.8 (11-C), 34.9 (13-C), 37.0 (9-C),
37.2 (5-C), 38.0 (12-C), 39.8 (6-C), 43.4 (7-C), 54.3 (2-C), 165.6
(C=NOH). Anal. calcd for C;;H;,NO: C, 76.06; H, 9.33. Found:
C, 75.92; H, 9.28.

Tetracyclo[6.3.1.15".0*¢]tridecan-3-amine (32)

A solution of oxime 31 (370 mg, 1.8 mmol) in dry EtOH was
hydrogenated over Raney-Ni catalyst for 4 h, at 70 °C, and under
pressure (50 psi). The catalyst was filtered off and the solvent
was evaporated under vacuum to afford a viscous oil (amine 32),
which was converted to its hydrochloride salt (350 mg, 86% yield);
hydrochloride: mp >250 °C (EtOH); 0y (400 MHz; CDCl;; Me,Si)
1.16-1.81 (17H, complex m, 1, 2, 4A, 5,7, 9, 11, 12, 13-H, NH,),
1.90 (1H, br s, 10-H), 1.98 (1H, br s, 8-H), 2.06-2.16 (1H, m, 4B-
H), 3.31 (1H, m, 3-H); d. (100 MHz; CDCl;; Me,Si) 28.2 (10-C),
28.7 (8-C), 29.3 (1-C), 30.8 (11-C), 32.3 (4-C), 36.8 (13-C), 37.7
(9-C), 38.4 (5-0O), 38.8 (12-C), 40.0 (6-C), 44.7 (7-C), 52.5 (3-O),
60.0 (2-C). Anal. calcd for C;;H,,NCI: C, 68.55; H, 9.73. Found:
C, 67.92; H, 9.68.
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Kinetics of the reactions of four benzenesulfonyl-stabilized carbanions (1a—d)~ with reference
electrophiles (quinone methides 2 and diarylcarbenium ions 3) have been determined in dimethyl
sulfoxide solution at 20 °C in order to derive the reactivity parameters N and s according to the linear
free-energy relationship log (20 °C) = s(N + E) (eqn (1)). The additions of (1a—d)~ to ordinary
Michael acceptors (e.g., benzylidene Meldrum’s acid 4a, benzylidenebarbituric acids Sa—c, and
benzylidene-indan-1,3-diones 6a—d) were also studied kinetically and found to be 5-24 times slower

than predicted by eqn (1).

Introduction

The relative inertness of the sulfone group to nucleophilic attack
and its ability to facilitate deprotonation in the a-position have ele-
vated the sulfone moiety to a premier position amongst carbanion-
stabilizing groups.' Sulfonyl-stabilized carbanions can efficiently
be alkylated and acylated, and therefore are important reagents
for the formation of C-C bonds.>® Deprotonation of sulfones
and subsequent reaction with carbonyl compounds yields [-
hydroxysulfones,” which can easily be reduced to give C=C bonds
(Julia olefination).*! In the Julia—Kocienski olefination reaction,
olefins are produced directly from sulfonyl-stabilized carbanions
and carbonyl compounds via Smiles rearrangement.'*!!

The pK, values of sulfones have systematically been investigated
by Bordwell, who also studied the rate constants for the Sy2
reactions of a family of sulfonyl-stabilized carbanions with n-
butyl chloride and n-butyl bromide in DMSO solution.”? In
contrast to the predictions of the reactivity—selectivity principle,
n-butyl bromide was found to be generally 300-400 times more
reactive than n-butyl chloride, independent of the nucleophilicity
of the carbanion. Because pK, values are only a measure of
relative nucleophilicities within classes of structurally related
compounds,”® we now set out to characterize the nucleophilicities
of the title compounds by studying the kinetics of their reactions
with reference electrophiles following the previously established
methodology.*

The linear free-energy relationship (1), introduced in 1994," is
a versatile and powerful tool to organize polar organic reactivity.
The reactions of carbocations with various types of nucleophiles
as well as the reactions of carbanions with quinone methides and
Michael acceptors are described by eqn (1).'

logk>(20 °C) = s(N + E) (1)

In this equation, electrophiles are characterized by the elec-
trophilicity parameter E, and nucleophiles are characterized by

Department Chemie und Biochemie, Ludwig-Maximilians-Universitdt, Bu-
tenandtstr. 5-13 (Haus F), 81377 Miinchen, Germany. E-mail: herbert.
mayr@cup.uni-muenchen.de; Fax: +49 89-2180-77717, Tel: +49 89-2180-
77719

T Electronic supplementary information (ESI) available: Details of the
kinetic experiments and NMR spectra of all characterized compounds.
See DOLI: 10.1039/b805604h

a nucleophilicity parameter N and a nucleophile-specific slope-
parameter s.

In order to investigate whether eqn (1) can also be used
to describe the nucleophilic reactivities of sulfonyl-stabilized
carbanions, we have now investigated the addition reactions
of four sulfonyl-stabilized carbanions (la—d)~ (Scheme 1) with
quinone methides (2a—e, Scheme 2), diarylcarbenium ions (3a—
b, Scheme 2), and Michael acceptors (4a—6d, Scheme 2) in
DMSO. The reactions of nucleophiles with the Michael acceptors
4 (benzylidene Meldrum’s acids), 5 (benzylidenebarbituric acids),
and 6 (2-benzylidene-indan-1,3-diones) have only recently been
demonstrated to follow eqn (1),"*2° though with lower precision.

Q base ©
DMSO
7 J
0] o 5

1a-d
X pK,?

1a: m-Cl 21.6
1b: p-CF3; 20.2
1c: p-CN 185
1d: p-NO, 15.8

Scheme 1 Sulfones 1a—d studied in this work. “ In DMSO, ref. 17.

Results

Product studies

The attack of the sulfonyl-stabilized carbanions 1~ at Michael
acceptors has previously been described in the literature.’* In
order to examine the course of the kinetically studied reactions,
the sulfones 1b and 1c¢ were combined with 1.05 equivalents of
potassium ferz-butoxide in dry THF solution and then treated with
equimolar amounts of 5b or 6b (Scheme 3). The resultant anionic
adducts were then precipitated as potassium salts via slow addition
of dry Et,0. 'H and "C NMR analyses in DMSO-d,; showed
that despite drying for 10 h at 102 mbar, the isolated crystalline
products contain 0.2-0.5 equivalents of tetrahydrofuran.

The observation of two sets of signals in the 'H-NMR spectra
of the anionic adducts (7-9) indicates the formation of two
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6d: Ph

Scheme 2 Electrophiles 2—-6 employed for the kinetic investigations with the sulfonyl-stabilized carbanions (1a—d)~.

\

o}
S

O | O

MezN
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Scheme 3 Michael additions of the sulfonyl-stabilized carbanions 1b~
and 1c¢™ to the benzylidenebarbituric acid Sb and the 2-benzylidene-in-
dan-1,3-dione 6b.

diastereomers (7 : ratio 3:2; 8 : ratio 5:4; 97: ratio 7: 3). Protons
H*® and HP®, which absorb as doublets between J 4.51-5.08 ppm
(H*) and 0 5.95-6.57 ppm (H") with vicinal coupling constants
of approximately 12 Hz, are characteristic for compounds (7—
9)~. The high upfield shifts of the "H-NMR signals of the vinylic
protons H* in compounds 5b (0 8.41 ppm)* and 6b (6 7.58 ppm)*
to 0 4.51-5.08 ppm in products (7-9)~ indicate the rehybridization
of the B-carbon of the Michael acceptors during nucleophilic
attack.”

The adducts of the carbanions (1a—c)~ to the quinone methides
2a and 2b were synthesized analogously and treated with saturated
aqueous ammonium chloride solution to yield diastereomeric mix-
tures of the corresponding phenols 10-13 (Scheme 4), from which
one diastereomer was separated by column chromatography. In

@/ SO,Ph

1) X

O
Bu Bu  (1a-c)”

2.) NH4CI (aq.)

THF
Ar TH
2a-b 10 (Ar = p-MezNC6H4, X =m-Cl)

11 (Ar = p-MeyNCgHy, X = p-CF3)
12 (Ar = julolidyl?, X = p-CN)
13 (Ar = p-NMe,CgHy, X = p-CN)

Scheme 4 Additions of the sulfonyl-stabilized carbanions (1a—c)~ to the
quinone methides 2a-b.  See Scheme 2.

compounds 10-13, protons H* and H” absorb as doublets between
0 4.56-4.82 ppm (H*) and 6 4.86-4.96 ppm (H") with *J coupling
constants of (10.4 + 0.4) Hz.

Because analogous reaction products can be expected for other
combinations of (1a—d)~ with 2-6, product studies have not been
performed for all reactions which have been studied kinetically.

Kinetics

The electrophiles 2-6 show strong absorption bands in the UV-Vis
spectra at A, = 375-525 nm. By attack of the nucleophiles at the
electrophilic double bond, the chromophore is interrupted, and
the reaction can be followed by the decrease of the absorbances
of the electrophiles. All reactions proceeded quantitatively, as
indicated by the complete decolourisation of the solutions. The
kinetic experiments were performed under first-order conditions
using a high excess of the nucleophiles. From the exponential
decays of the UV-Vis absorbances of the electrophiles, the first-
order rate constants k,y were obtained. Plots of k,y versus[1-] were
linear, and their slopes yielded the second-order rate constants k,
(Table 1).

The carbanions were generated in DMSO solution by treatment
of the sulfones 1la—d with 1.05 equivalents of a strong, yet steri-
cally hindered base, e.g., potassium tert-butoxide, Schwesinger’s
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Table 1 Second-order rate constants k, (DMSO, 20 °C) for the reactions
of sulfonyl-stabilized carbanions (1a—d)~ with the reference electrophiles
2-3 and Michael acceptors 4-6

No. Sulfone Base Electrophile E ky/mt 7!
1 1a KO'Bu* 2a —17.90 9.74 x 10°
2 P,-'Bu 2a —17.90 9.89 x 10°
3 P,-Bu 2b —17.29 2.30 x 10*
4 KO'Bu 6a —14.68 6.25 x 10*
5 KO'Bu 4a —13.97 6.75 x 10*
6 KO'Bu 5a —13.84 1.54 x 10°
7 KO'Bu 6b —13.56 4.13 x 10°
8t 1b P,-'Bu 2a —17.90 1.93 x 10°
9 KO'Bu 2a —17.90 1.98 x 10°

10® P,-'Bu 2b —17.29 3.63 x 10°

11 KO'Bu 2b —17.29 3.72 x 10°

12 Verkade 6a —14.68 1.34 x 10*

13 Verkade 4a —13.97 1.86 x 10*

14 Verkade 5a —13.84 3.85 x 10*

15 Verkade 6b —13.56 6.09 x 10*

16 Verkade 5b —12.76 1.65 x 10°

17 Verkade 2e —13.39 3.87 x 10°

18 1c P,-'Bu 2a —17.90 4.90 x 10?

19% P,-'Bu 2b —17.29 9.77 x 107

20 KO'Bu 2b —17.29 1.04 x 10°

218 KO'Bu* 6a —14.68 5.64 x 10°

22 KO'Bu 6a —14.68 5.78 x 10°

23 KO'Bu 4a —13.97 1.04 x 10*

24 Verkade 5a —13.84 1.47 x 10*

25 KO'Bu 5a —13.84 1.51 x 10*

26 Verkade 6b —13.56 2.54 x 10*

27 Verkade 5b —12.76 6.00 x 10*

28 KO'Bu 2e —13.39 1.84 x 10°

29 1d Verkade 2¢ —16.11 6.71 x 10!

30 Verkade 2d —15.83 1.10 x 10?

31 Verkade 6c —-11.32 2.34 x 10*

32 Verkade 5¢ -10.37 5.53 x 10*

33 Verkade 6d —10.11 9.27 x 10*

34 Verkade 3b —10.04 2.85 x 10°

35 Verkade 3a —-9.45 6.58 x 10°

“ Addition of equimolar amounts of 18-crown-6. * Rate constants not used
for further evaluations.

‘Bu-P,- or ‘Bu-P,-phosphazene base, or Verkade’s football-shaped
proazaphosphatrane base (Scheme 5). In DMSO, the large differ-
ences between the pK, values of the sulfones 1 (pK, = 15.8-21.6)"7
and Schwesinger’s P,-Bu base (pKgy, = 30.2),% potassium tert-
butoxide (pKgu+ = 29.4),”” and Verkade’s base (pKyy+ ~ 27)*%
warrant the quantitative formation of the carbanions under these
conditions. Complete deprotonation of the sulfones 1b and 1c¢ by
1.05 equivalents of Schwesinger’s P,-Bu base (pKgy, = 21.5)%
was indicated by the observation that the UV-Vis absorbances of
the solutions of the carbanions 1b~ and 1¢~ at A,,, = 350 nm and
Amax = 375 nm, respectively, could not be increased by adding a
second equivalent of the P,-'Bu base.

[ _‘Bu .

/ Bu v YN P AT

NN SN—P=N—P—N=P—NL_ N7 N

| i | | | "Pr——N
~N 7~ ~
N_FI:=N—IT—N\ —N ll‘ll N\_ &?

N N N—P—N N
. TN

/N Verkade-"Pr

Schwesinger P,-'Bu |

Schwesinger P4-Bu

Scheme5  Sterically hindered bases used for the deprotonation of sulfones
la—d.

As demonstrated for the additions of the sulfonyl-stabilized
carbanion 1b~ to the quinone methides 2a-b (entries 8/9 and
10/11, Table 1) and for the reaction of 1¢~ with 2b (entries 19/20,
Table 1), the rate of the reaction is not significantly affected by the
nature of the base used for the deprotonation of the sulfones 1.
Analogously, for the reaction of 1¢~ with the Michael acceptor Sa,
a second-order rate constant of 1.48 x 10* M~' s' was observed
with Verkade’s base, and k, = 1.51 x 10* m~' s™! was observed
when KO'Bu was used for the deprotonation of 1c¢ (entries 24/25,
Table 1). The addition of equimolar amounts of 18-crown-6 as
complexing agent for the potassium ions does not influence the rate
either, as shown for the reactions of 1a with 2a (entries 1/2, Table 1)
and of 1¢ with 6a (entries 21/22, Table 1). These comparisons show
that the carbanions 1~ are not paired under the conditions used
for the kinetic experiments. The situation is different when Li* is
used as a counterion.®

Due to the yellow colour of the carbanions (1a—¢)~ in DMSO
solution, electrophiles with UV-Vis maxima >475 nm (i.e., 2a-b,
2e, 4a, Sa-b, 6a-b) had to be employed for kinetic investigations. In
contrast, the p-nitro-substituted carbanion 1d~ absorbs at 4,,,, =
540 nm, and electrophiles with UV-Vis maxima at A = 375-475 nm
(e.g., the yellow compounds 2¢—d, 5¢, 6¢—d) were used to study the
reactivity of this carbanion.

Discussion

In order to determine the nucleophilicity parameters N and s of
the sulfonyl-stabilized carbanions (1a—d)~, the logarithmic second-
order rate constants logk, were plotted versus the E-parameters
of the corresponding electrophiles. As expected, the plots for
the reactions of sulfonyl-stabilized carbanions (1a—d)~ with the
reference electrophiles 2 and 3 yield linear correlations. However,
systematic deviations are found for the rate constants of the
corresponding additions to the Michael acceptors 4-6 (Fig. 1 and
2). The rate constants of these reactions are about 5-24 times
smaller than expected on the basis of the correlation with the
reference electrophiles 2 and 3.

8 - 1b™ (X= CF3)

(X= NOy)

log k , = 0.7548E + 13.99
19 -18 -17 -16 -15 -14 13 -12 -11 -10 -9 -8
electrophilicity parameter £ =—————m—m—p

Fig.1 Plotoflogk, (DMSO, 20 °C) versus the electrophilicity parameters
E for the reactions of the carbanions 1b~ and 1d~ with the reference
electrophiles 2, 3 and the Michael acceptors 4-6.
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log k, = 0.5728E + 12.93
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Fig.2 Plot of logk, (DMSO) versus electrophilicity parameters E for the
reactions of carbanion l¢~ with the quinone methides 2 and the Michael
acceptors 4-6.

Table2 N and s parameters for the sulfonyl-stabilized carbanions
(1b—d)~

Carbanion N K

1b- 24.3 0.51
1c 22.6 0.57
1d- 18.5 0.75

From the correlation lines drawn in Fig. 1 and 2, which
are based on the reactions of the carbanions (1b—d)~ with the
reference electrophiles 2a—e, we have derived the nucleophile-
specific parameters N and s, which are listed in Table 2. As the
reactivity of the carbanion la~ was only investigated towards two
reference compounds of comparable electrophilicity (see ESIT),
the corresponding N and s values have not been calculated.

According to Fig. 3, the benzenesulfonyl-stabilized benzyl
anions (1b-d)~ are considerably more nucleophilic than their
trifluoromethanesulfonyl-stabilized analogues®—* (4 to 7 units in
N) and the corresponding a-nitrobenzyl anions.

To include the carbanion la-, detailed structure-reactivity
correlations shall, therefore, be based on individual rate constants.
Second-order rate constants for the reactions of the quinone
methide 2b have been measured with all sulfonyl-stabilized car-
banions 1~ except 1d~. Because the electrophilicity of 2b is only
slightly smaller than that of 2¢ and 2d, the rate constant for the
reaction of 1d~ with 2b can reliably be calculated from the lower
correlation line of Fig. 1 as k, = 8.70 M~!

Fig. 4 shows that the rate constants for the reactions of the
carbanions (la—d)~ with the quinone methide 2b correlate only
moderately with Hammett’s ¢~ parameters. The correlation with
o, 1s even worse, and because of the deviation of p-CN and p-NO,
in opposite directions from the correlation line, a Yukawa—Tsuno
treatment** would not improve the fit.

In agreement with a higher negative charge density at the
benzylic carbon of carbanions (la-d)~, the Hammett reaction
constant p is more negative than for the analogous reactions of the
corresponding trifluoromethanesulfonyl-stabilized anions (Fig. 4,
lower graph).

In contrast, the Bronsted correlation shown in Fig. 5 is of
high quality though the rate constant for the p-cyano substituted
compound lies slightly above the depicted correlation line as

N (DMSO)

OoN 15—

©
25 SO,Ph
1b
— F3C
24—
©
231~ SO,Ph
-_— 1c
NC
221~
211
201~ <]
N02 SO,Ph
191~ 1d
Hs;C — — ON °
SNoy 18/~
No2 — 17 F3C ©
NC o /O/\SOZCF3
16~
/O/\NOZ NC ©

14+ ON

Fig. 3 Comparison of the nucleophilicities of differently substituted
benzyl anions in DMSO.

6 - X=m-Cl
Om) log k,=-3.54 0,_+5.83
X=p-CFs R%=0.888
X=p-CN

[ X=CH,

109 K2 ey
N w

| logk,=-2370,-+1.12
2 b R?=0.919

-03 014 01 03 05 07 09 11 13

Fig. 4 Correlations of the logarithmic second-order rate constants
of the reactions of quinone methide 2b with the carbanions (la-d)~
and the trifluoromethanesulfonyl-stabilized carbanions (DMSO) with the
Hammett ¢,~ values. Filled symbols: experimental rate constants; open
symbols: k, calculated by eqn (1).

previously found in the Hammett plot (see Fig. 4). The slope
of the Bronsted correlation in Fig. 5 (f = 0.58) is 1.44 times
larger than that of the corresponding Brensted plot for the
reactions of the carbanions 1~ with n-butyl chloride (8 = 0.402),'>!3
in agreement with previous observations that the variation of
nucleophiles affects the reactivities toward C,3 electrophiles to
a smaller degree than the reactivities toward C,,; electrophiles.*
Systematic investigations of Sy2 reactions with sulfonyl-stabilized
carbanions are presently under investigation.
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Fig. 5 Bronsted plot for the reactions of sulfonyl-stabilized carbanions
(1la—d)~ with the quinone methide 2b (DMSO). Filled symbols: experimen-
tal rate constants; open symbol: calculated (eqn (1)) rate constant.

Conclusions

The second-order rate constants for the reactions of the
benzenesulfonyl-stabilized carbanions (la—-d)~ with the elec-
trophiles 2—6 can be described by eqn (1) within the postulated
accuracy of a factor 10-100. However, all second-order rate
constants for the additions of (la—d)~ to the electrophiles 4-6
are 5-24 times smaller than predicted by eqn (1) based on the
N and s parameters derived from the reactions of 1~ with the
reference electrophiles 2 and 3. This observation is in line with
the previously reported systematic deviations of the reactions
of the dimedone anion and the anion of diethyl malonate with
the Michael acceptors 4-6.2° Though these systematic deviations
suggest that one should derive correlation equations for separate
groups of electrophiles, we rather stick to a single set of universal
parameters and accept the relatively low accuracy of eqn (1) in
order to have a simple and unambiguous correlation, which makes
reliable estimates in a reactivity range of more than thirty orders
of magnitude. Nevertheless, further investigations are going on in
order to understand the origin of these deviations.

Experimental

'H and “C NMR chemical shifts are expressed in ppm and refer
to the corresponding solvents (0y 2.50, d¢ 39.5 for DMSO-d, and
ou 7.26, 6 77.2 for CDCl;), J values are given in Hz. DEPT
and HSQC experiments were employed to assign the signals. All
reactions were performed under an atmosphere of dry argon. Dry
DMSO for kinetics was purchased (<50 ppm H,0). Sulfones 1a—
d were synthesized from the corresponding benzyl bromides and
sodium benzenesulfinate in DMSO according to ref. 36.

General procedure for the synthesis of anionic addition products

Under an argon atmosphere equimolar amounts of potassium
tert-butoxide (~0.6 mmol) and sulfone 1 were dissolved in freshly
distilled THF (10 mL). The electrophile (~0.6 mmol) was then
added to this stirred solution and after 10 min the product was
precipitated by adding diethyl ether (10 mL).

7-. Yellow crystals, isolated as a mixture of diastereomers (3 :
2), which contain 0.5 equivalents of THF (from '"H NMR), 41%
yield. Major diastereomer: 6,;(400 MHz; DMSO-d,) 2.78 (9 H, s,
NMe and NMe,), 2.87 (3 H, s, NMe), 4.99 (1 H, d, J 12.0, C_CH),
6.17 (1 H, d, J 12.0, CH), 6.30 (2 H, d, J 8.7, Ar) and 7.24-7.64
(11 H, m, Ar); (100 MHz; DMSO-d;) 26.3 (NMe), 27.0 (NMe),
40.3 (CH),40.6 (NMe,), 73.0 (CH), 88.5(C™), 112.0 (C,,-H), 123.7
(Ca-H), 127.1-127.6 and 128.2-132.1 (§ x C,,-H and C,,-CF;),
132.3-140.8 (3 x C,,), 148.6 (C4,-N), 152.5 (CO), 160.6 (CO) and
161.3 (CO). Minor diastereomer: d4(400 MHz; DMSO-d;) 2.65
(6 H, s, NMe,), 2.87 (s, 3 H, NMe), 5.07 (1 H, d, J 11.9, C"CH),
6.27 (2 H,d, J 8.7, Ar), 6.56 (1 H, d, J 11.9, CH), 7.11 2 H, d,
J 8.7, Ar) and 7.24-7.64 (9 H, m, Ar); 6.(100 MHz; DMSO-d,)
26.3 (NMe), 27.0 (NMe), 40.3 (CH), 40.6 (NMe,), 68.5 (CH), 86.8
(C7), 111.6 (CA-H), 124.3 (C4,-H), 127.1-127.9 and 128.2-132.1
(5 x Co-H and C,,-CF;), 132.3-140.8 (3 x Cy,,), 147.6 (C4,-N),
152.1 (CO), 160.6 (CO) and 161.3 (CO).

8~. Yellow crystals, isolated as a mixture of diastereomers (5 :
4), which contain 0.3 equivalents of THF (from 'H NMR), 81%
yield. Major diastereomer: 6,;,(400 MHz; DMSO-d,) 2.78 (3 H, s,
NMe), 2.78 (6 H, s, NMe,), 2.87 (3 H, s, NMe), 4.97 (1 H, d, J 12.0,
C-CH), 6.12 (1 H, d, J 12.0, CH), 6.31 (2 H, d, J 8.8, Ar) and
7.08-7.68 (11 H, m, Ar); 6-(100 MHz; DMSO-d,) 26.3 (NMe),
27.0 (NMe), 40.2 (CH), 40.6 (NMe,), 73.2 (CH), 88.5 (C), 110.0
(Car-CN), 112.0 (C4-H), 118.9 (CN), 127.1-132.2 (6 x C,,-H),
132.2 (C,,), 140.5 (Cy,), 140.6 (C,,), 148.6 (C4-N), 152.5 (CO),
160.5 (CO) and 161.3 (CO). Minor diastereomer: o.(400 MHz;
DMSO0-d¢) 2.66 (6 H, s, NMe,), 2.87 (3 H, s, NMe), 5.04 (1 H, d,
J11.8,C-CH),6.27(2H,d, J 8.9, Ar), 6.56 (1 H, d, J 11.9, CH),
7.10 (2 H, d, J 8.8, Ar) and 7.08-7.68 (9 H, m, Ar); d-(100 MHz,
DMSO-d¢) 26.3 (NMe), 27.0 (NMe), 40.2 (CH), 40.6 (NMe,),
68.7 (CH), 86.7 (C7), 110.0 (C4,-CN), 111.5 (C,,-H), 118.7 (CN),
127.1-132.3 (6 x Cu-H), 132.8 (Cy,), 139.9 (C,,), 140.5 (Cy)),
147.7 (Cx-N), 152.1 (CO), 160.5 (CO) and 161.3 (CO).

9-. Orange crystals, isolated as a mixture of diastereomers (7 :
3), which contain 0.2 equivalents of THF (from '"H NMR), 69%
yield. Major diastereomer: 6,;(400 MHz; DMSO-d) 2.78 (6 H, s,
NMe,), 453 (1 H,d, J 11.9, C"CH), 597 (1 H, d, J 11.9, CH),
6.34(2H,d, J 8.9, Ar) and 6.69-7.63 (15 H, m, Ar); 5.(100 MHz;
DMSO0-d) 40.2 (CH), 40.5 (NMe,), 72.8 (CH), 106.8 (C"), 109.9
(Ca-CN), 112.1 (C4-H), 115.9 (C,,-H), 118.7 (CN), 127.4-132.3
(6 x Ca-H), 132.0 (C,,), 140.0-140.6 (4 x C,,), 148.6 (C4,-N) and
186.8 (2 x CO). Minor diastereomer: 6;(400 MHz; DMSO-d,)
2.65 (6 H, s, NMe,), 4.57 (1 H, d, J 11.3, C-CH), 6.27-6.35
(3 H, m, CH and Ar) and 6.69-7.63 (15 H, m, Ar); 6.(100 MHz,
DMSO0-d) 40.2 (CH), 40.2 (NMe,), 69.5 (CH), 105.1 (C"), 109.9
(Car-CN), 111.7 (Cx-H), 115.8 (C4,-H), 118.7 (CN), 127.4-132.3
(6 x Cx-H), 133.0 (C,,), 140.0-140.6 (4 x C,,), 147.6 (C4,-N) and
187.3 (2 x CO).

General procedure for the synthesis of neutral addition products
10-13

Under an argon atmosphere equimolar amounts of potassium
tert-butoxide (~0.4 mmol) and sulfone 1 were dissolved in freshly
distilled THF (15 mL). A solution of the quinone methide 2
(~0.4 mmol) in THF (20 mL) was then added to this solution
and stirred for 1.5 h. After removal of the solvent in the vacuum
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the residue was washed with saturated NH,Cl solution, extracted
with EtOAc, and dried over Na,SO,. In order to obtain the
major diastereomer, the crude product was purified by column
chromatography (SiO,, hexane-EtOAc) twice and crystallized
from ethanol. The absolute conformation of the diastereomer was
not determined.

4-[2-Benzenesulfonyl-2-(3-chlorophenyl)-1-(4-dimethylaminoph-
enyl)ethyl]-2,6-di-zerz-butylphenol 10. Yellow crystals, 7% yield,
mp 222-224°C. §,;(300 MHz; CDCl;) 1.19 (18 H, 5, 2 x C(CHs;)5),
2.84 (6 H, s, NMe,), 4.80 (1 H, s, OH), 4.82 (1 H, d, J 10.4, CH),
4.86(1H,d,J10.1,CH), 6.55(2 H, brs, Ar), 6.75 (2 H, s, Ar) and
6.90-7.38 (11 H, m, Ar); 6-(75.5 MHz; CDCl;) 30.3 (6 x CHs),
34.3 (2 x C(CH,);), 41.0 (NMe,), 51.7 (CH), 75.9 (CH), 113.2
(Car), 125.3 (CA-H), 128.1 (C,A,-H), 128.6 (2 x Cu,-H), 128.9 (C,,-
H), 129.1 (C4,-H), 131.1 (C4,-H), 132.3 (C4,-H), 132.9 (C4,-H),
133.8 (Cy,), 135.5 (Cyp), 135.6 (Cy,), 140.0 (Cy,) and 152.1 (Cy,);
m/z (EI) 603.2567 (M*. C;H,,CINO;S requires 603.2574), 603
(M*, 1%), 461 (55), 338 (100), 322 (45), 280 (17), 134 (19), 127 (17)
and 125 (55).

4-|2-Benzenesulfonyl-1-(4-dimethylaminophenyl)-2-(4-trifluoro-
methylphenyl)ethyl]-2,6-di-tert-butylphenol 11. Colourless crys-
tals, 9% yield, mp 209-211 °C. 64(300 MHz; CDCl;) 1.16 (18 H, s,
2 x C(CHa,)s), 2.82 (6 H, s, NMe,), 4.79 (1 H, s, OH), 4.85 (1 H,
d, J 10.1 Hz, CH), 495 (1 H, d, J 10.1, CH), 6.50 2 H, d, J 7.7,
Ar), 6.72 (2 H, s, Ar) and 7.11-7.37 (11 H, m, Ar); 6.(75.5 MHz;
CDCl;) 30.3 (6 x CHs;), 34.2 (2 x C(CH,),), 41.0 (N(CH3),), 51.8
(CH), 76.1 (CH), 113.3 (C,,-H), 122.2 (CF3), 124.8 (2 x C,,-H),
125.3 (Ca-H), 128.5 (Cy,-H), 128.7 (C4,-H), 128.9 (C4,-H), 129.9
(Car), 130.4 (C,,), 131.3 (Cy,-H), 132.0 (C,,), 133.0 (Cy,-H), 135.6
(Cap), 137.8 (Cap), 140.0 (Cy,), 149.4 (C,,) and 152.1 (Cy,); m/z
(EI) 637.2820 (M*. Cy;H,,F;NO;S requires 637.2838), 637 (M*,
2%), 338 (100).

4-[1-Benzenesulfonyl-2-(3,5-di-zert-butyl-4-hydroxyphenyl)-2-
(julolidin-9-yl)ethyl]benzonitrile 12. Yellow crystals, 22% yield,
mp >165 °C (dec.). 0y(300 MHz; CDCL;) 1.17 (18 H, s, 2 x
C(CH.,),), 1.79 (4 H, m, CH,), 2.45 (4 H, m, CH,), 2.95 (4 H, t, J
5.5,CH,),4.56 (1 H, d, J 10.8, CH), 4.78 (1 H, s, OH), 4.93 (1 H,
d, J 10.8, CH), 6.46 (2 H, s, Ar), 6.68 (2 H, s, Ar) and 7.17-7.40
(9 H, m, Ar); 5-(75.5 MHz; CDCl;) 22.2 (CH,), 27.7 (CH,), 30.3
(6 x CH3), 34.3 (2 x C(CH;);), 50.0 (CH,), 52.7 (CH), 76.2 (CH),
111.8 (CA-CN), 118.6 (CN), 121.6 (C,,), 124.9 (C,-H), 126.7
(Ca-H), 127.5 (Cy,), 128.2 (Cy,-H), 128.4 (C4,-H), 131.6 (C4,-H),
132.2 (C,,), 132.7 (Ca,-H), 135.7 (C,,), 139.0 (C,,), 140.5 (Ca)),
142.2 (C,,) and 152.0 (C,,); m/z (EI) 646.3231 (M*. C,;H4,N,O,S
requires 646.3229), 646 (M*, 2%), 504 (17), 390 (100), 374 (10) and
116 (11).

4-[1-Benzenesulfonyl-2-(3,5-di-tert-butyl-4-hydroxyphenyl)-2-
(4-dimethylaminophenyl)ethyl]benzonitrile 13. Colourless crys-
tals, 16% yield, mp 237-238 °C. 64(300 MHz; CDCl;) 1.17
(18 H, 5,2 x C(CHs;)s), 2.81 (6 H, s, NMe,), 4.81 (1 H, s, OH), 4.82
(1H,d,J10.3,CH),4.96 (1 H,d, J 104, CH), 6.45(2H,d, J 8.3,
Ar), 6.72 (2 H, s, Ar) and 7.07-7.36 (11 H, m, Ar); 6-(75.5 MHz;
CDCl;) 30.3 (6 x CHs;), 34.3 (2 x C(CH;);), 40.8 (N(CH,),), 51.8
(CH), 76.1 (CH), 111.8 (C,,-CN), 113.1 (C,,), 118.5 (CN), 125.1
(Car), 128.4 (Cy,-H), 128.7 (Cy,-H), 128.8 (C4,-H), 131.5 (C,,-H),
131.9 (Ca)), 133.1 (Cu,-H), 135.8 (C,,), 139.2 (Cy,), 139.9 (Cy)),

149.5 (Cy,) and 152.1 (Cy,); m/z (EI) 594.2901 (M*. C;H,,N,O,S
requires 594.2916), 594 (M, 2%), 338 (100).

Kinetic experiments

During all kinetic studies the temperature of the solutions was kept
constant (20 + 0.1 °C) by using a circulating bath thermostat.
Dry DMSO for kinetics was purchased (<50 ppm H,O). For
the evaluation of kinetics the stopped-flow spectrophotometer
systems Hi-Tech SF-61DX2 or Applied Photophysics SX.18M V-
R stopped-flow reaction analyzer were used. Rate constants k.,
(s™") were obtained by fitting the single exponential 4, = A4,
exp(—kqst) + C to the observed time-dependent electrophile
absorbance (averaged from at least 3 kinetic runs for each
nucleophile concentration). For the stopped-flow experiments 2
stock solutions were used: a solution of the electrophile in DMSO
and a solution of the carbanion, which was generated by the
deprotonation of the CH acid with 1.05 equivalents of base.
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The photochemical C—C bond cleavage of bicyclic aziridines 7 and subsequent [3 + 2] cycloaddition
with electron-deficient alkenes and alkynes afforded the novel head-to-head adducts selectively and
efficiently. The adducts contain the naturally occurring 8-azabicyclo[3.2.1]Joctane skeleton (e.g. tropane
alkaloids). The aziridine 8 fused with a 6-membered ring also afforded the cycloadducts but in poor
yields. The methylaziridine 9 reacted with an electron-deficient alkene, affording the head-to-tail adduct
23 in addition to head-to-head adducts 22a and 22b. The photoreactions of bicyclic aziridines with
alkenes and alkynes indicate a similar behavior to that of aziridines with a linear chain.

Introduction

For the construction of pyrrolidine-containing heterocycles, the
1,3-dipolar cycloaddition of azomethine ylides with alkenes is an
important and useful strategy.! The aziridine ring is cleaved to
give the corresponding azomethine ylide on irradiation or under
thermal conditions.? In general, the 1,3-dipolar cycloaddition of
an azomethine ylide possessing one electron-withdrawing group
(EWG) at the ylide carbon and electron-deficient alkenes affords
head-to-tail adducts (2,4-disubstituted pyrrolidines).?

Recently, we reported that B-aziridinylacrylonitrile 1 or acrylate
2 undergo ring opening by irradiation or heating and subsequent
[3 + 2] cycloaddition with electron-deficient alkenes, leading to
head-to-head adducts (2,3-disubstituted pyrrolidines) selectively
and efficiently (Scheme 1).* One of the resonance forms, the bi-
radical intermediate A, primarily contributes to the cycloaddition
rather than the other resonance form, the azomethine ylide B.
In contrast, the head-to-tail adducts are also formed only in the
thermal reactions of the aziridine 2b because the stabilization of
the azomethine ylide intermediate B (R> = Ph) is increased by the
phenyl substituent.*

We have also reported that the photochemical C-C-bond
cleavage of bicyclic epoxide 3 and consequent [3 + 2] cycloaddition
with ethyl vinyl ether afforded 8-oxobicyclo[3.2.1]octane 4.° We
have considered that the 8-azabicyclo[3.2.1]octane skeleton could
be also constructed from bicyclic aziridines. This skeleton occurs
naturally in the tropane alkaloids, which possess a wide range of
biological activities. The tropane skeletons 6 are mainly synthe-
sized from 3-oxidopyridinium betaines 5 by dipolar cycloaddition
(Fig. 1).* A synthesis of 6, involving thermal ring opening of a
bicyclic aziridine and cycloaddition, has been reported by only
one research group.”

Meiji Pharmaceutical University, 2-522-1 Noshio, Kiyose, Tokyo, 204-
8588, Japan. E-mail: ishiikei@my-pharm.acjp; Fax: +81 (0)42 495 8783,
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T Electronic supplementary information (ESI) available: phase-sensitive
NOESY of compounds (E)-15a, (Z)-15a, (E)-15b, (2)-17a, (Z)-18a, (Z)-
18b and ¢, (Z)-23 and 25a. See DOI: 10.1039/b805801f
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In this paper, we describe the scope and limitation of the
cycloadditions of bicyclic aziridines 7-10 (Fig. 2) with alkenes
and alkynes for the construction of the 8-azabicyclo[3.2.1]octane
skeleton.
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Results and discussion
Preparation of aziridines

The vy,0-epimino o,B-unsaturated esters 7 and 8 were prepared
by the Horner-Emmons reaction of the ketones 11* and 128
with triethyl phosphonoacetate in 89% (E:Z = 45 : 55) and 68%
(E:Z = 35 : 65) yields, respectively. In a similar manner, the &
methyl v,6-epimino o,p-unsaturated ester 9 was obtained from
iodoenone 13 by treatment with benzylamine, caesium carbonate
and 1,10-phenanthroline (25% yield) and a subsequent Horner—
Emmons reaction of the obtained aziridine 14 with triethyl
phosphonoacetate in 71% (E:Z = 49 : 51) yield. The (£) and
(Z) configurations of 7-9 were determined by means of the
chemical shifts of their 'H NMR spectra (see Experimental); they
showed signals due to 1-H of the (Z)-isomers at a lower field
(0 3.45-3.69) than those of E-isomers (0 2.06-2.46) because of
the deshielding effect of the carboxyl group.” The dinitrile 10
was synthesized from the ketone 11 and malononitrile by the
Knoevenagel condensation' in 69% yield (Scheme 2).

Reactions of aziridine 7 with various alkenes and alkynes

Direct irradiation of a solution of the aziridine (Z£)-7 with 3 equiv.
methyl acrylate in acetonitrile with a low-pressure mercury lamp in
a quartz test tube at room temperature afforded the head-to-head
exo- and endo-adducts (Z)-15a and (Z)-15b in moderate yields,
respectively (Table 1, entry 2). The 1,7-configurations of (Z)-15a
and (Z£)-15b were determined by means of the coupling constant of
1-H in the "H NMR spectra; they showed a singlet for 1,7-cis and
a doublet (J 7.0 Hz) for 1,7-trans. The coupling constant of 1-H
is nearly the same as those of the analogous adducts derived from
carbonyl ylides and alkenes.* The aziridine (E)-7 also reacted with
methyl acrylate to give the adducts (£)-15a and (E)-15b (Table 1,
entry 1), whose stereochemistries could not be determined by the
coupling constant of 1-H owing to the overlapping with the signal

0]

i
— (E/2)-7
iii 10
N\Bn
118
(0]
i
N—Bn —> (E/Z)-8
128

[0} (o}
g —- (Er2)9
N\Bn
13 14

Scheme 2 Reagents and conditions: i, (EtO),P(O)CH,CO,Et, NaH, DMF
or CH,Cl,, rt; ii, BhNH,, Cs,CO;, xylene, 95 °C; iii, CH,(CN),, NH,OAc,
AcOH, benzene, rt.

of 3-H. Therefore, the stereochemistries of (E)-15a and (E)-15b
were primarily deduced from the phase-sensitive NOESY spectra
(see ESIT)." The (E) and (Z) configurations of 15 were assigned by
the chemical shifts of 1-H, as mentioned for the case of aziridines
7-9. The photochemical reactions of aziridine 7 with fert-butyl
acrylate (entry 3), N-phenylmaleimide (entries 4 and 5), dimethyl
maleate (entry 6), dimethyl fumarate (entry 7), methyl propiolate
(entry 8), and dimethyl acetylenedicarboxylate (entries 9 and 10)
were performed, and the results are summarized in Table 1 and
Fig. 3.

The exo-products (e.g., 15a, 16a and 17a) were formed pref-
erentially and independently of the (E/Z)-configuration of the
exocyclic double bond. In the transition state C (Fig. 3) the carboxy
group of the alkenes is presumably orientated to be outside the
ring, because of the steric hindrance of the exocyclic double
bond of aziridine ring-cleaved intermediates. (E/Z)-Isomerization
of the exocyclic double bond was not observed during the
irradiation, because the isomerization would occur mainly via the
triplet state of aziridine compounds.*® The reaction of aziridine
7 with dimethyl maleate afforded the 6,7-cis (Z)-18a and 6,7-
trans dicarbonyl compounds (Z)-18b and (Z£)-18c (entry 6). The
results may indicate that the cycloaddition proceeds stepwise
and/or that the maleate isomerizes to the corresponding fumarate

Table 1 Photochemical reactions of aziridine 7 with various alkenes and alkynes*

Entry Aziridine Alkene/alkyne Reaction time/h Conversion (%) Products (yield (%)")
1 (E) Methyl acrylate 2 100 (E)-15a (49) and (E)-15b (22)
2 (2) Methyl acrylate 3 100 (Z)-15a (38) and (Z)-15b (21)
3 (E) t-Butyl acrylate 4 94 (E)-16a (62) and (E)-16b (3)
4 (E) N-Phenylmaleimide 3 80 (E)-17a (59) and (E)-17b (20)
5 (2) N-Phenylmaleimide 2 81 (Z)-17a (60) and (Z)-17b (12)
6 2) Dimethyl maleate 4 99 (Z)-18a (31), (£)-18b (14) and (Z)-18¢ (3)
7 (2) Dimethyl fumarate 3 100 (Z)-18b (52) and (Z)-18c¢ (21)
8 (2) Methyl propiolate 4 80 (Z2)-19 (59)
9 (E) Dimethyl 1.5 98 (E)-20 (62)

acetylenedicarboxylate
10 2) Dimethyl 4 100 (Z2)-20 (55)

acetylenedicarboxylate

“ A 0.060 mol dm~* solution of aziridine in acetonitrile with 3 equiv. of alkene or alkyne was irradiated at RT.
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photochemically. The reactions of aziridine 7 and alkynes also
gave the adducts 19 and 20 in moderate yields (entries 8-
10). In comparison with the cycloaddition of linear aziridine
1 with dimethyl maleate, dimethyl fumarate, and dimethyl
acetylenedicarboxylate,* bicyclic aziridine 7 reacted smoothly
with those compounds to afford the corresponding adducts.

The structures of adducts 1620 were also deduced on the basis
of their spectral data. In particular, the stereochemistries of 1618
were determined by the chemical shift and the multiplicity of the
signals at H-C(1) and H-C(7) for 16 and 18 and at H-C(6) and H-
C(7) for 17 in the "H NMR spectra (see Table 2) in comparison with
those of the compounds (E/Z)-15a and (E/Z)-15b. Furthermore,
the structures of (Z)-17a and (Z)-18a—c were also confirmed by
phase-sensitive NOESY spectra (see EST)."

Reactions of aziridines 8, 9 and 10 with an alkene and an alkyne

The photochemical reactions of 8-10 with an alkene and an
alkyne were performed, and the results are summarized in
Table 3 and Fig. 4. In order to study the effects of the fused
ring size in the bicyclic aziridine on the [3 + 2] cycloaddition
with an alkyne, the aziridine (Z£)-8 was irradiated with dimethyl
acetylenedicarboxylate. The yield of the adduct (Z)-21 from (Z)-
8 drastically decreased (Table 3, entry 1) relative to that of the
adduct (Z)-20 from the aziridine (Z£)-7 (Table 1, entry 10). The
same phenomenon has been also observed in the cycloaddition of
7-membered carbonyl ylide and an alkene (4% yield).**'

The methyl substituent at the 5-position in aziridine (Z£)-9 had
an effect on adduct distribution; the irradiation of (Z)-9 with

Table 2 The chemical shift (ppm) and multiplicity of H-C(1) and H-C(7) in the '"H NMR spectra (in CDC;) for 15-18, 22 and 25

exo-Adduct Orcay On.co endo-Adduct Orcay Onca

(E)-15a NA“ 2.88 dd (E)-15b NA 3.39-3.47 br dt
(Z2)-15a 531s 2.88 dd (2)-15b 5.34d 3.46-3.56 br dt
(E)-16a NA 2.78 dd (E)-16b 3.55d NA

(E)-17a NA 3.27 or 3.31d° (E)-17b¢ 3.53-3.56 br d¢ 3.17 dd*
(Z2)-17a 5.43¢¢ — (Z2)-17b 5.72 d* 4.03 dd*
(Z2)-18a¢ 5.81s 3.70d (Z)-18b¢ 5.87d 428t

(Z)-18¢¢ 5.89s 3.65-3.67 brd

(Z2)-22a 5.13s 2.78 dd (2)-22b 5.10d 3.30-3.39 br dt
25a 4.50s 2.89 dd 25b 4.36d 3.55-3.64 br dt

“ The signal overlapped with another signal. ® Values for H-C(6). ¢ Spectra taken in C4D,. ¢ Values for H-C(7).

Table 3 Photochemical reactions of aziridines 8, 9 and 10 with an alkene and an alkyne*

Entry Aziridine Alkene/Alkyne Reaction time/h Conversion (%) Products and yields (%)"

1 (Z2)-8 Dimethyl acetylenedicarboxylate 3.5 96 (Z2)-21 (17)

2 (2)-9 Methyl acrylate 2 69 (Z)-22a (18), (Z2)-22b (5) and (Z£)-23 (5)
3 (2)-9 Dimethyl acetylenedicarboxylate 2 100 (2)-24 (61)

4 10 Methyl acrylate 3 100 25a (33) and 25b (13)

5 10 Dimethyl acetylenedicarboxylate 2 98 26 (28)

“ A 0.060 mol dm~* solution of aziridine in acetonitrile with 3 equiv. of alkene or alkyne was irradiated at RT.
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Fig. 4

methyl acrylate afforded the head-to-tail adduct (Z)-23 as well
as head-to-head adducts (Z£)-22a and (£)-22b (Table 3, entry 2).
The formation of the head-to-tail adducts has previously been
observed in the thermal reactions of phenyl-substituted aziridines
2b (Scheme 1).* The adduct (£)-23 formed presumably via the
azomethine ylide intermediate stabilized by the methyl substituent.
The sum of yields for all adducts from (Z£)-9 were reduced
owing to steric reasons. The reaction of (Z£)-9 with dimethyl
acetylenedicarboxylate, however, proceeded smoothly, as did that
of 7 (Table 1, entries 9 and 10).

The electron-withdrawing inductive effects in the side chain of
the bicyclic aziridine on the [3 + 2] cycloaddition with alkenes
were studied. In earlier studies of the 1,3-dipolar cycloaddition
of carbonyl ylide and alkenes, the carbonyl ylides possessing a
stronger electron-withdrawing substituent (e.g., dinitrile) reacted
with electron-rich alkenes better than weaker ones (e.g., diester and
mononitrile).* Linear dicyanoaziridine reacts with non-electron-
deficient alkenes (vinyl acetate and isoprene) to give the adducts.*
The reactions of the bicyclic dicyanoaziridine 10 with non-
electron-deficient alkenes (vinyl acetate and isoprene) afforded no
cycloadducts, and the yields of the reactions of 10 and electron-
deficient alkene and alkyne were lower (Table 3, entries 4 and 5)
relative to those of (Z£)-7 (Table 1, entries 2 and 10).

The stereo- and regiochemistries of 21-25 were deduced on the
basis of their spectral data. In particular, (E/Z)- and endo/exo-
configurations of 22 and 25 were determined by the chemical shift
and the multiplicity of the "H NMR signals at H-C(1) and H-C(7)
(see Table 2) in comparison with those of the compounds (E/Z)-
15a and (E/Z)-15b. Furthermore, the structure of 25a was also
confirmed by the phase-sensitive NOESY spectrum (see ESI)."
The regiochemistry of (Z£)-23 was determined by the '"H NMR
spectrum; the signals at 6 1.83 (dd) and ¢ 2.51-2.61 (br ddd)
due to 2H-C(7) and at 6 4.91 due to H-C(1) were observed. The
assignment of the exo-configuration of (Z£)-23 was deduced from
the phase-sensitive NOESY spectrum (see ESI)."

Conclusions

The reactions of bicyclic aziridine 7 with electron-deficient
alkenes and alkynes selectively and efficiently afforded the novel
head-to-head adducts, whose skeleton, 8-azabicyclo[3.2.1]octane,

CO,Et CO,Et
-ICOZMe
COzMe
(2)-22b
(E 1CO,Me @C%Me
CO,Me
25b

is found in nature (e.g., tropane alkaloids). However, the 7-
azabicyclo[4.1.0]heptane 8 reacted with alkyne to give the adduct
in low yields. The reactions of 5-methylaziridine 9 with electron-
deficient alkenes gave head-to-tail adducts 23 in addition to
head-to-head adducts. The dicyanoaziridine 10 reacted also with
electron-deficient alkenes, but not with non-electron-deficient
alkenes. The photoreactions of bicyclic aziridines and alkenes
showed similar behavior to that of linear aziridines (e.g., 1 and
2). However, the bicyclic aziridines reacted with alkynes better
than linear aziridines.

Experimental
General

Melting points were measured with a Yanaco MP-3 apparatus
and are uncorrected. IR spectra were recorded on a Hitachi 215
spectrometer. 'H NMR spectra were obtained with a JEOL JNM-
AL300 (300 MHz), a JEOL JNM-AL400 (400 MHz) or a JEOL
JNM-LAS500 (500 MHz) spectrometer, and J values are given in
Hz. ®C NMR spectra were recorded on a JEOL JNM-AL300
(75 MHz), a JEOL JNM-AL400 (100 MHz) or a JEOL JNM-
LAS00 (125 MHz) spectrometer. Unless otherwise noted, NMR
spectra were measured in CDCIl; using tetramethylsilane as an
internal standard at rt. Mass spectra (MS) and high-resolution
MS (HRMS) were taken on a JEOL JMS-700 spectrometer in the
EI mode at ionization potential of 70 eV. Column chromatography
was performed with Merck silica gel 60 (230-400 mesh) and
preparative TLC with Wakogel B-5F.

An Eikosha 60 W low-pressure mercury lamp was used for
irradiation. The photolysis solutions were purged with argon
before and during irradiation.

Preparations of aziridines

Ethyl (E)-(6-benzyl-6-azabicyclo|3.1.0Jhex-2-ylidene)acetate
[(E)-7] and ethyl (Z£)-(6-benzyl-6-azabicyclo[3.1.0]hex-2-ylidene)-
acetate [(£)-7]. To a suspension of NaH [197 mg, 8.2 mmol;
prepared from a NaH dispersion (60%, 329 mg) by washing it
twice with hexane (5 cm’)] in dry DMF (15 cm®)] was added
dropwise triethyl phosphonoacetate (1.65 cm?, 8.2 mmol) at room
temperature. After the mixture had been stirred for 20 min at room
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temperature, ketone 11 (1.40 g, 7.48 mmol) was added dropwise,
and the stirring was continued for 1 h at room temperature.
Ice—water was added to the mixture, and the organic phase was
extracted with diethyl ether. The ethereal extract was washed
with brine, dried with MgSO,, and concentrated in vacuo, giving
a residue that was subjected to flash column chromatography
[methylene chloride—ethyl acetate (29 : 1)] to afford (E)-7 (761 mg,
40%) and (Z)-7 (940 mg, 49%).

(E)-7, an oil (Found: M* 257.1422. C,;H,,NO, requires M,
257.1416); vy (film)/cm™" 1690 (C=0); J, (300 MHz) 1.27 (3 H,
t,J 7.2, CH,), 1.73-1.86 (1 H, br dtd, J 13, 9 and 3, 4-H), 2.07-
2.15(1 H, brdd, J 13 and 8.5, 4-H), 2.24-2.38 (1 H, m, 3-H), 2.46
(1H,d, J 4.4, 1-H), 2.53-2.56 (1 H, br dd, J 4 and 3, 5-H), 3.19
(1 H, dd, J 18.5 and 9.4, 3-H), 3.51 and 3.58 (2 H, each d, J 14.1,
CH,Ph),4.15(2H, q, J 7.2, OCH,), 5.96 (1 H, t, J 2.2, C=CH)
and 7.23-7.34 (5 H, m, Ph); é. (75 MHz) 14.3 (q, CH;), 27.5
(2t, C-3 and -4), 47.4 and 50.3 (2 d, C-1 and -5), 59.7 and 61.5
(2t, OCH, and CH,Ph), 113.5 (d, C=CH), 126.9, 127.4 and 128.3
(3d, 5Cin Ph), 138.8 (s, 1 C in Ph), 164.0 (s, C-2) and 166.4
(s, CO); m/z 257 (M*, 82%), 138 (35), 120 (29) and 91 (100).

(2)-7, an oil (Found: M* 257.1417. C,;H;,NO, requires M,
257.1416); vy (film)/cm™ 1695 (C=0); é4 (300 MHz) 1.25
(3H,t J 72, CH,), 1.66-1.78 (1 H, m, 4-H), 1.97-2.05 (1 H,
br dd, J 13 and 8, 4-H), 2.19-2.29 (1 H, br dd, J 17 and 9, 3-H),
2.33-2.47 (1 H, m, 3-H), 2.56 (1 H, dd, J 4.2 and 3.3, 5-H), 3.40
and 3.76 (2 H, each d, J 13.9, CH,Ph), 3.69 (1 H, d, J 4.2, 1-H),
417(2H,q,J 7.2,0CH,), 5.84 (1 H, br s, C=CH) and 7.21-7.37
(5 H, m, Ph); ¢ (75 MHz) 14.3 (q, CH;), 26.3 and 30.7 (2 t, C-3
and -4), 45.6 and 48.9 (2 d, C-1 and -5), 59.7 and 61.6 (2 t, OCH,
and CH,Ph), 114.4 (d, C=CH), 126.9, 127.6 and 128.2 (3d, 5C
in Ph), 139.0 (s, C in Ph), 163.5 (s, C-2) and 166.5 (s, CO); m/z 257
(M, 89%)), 138 (38), 120 (29) and 91 (100).

Ethyl  (E)-(7-benzyl-7-azabicyclo[4.1.0]hept-2-ylidene)acetate
[(E)-8] and ethyl (Z)-(7-benzyl-7-azabicyclo[4.1.0]hept-2-ylidene)-
acetate [(Z£)-8]. By analogy with the synthesis of 7, ketone
128 (2.60 g, 12.9 mmol) was treated with NaH (60%, 568 mg,
14.2 mmol) and triethyl phosphonoacetate (2.83 cm?®, 14.2 mmol)
in dry DMF (26 c¢cm?) at room temperature, and the resulting
mixture was stirred for 1 h at room temperature. Flash column
chromatography [hexane—ethyl acetate (4 : 1)] of the reaction
mixture afforded (E)-8 (848 mg, 24%) and (Z)-8 (1.53 g, 44%).

(E)-8, an oil (Found: M* 271.1568. C,;H, NO, requires M,
271.1572); vpae (film)/cm™ 1710 (C=0); dy (300 MHz) 1.27
(3H,t J 72, CH,), 1.35-1.46 (1 H, m, 4-H), 1.66-1.77 (2 H,
m, 4- and 5-H), 1.93-2.14 (2 H, m, 5- and 6-H), 2.06 (1 H, d, J 6.1,
1-H), 2.60-2.72 (1 H, m, 3-H), 2.79-2.89 (1 H, br d, J 17, 3-H),
3.47 and 3.67 (2 H, each d, J 14.0, CH,Ph), 4.14 2 H, q, J 7.2,
OCH,), 5.85 (1 H, t, J 1.8, C=CH) and 7.21-7.33 (5§ H, m, Ph);
Jc (100 MHz) 14.5 (q, CH;), 19.5 (t, C-4), 23.7 and 25.9 (2 t, C-3
and -5), 42.2 and 45.0 (2 d, C-1 and -6), 59.6 and 63.9 (2t, OCH,
and CH,Ph), 117.3 (d, C=CH), 126.7, 127.3 and 128.1 (3d, 5C
in Ph), 138.9 (s, Cin Ph), 158.3 (s, C-2) and 165.8 (s, CO); m/z 271
(M*, 96%), 226 (25), 198 (43), 180 (100), 152 (66), 134 (30), 124
(18), 106 (24), 91 (90) and 58 (35).

(Z2)-8, an oil (Found: M* 271.1577. C;H, NO, requires M,
271.1572); Vo (film)/cm™" 1710 (C=0); J4 (300 MHz) 1.27
(3H,t,J7.2,CH;), 1.38-1.49 (1 H, m, 4-H), 1.58-1.71 and 1.73-
1.84 (2 H, 2 m, 4- and 5-H), 1.94-2.06 (3 H, m, 3-, 5- and 6-H),

2.34 (1 H, dddd, J 14.7, 8.1, 3.5 and 1.1, 3-H), 3.27 and 3.12
(2 H, each d, J 14.1, CH,Ph), 3.45 (1 H, d, J 6.1, 1-H), 4.14 and
4.15 (2 H, each q, J 7.2, OCH,), 5.84-5.85 (1 H, br s, C=CH) and
7.20-7.37 (5 H, m, Ph); . (100 MHz) 14.5 (q, CHs), 20.9 (t, C-4),
24.2 and 32.2 (2 t, C-3 and -5), 39.3 and 42.0 (2 d, C-1 and C-6),
59.7 and 64.1 (2 t, OCH, and CH,Ph), 117.9 (d, C=CH), 126.5,
127.5 and 128.0 (3 d, 5 C in Ph), 139.3 (s, C in Ph), 158.1 (s, C-2)
and 166.4 (s, CO); m/z 271 (M*, 100%), 242 (21), 226 (18), 198
(38), 180 (93), 152 (60), 134 (27), 124 (18), 106 (19) and 91 (90).

Ethyl (E)-(6-benzyl-5-methyl-6-azabicyclo|3.1.0]hex-2-ylidene)-
acetate [(E)-9] and ethyl (Z)-(6-benzyl-5-methyl-6-azabicyclo-
[3.1.0]hex-2-ylidene)acetate [(£)-9]. To a solution of iodoenone
13 (670 mg, 3.02 mmol) in xylene (6 cm®) were added benzylamine
(0.50 cm?, 4.53 mmol), caesium carbonate (1.47 g, 4.52 mmol), and
1,10-phenanthroline (543 mg, 3.02 mmol). The reaction mixture
was stirred 2 h at 50 °C. After silica gel filtration, preparative
TLC [hexane—ethyl acetate (2 : 1)] of the filtrate afforded 6-benzyl-
5-methyl-6-azabicyclo[3.1.0]hexan-2-one 14 (150 mg, 25%), an
oil (Found: M* 201.1146. C;;H,;sNO requires M, 201.1154); v,
(film)/cm~' 1705 (C=0); 4 (300 MHz) 1.54 (3 H, s, CH;), 1.85
(1 H, dt, J 12.7 and 9.2, 4-H), 1.96-2.06 (1 H, m, 3-H), 2.04
(1 H, s, 1-H), 2.18-2.27 (1 H, m, 4-H), 2.39-2.51 (1 H, br dt, J
17 and 9, 3-H), 3.74 (2 H, s, CH,Ph) and 7.22-7.35 (5 H, m, Ph);
Jc (100 MHz) 13.6 (q, CH5;), 31.5 and 34.3 (2 t, C-3 and -4), 50.0
(s, C-5), 52.8 (d, C-1), 55.3 (t, CH,Ph), 126.1, 127.1 and 128.3
(3d, 5 Cin Ph), 138.8 (s, C in Ph) and 212.7 (s, C-2); m/z 201
M+, 20%), 145 (5), 91 (100), 82 (20) and 65 (7).

By analogy with the synthesis of 7, ketone 14 (252 mg,
1.25 mmol) was treated with NaH (60%, 55 mg, 1.38 mmol)
and triethyl phosphonoacetate (0.27 cm?®, 1.38 mmol) in dry
methylene chloride (3 cm?) at room temperature, and the resulting
mixture was stirred for 1 h at room temperature. Flash column
chromatography [cyclohexane—ethyl acetate (3 : 1)] of the reaction
mixture afforded (£)-9 (117.8 mg, 35%) and (£)-9 (121.3 mg, 36%).

(E)-9, an oil (Found: M* 271.1574. C,;H, NO, requires M,
271.1572); Vo (film)/cm™ 1705 (C=0); dy (300 MHz) 1.27
(3H,t,J7.2,CH,;), 1.50 3H, m, 5-CH,), 1.72 (1 H, dt, J 12.8 and
9.2, 4-H), 2.08 (1 H, dd, J 12.8 and 9.0, 4-H), 2.22 (1 H, s, 1-H),
2.36 (1 H, dtd, J 18.4,9.2 and 2.8, 3-H), 3.21 (1 H, dd, J 18.4 and
9.0, 3-H), 3.67 and 3.81 (2 H, each d, J 14.8, CH,Ph), 4.15 (2 H,
q,J 7.2, OCH,), 5.88 (1 H, br s, C=CH) and 7.19-7.34 (5 H, m,
Ph); 6. (100 MHz) 13.4 (q, CHj;), 14.4 (q, 5-CH;), 28.1 (t, C-4),
34.9 (t, C-3), 50.8 (s, C-5), 55.4 (t, CH,Ph), 55.6 (d, C-1), 59.6 (t,
OCH,), 112.5 (d, C=CH), 126.4, 126.9 and 128.1 (3d, 5 Cin Ph),
139.4 (s, C in Ph), 165.6 (s, C-2) and 166.1 (s, CO); m/z 271 (M*,
100%), 226 (20), 180 (58), 152 (75), 134 (73), 106 (21) and 91 (66).

(Z2)-9, an oil (Found: M* 271.1575. C;H, NO, requires M,
271.1572); Vo (film)/cm™ 1705 (C=0); d4 (300 MHz) 1.25
(3H,t,J7.2,CHj;), 1.49 3H, m, 5-CH,;), 1.59-1.71 (1 H, m, H-4),
1.94-2.02 (1 H, br dd, J 13 and 8.5, 4-H), 2.18-2.27 (1 H, br dd,
J 17 and 8.5, 3-H), 2.39-2.52 (1 H, m, 3-H), 3.49 (1 H, s, 1-H),
3.74,3.84 (2 H, each d, J 14.7 Hz, CH,Ph),4.16 2 H, q, J 7.2 Hz,
OCH,), 5.80 (1 H, br s, C=CH) and 7.18-7.38 (5 H, m, Ph); J.
(100 MHz) 13.7 and 14.5 (2 q, 2 CH;), 31.5 and 33.7 (2 t, C-3
and -4), 51.2 (d, C-1), 52.4 (s, C-5), 55.6 and 59.7 (2 t, OCH, and
CH,Ph), 113.4(d, C=CH), 126.4,127.1 and 128.0 (3 d, 5 Cin Ph),
139.8 (s, C in Ph), 165.2 (s, C-2) and 166.4 (s, CO); m/z 271 (M*,
100%), 226 (18), 180 (55), 152 (74), 134 (70), 106 (20) and 91 (62).
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(6-Benzyl-6-azabicyclo[3.1.0]hex-2-ylidene)malononitrile  (10).
To a suspension of the ketone 11* (850 mg, 4.55 mmol) in dry
benzene (1.7 cm?) was added malononitrile (0.29 cm?, 4.55 mmol),
ammonium acetate (70 mg, 0.91 mmol) and acetic acid (0.26 cm?,
4.55 mmol). The reaction mixture was stirred for 5 h at room
temperature. The reaction was quenched with water and the
organic phase was extracted with ether. The organic extract was
washed with aqueous sat. NaHCO; and brine, dried with MgSO,,
and concentrated in vacuo, giving a residue that was subjected to
flash column chromatography [hexane—ether (1 : 1)] to afford 10
(733 mg, 69%) as an oil (Found: M* 235.1104. C,sH;N; requires
M, 235.1109); Ve (CHCL)/cm™' 2360 (C=N); d, (400 MHz)
1.96 (1 H, dtd, J 13.4,9.0 and 2.8, 4-H), 2.20 (1 H, ddd, J 13.4, 8.3
and 1.1, 4-H), 2.50-2.63 (1 H, br td, J 19 and 9, 3-H), 2.74-2.84
(1 H, br dd, J 19 and 9, 3-H), 2.93-2.98 (2 H, m, 1- and 5-H),
3.49 and 3.74 (2 H, each d, J 13.4, CH,Ph) and 7.27-7.40 (5 H,
m, Ph); d. (100 MHz) 27.5 and 31.1 (2 t, C-3 and -4), 48.0 and
51.4 (2 d, C-1 and -5), 61.8 (t, CH,Ph), 81.8 [s, C(CN),], 111.4
and 111.5 (2 s, 2 CN), 127.5, 127.6 and 128.5 (3 d, 5 C in Ph),
137.2 (s, C in Ph) and 186.0 (s, C-2); m/z 235 (M*, 7%), 104 (2),
91 (100), 77 (2) and 65 (8).

Reactions of aziridines 7-10 with alkenes and alkynes

A 0.060 mol dm~ solution of aziridines 7-10 in dry acetonitrile
with 3 equiv. of with alkenes and alkynes was irradiated with a low-
pressure mercury lamp in a quartz test tube at room temperature.
After removal of the solvent, flash column chromatography
afforded the adducts. The results are summarized in Tables 1 and
3 and Fig. 3 and 4.

Ethyl (E,1RS,S5RS,7RS)-(8-benzyl-7-methoxycarbonyl-8-azabi-
cyclo[3.2.1]oct-2-ylidene)acetate [(E)-15a]. An oil (Found: M*
343.1779. C, H,sNO, requires M, 343.1784); v« (CHCL;)/cm™
1720 sh, 1710 (C=0); J4 (300 MHz) 1.28 (3 H, t, J 7.1, CHj;),
1.42-1.50 and 2.01-2.09 (2 H, each m, 4-H,), 2.05 (1 H, dd, J 12.9
and 9.8 Hz, 6-H), 2.15-2.25 (1 H, m, 3-H), 2.55-2.63 (1 H, br
quintet, J 6, 6-H), 2.88 (1 H, dd, J 9.8 and 5.1, 7-H), 3.38-3.42
(1H,m, 5-H), 3.65-3.76 (4 H, m, 1-H, 3-H and CH,Ph), 3.71 (3H,
s, OCH;), 4.15and 4.16 (2 H, each q, J 7.1, OCH,), 5.54 (1 H, br
d, J 2.2, C=CH) and 7.20-7.33 (5 H, m, Ph); . (100 MHz) 14.4
(q, CHy), 21.7 (t, C-4), 27.3 (t, C-3), 31.6 (t, C-6), 47.4 (d, C-7),
52.2 (g, OCH,), 52.3 (t, CH,Ph), 57.3 (d, C-5), 59.8 (t, OCH,),
68.8 (d, C-1), 114.9 (d, C=CH), 126.7, 128.0 and 128.1 (3d, 5 C
in Ph), 138.7 (s, C in Ph), 157.9 (s, C-2) and 166.1 and 174.5 (2 s,
2 CO); m/z 343 (M*, 54%)), 314 (11), 298 (11), 257 (100), 138 (18),
120 (12) and 91 (90).

Ethyl (E,1RS,5RS,7SR)-(8-benzyl-7-methoxycarbonyl-8-azabi-
cyclo[3.2.1]oct-2-ylidene)acetate [(E)-15b]. An oil (Found: M*
343.1776. C,0H,sNO, requires M, 343.1784); vy, (film)/cm~" 1720
sh and 1710 (C=0); 6, (300 MHz) 1.28 (1 H, t, J 7.2, CHj;), 1.48-
1.56 and 1.98-2.11 (2 H, each m, 4-H,), 2.26 (1 H, dd, J 12.7 and
6.6,6-H),2.27-2.42 (2 H, m, 3- and 6-H), 3.33-3.38 (1 H, m, 5-H),
3.39-3.47 (1 H, brdt, J 11 and 7, 7-H), 3.55-3.66 (2 H, m, 1- and
3-H), 3.69 (2 H, s, CH,Ph), 3.60 (3 H, s, OCH;), 4.14 2 H, q, J
7.2, OCH,), 547 (1 H, d, J 2.6, C=CH) and 7.17-7.37 (5 H, m,
Ph); 6. (100 MHz) 14.4 (q, CHs), 21.4 (t, C-4), 27.9 (t, C-3), 29.3
(t, C-6), 47.3 (d, C-7), 51.9 (q, OCH,), 53.2 (t, CH,Ph), 57.4 (d,
C-5), 59.7 (t, OCH,), 68.7 (d, C-1), 116.8 (d, C=CH), 126.9, 128.2

and 128.4 (3 d, 5 C in Ph), 138.5 (s, C in Ph), 156.8 (s, C-2) and
165.8 and 172.4 (2's, 2 CO); m/z 343 (M, 59%), 314 (11), 298 (12),
257 (100), 138 (12) and 91 (76).

Ethyl (Z,1RS,5RS,7RS)-(8-benzyl-7-methoxycarbonyl-8-azabi-
cyclo[3.2.1]oct-2-ylidene)acetate [(Z£)-15a]. An oil (Found: M*
343.1777. CyH,sNO, requires M, 343.1784); vy, (CHCL;)/cm™
1710 (C=0); 6y (300 MHz) 6 1.12 (3 H, t, J 7.2, CH;), 1.42-1.51
and 2.05-2.13 (2 H, each m, 4-H,), 1.99 (1 H, dd, J 13.2 and 9.7,
6-H),2.15-2.24 and 2.36-2.49 (2 H, each m, 3-H,), 2.58-2.67 (1 H,
br quintet, J 6.5, 6-H), 2.89 (1 H, dd, J 9.7 and 5.3, 7-H), 3.36-3.41
(1H, m, 5-H),3.70 and 3.75 (2H, each d, J 14, CH,Ph), 3.73 (3 H,
s, OCH;), 3.91 and 4.02 (2 H, each dq, J 10.8 and 7.2, OCH,),
531 (1 H,s,1-H),5.66 (1 H,d, J 2.2, C=CH) and 7.17-7.33 (S H,
m, Ph); d. (100 MHz) 14.2 (q, CH,), 28.5, 28.8 and 32.0 (3 t, C-3,
-4 and -6), 46.9 (d, C-7), 52.2 (g, OCH;), 52.3 (t, CH,Ph), 57.0
(d, C-5), 59.9 (t, OCH,), 61.2 (d, C-1), 115.1 (d, C=CH), 126.6,
127.9 and 128.1 (3d, 5 Cin Ph), 139.1 (s, C in Ph), 156.3 (s, C-2)
and 165.6 and 174.8 (2's,2 CO); m/z 343 (M*, 65%), 314 (15), 298
(13), 257 (100), 138 (11) and 91 (78).

Ethyl (Z,1RS,5RS,7SR)-(8-benzyl-7-methoxycarbonyl-8-azabi-
cyclo[3.2.1]oct-2-ylidene)acetate [(£)-15b]. An oil (Found: M*
343.1793. C,H,sNO, requires M, 343.1784); v,., (CHCl;)/cm™
1720 and 1710 sh (C=0); dy (300 MHz) 1.19 (3 H, t, J 7.2, CH,),
1.47-1.57 (1 H, m, 4-H), 2.02-2.23 (3 H, m, 3-, 4- and 6-H), 2.27—
2.39 (1 H, m, 6-H), 2.55-2.68 (1 H, m, 3-H), 3.27-3.33 (1 H, m,
5-H), 3.46-3.56 (1 H, br dt, J 12 and 7, 7-H), 3.59 (3 H, s, OCH,),
3.71 (2 H, s, CH,Ph), 4.02, 4.08 (1 H, each dq, J 10.8 and 7.2,
OCH,), 5.34(1 H,d, J 7.0, 1-H), 5.69 (1 H, d, J 2.2, C=CH) and
7.19-7.33 (5 H, m, Ph); - (100 MHz) 14.4 (q, CH;), 27.9, 29.1
and 29.6 (3 t, C-3, -4 and -6), 46.8 (d, C-7), 51.7 (q, OCH,), 53.4
(t, CH,Ph), 56.7 (d, C-5), 59.7 (t, OCH,), 61.1 (d, C-1), 116.7 (d,
C=CH), 126.8,128.1 and 128.4 (3d, 5 Cin Ph), 138.8 (s, C in Ph),
155.9 (s, C-2) and 165.4 and 173.0 (25, 2 CO); m/z 343 (M*, 62%)),
314 (11), 298 (12), 257 (100), 138 (11) and 91 (65).

Ethyl (E,1RS,5RS,7RS)-(8-benzyl-7-tert-butoxycarbonyl-8-
azabicyclo[3.2.1]oct-2-ylidene)acetate [(E)-16a]. An oil (Found:
M~ 385.2256. C,;H; NO, requires M, 385.2253); vy, (film)/cm™!
1705 (C=0); 0y (300 MHz) 1.29 3H, t,J 7.2, CH,), 1.43 (O H, s,
O'Bu), 1.37-1.50 and 2.01-2.09 (2 H, each m, 4-H,), 1.93 (1 H,
dd, J 13and 9.7, 6-H), 2.13-2.26 (1 H, m, 3-H), 2.55-2.64 (1 H, br
quintet, J 6,6-H),2.78 (1 H,dd, J9.7and 5.1, 7-H), 3.39-3.43 (1 H,
m, 5-H), 3.65 and 3.75 (2 H, each d, J 13.9, CH,Ph), 3.62-3.72
(2 H, m, 1- and 3-H), 4.15 and 4.16 (2 H, each q, J 7.2, OCH,),
550 (1 H, d, J 2.4, C=CH) and 7.20-7.33 (5 H, m, Ph); J.
(100 MHz) 14.5 (q, CH;), 21.8 (t, C-4), 27.6 (t, C-3), 28.1 (q,
3 CH,), 31.2 (t, C-6), 48.6 (d, C-7), 52.3 (t, CH,Ph), 57.9 (d, C-5),
59.8 (t, OCH,), 68.9 (d, C-1), 80.4 [s, C(CH;);], 114.7 (d, C=CH),
126.6, 128.0 and 128.1 (3 d, 5 C in Ph), 138.8 (s, C in Ph), 158.3
(s, C-2) and 166.1 and 173.2 (25, 2 CO); m/z 385 (M*, 41%), 328
(35), 312 (21), 257 (100) and 91 (68).

Ethyl (E,1RS,5RS,7SR)-(8-benzyl-7-tert-butoxycarbonyl-8-
azabicyclo[3.2.1]oct-2-ylidene)acetate [(E)-16b]. An oil (Found:
M+ 385.2258. C3H; NO, requires M, 385.2253); v,.. (CHCL)/
cm™' 1715 (C=0); 64 (300 MHz) 1.26 (3 H, t, J 7.1, CH;), 1.35
(9 H, s, O'Bu), 1.40-1.56 and 1.98-2.11 (2 H, each m, 4-H,),
2.17 (1 H, dd, J 13.0 and 6.2, 6-H), 2.23-2.38 (2 H, m, 3- and
6-H), 3.28-3.39 (2 H, m, 5- and 7-H), 3.55 (1 H, d, J 6.6, 1-H),
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3.54-3.65(1 H, m, 3-H), 3.70 2 H, s, CH,Ph), 4.13 and 4.19 (2 H,
each dq, J 11.0 and 7.1 Hz, OCH,), 5.50 (1 H, d, J 2.6, C=CH)
and 7.21-7.33 (5 H, m, Ph); d. (100 MHz) 14.5 (q, CH;), 21.6
(t, C-4), 28.0 (t, C-3), 28.0 (q, 3CHs), 29.3 (t, C-6), 47.9 (d, C-7),
53.1 (t, CH,Ph), 57.5 (d, C-5), 59.7 (t, OCH,), 68.6 (d, C-1), 80.7
[s, C(CH;);], 117.1 (d, C=CH), 126.8, 128.2 and 128.4 (3d, 5C
in Ph), 138.7 (s, C in Ph), 156.9 (s, C-2) and 165.8 and 171.3 (2 s,
2CO0); m/z 385 (M*, 49%), 312 (18), 257 (100) and 91 (56).

Ethyl (E,1RS,2SR,6RS,7RS)-(11-benzyl-3,5-dioxo-4-phenyl-
4,11-diazatricyclo[5.3.1.0>°jlundec-8-ylidene)acetate [(E)-17a].
An oil (Found: M* 430.1887. C,sH,,N,O, requires M, 430.1893);
Vmax (CHCL;)/em™ 1710 (C=0); o5 (300 MHz) 1.31 3H, t, J 7.1,
CH,), 1.65-1.70 (1 H, br d, J 8, 10-H), 2.13-2.39 (2 H, m, 9- and
10-H), 3.27 and 3.31 (2 H, each d, J 7.6, 2- and 6-H), 3.75-3.93
(5 H, m, 1-H, 7-H, 9-H and CH,Ph), 4.19 and 4.22 (2 H, each
dq,J 11.0 and 7.1, OCH,), 5.72 (1 H, br s, C=CH) and 7.18-7.55
(10 H, m, 2 Ph); 6. (100 MHz) 14.4 (q, CH,), 22.1 (t, C-9), 25.0
(t, C-10), 48.8 and 49.5 (2 d, C-2 and -6), 50.1 (t, CH,Ph), 60.1
(t, OCH,), 60.7 (d, C-1), 68.0 (d, C-7), 117.3 (d, C=CH), 126.3,
127.2,127.8,128.4, 128.6 and 129.1 (6 d, 10 C in 2 Ph), 132.0 and
137.6 (25,2 Cin 2 Ph), 153.8 (s, C-8), 165.5 (s, CO) and 176.6 and
177.5 (2's, C-3 and -5); m/z 430 (M*, 92%), 385 (14), 257 (100)
and 91 (66).

Ethyl (E,1RS,2RS,6SR,7RS)-(11-benzyl-3,5-dioxo-4-phenyl-
4,11-diazatricyclo[5.3.1.0>°lundec-8-ylidene)acetate [(E)-17b].
White crystals; mp 168-170 °C (hexane—ethyl acetate) (Found: C,
72.44; H, 6.29; N, 6.34. C,sHxxN,O, requires C, 72.54; H, 6.09; N,
6.51%); Viux (CHCL;)/cm™! 1715 (C=0); 6, (300 MHz) 1.28 (1 H,
t,J 7.1, CH;), 1.90-1.97 (1 H, br dd, J 14 and 9, 10-H), 2.05-2.16
(1 H, m, 10-H), 2.17-2.28 (1 H, m, 9-H), 3.67 (1 H, dd, J 19.0
and 8.1, 9-H), 3.76 (2 H, s, CH,Ph), 3.74-3.80 (1 H, m, 1-H),
3.85-3.97 3 H, m, 2-, 6- and 7-H), 4.14 2 H, q, J 7.1, OCH,),
5.67 (1 H, d, J 2.4, C=CH) and 7.21-7.52 (10 H, m, 2Ph);
(400 MHz; CsDy) 0.91 3 H, t, J 7.1, CH;), 1.64-1.78 (2 H, m,
10-H,), 2.32-2.43 (1 H, m, 9-H), 3.10 (1 H, dd, J 10.3 and 7.3,
2-H), 3.17 (1 H, dd, J 10.3 and 7.6, 6-H), 3.24-3.29 (1 H, m, 1-H),
3.27 (2 H, s, CH,Ph), 3.53-3.56 (1 H, br d, J 7, 7-H), 3.77-3.84
(1 H, br dd, J 19 and 7, 9-H), 3.88 and 3.96 (2 H, each dq, J
11.0 and 7.1, OCH,), 5.72 (1 H, d, J 2.7, C=CH) and 7.05-7.40
(10 H, m, 2 Ph); d (100 MHz) 14.4 (q, CH;), 22.1 and 22.2 (2 t,
C-9 and -10), 48.6 (d, C-2), 50.3 (d, C-6), 53.5 (t, CH,Ph), 58.8
(d, C-1), 60.0 (t, OCH,), 67.2 (d, C-7), 119.0 (d, C=CH), 125.9,
127.4, 128.36, 128.41, 128.6 and 129.1 (6 d, 10 C in 2 Ph), 131.5
and 137.3 (25,2 Cin 2 Ph), 152.5 (s, C-8), 165.4 (s, CO) and 174.0
and 175.3 (2's, C-3 and -5); EI-MS m/z 430 (M*, 97%), 385 (13),
257 (100) and 91 (52).

Ethyl (Z,1RS,2SR,6RS,7RS)-(11-benzyl-3,5-dioxo-4-phenyl-
4,11-diazatricyclo[5.3.1.0>¢lundec-8-ylidene)acetate [(£)-17a].
White crystals; mp 152-154 °C (hexane-ethyl acetate) (Found: C,
72.25; H, 6.01; N, 6.46. C,sH,cN,O, requires C, 72.54; H, 6.09; N,
6.51%); Vmax (CHCL;)/ecm~" 1710 (C=0); 6,; (300 MHz) 1.13 (3 H,
t, J 7.1, CH,), 1.67-1.73 (1 H, m, 10-H), 2.25-2.37 (2 H, m, 9-
and 10-H), 2.42-2.49 (1 H, m, 9-H), 3.29 (2 H, s, 2- and 6-H),
3.74-3.78 (1 H, br s, 1-H), 3.75 and 3.82 (2 H, each d, J 13.7,
CH,Ph), 3.69 and 4.07 (2 H, each dq, J 10.7 and 7.1 Hz, OCH,),
543 (1H,s,7-H), 5.85(1 H,d, J 2.0, C=CH) and 7.16-7.53 (5 H,
m, 2 Ph); d. (100 MHz) 14.1 (q, CHj;), 26.4 and 29.0 (2 t, C-9 and

-10), 49.1 and 49.2 (2 d, C-2 and -6), 49.9 (t, CH,Ph), 60.2 and
60.6 (2 d, C-1 and -7), 60.4 (t, OCH,), 118.0 (d, C=CH), 126.3,
127.1, 127.7, 128.4, 128.5 and 129.1 (6 d, 10 C in 2 Ph), 132.1 and
138.0 (s, 2 C in 2 Ph), 152.0 (s, C-8), 165.2 (s, CO) and 176.5 and
177.6 (2's, C-3 and -5); m/z 430 (M*, 84%), 401 (14), 385 (13),
357 (11), 257 (100), 185 (10), 138 (11) and 91 (79).

Ethyl (Z,1RS,2RS,65R,7RS)-(11-benzyl-3,5-dioxo-4-phenyl-
4,11-diazatricyclo[5.3.1.0>*]undec-8-ylidene)acetate [(£)-17b].
White crystals; mp 130-140 °C (Found: M* 430.1897. C,sH,N,O,
requires M, 430.1893); v (CHCL)/cm™' 1705 (C=0); dy
(300 MHz) 1.22 (1 H, t, J 7.2, CHj;), 1.84-1.96 (1 H, m, 10-H),
2.12-2.37 (2 H, m, 9- and 10-H), 2.37-2.48 (1 H, m, 9-H),
3.67-3.72 (1 H, m, 1-H), 3.74 and 3.80 (2 H, each d, J 13.4,
CH,Ph), 3.88 (1 H, dd, J 10.3 and 7.7, 2-H), 4.05 (1 H, dd, J
10.3 and 7.9, 6-H), 4.05-4.16 2 H, m, OCH,), 5.72 (1 H,d, J 7.9,
7-H), 5.80 (1 H, d, J 1.8, C=CH) and 7.21-7.49 (10 H, m, 2 Ph);
Jc (100 MHz) 14.3 (q, CH,), 23.6 and 27.3 (2 t, C-9 and -10),
48.9 (d, C-2),49.9 (d, C-6), 53.9 (t, CH,Ph), 58.0 (d, C-1), 60.0 (t,
OCH,), 60.2 (d, C-7), 118.6 (d, C=CH), 125.7,127.3,128.3, 128.4
and 129.0 (5 d, 10 C in 2 Ph), 131.7 and 137.6 (s, 2 C in 2 Ph),
152.3 (s, C-8), 165.1 (s, CO) and 173.9 and 175.4 (2 s, C-3 and -5);
m/z 430 (M*, 92%), 385 (14), 257 (100), 138 (10) and 91 (61).

Dimethyl (Z,1RS,5RS,6SR,7RS)-8-benzyl-2-ethoxycarbonyl-
methylene-8-azabicyclo[3.2.1]octane-6,7-dicarboxylate [(Z)-18a].
An oil (Found: M* 401.1837. C,,H,;NO requires M, 401.1838);
Vmax (film)/cm~" 1740 (C=0); 5, (C¢Ds; 300 MHz) 0.78-0.85 (1 H,
m, 4-H), 0.90 3 H, t, J 7.2, CH;), 1.61-1.80 (3 H, m, 3-H, and
4-H), 291 (1 H, d, J 10.3, 6-H), 3.07 (1 H, d, J 10.3, 7-H), 3.41
and 3.43 (6 H, each s,2 OCH;), 3.66 (1 H, brs, 5-H), 3.75 and 3.91
(2 H, each d, J 14.1, CH,Ph), 3.83 and 3.91 (2 H, each dq, J 10.8
and 7.2, OCH,), 5.62 (1 H, br s, C=CH), 5.81 (1 H, s, 1-H), 7.07
(1H,t,J7.3,Ph),7.18-7.23 (2 H, brt,J 7, Ph)and 7.52-7.56 (2 H,
br d, J 7, Ph); 6. (CsDs; 100 MHz) 14.0 (q, CHj;), 27.6 and 28.1
(2t,C-3and -4),50.7(2d, C-6 and -7), 51.3 and 51.4 (2 g, 2 OMe),
51.9 (t, CH,Ph), 59.7 (d, C-5), 59.7 (t, OCH,), 61.3 (d, C-1), 115.9
(d, C=CH), 126.7, 128.0 and 128.4 (3d, 5 C in Ph), 139.2 (s, C in
Ph), 155.2 (s, C-2) and 164.9, 171.6 and 172.0 (3 s, 3 CO); m/z 401
(M*, 61%), 370 (18), 342 (15), 257 (100) and 91 (79).

Dimethyl (Z,1RS,SRS,6SR,7SR)-8-benzyl-2-ethoxycarbonyl-
methylene-8-azabicyclo[3.2.1]octane-6,7-dicarboxylate [(Z)-18b].
An oil contaminated with ca. 30% of (Z£)-18c¢; 6y, (C¢Dg; 500 MHz)
093 (1 H, t, J 7.0, CH,), 1.19-1.25 (1 H, m, 4-H), 1.72-1.82
(2 H, m, 3- and 4-H), 2.48-2.59 (1 H, m, 3-H), 3.29 and 3.31 (6 H,
each s, 2 OCH;), 3.58 (1 H, d, J 6.7, 6-H), 3.59 and 3.70 (2 H,
each d, J 13.7, CH,Ph), 3.63 (1 H, br s, 5-H), 3.91 and 3.95
(2H, each dq, J 11.0 and 7.0, OCH,), 4.28 (1 H, t, J 7, 7-H), 5.70
(1H,d,J2.4,C=CH),5.87(1H,d,J7.0,1-H), 7.04-7.09 (1 H, m,
Ph), 7.12-7.16 (2 H, m, Ph) and 7.29-7.33 (2 H, m, Ph); d. (C;Ds;
125 MHz) 14.2 (g, CHj;), 28.1 and 29.0 (2 t, C-3 and -4), 49.1
and 50.6 (2 d, C-6 and -7), 51.6 and 51.7 (2 q, 2 OMe), 53.6
(t, CH,Ph), 59.6 (t, OCH,), 61.4 (d, C-5), 62.3 (d, C-1), 117.6
(d, C=CH), 127.3, 128.5 and 128.8 (3 d, 5 C in Ph), 139.0 (s, C in
Ph), 154.8 (s, C-2) and 165.3, 172.0 and 174.3 (3 s, 3CO).

Dimethyl (Z,1RS,5RS,6RS,7RS)-8-benzyl-2-ethoxycarbonyl-
methylene-8-azabicyclo|3.2.1]octane-6,7-dicarboxylate [(Z)-18c].
An oil contaminated with ca. 70% of (Z)-18b; dy (C;Ds; 500 MHz)
0093 3H,t,J 70, CH;), 1.25-1.31 (1 H, m, 4-H), 1.72-1.82
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(2H, m, 3- and 4-H), 2.48-2.59 (1 H, m, 3-H), 3.24 and 3.33 (6 H,
each s, 2 OCH;), 3.46-3.50 (1 H, m, 5-H), 3.67 and 3.77 (2 H, each
d,J 13.4,CH,Ph), 3.65-3.67 (1 H, brd, J 7, 7-H), 3.84-4.00 2 H,
m, OCH,), 4.18 (1 H, t, J 6.7, 6-H), 5.64 (1 H, d, J 2.1, C=CH),
5.89 (1 H, s, 1-H), 7.04-7.09 (1 H, m, Ph), 7.12-7.16 (2 H, m, Ph),
and 7.29-7.33 (2 H, m, Ph); d. (C{Ds; 125 MHz) 14.2 (q, CH,),
25.7 and 28.2 (2 t, C-3 and -4), 49.8 and 50.0 (2 d, C-6 and -7),
S51.5and 51.9 (2 q, 2 OMe), 53.4 (t, CH,Ph), 59.7 (t, OCH,), 60.1
(d, C-5), 62.4 (d, C-1), 115.3 (d, C=CH), 128.3, 128.5 and 128.7
(3d,5CinPh), 139.0 (s, Cin Ph), 156.5 (s, C-2) and 165.4, 172.4
and 174.0 (3 s, 3 CO).

Ethyl (Z,1RS,5S5R)-(8-benzyl-7-methoxycarbonyl-8-azabicyclo-
[3.2.1]oct-6-en-2-ylidene)acetate [(£)-19]. An oil (Found: M*
341.1631. C,)H,;;NO, requires M, 341.1627); vy (film)/cm~=" 1715
(C=0); 0y (300 MHz) 1.20 (1 H, t, J 7.2, CH5;), 1.49 (1 H, ddd, J
13.2, 7.5 and 2.2, 4-H), 2.03 (1 H, dddd, J 13.2, 10.6, 6.8 and 3.9,
4-H), 2.13-2.21 (1 H, br dd, J 16 and 7, 3-H), 2.47 (1 H, dddd,
J 16.1, 10.6, 8 and 2.5, 3-H), 3.63 and 3.71 (2 H, each d, J 13.4,
CH,Ph), 3.71-3.76 (1 H, m, 5-H), 3.73 (3 H, s, OCH,), 4.05 and
4.13 (2 H, each dq, J 10.8 and 7.2, OCH,), 5.64 (1 H, br d, J 2,
C=CH),5.75(1 H,s,H-1),7.05(1 H,d, J 2.4, 6-H) and 7.19-7.34
(5H, m, Ph); 6. (C4Ds; 100 MHz) 14.3 (q, CH;), 24.0and 27.2 (2 t,
C-3 and -4), 51.7 (q, OMe), 55.5 (t, CH,Ph), 59.8 (t, OCH,), 63.6
(d, C-5), 64.2 (d, C-1), 115.9 (d, C=CH), 126.8, 128.1 and 128.6
(3d,5Cin Ph), 137.0 and 138.2 (2's, C-7 and C in Ph), 143.8 (d,
C-6), 152.3 (s, C-2) and 163.9 and 165.4 (25,2 CO); m/z 341 (M*,
15%), 282 (32), 268 (14), 250 (64), 236 (32), 204 (24) and 91 (100).

Dimethyl (E,1RS,5SR)-8-benzyl-2-ethoxycarbonylmethylene-
8-azabicyclo[3.2.1]oct-6-ene-6,7-dicarboxylate [(E)-20]. An oil
(Found: M* 399.1683. C,,H,sNOg requires M, 399.1682); v,
(film)/cm~" 1720 (C=0); 4 (300 MHz) 1.27 3 H, t, J 7.2, CH,),
1.72-1.81 (1 H, br dd, J 13 and 8, 4-H), 1.89-2.01 (1 H, m,
4-H), 2.30-2.45 and 3.59-3.69 (2 H, each m, 3-H,), 3.66 (2 H, s,
CH,Ph), 3.77 and 3.83 (6 H, each s, 2 OCH,), 3.92-3.95 (1 H, br
t, J 3, 5-H), 4.06 (1 H, s, 1-H), 4.14 2 H, q, J 7.2, OCH,), 5.62
(1H,d,J 2.4, C=CH) and 7.23-7.35 (5 H, m, Ph); 6. (100 MHz)
14.4 (q, CH;), 21.2 and 23.0 (2 t, C-3 and -4), 52.3 and 52.4 (2 q,
2 OMe), 56.2 (t, CH,Ph), 59.9 (t, OCH,), 67.5 (d, C-5), 74.2 (d,
C-1), 116.1 (d, C=CH), 127.2, 128.3 and 128.6 (3 d, 5 C in Ph),
137.4, 137.9 and 142.4 (3 s, C-6, C-7 and C in Ph), 151.9 (s, C-2)
and 163.3, 164.7 and 165.9 (3 s, 3 CO); m/z 399 (M*, 10%), 367
(9), 340 (65), 308 (55), 294 (21), 276 (25), 262 (10) and 91 (100).

Dimethyl (Z,1RS,5SR)-8-benzyl-2-ethoxycarbonylmethylene-8-
azabicyclo[3.2.1]oct-6-ene-6,7-dicarboxylate [(£)-20]. An oil
(Found: M* 399.1683. C,,H,sNOg requires M, 399.1682); v,
(CHCl;)/cm™" 1705 (C=0); dy (300 MHz) 1.19 3 H, t, J 7.1,
CH;), 1.72-1.81 (1 H, br dd, J 13 and 9 Hz, 4-H), 1.95-2.07 (1 H,
m, 4-H), 2.29 (1 H, dd, J 16 and 6 Hz, 3-H), 2.55 (1 H, dddd, J
16.3, 10.4, 8.1 and 2.2, 3-H), 3.64 and 3.73 (2 H, each d, J 13.3,
CH,Ph), 3.78 and 3.80 (6 H, each s, 2 OCH};), 3.90-3.93 (1 H, br
t,J 3, 5-H), 4.03 and 4.10 (2 H, each dq, J 10.8 and 7.1, OCH,),
5.65(1H,d,J2.2,C=CH), 5.82(1H,s, 1-H)and 7.21-7.34 (5 H,
m, Ph); . (100 MHz) 14.3 (q, CH;), 25.1 and 27.2 (2 t, C-3 and
-4), 52.28 and 52.31 (2 q, 2 OMe), 56.4 (t, CH,Ph), 59.9 (t, OCH,),
66.2 (d, C-5), 67.8 (d, C-1), 116.0 (d, C=CH), 127.0, 128.2 and
128.6 (3d, 5 Cin Ph), 137.8 (s, C in Ph), 140.1 and 140.4 (2 s, C-6
and -7), 150.9 (s, C-2) and 164.0, 164.3 and 165.3 (35,3 CO); m/z

399 (M*, 10%), 367 (13), 340 (48), 308 (60), 294 (42), 276 (33), 262
(17) and 91 (100).

Dimethyl (Z,1RS,6SR)-9-benzyl-2-ethoxycarbonylmethylene-9-
azabicyclo[4.2.1]non-7-ene-7,8-dicarboxylate [(Z£)-21]. An oil
(Found: M* 413.1836. C;;H;;NO4 requires M, 413.1838); vy
(CHCl;)/cm™1720 (C=0); 4 (300 MHz) 1.22 3 H, t, J 7.2,
CH;), 1.37-1.54 (1 H, m, 4-H), 1.69-1.85 (1 H, m, 4- and 5-H),
1.88-1.98 (1 H, m, 5-H), 2.30-2.39 (1 H, br dd, J 14 and 7, 3-H),
2.96-3.07(1 H,brt,J 14,3-H),3.71 and 3.77 (6 H, each s,2 OCH,),
3.75 and 3.83 (2 H, each d, J 13.4, CH,Ph), 4.02 and 4.10 (2 H,
each dq, J 10.8 and 7.2, OCH,), 4.06-4.12 (1 H, m, 6-H), 5.71—
5.74 (1 H, m, C=CH), 5.76 (1 H, br s, 1-H) and 7.21-7.38 (5 H,
m, Ph); - (100 MHz) 14.4 (q, CHs;), 23.0 (t, C-4), 34.2 and 38.7
(2t,C-3and -5), 52.1 and 52.3 (2 q, 2 OMe), 59.9 (t, OCH,), 61.0
(t, CH,Ph), 70.7 (d, C-6), 73.6 (d, C-1), 115.3 (d, C=CH), 126.9,
128.2 and 128.3 (3 d, 5 Cin Ph), 132.5, 139.0 and 145.9 (3 s, C-7,
C-8 and Cin Ph) and 160.4, 163.0, 165.8 and 166.0 (4 s, C-2 and 3
CO); m/z 413 (M*, 5%), 381 (47), 354 (23), 322 (22), 308 (53), 280
(53) and 91 (100).

Ethyl (Z,1RS,5RS,7RS)-(8-benzyl-7-methoxycarbonyl-5-
methyl-8-azatricyclo[3.2.1]oct-2-ylidene)acetate  [(£)-22a]. An
oil (Found: M* 357.1940. C,,H,;NO, requires M, 357.1940); v,
(film)/cm~" 1710 (C=0); 6y (300 MHz) 0.97 3 H, t, J 7.2, CH,),
1.21 3 H, s, 5-CH,), 1.51 (1 H, dd, J 13.4 and 7, 4-H), 1.86-1.99
(1H,m, 4-H),2.14 (1 H, dd, J 13.0 and 9.7, 6-H), 2.15-2.24 (1 H,
brdd, J 15 and 6, 3-H), 2.34 (1 H, ddd, J 13.0, 5.0 and 1.7, 6-H),
2.42-2.55(1 H, m, 3-H), 2.78 (1 H, dd, J 9.7 and 5.0, 7-H), 3.42
and 3.76 (2 H, each d, J 14.2, CH,Ph), 3.68 (3 H, s, OCH,), 3.72
and 3.90 (2 H, each dq, J 10.8 and 7.2, OCH,), 5.13 (1 H, s, 1-H),
573 (1 H, d, J 2.2, C=CH) and 7.21-7.29 (5 H, m, Ph); . (100
MHz) 13.9 (q, CH,CHj;), 24.7 (q, 5-CH;), 29.7, 33.9 and 39.9
(3t,C-3, —4and -6),44.7 (d, C-7),47.3 (t, CH,Ph), 52.1 (g, OMe),
59.9 (s, C-5), 60.0 (t, OCH,), 60.6 (d, C-1), 116.9 (d, C=CH),
126.4, 127.8 and 127.9 (3 d, 5 C in Ph), 139.8 (s, C in Ph), 154.3
(s, C-2) and 165.5 and 174.6 (2 s, 2 CO); m/z 357 (M*, 53%), 298
(60), 284 (38), 271 (27), 252 (56), 234 (49), 220 (30), 188 (21) and
91 (100).

Ethyl (Z,1RS,5RS,7SR)-(8-benzyl-7-methoxycarbonyl-5-
methyl-8-azatricyclo[3.2.1]oct-2-ylidene)acetate  [(£)-22b]. An
oil (Found: M* 357.1944. C, H,;NO, requires M, 357.1940); v,
(CHCl;)/cm™" 1720 (C=0); 64 (300 MHz) 1.10 3 H, t, J 7.2,
CH,), 1.22 (s, 3H, 5-CH;), 1.49-1.58 (1 H, br dd, J 13 and 8,
4-H), 1.88-1.96 (1 H, br dd, J 13 and 7, 4-H), 2.00 (1 H, ddd, J
13.2, 12 and 1.5, 6-H), 2.11-2.21 (1 H, br dd, J 16 and 7, 3-H),
2.37 (1 H, dd, J 13.2 and 6.4, 6-H), 2.59-2.73 (1 H, m, 3-H),
3.30-3.39 (1 H, br dt, J 12 and 7, 7-H), 3.44 and 3.70 (2 H, each
d, J 13.6, CH,Ph), 3.55 (3 H, s, OCH;), 3.89 and 3.99 (2 H, each
dq, J 10.8 and 7.2, OCH,), 5.10 (1 H, d, J 7.0, 1-H), 5.78 (1 H,
d, J 2.4, C=CH) and 7.21-7.27 (5 H, m, Ph); 6 (100 MHz) 14.3
(q, CH,CH,), 25.3 (q, 5-CH;), 29.4 (t, C-3), 33.8 (t, C-4), 38.1
(t, C-6), 45.4 (d, C-7), 48.0 (t, CH,Ph), 51.6 (g, OMe), 59.7 (t,
OCH,), 59.9 (s, C-5), 60.0 (d, C-1), 118.5 (d, C=CH), 126.5, 127.9
and 128.3 (3 d, 5 Cin Ph), 139.8 (s, C in Ph), 154.5 (s, C-2) and
165.2 and 173.0 (2 s, 2 CO); m/z 357 (M*, 77%), 298 (39), 284
(66), 271 (61), 252 (33), 234 (46), 220 (27), 188 (25) and 91 (100).

Ethyl
methyl-8-azatricyclo[3.2.1]oct-2-ylidene)acetate [(Z)-23].

(Z,1RS,5RS,65R)-(8-benzyl-6-methoxycarbonyl-5-
An oil
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(Found: M* 357.1947. C, H,;NO, requires M, 357.1940); v,
(CHCl;)/cm™ 1710 (C=0); o4 (300 MHz) 1.04 3 H, t, J 7.2,
CH,), 1.12 (3 H, s, 5-CH;), 1.60 (1 H, dd, J 13.2 and 6.8, 4-H),
1.83 (1 H, dd, J 13.2 and 9.4, 7-H), 1.91-2.02 (1 H, br td, J 13
and 6 Hz, 4-H), 2.15-2.23 (1 H, br dd, J 16 and 6, 3-H), 2.45-2.52
(1 H, m, 3-H), 2.51-2.61 (1 H, br ddd, J 13, 7 and 6, 7-H), 2.97
(1 H,dd, J 9.4 and 5.8, 6-H), 3.50 and 3.75 (2 H, each d, J 14.1,
CH,Ph), 3.73 (3 H, s, OCHj;), 3.82 and 3.92 (2 H, each dq, J
10.8 and 7.2, OCH,), 491 (1 H, d, J 7.0, 1-H), 5.71 (1 H, d, J
2.0, C=CH) and 7.15-7.32 (5 H, m, Ph); d. (100 MHz) 14.1 (q,
CH,CH;), 21.7 (q, 5-CHj;), 29.3 (t, C-3), 31.5 (t, C-7), 36.1 (t,
C-4), 47.7 (t, CH,Ph), 51.4 (d, C-6), 51.6 (q, OMe), 57.1 (d, C-1),
59.9 (t, OCH,), 63.3 (s, C-5), 116.1 (d, C=CH), 126.4 (d, C in Ph),
127.9 (d, 4 C in Ph), 140.1 (s, C in Ph), 156.5 (s, C-2) and 165.6
and 175.2 (2's, 2 CO); m/z 357 (M*, 39%), 312 (21), 298 (22), 284
(41), 271 (54), 266 (40), 220 (100), 188 (28) and 91 (89).

Dimethyl (Z,1RS,5RS)-8-benzyl-2-ethoxycarbonylmethylene-
5-methyl-8-azabicyclo[3.2.1]oct-6-ene-6,7-dicarboxylate [(Z£)-24].
An oil (Found: M* 413.1843. C;;H,,NO, requires M, 413.1838);
Vmax (film)/cm=' 1720 (C=0); J, (300 MHz) 1.05 3 H, t, J 7.2,
CH,), 1.32 (3 H, s, 5-CH;), 1.77-1.86 (1 H, br dd, J 13 and 7,
4-H), 1.95 (1 H, ddd, J 13.4, 10.5 and 6.6, 4-H), 2.22-2.30 (1 H,
br dd, J 16 and 6, 3-H), 2.53-2.66 (1 H, m, 3-H), 3.59 and 3.66
(2H,eachd, J 13.6, CH,Ph), 3.70 and 3.86 (6 H, each s, 2 OCH;),
3.81 and 3.97 (2 H, each dq, J 10.8 and 7.2, OCH,), 5.55 (1 H,
d,J 7.0, 1-H), 5.74 (1 H, d, J 2.4, C=CH) and 7.18-7.31 (S H,
m, Ph); 6. (100 MHz) 14.1 (q, CH,CH;), 20.0 (q, 5-CHj;), 28.3 (t,
C-3), 29.5 (t, C-4), 49.0 (t, CH,Ph), 52.0 and 52.3 (2 q, 2 OMe),
59.8 (t, OCH,), 62.9 (d, C-1), 69.1 (s, C-5), 118.5 (d, C=CH),
126.7, 128.0 and 128.4 (3 d, 5 C in Ph), 136.4 and 138.2 (2 s, C-7
and C in Ph), 147.5 and 150.0 (2 s, C-2 and -6) and 162.7, 164.9
and 165.4 (3 s, 3 CO); m/z 413 (M*, 24%), 354 (82), 322 (39), 308
(36), 262 (22) and 91 (100).

Methyl (1RS,5RS,7RS)-8-benzyl-2-dicyanomethylene-8-aza-
tricyclo[3.2.1]Joctane-7-carboxylate (25a). An oil (Found: M*
321.1473. CyH;4N;0, requires M, 321.1477); vy (CHCL)/cm™!
2240 (C=N) and 1730 (C=0); d4 (300 MHz) 1.68-1.77 (1 H,
br dd, J 13 and 8, 4-H), 2.05 (1 H, dd, J 13.6 and 9.7, 6-H),
2.12-2.25 (1 H, m, 4-H), 2.49 (1 H, ddd, J 16.7, 11.4 and 7.9,
3-H), 2.65-2.74 (1 H, m, 6-H), 2.89 (1 H, dd, J 9.7 and 5.3, 7-H),
2.90-3.00 (1 H, br ddd, J 17, 8 and 1, 3-H), 3.44-3.49 (1 H, m,
5-H),3.72 (2 H, s, CH,Ph), 3.76 (3 H, s, OCH,), 4.50 (1 H, s, 1-H)
and 7.24-7.37 (5§ H, m, Ph); J. (100 MHz) 26.6 (t, C-3), 29.8 (t,
C-4), 31.4 (t, C-6), 47.0 (d, C-7), 52.7 (g, OMe), 53.1 (t, CH,Ph),
56.7 (d, C-5), 65.4 (d, C-1), 82.9[s, C(CN),], 111.0 and 111.1 (25,
2 CN), 127.5, 128.1 and 128.4 (3d, 5 C in Ph), 137.0 (s, C in Ph),
172.8 (s, CO) and 180.0 (s, C-2); m/z 321 (M*, 52%), 290 (13), 262
(15), 235 (27) and 91 (100).

Methyl (1RS,5RS,7SR)-8-benzyl-2-dicyanomethylene-8-aza-
tricyclo[3.2.1]octane-7-carboxylate (25b). An oil (Found: M*
321.1479. CyH;4N;0, requires M, 321.1477); vy (CHCL)/cm™!
2230 (C=N) and 1730 (C=0); 6, (300 MHz) 1.71-1.80 (1 H, br
dd, J 13 and 8, 4-H), 2.14-2.26 (2 H, m, 4- and 6-H), 2.65-2.74
(1H,brtd,J 13and 7, 6-H),2.54-2.67 (1 H,brddd, J 17, 11 and §,
3-H), 2.86-2.96 (1 H, br dd, J 17 and 7, 3-H), 3.38-3.44 (1 H, m,
5-H), 3.55-3.64 (1 H, br dt, J 12 and 6, 7-H), 3.70 (3 H, s, OCH,),
3.71 2 H, s, CH,Ph), 436 (1 H, d, J 6.4, 1-H) and 7.23-7.38

(5 H, m, Ph); dc (100 MHz) 26.3 (t, C-3), 29.5 and 29.8 (2 t, C-4
and -6), 47.1 (d, C-7), 52.4 (q, OMe), 53.4 (t, CH,Ph), 56.4 (d,
C-5), 65.7 (d, C-1), 84.5 [s, C(CN),], 110.5 and 111.1 (2's, 2 CN),
127.6, 128.3 and 128.5 (3d, 5 C in Ph), 136.9 (s, C in Ph), 171.5 (s,
CO) and 179.6 (s, C-2); m/z 321 (M*, 40%), 290 (9), 235 (28) and
91 (100).

Dimethyl  (1RS,5SR)-8-benzyl-2-dicyanomethylene-8-azatri-
cyclo|3.2.1]oct-6-ene-6,7-dicarboxylate (26). Pale yellow crystals;
mp 131-133 °C (hexane—ethyl acetate) (Found: C, 66.96; H, 5.24;
N, 10.95. C, HyN;O, requires C, 66.83; H, 5.07; N, 11.13%);
Vmax (CHCL)/cm™' 2240 (C=N) and 1730 (C=0); Jy (300 MHz)
1.88-1.95 and 2.14-2.26 (2 H, 2 m, 4-H,), 2.56-2.66 (1 H, br
quintet, J 9, 3-H), 2.94-3.01 (1 H, m, 3-H), 3.72 (2 H, br s,
CH,Ph), 3.83 and 3.87 (6 H, 2 s, 2 OCH,), 4.03 (1 H, br s, 5-H),
4.78 (1 H, s, 1-H) and 7.26-7.38 (5 H, m, Ph); d (100 MHz) 23.4
and 254 (2 t, C-3 and -4), 52.8, (2 q, 2 OMe), 56.4 (t, CH,Ph),
66.9 and 70.0 (2 d, C-1 and -5), 84.4 [s, C(CN),], 110.2 and 110.8
(25,2 CN), 127.8, 128.5 and 128.6 (3 d, 5 C in Ph), 135.1, 136.0
and 144.6 (3 s, C-6, C-7 and C in Ph), 161.9 and 163.8 (2 s, 2 CO)
and 172.9 (s, C-2); m/z 377 (M*, 18%), 318 (22), 286 (26), 254
(13), 242 (34) and 91 (100).
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A variety of 3,5-dioxopimelic acid diesters, stable 1,3,5,7-tetracarbonyl derivatives, were prepared by
catalytic condensation of 1,3-bis(trimethylsilyloxy)-1,3-butadienes with methyl malonyl chloride. The
keto—enol tautomerization of these compounds has been investigated by NMR spectroscopy. One keto
and up to four enolic tautomers could be detected in chloroform solution and the influence of the

substituents on the tautomeric equilibria has been studied.

Introduction

A great variety of pharmacologically important natural products
are biosynthetically derived from poly(B-oxo)carboxylic acids
(polyketides).! Polyketides and related 1,3-oligocarbonyl deriva-
tives also represent important synthetic building blocks (e.g. for the
synthesis of polyols by stereoselective reduction).? An attractive
synthetic approach to these compounds relies on the reaction
of 1,3-dicarbonyl dianions with carboxylic acid derivatives. For
example, 3,5-dioxocarboxylic acid derivatives were prepared by
condensation of B-ketoester dianions** with esters, nitriles,**
N-acyl-2-methylaziridines,” and Weinreb amides.® Harris and
coworkers reported the biomimetic synthesis of various 1,3,5,7-
tetracarbonyl compounds and their higher homologues based
on condensations of 1,3-dicarbonyl dianions or 1,3,5-tricarbonyl
trianions with esters and diesters, Weinreb amides, and salts of
B-ketoesters.” These products are unstable and rapidly undergo
an intramolecular aldol-condensation to give polyhydroxylated
arenes. 3,5-Dioxopimelic acid derivatives constitute an interesting
class of 1,3,5,7-tetracarbonyl compounds that have only scarcely
been studied so far. Robertson and Sandrock reported the synthe-
sis of diethyl 2,2-diethyl-3,5-dioxopimelate by the reaction of ethyl
3-chloro-3-0x0-2,2-dimethylpropionate with diethyl acetone-1,3-
dicarboxylate.’® The parent (unsubstituted) 3,5-dioxopimelates
have not yet been prepared by this approach. Recently, the
first approach to the parent dimethyl 3,5-dioxopimelate was
reported by Kiegel and coworkers: the reaction of acetone,
malonyl dichloride and ketene afforded a bis(dioxinone) that was
transformed into the desired product by methanolysis (44% yield
over two steps)." 3,5-Dioxopimelates represent potentially useful
synthetic intermediates (e.g. for enantio- and diastercoselective
hydrogenations)."

1,3-Bis(silyl enol ethers) can be regarded as electroneutral
equivalents of 1,3-dicarbonyl dianions (masked dianions).!**?
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Their reaction with carboxylic acid derivatives has been studied.
Chan and coworkers reported™ the reaction of 1-methoxy-1,3-
bis(trimethylsiloxy)-1,3-butadiene with acetyl chloride and with
a protected B-ketoacid chloride.”® Salicylates were prepared by
the Lewis acid mediated [S + 1] cyclization of 1-methoxy-
1,3,5-tris(trimethylsiloxy)-1,3,5-hexatriene with acid chlorides and
imidazolides."® We reported the reaction of 1,3-bis(silyl enol
ethers) with various acid chlorides.” y-Alkylidenebutenolides are
available by the cyclization of 1,3-bis(silyl enol ethers) with oxalyl
chloride'™ or phthaloyl chloride.”* Recently, we reported the
synthesis of 3,5-dioxopimelic acid diesters by the condensation of
1,3-bis(silyl enol ethers) with methyl malonyl chloride.* Herein,
we report full details of these reactions, which proceed under
mild conditions. With regard to our preliminary communication,*
the synthetic protocol was significantly improved, and now
provides the products in good to excellent yields. In addition, the
preparative scope was considerably extended. To the best of our
knowledge, the solution structure of 3,5-dioxopimelic acid diesters
has not been studied in detail to date. Therefore, extensive NMR
investigations of the tautomeric equilibria were carried out for the
first time and the signals of all tautomers have been unambiguously
assigned.

Results and discussion

In our preliminary communication,” we reported that the re-
action of 2.0 equiv. of 1-methoxy-1,3-bis(trimethylsilyloxy)-1,3-
butadiene (1a) with 1.0 equiv. of methyl malonyl chloride (2), in
the presence of 0.2 equiv. of Me;SiOTf, afforded dimethyl 2,4-
dioxopimelate (3a) in 40% yield (Table 1, entry 1). The product
could be isolated in 68% yield when 0.4 equiv. of Me;SiOTf
was employed (entry 2). However, the increase in the yield
was outweighed by a lower degree of purity. The product was
contaminated by a small amount of methyl malonic acid, which
was formed by the hydrolysis of 2 and could not be separated. The
yield of analytically pure product dropped to 30% (entry 3). Much
to our satisfaction, analytically pure 3a could be isolated in up
to 86% yield when 3.0 equiv. of 1a and 0.2 equiv. of Me;SiOTf
were used (entry 4). The excellent yield, which proved to be
reproducible, can be explained by the fact that methyl acetoacetate
(formed by the hydrolysis of 1a) can be readily separated (in
contrast to hydrolyzed 2). Interestingly, analytically pure product
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Table 1 Optimization of the synthesis of dimethyl 2,4-dioxopimelate (3a)

Table 2 Synthesis of 1,3,5,7-tetracarbonyl compounds 3a—j

Me3;SiO  OSiMe;
Z OMe
1a conditions o o o 0o
o+ o ™ MeO OMe
3a
MeOMCI
2

Reagents and conditions: Me;SiOTf, CH,Cl,, —78 — 20 °C.

Stoichiometry: 1a: 2 :

Entry Me,SiOTf n(2)/mmol  ¢(2/M  Yield (%)*
1 20:1.0:0.2 10.0 0.10 40

2 20:1.0:04 6.6 0.07 68 ¢

3 20:1.0:04 1.7 0.09 30

4 3.0:1.0:02 6.0 0.09 86

5 3.0:1.0:0 6.0 0.09 60

6 1.0:1.1:1.1 2.2 0.11 19¢

7 1.0:1.1:04 3.3 0.11 0

8 1.0:1.1:0.4 11.0 0.11 0

9 1.0:2.0:0.8 4.0 0.20 04

“Isolated yields of analytically pure 3a. ®See ref. 21. ¢ Product con-
tains a small amount of hydrolyzed 2. ¢ Product contains ca. 50% of
hydrolyzed 2.

3a could still be isolated in 60% yield when the reaction was carried
out under identical conditions, but in the absence of Me,SiOTf
(entry 5). The reaction of 1a (1.0 equiv.) with 2 (1.1 equiv.) and
Me;SiOTf (1.1 equiv.) gave slightly impure 3a in only 19% yield
(entry 6). No product at all could be isolated when only 0.4 equiv.
of Me;SiOTf (entries 7 and 8) or an excess of 2 (entry 9) were
employed. This can be explained by the fact that the large amounts
of hydrolyzed 2 produced could not be separated.

The reaction of 2 with 1,3-bis(silyl enol ethers) 1a—j, following
our optimized procedure (Table 1, entry 4), afforded the 3,5-
dioxopimelates 3a—j in 46-96% yield and in analytically pure form
(Table 2). It is noteworthy that all products are stable and do not
undergo a Dieckmann cyclization under the conditions of their
formation. Products 3b and 3i were isolated in only 20 and 23%
yield, respectively, when our original®! protocol was applied. In
contrast, products 3b and 3i were isolated in 84 and 77% yields,
respectively, when our new protocol was employed.

Five reasonable tautomeric forms can be discussed for 3,5-
dioxopimelates 3 (Scheme 1). This includes the keto and four
enol forms (enol-I to enol-1V). The central 1,3-diketone moiety
is enolized in the case of tautomer enol-I. The B-ketoester moiety
is enolized in the case of tautomers enol-II and enol-III. These
tautomers are identical for the symmetrical 3,5-dioxopimelates 3a—
h. Both B-ketoester moieties are enolized in the case of tautomer
enol-IV.

In general, depending on the position of the proton in the
intramolecular hydrogen bridge there are two enolic forms for
each of tautomers enol-I, enol-II and enol-III and even four
different forms of the doubly enolized enol-IV. Whereas the
thermodynamic stability of the two forms should be similar for
enol-I, the tautomers with an enolized keto function at C4 and/or
C6 are expected to be the major contributors for enol-II, enol-
IIT and enol-1V. The investigation of these tautomers by NMR
spectroscopy is difficult due to a rapid dynamic equilibrium.?
Even employing a low-melting freonic solvent,” '"H NMR spectra

MesSIO  OSiMes
R2, A~

1a-j i MeOWOW
E—

Reagents and conditions: i: Me;SiOTf (0.2 equiv.),
CH,Cl,, =78 — 20 °C

Keto : enol-I : enol-II :

3 R' R? enol-III : enol-IV * Yield (%) “
a Me H 25:70:4:1 86
b Me Me 42:35:22¢:1 84
c Me Et 49:16:33°:2 54
d Me nBu 48 :18:31:2 63
e Me iBu 52:15:31¢:2 90
f Me CI(CH,), 52:16:30°:2 62
g Me Cl 0:95:5°:0 96
h Me OMe 30:58:11°:1 49
i Et H 12:83:2:2:1 77
i Et Et 48:14:18:18:2 46

“Yields of isolated products. ® Tautomeric ratio (CDCl;, 300 K). ¢ Enol-II
and enol-III are identical.

H H
0 Ol' o o o o o o
|
P4
MeOWow MeOWOR1
1 3 R2 9 1 3 R2 7 9
enol-l enol-ll
O O O ©
1 .
Meow% 3a-j
R2
/ keto \
H, H H
N LN RN
O O O Io o| O O |o
MeOMMOR1 MeO%\WOW
1 3 2 7 9 1 3 7 9
R R2

enol-ll enol-IV

Scheme 1 Tautomeric forms of compounds 3.

of 3b acquired at temperatures as low as 173 K only exhibit a single
set of signals for each of the formed tautomers, indicative of signal
averaging due to a proton transfer that is still fast on the NMR
chemical shift time-scale.

The results of our NMR measurements show that the pop-
ulations of the keto and enol tautomers (chloroform solution)
depend on the substituents located at carbon atom C-5 (for
numbering, see Scheme 1). Tautomer enol-I is favoured in the
case of the unsubstitued 3,5-dioxopimelates 3a and 3i, which
is similar to the tautomerism in acetylacetone.”® The presence
of alkyl substituents and of a methoxy group at the 5-position
increases the amount of the keto form at the expense of enol-I,
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which can be explained by the electron donating effect of these
substituents. On the other hand, the highest population of enol-I
(95%) was found for the chloro-substituted 3,5-dioxopimelate 3g,
which is caused by the electron withdrawing effect of the chlorine
atom. The fraction of enol-II (and enol-III for the unsymmetrical
derivative 3j) is increased as well in the case of alkyl-substituted
3,5-dioxopimelates. The amount of tautomer enol-IV, which was
generally detected only in minor quantities (<2%), seems not to
depend on the substituents.

The assignments of the signals of the tautomeric forms of
3,5-dioxopimelates 3a—j were based on the intensities, chemical
shifts and couplings, as well as proton—carbon chemical shift
correlations (HSQC, HETCOR and HMBC spectra). Not all
signals could be extracted, due to signal overlapping or intensities
that were too low. However, some typical characteristics can be
stated: the OH signal of tautomer enol-I generally appears at
much lower fields than the OH signals of the other enol forms
(Fig. 1). This can be explained by the fact that two keto groups are
included in the chelate ring of enol-I, whereas in the case of the
other enol tautomers one ester group is included, which possesses
less of a proton acceptor effect.

enol-lll enol-ll

enol-lV | enol-IV

enol-| T T T T r
1220 1215 1210 1205 ppm

T T T T T T T T T
16.0 155 15.0 145 140 135 13.0 125 ppm

Fig. 1 '"H NMR spectrum (500 MHz) of 3j (region of enolic OH) in
CDCl, at 300 K.

In the case of the unsymmetrical 3,5-dioxopimelates 3i and
3j, tautomers enol-II and enol-III are not identical anymore and
separate OH signals are thus detected. Two different OH signals
are also observed for enol-IV. For some of the unsubstituted 3,5-
dioxopimelates 3, doublets were observed for the OH signals of
enol-I1, enol-III, and enol-IV, due to coupling with the proton
H-5 over four bonds (*Jou,cu <1 Hz). Furthermore, in the HMBC
spectra typical cross peaks could be observed for the OH protons
with carbon atoms C-3, C-4, and C-5. The keto—enol tautomers
can also be well recognized by the characteristic signals in the
C=0 and C-OH regions of the *C NMR spectra, as given for 3j
in Fig. 2.

Conclusions

In conclusion, a variety of 3,5-dioxopimelates were prepared in
good to very good yields by a new and efficient catalytic conden-
sation of 1,3-bis(silyl enol ethers) with methyl malonyl chloride.
The reactions are convenient to carry out and the products are
not readily available by other methods. The 3,5-dioxopimelates
exist as mixtures of keto and various enol tautomers, which were
analyzed in detail by modern NMR techniques. The population

2o By
Bketo
4yeto
ZE"OH”
genolr\l 8enol Benolil
Il
Benoki em? 2enot \ ||
Aenotil | 2enoki ‘ ‘3‘
Benokii ﬁ i‘ \
M ‘ | | s bl 1V st i,
| T
ot W kinton, H L} 168 167 ppm
i
w0 109 ppm [ i
/ 173 172 ppm i
|
Benoll 4 \
| e Benonv ||
enok-IV |||
. I

T T T T T T
200 195 190 185 180 175 170 165 ppm

Fig.2 "“CNMR spectrum (125.8 MHz) of 3j (region of C=0 and C-OH)
in CDCI; at 300 K.

of the keto and enol tautomers is dependent upon the substituents
located at carbon atom C-5 (numbering according to Scheme 1)
of the 1,3,5,7-tetracarbonyl compounds.

Experimental section

"H NMR spectra (300.13 and 500.13 MHz, respectively) and *C
NMR spectra (75.5and 125.8 MHz, respectively) were recorded on
Bruker spectrometers AVANCE 300 and AVANCE 500. The chem-
ical shifts were referenced to solvent signals (CDCl;: 0 '"H = 7.25,
0 BC =77.0). The NMR signals were assigned by DEPT and two-
dimensional '"H,'"H COSY and 'H,"*C correlation spectra (HSQC,
HETCOR, HMBC) using standard pulse sequences (standard
Bruker software). Not all signals are listed. The assignments follow
the atom numbering given in Scheme 1.

Typical procedure for the synthesis of 3,5-dioxopimelates
(3a—j). To a CH,Cl, solution (70 mL) of 1-methoxy-1,3-
bis(trimethylsilyloxy)-1,3-butadiene (4.689 g, 18.0 mmol) were
added 2 (0.819 g, 6.0 mmol, 0.64 mL) and TMSOTT (0.267 g,
1.2 mmol, 0.22 mL) at —78 °C under an argon atmosphere. The
solution was allowed to warm to 20 °C over 6 h and was stirred at
this temperature for 12 h. To the solution was added a saturated
aqueous solution of NH,CI (30 mL), the organic and the aqueous
layer were separated and the latter was extracted with diethyl ether
(3 x 30 mL). The combined organic layers were extracted with a
saturated aqueous solution of NaCl, dried (Na,S0O,), filtered and
the filtrate was concentrated in vacuo. The residue was purified by
chromatography (silica gel, n-heptane—EtOAc = 3 : 1) to give 3a
as a yellow oil (1.120 g, 86%).

3,5-Dioxopimelic acid dimethyl ester (3a). '"HNMR (500 MHz,
CDCl,, keto : enol-I : enol-11 : enol-IV=25:70:4:1): keto: 6 =
3.88 (s, 2H, H-5); 3.73 (s, 6H, H-1,9); 3.56 (s, 4H, H-3,7); enol-I:
0 =14.77 (s, 1H, OH); 5.73 (s, 1H, H-5); 3.74 (s, 6H, H-1,9); 3.36
(s, 4H, H-3,7); enol-II: 6 = 12.03 (s, 1H, OH); 5.12 (s, 1H, H-3);
3.74 (s, 3H, H-1); 3.71 (s, 3H, H-9); 3.57 (s, 2H, H-7); enol-1V:
0 =12.01 (s, OH). "C NMR (125.8 MHz, CDCl,): keto: 6 = 196.3
(C-4,6); 167.2 (C-2,8); 56.2 (C-5); 52.5(C-1,9); 49.0 (C-3,7); enol-I:
0 = 185.8 (C-4,6); 167.6 (C-2,8); 101.0 (C-5); 52.5 (C-1,9); 44.3 (C-
3,7); enol-II: 6 = 196.5 (C-6); 167.1 (C-8); 92.6 (C-3); 52.5 (C-9);
51.5 (C-1), 48.4 (C-7). IR (neat, cm™"): v = 3004 (w), 2957 (m),
2849 (w), 1743 (br, s), 1630 (s), 1605 (s), 1438 (s), 1409 (m), 1332 (s),
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1264 (br, s), 1158 (s), 1016 (m). MS (EI, 70 eV): m/z (%) = 216
M+, 3), 184 (37), 152 (37), 143 (91), 116 (25), 101 (100). Anal.
caled for CoH,0, (216.19): C, 50.00; H, 5.59. Found: C, 50.07; H,
5.65.

4-Methyl-3,5-dioxopimelic acid dimethyl ester (3b). Starting
with 1-methoxy-1,3-bis(trimethylsilyloxy)-1,3-pentadiene
(2.471 g, 9.0 mmol), 2 (0.410 g, 3.0 mmol, 0.32 mL) and TMSOTf
(0.133 g, 0.6 mmol, 0.11 mL) in CH,Cl, (36 mL), 3b was isolated
as a yellow oil (0.578 g, 84%). '"H NMR (500 MHz, CDCl;, keto :
enol-I : enol-IT : enol-IV = 42 : 35 : 22 : 1): keto: 6 = 4.04 (q,
3J = 17.3 Hz, 1H, H-5); 3.72 (s, 6H, H-1,9); 3.57, 3.54 (Qup, >J =
16.0 Hz, 4H, H-3,7); 1.35 (d, °J = 7.3 Hz, 3H, Me); enol-I: 6 =
15.67 (s, 1H, OH); 3.73 (s, 6H, H-1,9); 3.48 (s, 4H, H-3,7); 1.83 (s,
3H, Me); enol-I1: 6 = 12.07 (d, *J = 0.6 Hz, IH, OH); 5.12 (s, 1H,
H-3); 3.74 (s, 3H, H-1); 3.71 (s, 3H, H-9); 3.62, 3.54 (qup, *J =
16.0 Hz, 2H, H-7); 3.45 (q, °*J = 7.3 Hz, 1H, H-5); 1.31 (d, *J =
7.3 Hz, 3H, Me); enol-IV: 6 = 12.05 (d, *J = 0.6 Hz, 2H, OH);
5.13 (br s, 2H, H-3,7); 3.10 (q, *J = 7.2 Hz, 1H, H-5). *C NMR
(125.8 MHz, CDCl,): keto: 6 = 199.3 (C-4,6); 167.3 (C-2,8); 59.6
(C-5); 52.4 (C-1,9); 47.3 (C-3,7); 12.3 (Me); enol-I: § = 185.4
(C-4,6); 167.8 (C-2,8); 106.2 (C-5); 52.5 (C-1,9); 42.7 (C-3,7); 13.2
(Me); enol-II: 6 = 199.2 (C-6); 174.3 (C-4); 172.6 (C-2); 167.3
(C-8); 90.8 (C-3); 52.3 (C-5); 52.3 (C-9); 51.5 (C-1); 47.3 (C-7);
12.4 (Me); enol-1V: 6 = 176.2 (C-4,6); 172.9 (C-2,8); 89.6 (C-3,7);
51.3 (C-1,9). IR (neat, cm™"): v = 2994 (br, w), 2957 (m), 2849 (w),
1746 (br, s), 1627 (m), 1438 (s), 1405 (m), 1329 (s), 1258 (br, s),
1162 (s), 1043 (m), 1006 (m). MS (EI, 70 eV): m/z (%) = 230 (M*,
1), 198 (21), 167 (22), 166 (32), 157 (23), 130 (99), 115 (31), 101
(100). HRMS (EI): caled for C,,H,,O, (M*) 230.07849, found
230.078470. Anal. caled for C,,H,,0O, (230.21): C, 52.17; H, 6.13.
Found: C, 52.16; H, 6.14.

4-Ethyl-3,5-dioxopimelic acid dimethyl ester (3c). Starting
with 1-methoxy-1,3-bis(trimethylsilyloxy)-1,3-hexadiene (2.597 g,
9.0 mmol), 2 (0.410 g, 3.0 mmol, 0.32 mL) and TMSOTf (0.133 g,
0.6 mmol, 0.11 mL) in CH,Cl, (36 mL), 3¢ was isolated as a yellow
0il (0.395 g, 54%). "H NMR (500 MHz, CDCl,, keto : enol-I : enol-
II: enol-IV =49 : 16 : 33 : 2): keto: 6 = 3.89 (t,*J = 7.0 Hz, 1H,
H-5);3.71 (s, 6H, H-1,9); 3.54, 3.51 (qas, >J = 16.4 Hz, 4H, H-3,7);
1.89 (‘quint.’,*J =7.5Hz,*J = 7.0 Hz,2H, CH,CH;); 0.91 (t,°J =
7.5 Hz, 3H, CH,CH,); enol-I. 6 = 15.88 (s, IH, OH); 3.73 (s, 6H,
H-1,9); 3.48 (s, 4H, H-3,7); 2.24 (q, *J = 7.5 Hz, 2H, CH,CH,);
1.04 (t, °J = 7.5 Hz, 3H, CH,CH,); enol-II: 6 = 12.06 (d, *J =
0.8 Hz, 1H, OH); 5.11 (s, 1H, H-3); 3.72 (s, 3H, H-1); 3.70 (s, 3H,
H-9); 3.59, 3.51 (qas, >J = 16.0 Hz, 2H, H-7); 3.21 (br t, 1H, H-5);
1.95-1.70 (m, 2H, CH,CHj;); 0.90 (t, °*J = 7.5 Hz, 3H, CH,CH,);
enol-IV: 6 = 12.08 (s, 2H, OH); 5.14 (s, 2H, H-3,7). "C NMR
(125.8 MHz, CDCl;): keto: 6 = 198.5 (C-4,6); 167.1 (C-2,8); 67.6
(C-5); 52.4 (C-1,9); 47.7 (C-3,7); 21.6 (CH,CH;); 11.8 (CH,CHy;);
enol-I: 6 = 185.8 (C-4,6); 167.9 (C-2,8); 112.8 (C-5); 52.5 (C-1,9);
41.9 (C-3,7); 20.1 (CH,CH,); 14.9 (CH,CH,); enol-II: 6 = 198.8
(C-6); 173.0 (C-4); 172.5 (C-2); 167.2 (C-8); 91.8 (C-3); 60.1 (C-5);
52.3(C-9);51.4(C-1);47.4(C-7);21.4 (CH,CH;); 11.5 (CH,CH,);
enol-IV:0 =175.3 (C-4,6); 172.8 (C-2,8);90.4 (C-3,7); 51.3 (C-1,9);
22.6 (CH,CH,). IR (neat, cm™'): v = 2958 (m), 2881 (w), 1748 (br,
s), 1654 (m), 1626 (m), 1438 (s), 1404 (m), 1325 (s), 1249 (br, s),
1160 (s), 1081 (w), 1057 (w), 1011 (m). MS (CI, isobutane): m/z
(%) = 245 (M + 1]*, 100). Anal. caled for C,;H;;O; (244.24): C,
54.09; H, 6.60. Found: C, 53.98; H, 6.63.

4-Butyl-3,5-dioxopimelic acid dimethyl ester (3d). Starting
with 1-methoxy-1,3-bis(trimethylsilyloxy)-1,3-octadiene (0.760 g,
2.4 mmol), 2 (0.109 g, 0.8 mmol, 0.09 mL) and TMSOTT (0.036 g,
0.16 mmol, 0.03 mL) in CH,Cl, (10 mL), 3d was isolated as a
yellow oil (0.137 g, 63%). 'H NMR (300 MHz, CDCl;, keto :
enol-I : enol-II : enol-IV = 48 : 18 : 31 : 2): keto: 6 = 3.95 (t,
3J = 7.0 Hz, 1H, H-5); 3.72 (s, 6H, H-1,9); 3.56, 3.52 (qas, *J =
16.0 Hz, 4H, H-3,7); 1.90-1.70 (m), 1.40-1.20 (m) (CH, @etocnon);
0.95-0.85 (m, CH; (etonon); €nol-I: 6 = 15.93 (s, 1H, OH); 3.74 (s,
6H, H-1,9); 3.49 (s, 4H, H-3,7); 2.22-2.14 (m, 2H, CH,); 1.40-1.20
(m) (CH, eoeno); 0.95-0.85 (m, CH; eroenony); €nol-I1: 6 = 12.08 (s,
1H, OH); 5.12 (s, 1H, H-3); 3.74 (s, 3H, H-1); 3.71 (s, 3H, H-9);
3.61, 3.53 (qas, *J = 16.0 Hz, 2H, H-7); 3.29 (dd, *J =8.2 Hz,*J =
6.5 Hz, 1H, H-5); 1.90-1.70 (m), 1.40-1.20 (m) (CH, tetoenon); 0.95—
0.85 (m, CH; getoenon); €nol-1V: 6 = 12.08 (s, 2H, OH); 5.16 (s, 2H,
H-3,7). "C NMR (75.5 MHz, CDCl;): keto: § = 198.5 (C-4,6);
167.2 (C-2,8); 66.3 (C-5); 52.4 (C-1,9); 47.7 (C-3,7); 29.5, 28.0,
22.4 (CH,); 13.6 (CH;); enol-I: 6 = 185.9 (C-4,6); 167.9 (C-2,8);
111.6 (C-5); 52.5(C-1,9); 42.0 (C-3,7); 32.9, 26.7, 22.6 (CH,); 13.7
(CHj;); enol-II: 6 = 198.9 (C-6); 173.2 (C-4); 172.6 (C-2); 167.3
(C-8); 91.7 (C-3); 58.6 (C-5); 52.3 (C-9); 51.5 (C-1); 47.4 (C-7);
29.1, 27.8, 22.4 (CH,); 13.7 (CH,CH,); enol-IV: 6 = 90.3 (C-3,7);
51.3 (C-1,9). IR (neat, cm™'): v = 2958 (s), 2935 (m), 2874 (w),
1749 (br, s), 1656 (m), 1626 (m), 1438 (s), 1404 (m), 1325 (s), 1244
(br, s), 1158 (s), 1094 (w), 1016 (m). MS (EL, 70 eV): m/z (%) =
272 (M*, 1), 184 (31), 165 (30), 143 (25), 129 (100), 116 (65), 101
(72). Anal. caled for C;;H, O (272.29): C, 57.34; H, 7.40. Found:
C, 57.40; H, 7.48.

4-Isobutyl-3,5-dioxopimelic acid dimethyl ester (3e). Starting
with  1-methoxy-6-methyl-1,3-bis(trimethylsilyloxy)-1,3-hepta-
diene (0.950 g, 3.0 mmol), 2 (0.137 g, 1.0 mmol, 0.11 mL) and
TMSOTT (0.044 g, 0.2 mmol, 0.04 mL) in CH,Cl, (12 mL), 3e
was isolated as a yellow oil (0.245 g, 90%). '"H NMR (300 MHz,
CDCl;, keto : enol-I: enol-II : enol-IV =52 :15:31:2): keto: 6 =
4.06 (t,°J = 7.0 Hz, 1H, H-5); 3.72 (s, 6H, H-1,9); 3.56, 3.52 (qas,
*J = 16.0 Hz, 4H, H-3,7); 1.75-1.45 (m, CH,CH(CHj3); gciocnon>
CH(CH:): etoenon); 0.98-0.80 (m, CHi etoenop); €M0I-L: & = 16.15 (s,
1H, OH); 3.74 (s, 6H, H-1,9); 3.51 (s, 4H, H-3,7); 2.10 (d, *°J =
7.4 Hz, 2H, CH,CH(CH,),); 1.75-1.45 (m, CH,CH(CH2:), tctoenol»
CH(CH,); getoenon); 0.98-0.80 (m, CHj eioenop); €nol-IL: 6 = 12.10
(d, *J = 1.0 Hz, 1H, OH); 5.13 (s, 1H, H-3); 3.74 (s, 3H, H-1);
3.71 (s, 3H, H-9); 3.62, 3.53 (qas, 2J = 16.0 Hz, 2H, H-7); 3.41 (m,
1H, H-5); 1.75-1.45 (m, CH,CH(CH3): teoenons CHCHY): eoencn):
0.98-0.80 (m, CH; geioenan); €nol-IV: 6 = 12.11 (d, *J = 1.0 Hz,
2H, OH); 5.16 (s, 2H, H-3,7). "C NMR (75.5 MHz, CDCl,):
keto: 6 = 198.4 (C-4,6); 167.1 (C-2,8); 64.7 (C-5); 52.4 (C-1,9);
47.6 (C-3,7); 36.8, 35.5 (CH,CH(CH.); (eto.cnon); 26.3 (CH(CHs;),);
22.7, 22.2, 22.0, 21.9 (CH; getoenon); €nol-I: 6 = 186.5 (C-4,6);
167.9 (C-2,8); 110.5 (C-5); 52.4 (C-1,9); 42.2 (C-3,7); 36.8, 35.5
(CH,CH(CHs); etoenay); 29.9 (CH(CHa),); 22.7, 22.2, 22.0, 21.9
(CH; retoenon); €nol-IL: 6 = 198.9 (C-6); 173.3 (C-4); 172.5 (C-2);
167.2 (C-8); 91.7 (C-3); 56.6 (C-5); 52.3 (C-9); 51.5 (C-1); 47.3
(C-7); 36.8, 35.5 (CH,CH(CH,); teto.enon); 25.5 (CH(CH,),); 22.7,
22.2, 22.0, 21.9 (CH; getoenop); €nol-IV: 6 = 90.2 (C-3,7); 51.3
(C-1,9). IR (neat, cm™'): v = 2957 (s), 2872 (w), 1751 (s), 1718 (s),
1653 (w), 1629 (w), 1560 (w), 1438 (m), 1409 (w), 1368 (w),
1319 (m), 1243 (m), 1158 (m), 1093 (w), 1073 (w), 1012 (w). MS
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(CI, isobutane): m/z (%) = 273 (M + 1]*, 100). Anal. caled for
C;H,504 (272.29): C, 57.34; H, 7.40. Found: C, 57.46; H, 7.44.

4-(6-Chlorohexyl)-3,5-dioxopimelic acid dimethyl ester (3f).
Starting with 10-chloro-1-methoxy-1,3-bis(trimethylsilyloxy)-1,3-
decadiene (0.910 g, 2.4 mmol), 2 (0.109 g, 0.8 mmol, 0.09 mL) and
TMSOTS (0.036 g, 0.16 mmol, 0.03 mL) in CH,Cl, (10 mL), 3f
was isolated as a yellow oil (0.165 g, 62%). '"H NMR (300 MHz,
CDCl;, keto : enol-I : enol-II : enol-IV = 52 : 16 : 30 : 2): keto:
0 =3.97(t,*J =69 Hz, 1H, H-5); 3.72 (s, 6H, H-1,9); 3.65-3.43
(m, H-3,7 ket0p» H-3, 7 cnotty» H-7(enorny); 1.88-1.68 (m), 1.45-1.25 (m)
((CH,)6Clgetocnon); €nol-I: 6 = 16.00 (s, 1H, OH); 3.74 (s, 6H, H-
1,9); 3.65-3.43 (m, H-3,7 10, H-3,7cnory> H-7enorn); 2.20 (m, 2H,
CH,(CH,);Cl); 1.88-1.68 (m), 1.45-1.25 (m) ((CH,)sClietoenon);
enol-1I: 6 = 12.09 (s, 1H, OH); 5.12 (s, 1H, H-3); 3.74 (s, 3H,
H-1); 3.71 (s, 3H, H-9); 3.65-3.43 (m, H-3,7e10)» H-3,7cnoLry» H-
Tenon); 3-30 (dd, *J = 8.0 Hz, °J = 6.5 Hz, 1H, H-5); 1.88-
1.68 (m), 1.45-1.25 (m) ((CH,)sClietoenoy); €nol-IV: 6 = 12.10 (s,
2H, OH); 5.15 (s, 2H, H-3,7). *C NMR (75.5 MHz, CDCl,): keto:
0 =198.4 (C-4,6); 167.2 (C-2,8); 66.2 (C-5); 52.5 (C-1,9); 47.7 (C-
3,7); 45.0, 44.9 (CH,Cleioenan); 32.4, 32.3, 30.6, 28.8, 28.6, 28.0,
27.9,27.2,27.0, 26.8, 26.5, 26.4 ((CH,)sCH,Cl 0 eno ); €nol-I: 6 =
186.0 (C-4,6); 167.9 (C-2,8); 111.5 (C-5); 52.5 (C-1,9); 45.9, 44.9
(CH,Clgeroenan); 42.1 (C-3,7); 32.4, 32.3, 30.6, 28.8, 28.6, 28.0, 27.9,
27.2,27.0,26.8,26.5,26.4 (CH,)sCH,Clyetoeno); €nol-II: 6 = 198.8
(C-6); 173.0 (C-4); 172.6 (C-2); 167.3 (C-8); 91.8 (C-3); 58.5 (C-
5); 52.4 (C-9); 51.5 (C-1); 47.4 (C-7); 45.0, 44.9 (CH,Clcioenan);
32.4, 32.3, 30.6, 28.8, 28.6, 28.0, 27.9, 27.2, 27.0, 26.8, 26.5, 26.4
((CH,)sCH,Clyeioenan); €nol-IV: 6 = 90.3 (C-3,7); 51.3 (C-1,9). IR
(neat, cm™"): v = 2999 (w), 2953 (m), 2937 (m), 2860 (w), 1749
(br, s), 1653 (m), 1625 (m), 1437 (s), 1404 (m), 1324 (s), 1243 (br,
s), 1159 (m), 1064 (w), 1016 (m). MS (CI, isobutane): m/z (%) =
337 (M + 117, ¥Cl, 37), 335 (M + 1]*, *Cl, 100). Anal. calcd for
C,sH»;04Cl1 (334.79): C, 53.81; H, 6.92. Found: C, 53.95; H, 7.06.

4-Chloro-3,5-dioxopimelic acid dimethyl ester (3g). Starting
with 4-chloro-1-methoxy-1,3-bis(trimethylsilyloxy)-1,3-butadiene
(0.885 g, 3.0 mmol)), 2 (0.137 g, 1.0 mmol, 0.11 mL) and TMSOTf
(0.044 g, 0.2 mmol, 0.04 mL) in CH,Cl, (12 mL), 3g was isolated
as a yellow oil (0.240 g, 96%). '"H NMR (500 MHz, CDCl;, enol-I :
enol-I1 =95 : 5): enol-I: 6 = 14.65 (s, 1H, OH); 3.74 (s, 6H, H-1,9);
3.66 (s, 4H, H-3,7); enol-II: 6 = 12.06 (s, 1H, OH); 5.45 (s, 1H,
H-3); 5.34 (s, 1H, H-5); 3.74 (s, 2H, H-7). *C NMR (125.8 MHz,
CDCl;): enol-I: § = 183.6 (C-4,6); 166.9 (C-2,8); 108.7 (C-5); 52.6
(C-1,9); 42.7 (C-3,7); enol-I1: § = 192.3 (C-6); 166.7 (C-8); 93.3 (C-
3); 67.0 (C-5); 51.9 (C-1); 45.6 (C-7). IR (neat, cm™"): v = 3458 (br,
w), 3000 (w), 2957 (m), 2850 (w), 1745 (br, s), 1621 (m), 1438 (s),
1405 (m), 1328 (s), 1259 (br, s), 1208 (s), 1173 (s), 1152 (s), 1016
(m). MS (EI, 70 eV): m/z (%) = 252 (M*, 7'Cl, 1), 250 (M*, *Cl,
3), 186 (67), 177 (30), 158 (32), 150 (37), 101 (100). HRMS (EI):
caled for CoH,,O,Cl (M*, ¥*Cl): 250.02387, found 250.023346.

4-Methoxy-3,5-dioxopimelic acid dimethyl ester (3h). Start-
ing with 1,4-dimethoxy-1,3-bis(trimethylsilyloxy)-1,3-butadiene
(0.401 g, 1.38 mmol), 2 (0.063 g, 0.46 mmol, 0.05 mL) and
TMSOTT (0.020 g, 0.09 mmol, 0.02 mL) in CH,Cl, (6 mL), 3h
was isolated as a yellow oil (0.056 g, 49%). '"H NMR (500 MHz,
CDCl,, keto : enol-I : enol-II : enol-IV = 30 : 58 : 11 : 1): keto:
0 = 4.60 (s, 1H, H-5); 3.72 (s, 6H, H-1,9); 3.64, 3.60 (qas, *J =
16.4 Hz, 4H, H-3,7); 3.48 (s, 3H, OMe); enol-I: 6 = 13.40 (s, 1H,

OH); 3.74 (s, 6H, H-1,9); 3.60 (s, 3H, OMe); 3.55 (s, 4H, H-3,7);
enol-11: 6 = 11.90 (s, 1H, OH); 5.37 (s, 1H, H-3); 4.25 (s, 1H, H-5);
3.75 (s, 3H, H-1); 3.72 (s, 3H, H-9); 3.43 (s, 2H, H-7); enol-1V: 0 =
11.60 (s, OH). *C NMR (125.8 MHz, CDCl,): keto: 6 = 197.2
(C-4,6); 167.1 (C-2,8); 92.0 (C-5); 59.2 (OMe); 52.4 (C-1,9); 45.3
(C-3.7); enol-I: 6 = 181.0 (C-4,6); 167.8 (C-2,8); 136.8 (C-5); 62.7
(OMe); 52.5 (C-1,9); 39.9 (C-3,7); enol-II: 6 = 198.1 (C-6); 167.2
(C-8); 96.7 (C-3); 86.0 (C-5); 58.3 (OMe); 52.4 (C-9); 51.6 (C-1).
IR (neat, cm™'): v = 3447 (br, w), 3007 (w), 2958 (m), 2849 (w),
1732 (br, s), 1664 (m), 1640 (m), 1440 (s), 1401 (m), 1329 (s), 1268
(br, s), 1218 (s), 1178 (s), 1108 (s), 1019 (m).

3,5-Dioxopimelic acid ethyl ester methyl ester (3i). Starting
with 1-ethoxy-1,3-bis(trimethylsilyloxy)-1,3-butadiene (3.294 g,
12.0 mmol), 2 (0.546 g, 4.0 mmol, 0.43 mL) and TMSOTf (0.178 g,
0.8 mmol, 0.14 mL) in CH,Cl, (48 mL), 3i was isolated as a yellow
oil (0.709 g, 77%). '"H NMR (500 MHz, CDCl;, keto : enol-I :
enol-II : enol-III : enol-IV =12 :83:2:2:1): keto: 6 = 4.15 (q,
3J =17.3 Hz, 2H, OCH,); 3.86 (s, 2H, H-5); 3.70 (s, 3H, H-1); 3.54
(s,2H), 3.52 (s, 2H) (H-3,7); 1.24 (t,°J = 7.3 Hz, CH,CH); enol-I:
0 =14.75 (s, 1H, OH); 5.71 (s, 1H, H-5); 4.16 (q, *J = 7.3 Hz, 2H,
OCH,); 3.71 (s, 3H, H-1); 3.33 (s, 2H), 3.32 (s, 2H) (H-3,7); 1.24
(t,*J = 7.3 Hz, 3H, CH,CH,;); enol-II, enol-III: 6 = 12.10 (s, 1H,
OH eormy); 12.00 (s, 1H, OHepori); 5.09 (s, 2H), 5.08 (s, 2H) (H-
3 enokin H'7(cnol—lll)); 3.71 (s, H-1enortienoti); 3.55 (s, 2H), 3.53 (s, 2H)
(H-7 cnorn, H-3(enorin); 1.25 (t, *J = 7.3 Hz, CH,CH epormy); 1.24
(t, *J = 7.3 Hz, CH,CH 3enormy); €nol-1V: 6 = 12.08 (s, IH, OH);
11.99 (s, 1H, OH); 5.12 (s, 1H), 5.08 (s, 1H) (H-3,7). *C NMR
(125.8 MHz, CDCI;): keto: 6 = 196.4 (C-6); 196.3 (C-4); 167.2 (C-
2);166.8 (C-8);61.6 (OCH,); 56.1 (C-5); 52.4(C-1);49.3(C-7);49.0
(C-3); 13.99 (CH,CH;); enol-I: 6 = 186.0 (C-6); 185.8 (C-4); 167.6
(C-2);167.1(C-8);100.9 (C-5);61.5(OCH,); 52.5(C-1); 44.5(C-7);
44.3 (C-3); 14.01 (CH,CHy,); enol-II, enol-III: 6 = 196.7, 196.6 (C-
6oty Cdhnetam); 1724, 172.1 (C-4uapans C-6ena); 169.3, 169.1
(C-2enorny> C-8enormy); 167.1, 166.6 (C-8 enor.is C-2(enorimn); 92.8, 92.5
(C'3lcnol—ll)> C'7(cnol—III)); 48.7,48.4 (C-7(cm\lrll)a C'3(cnol—lll)); enol-1V: 6 =
91.5,91.3 (C-3,7). IR (neat, cm™): v = 2985 (m), 2958 (m), 1740
(br, s), 1635 (s), 1616 (s), 1438 (s), 1369 (m), 1328 (s), 1261 (br, s),
1158 (s), 1030 (s). MS (EL, 70 eV): m/z (%) = 230 (M*, 4), 184 (28),
157 (57), 152 (60), 143 (87), 115 (60), 111 (35), 101 (100). Anal.
caled for C,(H,O4 (230.21): C, 52.17; H, 6.13. Found: C, 51.89;
H, 6.18.

4-Ethyl-3,5-dioxopimelic acid ethyl ester methyl ester (3j).
Starting with 1-ethoxy-1,3-bis(trimethylsilyloxy)-1,3-hexadiene
(2.723 g, 9.0 mmol), 2 (0.410 g, 3.0 mmol, 0.32 mL) and
TMSOTT (0.133 g, 0.6 mmol, 0.11 mL) in CH,Cl, (36 mL), 3j
was isolated as a yellow oil (0.356 g, 46%). '"H NMR (500 MHz,
CDCl;, keto : enol-I : enol-II : enol-IIl : enol-IV = 48 :
14 : 18 : 18 : 2): keto: 6 = 4.22-4.14 (m, OCHa jei0enap); 3.90
(t, °J = 7.0 Hz, 1H, H-5); 3.71 (s, 3H, H-1); 3.63-3.50 (m,
H-3,7 ke10y» H-7enotmy> H-3(enorrm); 1.89 (‘quint’, 2H, CHCH,CH,);
1.30-1.23 (4t,*J = 7.0 Hz, OCH,CH3; (ei0.cn0); 0.92 (t,*J = 7.5 Hz,
3H, CHCH,CH,); enol-1: 6 = 15.90 (s, 1H, OH); 4.22-4.14 (m,
OCH, (eioened); 3.74 (s, 3H), 3.73 (s, 3H) (H-1enoryys H-1(enorn);
3.49 (s, 2H, H-3); 3.47 (s, 2H, H-7); 2.25 (q, °J = 7.5 Hz, 2H,
CCH,CHs); 1.30-1.23 (4t, *J = 7.0 Hz, OCH,CH; tctoenop); 1.05
(t, °*J = 7.5 Hz, 3H, CCH,CH,); enol-II: 6 = 12.06 (d, *J =
1.0 Hz, 1H, OH); 5.12 (s, 1H), 5.10 (s, 1H) (H-3 cnor.m> H-7enotnn);
4.22-4.14 (m, 2H, OCH, getoenon); 3-70 (s, 3H, H-1); 3.63-3.50
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(m, H-3,7xe0)» H-7enotmy> H-3enornm); 3.21 (m, 2H, H-S¢notir.enotim);
1.95-1.71 (m, 4H, CHCH,CH; or1enotm); 0-91 (t, °J = 7.5 Hz,
6H, CHCH,CH 3 eoritenoty); €nol-IIL: 6 = 12.15 (d, *J = 1.0 Hz,
1H, OH); 5.12 (s, 1H), 5.10 (s, 1H) (H-3(cnory> H-7(enormn); 4.22—
4.14 (m, OCH, getoenon); 3-74 (s, 3H), 3.73 (s, 3H) (H-1¢por, H-
1(enol-III)); 3.63-3.50 (m, H'3’7(kem)’ H-7 evormn)s H'3(enol-111))§ 3.21 (m,
2H, H-5eotitenoti); 1.95-1.71 (m, 4H, CHCH,CH; enot.itenot-m);
0.91 (t, °J = 7.5 Hz, 6H, CHCH,CH; cnop.11.cn01m); €nOIIV: & =
12.17 (d, *J = 0.8 Hz, 1H, OH); 12.08 (d, *J = 0.8 Hz, 1H,
OH); 5.15 (s, 1H), 5.13 (s, IH) (H-3,7); 3.72 (s, 3H, H-1). °C
NMR (125.8 MHz, CDCl;): keto: 6 = 198.7 (C-6); 198.5 (C-
4); 167.2 (C-2); 166.7 (C-8); 67.7 (C-5); 61.6 (OCH,); 52.4 (C-
1); 48.0 (C-7); 47.7 (C-3); 21.7 (CHCH,CH,); 14.0 (OCH,CH;);
11.9 (CHCH,CHs); enol-I: 6 = 186.0 (C-6); 185.8 (C-4); 168.0
(C-2); 167.5 (C-8); 112.8 (C-5); 61.5, 61.4 (OCH,; not1enolin);
52.5 (C-1); 422 (C-7); 419 (C-3); 20.1 (CCH,CH;); 14.9
(CCH,CH,); 14.1, 14.1, 14.0 (OCH,CHs; (noL.renol-11cnoin); €nol-
II. 0 = 1989 (C-6); 173.1, 1729 (C-4norys C-6cnotimn);
172.6, 172.3 (C-2ormys C-8(enory); 166.8 (C-8); 91.8 (C-3);
61.5, 61.4 (OCHZ(cnol—I.cnol—H)); 60.2, 60.1 (C_S(cnol—",cnol—lﬂ)); 51.5
(C-1); 47.7 (C-7); 21.5, 21.4 (CHCH,CH; cuorirenorin); 14.1,
14.1, 14.0 (OCH,CH; cuorienotiienotnn); 11.6 (CHCH,CHj); enol-
II: 6 = 1989 (C-4); 173.1, 1729 (C-4emormm> C-6enormmn);
172.6, 172.3 (C-2enormy> C-8noumm); 167.3 (C-2); 92.1 (C-7);
60.5 (OCH,); 60.2, 60.1 (C-5enotmmenotin); 92.3 (C-1); 47.5
(C-3); 21.5, 21.4 (CHCH,CH;enotmenotiny);  14.1, 14.1, 14.0
(OCH, CHj enotrenot-ttenotun); 11.6 (CHCH, CHy); enol-1V: 6 = 175.4,
175.2 (C-4,6); 90.6, 90.4 (C-3,7); 51.3 (C-1); 22.6 (CHCH,CH;);
14.2 (OCH,CH,). IR (neat,cm™"): v= 3648 (w), 3630 (w), 3447 (w),
2976 (m), 2940 (m), 2880 (w), 1747 (br, s), 1655 (m), 1626 (s),
1439 (s), 1406 (m), 1369 (m), 1322 (s), 1245 (br, s), 1159 (s),
1097 (m), 1081 (m), 1028 (s). MS (EI, 70 eV): m/z (%) = 258
(M, 3), 212 (33), 180 (85), 165 (71), 158 (73), 144 (100). HRMS
(EI): calcd for C,H ;04 (M*) 258.10979, found 258.109726.
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In this paper we present results of a study into whether the tricyclic core of the lepadiformines A—C can
be accessed via intramolecular hetero-Diels—Alder cycloaddition. We are able to demonstrate that such

a process is possible and that the reaction proceeds in an endo-selective fashion, providing the correct

relative stereochemistry for this family of natural products. By employing this approach we have been
able to develop a short (7 step) synthesis of (+)-lepadiformine A, starting from commercially-available

trans-2-nonenal.

Introduction

(—)-Lepadiformine A 1is a tricyclic alkaloid that has been isolated
from several species of sea squirt belonging to the Clavelina and
Polycitoridae families.'® It has been shown to be moderately
cytotoxic towards various tumour cell lines, and is also an effective
blocker of cardiac muscle K, (potassium ion) channels.® The
original structure for this natural product, proposed on the basis
of "H and “C NMR analysis,' was later shown be incorrect, and
the correct relative and absolute stereochemistry was established
by synthesis.** Lepadiformines B and C,* polycitorals A and B,*
fasicularin,” and the cylindricines A-K,® are structurally-related
tricyclic marine alkaloids that have also been isolated from marine
ascidiacea (Fig. 1). Together, this family of natural products
has attracted considerable interest from synthetic chemists,**°
culminating in a number of syntheses of lepadiformine A,*'"""
fasicularin,*® and cylindricines A—E.'"*1

Despite this considerable synthetic effort, as far as we are
aware, there have been no reports of investigations into the use
of an intramolecular hetero-Diels—Alder cycloaddition involving
an imine dieneophile 19 (Scheme 1) as a means of accessing the
tricyclic core 18 of the lepadiformines.

This study presents the results of our investigations using the
hetero-Diels—Alder approach to prepare lepadiformine A 1.

Results and discussion

Unconjugated imines tend to be poor dieneophiles, but can
be activated towards Diels—Alder cycloaddition via protonation,
especially if the reaction is carried out in a polar environment.*2
Thus we envisaged that it may be possible to access the lepad-
iformine A tricycle 24 from an o-carboxy imine precursor 20
(Scheme 2). We considered that under thermal conditions, internal
protonation of the imine function may be sufficient to promote the
desired cycloaddition, and if this proved not to be the case, Diels—
Alder reaction may still be possible via the use of external acid
catalysis. However, there are at least two other thermal processes
that could compete with the desired Diels—Alder reaction; namely
decarboxylation to give imine(s) 22,** and ene-reaction to give
bicyclic intermediates such as 23.

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

A further complication is that the Diels—Alder reaction, even if
favoured,? could generate up to four diastereoisomeric products
24. Inspection of simple transition state models leading to each
isomer suggested that the diene should preferentially add anti to
the carboxyl function leading to either 27 or 28 (Fig. 2).

It was less clear whether endo- or exo-mode of addition would be
favoured, so in an effort to gain more insight into this, optimized
transition state structures (gas-phase) for 25 and 26 (R = Me) were
calculated using B3LYP/6-31G*.*” These calculations predict
that both exo- and endo-Diels—Alder reactions would proceed
via highly asynchronous transition states (Fig. 3) and that the
transition state leading to the endo-adduct would be slightly
favoured. Although the predicted energy differences are unlikely
to be accurate for reactions performed in polar media, this
did provide an indication that the desired endo-adduct may be
favoured with this type of substrate.

Encouraged by these results, we moved on to investigate
preparation of the Diels—Alder precursor 20. We considered that
such an intermediate should be readily accessed via Michael
addition of a glycine imine 30 to enone 31 (Scheme 3).

The desired enone 31 was prepared via the sequence outlined in
Scheme 4. Starting from commercially-available trans-2-nonenal
32, Wittig reaction gave diene 33 as a mixture of alkene isomers,
slightly favouring the undesired (6Z,8 E)-isomer. This geometrical
mixture could be equilibrated by treatment with iodine and
sunlight, and the pure (6E,8E)-isomer could then be obtained
from the resulting 70 : 30 mixture by repeated crystallization from
petroleum ether at —20 °C. In this way we were able to obtain
(6E,8F)-33 in 43% overall yield. This material was then converted
into the desired enone 31 via formation of the Weinreb amide,
followed by reaction with vinylmagnesium bromide. This four-
step sequence provided useful quantities of enone 31.

We next investigated the synthesis of potential Diels—Alder
precursors (Scheme 5). Michael addition of glycine imines 30a and
30b was readily achieved using caesium carbonate in diisopropyl
ether in conjunction with a quaternary ammonium catalyst.?®
Hydrolysis of the benzophenone imine, followed by basification®
then led directly to the cyclic imines 35.

We next attempted to perform Diels—Alder cyclizations of
the cyclic imine esters 35a and 35b. Heating either of these
substrates in toluene (up to 165 °C) led to slow isomerization of
the 5'-alkene, but no cycloadducts were formed. Similar results
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7, R =Cl, cylindricine A

8, R=OH, cylindricine C
9, R = OMe, cylindricine D
10, R = OAc, cylindricine E
11, R = NCS, cylindricine F

14, R = SCN, cylindricine H
15, R = NCS, cylindricine |

16, cylindricine J

17, cylindricine K

Fig. 1 Structures of tricyclic alkaloids isolated from marine ascidiacea.?

Scheme 1 Possible hetero-Diels—Alder approach to the lepadiformine
tricycle 18.

were obtained when the TFA salt 36 was heated in toluene
(Scheme 6).

Reaction of the corresponding carboxylic acid 20 produced
more interesting results. This substrate was stable towards heating
to 100 °C in toluene, but when the temperature was increased to
165°C (sealed tube), decarboxylation was observed, giving rise to a
mixture of imine isomers 22. Attempts to promote the Diels—Alder
pathway by addition of trifluoroacetic acid were unsuccessful;

ene-reaction

<o

Diels-Alder po,c N
reaction H H
=
23
Hy3Cs™ “X

Scheme 2

0, 0,

~-mmmmemeao
<-mmmmmma-

endo-adduct exo-adduct

Fig. 2

endo exo
E/kcalmol™ = 0.0 0.7

Fig. 3 B3LYP/6-31G* predicted structures for transition states 25 and
26 (R = Me).

at lower temperatures no reaction occurred, and on heating to
165 °C the substrate degraded. We next investigated replacing
toluene with hexafluoroisopropanol. We have previously found
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Scheme 3
HO,C
X _CHO (0] (i), (iv)
H1306/\/ 31
32 |
H13Ce
33
(E.E):(ZE) = 40:60 :l o
i
70:30

Scheme 4 Reagents and conditions: (i) LDA (2.1 eq.), BrPh;P(CH,)s-
CO,H (89%); (i) I,, hv; (iii) MeNHOMe, EDC, DMAP (94%);
(iv) H,CCHMgBr (79%).

Scheme 5 Reagents and conditions: (i) 31, Cs,COs;, i-Pr,O, PhCH,-
NMe;Br; (i) 15% aq. citric acid, THF; K,CO; (35a, 77%; 35b, 55%).

35a or 35b

25-165°C
PhMe

H13Ce

Scheme 6

this to be a highly effective solvent for Diels—Alder chemistry,*
and envisaged that it might provide a sufficiently acidic medium so
as to promote cycloaddition whilst also stabilizing any potential
carboxylate intermediates, such as 21, towards decarboxylation.
This change proved successful; heating imine 20 to 60 °C in
this solvent led to formation of the desired cycloadduct 37,
along with a minor diastereoisomer (Scheme 7). At this point
we were unable to unambiguously determine the stereochemistry
of the major product, but subsequent studies (vide infra) have
established that this was the endo-cycloadduct 37 with the correct
relative stereochemistry for lepadiformine A 1. We were unable to
isolate the minor diastereoisomer, consequently this product has
not been fully characterized, but "H NMR analysis of mixtures
containing this component suggest that it is most probably the
exo-adduct 28 (R = C,H ;).

165°C 60°C
22 20 HO,C
PhMe (CF3),CHOH

H13Ce

37
(5:1 mixture of diastereoisomers)

Scheme 7

Interestingly, when the cyclic imine ester 35b or the correspond-
ing TFA salt 36 are heated to 60 °C in hexafluoroisopropanol, only
very low conversions (>10% after 10 days) to the cycloadducts
are observed. In addition, when acid 20 is heated in less acidic
protic solvents (H,O, MeOH, i-PrOH), no cycloadducts are
observed. This suggests that the combination of the a-carboxyl
group and hexafluoroisopropanol are crucial to the success of this
transformation.

A further advantage of employing hexafluoroisopropanol as
the solvent is that it promotes cleavage of the ters-butyl ester
35a to give the corresponding acid 20 under the same conditions
required for the cycloaddition. Thus, simply by heating ester 35a
in hexafluoroisopropanol at 60 °C we were able to obtain the
tricyclic acid 37 in 53% overall yield. This material was readily
converted into (+)-lepadiformine A 1 by hydrogenation of the
alkene followed by reduction of the carboxylic acid using lithium
aluminium hydride (Scheme 8).

35a 0 37 (i), (i) 1, lepadiformine A

Scheme 8 Reagents and conditions: (i) (CF;),CHOH, 60 °C (53%, 5 :
1 mixture of diastereoisomers); (i) H,, Pd/C, EtOH; (iii) LiAlH,, THF
(52% over two steps).

This study has established that the tricyclic core of lepadi-
formine can be readily accessed via intramolecular cycloaddition
of diene precursor 20. The stereochemical outcome of this
process is consistent with the reaction proceeding via an endo-
selective Diels—Alder reaction. By employing this approach we
have been able to develop a short (7 step) synthesis of (&)-
lepadiformine A 1 starting from commercially-available trans-2-
nonenal.
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Experimental
General details

Unless otherwise stated, all solvents and chemicals were used
as provided by the supplier. Reactions were monitored by thin
layer chromatography using Merck silica gel 60 F,, precoated
glass TLC plates, visualised using UV light and then basic
potassium permanganate solution. Flash chromatography was
performed using Merck silica gel (230-400 mesh) as the stationary
phase. Melting points were determined using a Kopfler hot-stage
apparatus and are uncorrected.

Infrared spectra were recorded using either a Perkin-Elmer FT
1600 or a Nicolet Avatar 360 FT-IR infrared spectrophotometer.
"HNMR and "C NMR spectra were recorded on Bruker AV400 or
DRX500 spectrometers at ambient temperature. Chemical shifts
are quoted relative to residual solvent and J values are given in Hz.
Multiplicities are designated by the following abbreviations: s, sin-
glet; d, doublet; t, triplet; q, quartet; br., broad; m, multiplet. Mass
spectra were obtained on Micromass Autospec or Micromass LCT
instruments using electron impact (EI) or +ve electrospray (ES+).

(6E,8E)-Pentadeca-6,8-dienoic acid 33. A solution of freshly
distilled i-Pr,NH (10.7 mL, 76.0 mmol) in dry THF (100 mL) was
placed under an atmosphere of nitrogen, then cooled to —30 °C.
n-BuLi (32 mL, 76.0 mmol, 2.4 M) was added dropwise and
the mixture was stirred for 30 min at —30 °C. The resulting
LDA solution was added dropwise via cannula to a stirred
suspension of (5-carboxypentyl)triphenylphosphonium bromide
(17.4 g, 36.0 mmol) in dry THF (100 mL) at —30 °C under an
atmosphere of nitrogen. The mixture was stirred at RT for 30 min
before re-cooling to —30 °C. A solution of freshly distilled trans-
2-nonenal 32 (4.5 mL, 27.0 mmol) in dry THF (50 mL) was then
added dropwise at —30 °C. The mixture was then allowed to
warm to RT and stirred for 18 h. An ice-cold solution of 10%
aq. NaHSO, (200 mL) was added to the mixture and the phases
were separated. The aqueous phase was extracted with Et,O (2 x
100 mL) and the combined organics were washed with brine
(100 mL) then dried (MgSO,). The solvent was removed under
reduced pressure and the residue extracted with Et,O. Insoluble
Ph;PO was filtered off and the solution was then passed through
a large pad of silica using Et,O (R; 1), then concentrated under
reduced pressure to give diene 33 (5.6 g, 89%, 60 : 40 mixture
of (6Z,8F)- and (6E,8E)-isomers) as a yellow oil. This material
was then dissolved in chloroform (170 mL), iodine (770 mg,
3.0 mmol) was added, and the mixture was left in natural sunlight
for 4 h. The mixture was washed with saturated aq. Na,S,0; (2 x
100 mL), the combined organics were dried (MgSO,) and the
solvent removed under reduced pressure to give the crude diene 33
as a 30 : 70 mixture of (6Z,8E)- and (6E,8E)-isomers. Repeated
recrystallization from petroleum ether (cooling to —20 °C and then
filtering the crystals ice cold) gave the (6E,8E)-isomer 33 (2.4 g,
43%) as a low-melting solid (found: C, 75.6; H, 10.95. C;sH,0,
requires C, 75.6; H, 11.00%); v...(neat)/cm="' 3014, 2955, 2920,
2848, 1712, 1444, 1308, 1254, 1202, 980, 902; 6,; (500 MHz, CDCl;)
6.04-5.97 2H, m, 2 x C=CH), 5.61-5.52, (2H, m, 2 x C=CH),
2.37(2H,t,J 7.5, CH,CO,H), 2.11-2.03 (4H, m), 1.69-1.63 (2H,
m), 1.48-1.40 (2H, m), 1.38-1.24 (8H, m), 0.89 (3H, t, J 7.0,
CH); 6 (100 MHz, CDCl;) 179.8 (C), 132.9 (CH), 131.3 (CH),
130.9 (CH), 130.1 (CH), 33.8 (CH,), 32.6 (CH,), 32.1 (CH,), 31.7

(CH,),29.4 (CH,), 28.9 (CH,), 28.7 (CH.), 24.2 (CH,), 22.6 (CH.),
14.1 (CH.); m/z (EI) 238.1933 (M* C,sH,sO, requires 238.1933),
238 (100%), 94 (60) and 67 (95).

(6E ,8E)-Pentadeca-6,8-dienoic acid methoxymethyl amide.
(6E,8E)-Diene 33 (3.6 g, 15.0 mmol) was dissolved in dry CH,Cl,
(75 mL) and cooled to 0 °C and placed under an atmosphere
of nitrogen. N,O-Dimethylhydroxylamine hydrochloride (2.2 g,
22.6 mmol), N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide
hydrochloride (EDC) (4.4 g, 23.0 mmol) and DMAP (2.8 g,
23.0 mmol) were added to the solution and the mixture was stirred
for 2 h at RT. The reaction was quenched with brine (50 mL)
and the phases separated. The aqueous phase was extracted with
EtOAc (2 x 50 mL) and the combined organics were washed
with 1 M HCI (50 mL), saturated aq. NaHCO; (50 mL), brine
(50 mL) and dried (MgSO,). The solvent removed under reduced
pressure and the residue was purified by flash chromatography
on silica gel (4 : 1, petroleum ether—EtOAc) to give the Weinreb
amide (3.9 g, 94%) as a yellow oil (found: C, 72.7; H, 11.1; N, 4.6.
C;H; NO, requires C, 72.55; H, 11.1; N, 5.0%); vn.(neat)/cm™!
3013, 2959, 2854, 1732, 1670, 1462, 1383, 1177, 1109, 988; Jy
(500 MHz, CDCl;) 6.00-5.97 (2H, m, 2 x C=CH), 5.56-5.52
(2H, m, 2 x C=CH), 3.66 (3H, s, OCH;), 3.17 (3H, s, NCH,),
2.41 (2H,t,J 7.5,CH,CO), 2.10-2.01 (4H, m), 1.66-1.60 (2H, m),
1.45-1.36 (2H, m), 1.36-1.23 (8H, m), 0.87 (3H, t, J 7.0, CH;); d¢
(100 MHz, CDCl;) 174.5(C), 132.5(CH), 131.5(CH), 130.7 (CH),
130.1 (CH), 61.1 (CHs;), 32.5 (CH,), 32.2 (CH;), 32.1 (CH,), 31.6
(CH,), 31.5(CH,), 29.3 (CH,), 29.1 (CH,), 28.8 (CH,), 24.1 (CH,),
22.5 (CH,), 14.1 (CH;); m/z (ES+) 282.2437 (M + H* C,;H;,NO,
requires 282.2433), 282 (100%)).

(6E,8E)-Heptadeca-1,8,10-triene-3-one  31. (6E,8F)-Penta-
deca-6,8-dienoic acid methoxymethyl amide (3.9 g, 14.0 mmol)
was dissolved in dry THF (200 mL), placed under an atmosphere
of nitrogen, and cooled to —78 °C. Vinylmagnesium bromide
(41 mL of a 1 M solution in Et,0, 41.0 mmol) was added
dropwise. The mixture was stirred for 30 min then allowed to
warm to RT and stirred for a further 4 h. Aqueous HCI (200 mL,
1 M) was added and the phases separated. The aqueous phase was
extracted with EtOAc (2 x 150 mL) and the combined organics
were washed with brine (150 mL) and dried (MgSO,). The
solvent was removed under reduced pressure and the residue was
purified by flash chromatography on silica gel (6 : 1, petroleum
ether—EtOAc) to give the enone 31 (2.7 g, 79%) as a yellow oil
(found: C, 82.2; H, 11.3. C;;Hx0 requires C, 82.2; H, 11.4%);
vmax(neat)/cm=' 3014, 2926, 2855, 1703, 1683, 1615, 1456, 1401,
987, 725; oy (500 MHz, CDCl;) 6.34 (1H, dd, J 17.5, 10.5,
CH=CH,), 6.21 (1H, dd, J 17.5, 1.0, C=CH_H,), 6.03-5.95 (2H,
m, 2 x C=CH), 5.81 (1H, dd, J 10.5, 1.0, C=CH,H,), 5.59-5.51
(2H, m, 2 x C=CH), 2.58 (2H, t, J 7.5, CH,CO), 2.17-2.02 (4H,
m), 1.66-1.60 (2H, m), 1.44-1.22 (10H, m), 0.88 (3H, t, J 7.0,
CH,); d- (100 MHz, CDCI;) 200.8 (C), 136.6 (CH), 132.8 (O),
131.5(C), 130.8 (©), 130.1 (C), 127.9 (C), 39.5 (CH,), 32.6 (CH,),
32.3 (CH,), 31.7 (CH,), 29.4 (CH,), 29.0 (CH,), 28.9 (CH,), 23.5
(CH,), 22.6 (CH,), 14.1 (CHj;); m/z (EI) 248.2143 (M* C,;H;0
requires 248.2140), 248 (40%), 207 (20), 123 (25), 79 (80), 67 (100).

(SE,7E)-5-Tetradeca-5',7'-dienyl-3,4-dihydro-2 H-pyrrole-2-car-
boxylic acid tert-butyl ester 35a. Enone 31 (208 mg, 0.84 mmol)
was added to a solution of glycine imine 30a (247 mg, 0.84 mmol)
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and benzyltrimethylammonium bromide (19 mg, 0.08 mmol) in
diisopropyl ether (15 mL). Cs,CO; (547 mg, 1.68 mmol) was
then added and the mixture stirred at RT overnight. The reaction
mixture was filtered through MgSO, and then concentrated under
reduced pressure the give the crude imine 34a (484 mg) as a yellow
oil; Jy (400 MHz, CDCl;) 7.84-7.21 (10H, m, ArH), 6.04-5.96
(2H, m, 2 x CH=CH), 5.62-5.50 2H, m, 2 x CH=CH), 3.96 (1H,
apparent t, J 7.0, CH,), 2.60-2.46 (2H, m), 2.41 (2H, apparent t,
J 1.5, CH,), 2.25-2.03 (6H, m), 1.46 (9H, s, C(CH;);), 1.61-1.25
(12H, m), 0.85 (3H, t, J 6.5, CH5). This material was dissolved in
a mixture of THF (10 mL) and 15% agq. citric acid (10 mL) and
stirred at room temperature for 3 h. The mixture was basified with
solid K,CO; and stirred for a further 30 min. CH,Cl, (30 mL)
was then added and the phases separated. The aqueous phase
was extracted with CH,Cl, (30 mL) and the combined organics
dried (MgSO,) and then concentrated under reduced pressure.
The residue was purified by flash chromatography on silica gel
(4: 1, petroleum ether—Et,0) to give the cyclic imine 35a (235 mg,
77%) as a pale yellow oil; vy (neat)/cm=" 2926, 2855, 1734, 1642,
1457, 1367, 1256, 1211, 1155, 987; dy (400 MHz, CDCl;) 6.02—
5.94 (2H, m, 2 x CH=CH), 5.57-5.46 (2H, m, 2 x CH=CH),
4.55 (1H, apparent t, J 7.0, CHN), 2.68-2.41 (2H, m), 2.38 (2H,
m), 2.18-1.81 (6H, m), 1.46 (9H, s, C(CH;),), 1.46-1.25 (12H,
m), 0.85 (3H, t, J 7.0, CH;); d- (100 MHz, CDCl;) 181.5 (C),
172.6 (C), 132.7 (CH), 131.7 (CH), 130.7 (CH), 130.2 (CH),
80.9(C),74.8 (CH), 37.5(CH,), 33.7(CH,), 32.6 (CH), 32.3 (CH,),
31.8 (CH,), 29.4 (CH,), 28.9 (CH,), 28.0 (CH,), 26.7 (CH,), 26.0
(CH,), 22.7 (CH,), 14.1 (CH;); m/z (ES+) 362.3064 (M + H*
C,;H,NO, requires 362.3059) 362 (100%), 306 (50).

(SE,7E)-5-Tetradeca-5',7'-dienyl-3,4-dihydro-2 H-pyrrole-2-car-
boxylic acid benzyl ester 35b. Glycine imine 30b (257 mg,
0.78 mmol) was reacted with enone 31 following the above
procedure to give the cyclic imine 35b (170 mg, 55%) as a pale
yellow oil; (found: C, 78.8; H, 9.3; N, 3.4. C,xH3;;NO, requires C,
78.9; H, 9.4; N, 3.5%); vma(neat)/cm=" 3013, 2926, 2855, 1741,
1640, 1456, 1379, 1342, 1264, 1171, 988, 735, 697; 5, (400 MHz,
CDCl;) 7.37-7.30 (SH, m, ArH), 6.01-5.94 2H, m, 2 x CH=CH),
5.60-5.49 2H, m, 2 x CH=CH), 5.22 (1H, d, J 12.0, CH ,H,Ph),
5.19 (1H, d, J 12.0, CH,H,Ph), 4.74-4.69 (1H, m, CHN), 2.65-
2.60 (1H, m), 2.56-2.49 (1H, m), 2.41 (2H, apparent t, J 7.5, CH,),
2.23-2.13 (1H, m), 2.14-2.00 (5H, m), 1.64-1.58 (2H, m), 1.46—
1.26 (10H, m), 0.88 (3H, t, J 7.5, CHj;); dc (100 MHz, CDCl;)
182.3,172.9, 135.8, 132.8, 131.6, 130.8, 130.2, 128.6, 128.5, 128.2,
128.2,73.9, 66.6, 37.6, 33.6, 32.6, 32.3, 31.8, 29.4, 29.1, 28.9, 26.4,
25.9,22.6,14.1; m/z (ES+) 396.2904 (M + H* C,sHyxNO, requires
396.2903) 396 (100%), 306 (50).

Diels—Alder reaction of 35a. A solution of the cyclic imine 35a
(29 mg, 0.08 mmol) in degassed (5 freeze-thaw cycles) 1,1,1,3,3,3-
hexafluoropropan-2-ol (1.5 mL) in a sealed tube was placed under
an atmosphere of argon and heated at 60 °C for 9 days and then
concentrated under reduced pressure. The residue was purified by
flash chromatography on silica gel (9 : 1, CH,Cl,-MeOH) to give
the cycloadduct 37 (13 mg, 53%, 5 : 1, mixture diastereoisomers)
as a pale yellow oil; 6y (500 MHz, CD;OD, peaks for major
diastereoisomer only) 6.21-6.18 (1H, m, CH=CH), 6.04-5.93
(1H, m, CH=CH), 3.95-3.94 (1H, m, CHN), 3.66 (1H, dd,
J12.0,7.0,CHCO,H), 2.43-2.39 (1H, m, CHCN), 2.34-2.29 (1H,
m, CH H,), 2.25 (1H, dd, J 13.0, 6.0, CH H,), 2.05-1.28 (20 H,

m), 0.92 (3H, t, J 7.0, CH;); 6 (100 MHz, CD;0D, peaks for
major diastereoisomer only) 172.8 (C), 139.4 (CH), 126.8 (CH),
79.0(CH), 67.7 (CH), 58.6 (C), 42.7 (CH,), 33.0 (CH,), 31.3 (CH,),
30.4 (CH,), 28.8 (CH,), 28.2 (CH,), 28.0 (CH,), 27.1 (CH,), 25.9
(CH,), 24.6 (CH,), 23.3 (CH,), 22.2 (CH,), 13.0 (CH;); m/z (ES+)
306.2425 (M + H* CyH3,NO, requires 306.2433) 306 (100%).

Hydrogenation of cycloadduct 37. A solution of the alkene
37 (30 mg, 0.097 mmol) in EtOH (4 mL) was treated with 10%
Pd/C (30 mg) and the mixture stirred at RT overnight under an
atmosphere of hydrogen (balloon). The mixture was then filtered
through Celite and then concentrated under reduced pressure to
give the crude acid (30 mg, 100%) as a white solid; v,,,(neat)/cm™"
3404, 2929, 2858, 1629, 1466; Jy (400 MHz, CD;0D, peaks
for major diastereoisomer only) 4.07 (1H, apparent t, J 10.0,
CHCO,H), 3.75-3.72 (1H, m, CHN), 2.55-2.38 (1H, m), 2.20-
1.15(26H, m), 0.93-0.87 (3H, m); d (100 MHz, CD;0OD, peaks for
major diastereoisomer only) 76.7 (CH), 63.7 (C), 57.6 (CH), 36.2
(CH,), 34.5(CH,), 31.3 (CH,), 30.0 (CH,), 29.7 (CH,), 28.9 (CH,),
27.8 (CH,), 27.4 (CH,), 25.7 (CH,), 25.0 (CH,), 23.1 (CH,), 22.2
(CH,), 21.6 (CH,), 19.0 (CH,), 13.0 (CH;); m/z (ES+) 308.2582
(M + H* C,yH3,NO, requires 308.2584) 308 (100%). This material
was used directly in the next step without further purification.

Lepadiformine A 1. The crude acid from above (30 mg,
0.097 mmol) was dissolved in THF (4 mL) and placed under an
atmosphere of nitrogen. LiAlH, (0.24 mL of a 2.4 M solution in
THEF, 0.59 mmol) was added dropwise and the reaction heated
at reflux for 4 h. The reaction was then cooled to 0 °C and
water saturated diethyl ether added (5 mL, 0.58 M water in
Et,0), the reaction was then allowed to warm to RT and water
added (5 mL). The aqueous layer was extracted with EtOAc
(3 x 10 mL) and the combined organics dried (MgSO,) and then
concentrated under reduced pressure. The residue was purified by
flash chromatography on silica gel (75 : 4.5 : 1, CH;CI-CH;OH-
NH,OH) to give the lepadiformine A 1 (15 mg, 52%) as a clear
oil; oy (400 MHz, CDCl;) 3.43-3.32 (2H, m), 3.24 (1H, d, J 8.5),
3.20-3.13 (1H, m), 1.86-1.14 (27H, m), 1.10-0.97 (1H, m), 0.89
(3H, t, J 6.5, CH,); ¢ (100 MHz, CDCl;) 67.5 (C), 62.3 (CH),
58.5 (CH), 53.4 (CH), 40.0 (CH,), 38.3 (CH,), 34.1 (CH,), 31.9
(CH,), 30.6 (CH,), 29.6 (CH,), 28.2 (CH,), 27.7 (CH,), 27.6
(CH,), 26.3(CH,), 24.3 (CH,), 23.3 (CH,), 22.7 (CH,), 14.1 (CH,);
m/z (ES+) 294.2769 (M + H* CyH3NO requires 294.2793) 294
(100%). The above '"H NMR and “*C NMR data is in agreement
with that previously reported.’
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Convenient high yielding syntheses of optically pure PNAMs comprising L- or D-serine, L-lysine and
L-arginine units linked to thymine or Cbz-cytosine are described. Simple workup and inexpensive
reagents are employed and free amino acids are used as coupling components.

Introduction

Peptide nucleic acids are synthetic analogs of nucleic acids in
which the phosphate—sugar polynucleotide backbone is replaced
by a flexible pseudo-peptide polymer to which the nucleobases are
linked. Nielsen and co-workers have reported “classical” PNA
1 derived from PNA monomer (PNAM) units 2 comprising
N-protected (2-aminoethyl)glycine with an attached protected
nucleobase. The PNA 1 has the capacity to bind with high affinity
and specificity to a complementary sequence of DNA' or RNA?
and 1 is also resistant to DNAses and proteinases.®

The unique physico-chemical characteristics of PNAs 1 have
led to their use in a wide range of biological assays,** in vitro
antigen and antisense studies,” and in situ studies of cancer and
aging.'™'2 However, 1 lacks the formal charges found in DNA and
classical transfection agents are often unable to deliver a PNA into
cells. Other limitations include low aqueous solubility, ambiguity
in DNA binding orientation and poor membrane permeability.'®
During the last decades modified PNAs aiming to improve the
characteristics of Nielsen’s PNA have been reported,**s however,
the search for new ligands with alternative modes of binding to
DNA duplexes remains of paramount importance. Ideal ligands
would: (i) bind DNA (and RNA) with both high affinity and high
selectivity, (ii) possess sufficient biostability and (iii) lack sequence
restrictions.

One important strategy for improving the properties of PNA 1is
the utilization of monomeric PNA building blocks with modified
peptide backbones.’*'>"® The PNA backbone has been modified in
several ways: importantly, the replacement of glycine by a-amino
acids having hydrophobic, hydrophilic or charged a-substituents
leads to chiral PNA 3 with different orientational selectivity in
complementary DNA binding, as well as better solubility and cell
uptake rate. !>
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Lysine, arginine and serine are of considerable interest among
the o-amino acids utilized for backbone modifications of
PNA. Positively charged lysine-based monomers are considered to
be efficient in creating stable PNA-DNA duplexes.” Replacements
with D-lysine exhibited DNA hybridization properties equal to that
of the original PNA.*2? The lysine-containing oligomers were
also readily soluble in aqueous systems.? The lysine moiety allows
modification of backbones and the introduction of a broad range
of functional groups without interfering with the binding to DNA
or RNA.% In many cases, PNAs were constructed with a lysine
residue at the C-terminus**? in order to improve the solubility
of the whole molecule or to avoid self-aggregation. Zhang et al.
designed novel chiral PNA molecules with lysine as the main
chain unit; however, monomer 4 was obtained utilizing a multistep
synthetic methodology.?*¢

Incorporation of the arginine side chain (guanidinium func-
tional group) into the PNA backbone facilitates PNA uptake into
mammalian cells."®* However, application of the recent method-
ology for the preparation of nucleobase-lysine and arginine
monomers 5 suffers from the use of DMF as the solvent, long
reaction times (23-25h), the need to deprotect esters, and moderate
yields of products.?

In addition to their utilization in the construction of PNA
oligomers, nucleobase—amino acid (lysine, arginine) building
blocks are appropriate for the design of new drugs with a neamine
scaffold such as 6. Neamine derivatives, bearing a nucleobase
with lysine and arginine as linkers, are active inhibitors of the
HIV (human immunodeficiency virus) TAR-Tat (trans-activator
responsive region-trans-activator protein) interaction.?
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Utilization of serine-containing PNA monomers for the con-
struction of PNA oligomers leads to SNE 7 (serine-based
nucleobase-linked polyester), polyester analogs of nucleic acids.”
The replacement of the amide linkages by ester linkages should
improve the water solubility and backbone flexibility of a PNA;
however, the increased liability of esters to strong acids or bases
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as compared with amide linkages requires the development of
new synthetic strategies for SNE oligomers. Lacking an efficient
synthetic procedure, SNEs have received little attention. Recently
Murata and Wada first reported*” the multistep synthesis of the op-
tically active unprotected thymine—serine monomer 13 (Scheme 1).
(Thymin-1-yl)acetic acid 8 was converted to the pentafluorophenyl
ester 9 (37%), and coupled with TMS-protected L-serine 11 to
obtain protected SNE monomer 12, which undergoes subsequent
deprotection of the TMS groups to give 13.7

);BPQ
07 NH
o. o
o n
7
SNE
T T ?H OTMS T T
o b NHy iy Ve NHy 4( V) I
k{OD kf /J/i 2 i) /j\ iv) O NH ) P NH
- D) TMSO_\_OTMS
OH OPfp 07 oH 0% SoTMs ~ Kn/ HO\“'HfOH
o o)
8 9 10 1 12 13
T = Thymine

Scheme 1 Reagents and conditions: (1) pentafluorophenol, DCC, DMF,
rt, 17 h; (it) TMS-CI, CH,Cl, 60 °C, 1.5 h; (iii) MeOH, CH,Cl, rt; (iv) 9,
CH,Cl,, rt, 12 h; (v) TFA, CH,Cl,, MeOH, rt, 1 h.

We consider the published synthetic protocols?*#?7 challeng-
ing for the preparation of nucleobase-lysine, arginine and serine
monomers as they include complex procedures, low yields and
difficulties with product purification.

We have previously reported the extensive use of N-
acylbenzotriazoles for N-2 C-* and O-acylation® reactions.
We now report a simple and efficient synthesis, utilizing N-
acylbenzotriazoles, of backbone modified chiral PNA and SNE
monomers comprising L- and D-serine, L-lysine and L-arginine
amino acids.

Results and Discussion

Our strategy was to utilize benzotriazole mediated solution phase
methodology, which enables the incorporation of nucleobases and
important amino acids in two simple steps, affording backbone
modified, chiral PNA and SNE monomers and building blocks
appropriate for new drug design strategies.

The synthesis of our desired monomers starts with the prepara-
tion of the nucleobase (thymine, cytosine) acetic acid derivatives
8, 19. (Thymin-1-yl)acetic acid*' 8 was prepared in 80% yield
from thymine 14 (Scheme 2). The Cbz-cytosine derivative** 19
was prepared (43% overall) from cytosine 16 by (i) alkylation with
methyl bromoacetate, (i) Cbz-protection of the exocyclic amine
17 using Cbz-CI-DMAP reagents and (iii) saponification of the
corresponding methyl ester 18 (Scheme 2).

1. Preparation of N-(nucleobase-1-yl-acetyl)-1H-benzotriazoles
20, 21

Conversion of 8 and 19 into the corresponding N-
acylbenzotriazoles 20, 21 was performed by modified literature
procedures. 33 Reaction of nucleobase-1-yl-acetic acids with
1 H-benzotriazole and thionyl chloride in CH,Cl, or THF at
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Scheme 2 Synthesis of nucleobase (thymine and Cbz-protected cyto-
sine)-1-acetic acid derivatives.
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Scheme 3

room temperature (Scheme 3) took 12 h to complete, but pure
20 (82%) and 21 (75%) were isolated directly from the reaction
media. Compounds 20 and 21 are stable indefinitely at 20 °C.

2. Preparation of nucleobase—serine SNE monomers 22, 22/, 23,
23

N-Acylbenzotriazoles 20, 21 were treated with L- and D-serine 10,
10’ in aqueous acetonitrile at 20 °C for 30 min (Scheme 4, Table 1).
After acidifying, and evaporation of the solvent, the residue was
washed with water to achieve complete removal of side product
BtH and afford optically pure nucleobase (thymine and Cbz-
cytosine)-serine monomers 22, 22’ and 23, 23’ in 78-85% yields.
Advantageously, no protection of the side chain functionality is
required to selectively form an amide bond to serine.

20, 21 B
NH, EtN, MeCN/H,0 l
HOL . OH 30 min, 20°C HN" "0 B = Thymine 20, 22
N HO\\\"H(OH B = Cbz-cytosine 21, 23
o}
10 22,23
Scheme 4

Table 1 Yields of nucleobase—serine monomers 22, 22/, 23, 23

Thymine-serine Cbz-cytosine-serine

monomers (Yield*) Amino acid monomers (Yield)
Thymine—L-serine 22 L-Serine Cbz-cytosine-L-serine 23
(85%) 10 (82%)

Thymine-D-serine 22/ D-Serine Cbz-cytosine-D-serine 23’
(83%) 10’ (78%)

“Isolated yield.
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In comparison with the recent literature procedure” for the
preparation of SNE monomers, our methodology offers simple
preparative and workup procedures, short times for completion,
uses inexpensive reagents, gives high yields, and allows the use of
free amino acids as coupling components.

3. Preparation of nucleobase-lysine/—arginine PNE monomers
27-29, 32, 33

Thymine was chosen for initial further study because it presented
the fewest synthetic challenges; however, the methodology should
be extendable to other natural and unnatural nucleobases. Opti-
cally active monomers 27, 28 containing thymine linked to L-lysine
were obtained similarly, by coupling (in aqueous acetonitrile)
benzotriazole activated (thymin-1-yl)acetic acid 20 with N*-Fmoc
and -Cbz protected L-lysines 24, 25, respectively, in the presence
of Et;N. Simple work up procedures afforded pure monomers
27, 28 (80-92%) without chromatography. The preparation of the
free L-arginine PNA building block 29 (92%) did not require the
utilization of Et;N or any protecting group (Scheme 5).

T
Et,N (for 27, 28) l
NH, MeCN/H,0 HN"Y0
. 20°C .
RiNOH & g o 2C e H‘/OH
(@] (0]
24- 26 27-29
24, 27
NH-Fmoc “™ H NH
~~ P 26,29
R= NH,
\/\/NH—Cbz 25, 28
Scheme 5

The synthesis of optically active monomer 31, derived from
thymine and N°-NO,-L-arginine 30, was accompanied by unex-
pected esterification, when crude 31 was crystallized from MeOH-
DCM-ether—HCI (Scheme 6) to give 32 (89%).
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N )
NO,
32
Scheme 6

Esterification was also observed under the isolation conditions
used (MeOH-H") in the synthesis of the Cbz-cytosine-L-serine
monomer 23 (Scheme 7) to give 33 (75%). Such esterification could
be useful for the synthesis of methyl esters of thymine and Cbz-
cytosine monomers derived from N°-NO,-arginine and serine.
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Scheme 7

Conclusion

In conclusion we have developed novel approaches to the conve-
nient and efficient synthesis of backbone modified serine-, lysine-
and arginine-containing chiral PNA monomers, utilizing a simple
two-step synthetic route involving: (i) activation of nucleobase-1-
yl acetic acids as stable benzotriazole derivatives and (ii) coupling
with amino acids in aqueous media requiring neither anhydrous
reaction conditions nor the use of expensive coupling reagents.

Experimental
General Methods

Melting points were determined on Fisher melting apparatus.
'H NMR (300 MHz) and *C NMR (75 MHz) spectra were
recorded on a 300 MHz NMR spectrometer in CDCl; or DMSO-
ds. N-Cbz-, N-Fmoc-, and free amino acids were purchased from
Fluka and Acros and used without further purification. Elemental
analyses were performed on a Carlo Erba-1106 instrument.
MALDI analyses were performed on a Bruker Reflex II TOF mass
spectrometer retrofilled with delayed extraction. Optical rotation
values were measured with the use of the sodium D line.

(Thymine-1-yl)acetic acid (8). Thymine (3.78 g, 30 mmol) was
dissolved in a solution of KOH (6.458, 115 mmol) in 20 ml of
water. While this solution was warmed in a 40 °C water bath, a
solution of bromoacetic acid (6.25 g, 45 mmol) in 10 ml of water
was added over 30 minutes. The reaction was stirred for another
30 minutes at this temperature. It was allowed to cool to room
temperature and the pH was adjusted to 5.5 with conc. HCI. The
solution was then cooled in a refrigerator for 2 h. Any precipitate
formed was removed by filtration. The solution was then adjusted
to pH 2 with conc. HCI and put in a freezer for 2 h. The resultant
white precipitate was isolated by filtration, washed with water and
dried, affording 8 (4.4 g, 80%). White solid; mp 252-253 °C, (lit.*");
"H NMR (300 MHz, DMSO-d,, Me,Si): 6 1.76 (s, 3H), 4.37 (s,
2H), 7.50 (s, 1H), 11.35 (s, 1H), 13.20 (s, 1H). *C NMR (DMSO-
ds, Me,Si): 0 11.9, 48.4, 108.3, 141.8, 151.0, 164.4, 169.6. Anal.
caled for C;HgN,O,: C, 45.66; H, 4.38; N, 15.21. Found: C, 45.30;
H, 4.24; N, 15.19.

Methyl (cytosine-1-yl)acetate (17). To a suspension of cytosine
(5.0 g, 45.0 mmol) in DMF (100mL) was added NaH (1.08 g,
45.0 mmol) under N, at 0 °C. The mixture was stirred for 2 h at rt,
then methyl bromoacetate (4.3 mL, 45.0 mmol) was added. The
mixture was stirred for 48 h at rt. The solvent was evaporated in
vacuo. The crude residue was triturated with water (100mL) and
the precipitate was filtered off. Recrystallization from MeOH-H,O
gave 17 (5.27 g, 64%) as white microcrystals. Mp 225-226 °C, (lit.*
mp 225-227 °C); '"H NMR (300 MHz, DMSO-d,, Me,Si): J 3.68
(s, 3H), 4.54 (s, 2H), 5.87 (d, J = 7.3 Hz, 1H), 7.60-7.75 (m, 2H),
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8.14 (br s, 1H). "C NMR (75 MHz, DMSO-d,, Me,Si): 5 49.7,
52.2,93.7, 147.6, 153.0, 164.0, 168.8.

Methyl (N*-benzyloxycarbonyl)cytosin-1-ylacetate (18). Cbz-
Cl (3.12 mL, 21.8 mmol) and DMAP (2.67 g, 21.8 mmol) were
dissolved at —15 °C in CH,Cl, (20 mL). The mixture was stirred
for 15 min then 17 (2.0 g, 10.9 mmol) was gradually added.
After stirring for 15 min at —15 °C then 5 h at rt, the mixture
was evaporated in vacuo and the crude residue was taken up in
CHCI;. The organic layer was washed with 1M HCI and with
water, then dried over Na,SO, and lastly evaporated under reduced
pressure. Trituration of the crude residue in ether gave a white
precipitate which was then filtered off, affording 18 (2.65 g, 77%) as
white microcrystals. Mp 161-162 °C, (lit.3?); '"H NMR (300 MHz,
DMSO-d;, Me,Si): 0 3.68 (s, 3H), 4.63 (s, 2H), 5.20 (s, 2H), 7.05
(d, J =7.1 Hz, 1H), 7.30-7.450 (m, 5H), 8.06 (d, / = 7.1 Hz, 1H),
10.89 (bs, 1H). *C NMR (75 Mz, DMSO-d,, Me,Si): 6 50.5, 52.3,
66.5, 94.2, 128.0, 128.2, 128.5, 135.9, 150.3, 151.5, 154.9, 163.5,
168.5. Anal. calcd for C;sHsN;Os: C, 56.78; H, 4.76; N, 13.24.
Found: C, 56.92; H, 4.67; N, 12.95.

(/V*-Benzyloxycarbonyl)cytosin-1-ylacetic acid (19). 18 (0.2 g,
6.3 mmol) was dissolved in dioxane (50 mL) and aqueous 1M
NaOH (8.82 mL) was added. The mixture was stirred for 5 h at
rt and then concentrated in vacuo. The residue was taken up in
aqueous 1M KHSO,. The resultant white precipitate was isolated
by filtration, washed with water and dried, affording 19 (1.66 g,
87%) as white microcrystals. Mp 264-266 °C, (lit.**); '"H NMR
(300 MHz, DMSO-d,, Me,Si): 6 4.53 (s, 2H), 5.19 (s, 2H), 7.03
(d, J = 7.2 Hz, 1H), 7.33-7.43 (m, 5H), 8.04 (d, / = 7.3 Hz, I1H),
10.81 (br s, 1H). *C NMR (75 MHz, DMSO-d,, Me,Si):  50.5,
66.5, 94.0, 128.0, 128.2, 128.5, 136.0, 150.5, 153.2, 155.0, 163.3,
169.4. Anal. caled for C,,H;N;0;: C, 55.45; H, 4.32; N, 13.86.
Found: C, 55.50; H, 4.35; N, 13.72.

General procedure for the preparation of nucleobase—/V-
acylbenzotriazoles: thymine-Bt (20), Cbz-cytosine-Bt (21). To a
solution of 1H-benzotriazole (0.476 g, 4 mmol) in 20 mL of dry
CH,CI, [for 20] [THF for 21], was added thionyl chloride (0.1 mL,
1.2 mmol) and the reaction mixture was stirred for 20 min at
20 °C. Nucleobase acetic acid 8 or 13 (1 mmol) was added to the
reaction mixture and stirred overnight at room temperature. The
precipitate obtained was filtered off and dried. Water (7 ml) was
added to the dry solid and stirred for 2 min to dissolve BtH-HCI.
The suspension was filtered off then the solid was washed with
water until the pH was neutral and dried to obtain pure product.

1-(2-Benzotriazol-1-yl-2-oxo-ethyl)-5-methyl-1H -pyrimidine-
2.4-dione (20). (234 mg, 82%). White microcrystals; mp 242—
243 °C; 'H NMR (300 MHz, DMSO-d,, Me,Si): 6 1.81 (s, 3H),
5.60 (s, 2H), 7.60-7.72 (m, 2H), 7.84 (t, J = 7.7 Hz, 1H), 8.22 (d,
J=8.3Hz 1H),8.33(d, J =8.3 Hz, 1H), 11.56 (s, |H). *C NMR
(75 MHz, DMSO-d,, Me,Si): 6 12.1, 50.3, 108.9, 113.6, 120.4,
127.0, 130.5, 131.4, 141.6, 145.3, 151.2, 164.4, 167.1. Anal. calcd
for C,;H,;;N;O;: C, 54.74; H, 3.89; N, 24.55. Found: C, 54.45; H,
3.94; N, 24.31.

[1-(2-Benzotriazol-1-yl-2-oxo-ethyl)-2-oxo0-1,2-dihydro-pyrimi-
din-4-yl]-benzyl carbamate (21). (303 mg, 75%). Yellowish micro-
crystals; mp 128-130 °C; '"H NMR (300 MHz, DMSO-d,, Me,Si):
05.22(s,2H), 5.73 (s, 2H), 7.17 (d, J = 7.1 Hz, 1H), 7.33-7.45 (m,

SH), 7.68 (t, J = 7.8 Hz, 1H), 7.84 (t, J = 7.8 Hz, 1H), 8.20 (t, / =
8.0 Hz, 2H), 8.33 (d, J = 8.2 Hz, 1H), 10.96 (s, IH). *C NMR
(75 MHz, DMSO-d,, Me,Si): d 52.4, 66.6,94.6, 113.7,120.4, 127.0,
128.0, 128.2, 128.5, 130.5, 131.4, 135.9, 145.4, 150.6, 153.1, 155.1,
163.8, 166.8. m/z (TOF MS) 405.1306 [M* + H] 405.1298 (100%).

General procedure for the preparation of nucleobase—serine mono-
mers: thymine—L-serine (22), thymine—D-serine (22’), Cbz-cytosine—
L-serine (23), Cbz-cytosine-D-serine (23'). Nucleobase-N-
acylbenzotriazole 20 [for 22, 22'] or 21 [for 23, 23'] (1 mmol) was
added at 20 °C to a solution of L-serine (or D-serine) (1 mmol)
in MeCN-H,O (10 : 5 mL), in the presence of Et;N (1.2 mmol).
The reaction mixture was stirred at room temperature for 30 min.
After adding 4 N HCI (1 mL) the solvent was removed under
reduced pressure until fully dry. Water (3 mL) was added to the
dry residue and the mixture was stirred for 2 min to dissolve
BtH-HCI. The suspension was filtered off and the solid washed
with water until the pH was neutral, giving the pure product.

(25)-3-Hydroxy-2-({2-[5-methyl-2,4-dioxo-3,4-dihydro-1(2 H)-
pyrimidinyljacetyl }amino)propanoic acid (22). (230 mg, 85%);
white microcrystals; mp 218-219 °C, (lit.”); [a]? —16.4 (¢ 1.68
in DMF); '"H NMR (300 MHz, DMSO-d,, Me,Si): 6 1.74 (s, 3H),
3.61 (dd, J = 10.7, 4.1 Hz, 1H), 3.70 (dd, J = 10.7, 4.9 Hz, 1H),
4.25-4.32 (m, 1H), 4.37 (s, 2H), 5.06 (br s, 1H), 7.42 (s, IH), 8.46
(d, J = 8.0 Hz, 1H), 11.27 (s, 1H), 12.69 (br s, 1H). "C NMR
(75 MHz, DMSO-d,, Me,Si): 0 12.0, 49.0, 54.7, 61.4, 107.9, 142.5,
151.0, 164.5, 167.1, 171.8. Anal. calcd for C,\H;N;O,: C, 44.28;
H, 4.83; N, 15.49. Found: C, 43.91; H, 4.69; N, 15.22

(2R)-3-Hydroxy-2-({2-[5-methyl-2,4-dioxo0-3,4-dihydro-1(2 H)-
pyrimidinyljacetyl }amino)propanoic acid (22'). (225 mg, 83%);
white microcrystals; mp 234-235 °C, (lit.”"); [a]Z +19.2 (¢ 1.78
in DMF); '"H NMR (300 MHz, DMSO-d,, Me,Si): 6 1.74 (s, 3H),
3.61 (dd, J =10.7, 3.9, Hz, 1H), 3.70 (dd, J = 10.7, 4.1, Hz, 1H),
4.25-4.33 (m, 1H), 4.37 (s, 2H), 7.42 (s, 1H), 8.46 (d, J = 7.7 Hz,
1H), 11.28 (s, 1H). "*C NMR (75 MHz, DMSO-d,, Me,Si): J 12.0,
49.0,54.7,61.4,107.9,142.5,151.0,164.5,167.1, 171.8. Anal. calcd
for C,yH;N;Oq: C, 44.28; H, 4.83; N, 15.49. Found: C, 44.42; H,
4.85; N, 15.21.

(S)-2-[2-(4-Benzyloxycarbonylamino-2-oxo-2H -pyrimidin-1-
yl)-acetylamino]-3-hydroxypropanoic acid (23). (320 mg, 82%).
White microcrystals; mp 192-194 °C; [a]Z —11.5 (¢ 1.63 in DMF);
'H NMR (300 MHz, DMSO-d,, Me,Si): 6 3.62 (dd, J = 10.7,
4.0 Hz, 1H), 3.72 (dd, J = 10.7, 4.8, Hz, 1H), 4.28-4.34 (m, 1H),
4.52-5.63 (m, 3H), 5.20 (s, 2H), 6.97-7.06 (m, 1H), 7.30-7.49 (m,
5H), 8.00 (d, J = 7.3, 0.8H), 8.06 (d, J = 7.3 Hz, 0.2H), 8.56
(d, J = 7.4 Hz, 1H). "C NMR (75 MHz, DMSO-d,, Me,Si): 6
51.1,54.8,61.5,66.6,93.7,128.0, 128.2, 128.5, 136.0, 151.5, 153.2,
154.7, 162.9, 166.7, 171.8. m/z (TOF MS) 413.1068 [M* + Na]
413.1053 (100%).

(R)-2-]2-(4-Benzyloxycarbonylamino-2-o0xo-2H -pyrimidin-1-
yl)-acetylamino|-3-hydroxypropanoic acid (23'). (304 mg, 78%);
white microcrystals; mp 183-185 °C; [a]5 +7.4 (¢ 0.68 in DMF);
"H NMR (300 MHz, DMSO-d,, Me,Si): § 3.62 (dd, J = 10.3,
4.0 Hz, 1H), 3.72 (dd, J = 10.7, 4.7, Hz, 1H), 4.26-4.34 (m, 1H),
4.52-5.62 (m, 3H), 5.19 (s, 2H), 6.95-7.04 (m, 1H), 7.30-7.52 (m,
5H), 8.00 (d, J = 7.4, 0.8H), 8.05 (d, J = 7.4 Hz, 0.2H), 8.55
(d, J = 7.7 Hz, 1H). "C NMR (75 MHz, DMSO-d,, Me,Si): 6
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51.1,54.8,61.4,66.7,93.7, 128.0, 128.3, 128.6, 135.9, 151.6, 153.1,
154.5, 162.8, 166.7, 171.8. m/z (TOF MS) 413.1068 [M* + Na]
413.1063 (100%).

(5)-6-(9 H-Fluoren-9-ylmethoxycarbonylamino)-2-[2-(5-methyl-
2,4-dioxo-3,4-dihydro-2H -pyrimidin-1-yl)-acetylamino]hexanoic
acid (27). 20 (0.285 g, 1 mmol) was added at 20 °C to a solution
of N*-Fmoc-L-Lys-OH (0.384 g, 1 mmol) in MeCN-H,O (10 :
5mL) in the presence of Et;N (2 mmol). The reaction mixture was
stirred for 1 h. After adding 4 N HCI (1 mL) the acetonitrile was
removed under reduced pressure. The water layer was extracted
with EtOAc (50 mL) and washed with 4 N HCI (10 mL). White
crystals precipitated from the organic solution and were filtered
to give 27 (0.427 g, 80%) which was reprecipitated from CH,Cl,—
hexanes. White microcrystals, mp 223-224 °C; [a]5 —2.46 (¢ 1.83
in DMF); '"H NMR (300 MHz, DMSO-d,, Me,Si): 6 1.22-1.70
(m, 6H), 1.77 (s, 3H), 2.88-3.02 (m, 2H), 4.12-4.26 (m, 2H), 4.27-
4.32 (m, 2H), 4.37 (s, 2H), 7.27-7.48 (m, 6H), 7.67 (d, J = 7.1 Hz,
2H), 7.88 (d, J = 7.4 Hz, 2H), 8.48 (d, J = 7.8 Hz, 1H), 11.29 (s,
1H). *C NMR (75 MHz, DMSO-d,, Me,Si): 0 12.1, 22.7, 29.1,
31.0,46.9,49.2,52.1,65.4,108.1, 120.3, 125.3, 127.3, 127.8, 140.9,
142.6, 144.1, 151.2, 156.3, 164.7, 167.2, 173.6. m/z (TOF MS)
557.2007 [M* + Na] 557.2028 (100%)).

(S)-6-Benzyloxycarbonylamino-2-[2-(5-methyl-2,4-dioxo-3,4-
dihydro-2 H-pyrimidin-1-yl)-acetylaminolhexanoic acid (28). 20
(0.285 g, 1 mmol) was added at 20 °C to a solution of N*-Cbz—
L-Lys-OH (0.280 g, 1 mmol) in MeCN-H,O (10 : 5 mL), in the
presence of Et;N (2 mmol). The reaction mixture was stirred for
1 h. After adding 4 N HCI (1 mL) the acetonitrile was removed
under reduced pressure. The water layer was extracted with EtOAc
(50 mL), washed with 4 N HCl soln (3 x 30 mL) and sat. NaCl
soln (20 mL), and dried over MgSO,. Evaporation of the solvent
gave 28 (392 mg, 92%) in pure form, which was reprecipitated from
CH,Cl,-hexanes. White microcrystals, mp 204-206 °C, (lit.*); [a]}
—5.9 (¢ 1.70 in DMF); '"H NMR (300 MHz, DMSO-d,, Me,Si):
0 1.22-1.48 (m, 4H), 1.50-1.74 (m, 2H), 1.74 (s, 3H), 2.91-3.04
(m, 2H), 4.12-4.24 (m, 1H), 4.33 (s, 2H), 5.00 (s, 2H), 7.23-7.29
(m, 1H), 7.29-7.39 (m, 5H), 7.41 (s, 1H), 8.47 (d, J = 7.6 Hz,
1H), 11.3 (s, 1H), 12.66 (br s, IH). “C NMR (75 MHz, DMSO-
ds, Me,Si): 0 12.0, 22.6, 29.0, 30.9, 49.0, 52.0, 65.2, 107.9, 127.8,
128.4, 137.3, 142.5, 151.0, 156.2, 164.5, 167.0, 173.4. Anal. calcd
for C,;H,xN,O; : C, 56.50; H, 5.87; N, 12.55. Found: C, 56.30; H,
5.94; N, 12.45.

(S)-5-Guanidino-2-[2-(5-methyl-2,4-dioxo0-3,4-dihydro-2 H-pyrimi-
din-1-yl)-acetylamino]pentanoic acid, (29). 20 (0.1 g, 0.35 mmol)
was added at 20 °C to a solution of L-arginine (0.061 g, 0.35 mmol)
in MeCN-H,O (8 : 8 mL). After several minutes a white solid
precipitated and the reaction mixture was stirred for a further 1 h.
The acetonitrile was removed under reduced pressure and most
of the water was evaporated by a current of air. The obtained
suspension was filtered off to give pure 29 (312 mg, 92%), which
was then recrystallized from water. White microcrystals, mp 290
292 °C; '"H NMR (300 MHz, TFA, Me,Si): 6 1.76-1.97 (m, 3H),
1.99 (s, 3H), 2.08-2.24 (m, 1H), 3.28-3.42 (m, 2H), 4.55-4.88
(m, 3H), 7.40 (m, 1H). "C NMR (75 MHz, TFA, Me,Si): 6 13.5,
27.3,31.6,43.8,54.5,55.6,116.2, 146.8, 155.6, 159.9, 170.6, 172.5,
179.2. m/z (TOF MS) 341.1568 [M* + H] 341.1575 (100%)).

(S)-5-Nitroguanidino-2-|2-(5-methyl-2,4-dioxo-3,4-dihydro-2 H -
pyrimidin-1-yl)-acetylamino]pentanoic acid methyl ester (32). 20
(0.15 g, 0.5 mmol) was added at 20 °C to a solution of N°-
NO,-L-arginine (0.115 g, 0.5 mmol) in MeCN-H,O (10 : 5 mL),
in the presence of Et;N (2 mmol). The reaction mixture was
stirred for 1 h. 4 N HCI (1 mL) was then added, the acetonitrile
removed under reduced pressure and the water evaporated by a
current of air. The residue was dissolved with a minimum amount
of methanol (2-3 mL), then dichloromethane—ether (CH;OH :
CH,CI, : ether; 1 : 1 : 0.5) were added and the clear solution
was allowed to stand to give pure 32 (355 mg, 89%). White
microcrystals, mp 215-217 °C; [a]5 —5.03 (¢ 1.45 in DMF); 'H
NMR (300 MHz, DMSO-d,, Me,Si): 6 1.43-1.72 (m, 4H), 1.75
(s, 3H), 3.05-3.23 (m, 2H), 3.64 (s, 2H), 4.20-4.35 (m, 1H), 4.35
(s, 2H), 7.43 (s, 1H), 7.52-8.60 (m, 3H), 8.65 (d, J = 7.3 Hz, 1H),
11.29 (s, 1H). *C NMR (75 MHz, DMSO-d,, Me,Si): 6 11.9,
24.7,28.3,49.1, 51.8, 52.0, 108.0, 142.4, 151.0, 159.3, 164.5, 167.3,
172.2. Anal. calcd for C,,H,N,O; : C, 42.10; H, 5.30; N, 24.55.
Found: C, 42.33; H, 5.40; N, 24.20.

(5)-2-[2-(4-Benzyloxycarbonylamino-2-oxo-2H -pyrimidin-1-
yl)-acetylamino|-3-hydroxypropionic acid methyl ester (33). 21
(0.2 g, 0.5 mmol) was added at 20 °C to a solution of L-serine
(0.05 g, 0.5 mmol) in MeCN-H,O (10 : 5 mL), in the presence of
Et;N (2 mmol). The reaction mixture was stirred for 1 h. 4 N HCI
(1 mL) was then added, the acetonitrile removed under reduced
pressure and the water evaporated by a current of air. The residue
was dissolved with a minimum amount of methanol (2-3 mL) and
dichloromethane—ether (CH;OH : CH,Cl, : ether; 1 : 1:0.5) were
added. The clear solution was allowed to stand to give pure 33
(303 mg, 75%). White microcrystals, mp 204-205 °C; '"H NMR
(300 MHz, DMSO-d,, Me,Si): 6 3.01-3.09 (m, 1H), 3.64 (s, 3H),
3.59-3.76 (m, 1H), 4.32-4.42 (m, 1H), 4.57 (s, 2H), 5.20 (s, 2H),
7.00 (d, J = 7.3 Hz, 1H), 7.30-7.46 (m, 5H), 8.00 (d, / = 7.1 Hz,
1H), 8.73 (d, J = 7.3 Hz, 1H). “C NMR (75 MHz, DMSO-d,,
Me,Si): ¢ 51.1, 52.0, 54.9, 61.3, 66.8, 93.7, 128.1, 128.3, 128.6,
135.8, 152.0, 153.0, 153.9, 162.5, 166.8, 170.9. m/z (TOF MS)
427.1224 [M* + Na] 427.1278 (100%).
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Selective iodination at the a-pyrrole positions of dipyrrolyldiketone BF, complexes is a key procedure
to afford mono- and bisiodinated derivatives as the starting materials of the coupling reactions for
various utility molecules and covalently linked oligomer systems. Ilodination can also be applied to the
phenylene-bridging receptor dimer to obtain the derivatives selectively iodinated at the terminal

a-pyrrole position(s).

Introduction

As ‘binding sites’ responsive to anions,'? boron complexes (e.g.
la—c, Fig. 1)** based on 1,3-dipyrrolyl-1,3-propanediones™ act as
efficient acyclic anion receptors by the ‘inversion’ of pyrrole rings
from the most stable conformations. The chemical modification
of the periphery of the receptors would control the anion binding
properties and behaviours related to the transformation of w-
conjugated systems. For example, a-aryl-substitution as observed
in 1b is an efficient strategy for obtaining utility anion-responsive
systems by using aryl moieties as the platforms for introducing
various substituents to the receptors. In fact, receptors with long
aliphatic chains at a-aryl units, such as le¢, constitute anion-
responsive supramolecular organogels based on m-m and van
der Waals interactions.® However, the receptors 1b,c have been
prepared from aryl-substituted pyrroles as starting materials to
obtain the corresponding dipyrrolyldiketones as the intermediates
for BF, complexes. As the use of a-arylpyrroles is limited to

1a(R'=H, R2=H)

1b (R' = Ph, R2=H)

1c (R = 3,4,5-(C1gH330)3Ph, R? = H)
2a (R'=H, R?=Et)

Fig. 1 (a) BF, complexes of dipyrrolyldiketones (B-free la—c and
B-ethyl-substituted 2a) and (b) anion binding mode of 1b.
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1 Electronic supplementary information (ESI) available: Complete 'H
NMR assignments of BF, complexes, optimized structures and anion bind-
ing behaviors for 2b,c and X-ray structural analysis of 2a-I, and 2b, CCDC
reference numbers 680227 and 680228. For ESI and crystallographic data
in CIF or other electronic format see DOI: 10.1039/b806161k

the formation of ‘monomers’ at present, facile modifications of
receptor frameworks and the extension of these frameworks to
include promising higher oligomers would require other efficient
synthetic strategies. 3-Ethyl-substituted 2a (Fig. 1), possessing free
and fairly reactive a positions, is considered as a potential building
block for oligomeric and polymeric system;> however, it is not so
easy to afford o—a oxidatively coupled compounds chemically in
a single step from 2a. In this report, the selective iodination of
2a and its subsequent coupling reaction to aryl-substituted anion
receptors are reported.

Results and discussion

The treatment of 2a with 2.7 and 1.1 equiv. of N-iodosuccinimide
(NIS) in CH,Cl, afforded diiodo-substituted 2a-I, and monoiodo-
substituted 2a-1, in 84% and 66% yields, respectively (Fig. 2)."
Bromination with N-bromosuccinimide (NBS) gave complicated
mixtures containing species with a bromo-substituent at the fairly
reactive ‘bridging (meso) carbon’. lodination with other reagents
such as I, could not be achieved. In the case of the iodination of
unsubstituted 1a using NIS, complicated mixtures were obtained

2a
NIS (2 equi\y \Ts (1 equiv.)
F R F

R

o’B"o .B..
H | H H | H
X X
= ! I ()
2a-l, 2a-l,

Fig. 2 Synthetic routes of 2b and 2¢ via iodinated derivatives 2a-I,
and 2a-1,, respectively: i) phenylboronic acid (2.2 equiv.), Pd(PPh;),
(0.08 equiv.) and Na,CO; (7.2 equiv.) in DME-water and ii) phenylboronic
acid (1.2 equiv.), Pd(PPh;), (0.08 equiv.) and Na,CO; (5 equiv.) in
toluene-DMF-water.
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due to the lack of selectivity for the reaction sites. However, the
halogenation of dipyrrolyldiketones as precursors with 1 equiv.
of NIS or NBS mainly afforded meso-halogenated species. Halo-
genated pyrroles are known to immediately decompose in solution
and are difficult to handle. Although iodinated 2a-I, and 2a—
I, are light-sensitive and gradually transformed into complicated
mixtures such as dimeric species in solution, we can readily isolate
and purify them by shielding them from light without significant
problems, in order to use them for subsequent reactions. In the next
step, Suzuki cross-coupling reactions of 2a-I, and phenylboronic
acid (2.2 equiv.) afforded bisphenyl-substituted 2b in 35% yield,
while a similar procedure using 2a-I, and phenylboronic acid
(1.2 equiv.) afforded monophenyl 2¢ in 34% yield."* Chemical
identification of 2a-I,, 2a-1I, and 2b,c were performed by '"H NMR
and MALDI-TOF and ESI-TOF-MS. As compared to the UV-vis
absorption spectra of 1a (432 nm), 1b (500 nm) and 2a (452 nm),
those of 2b and 2¢ in CH,Cl, were observed at 499 and 476 nm,
respectively. This suggested that the factors for the redshifts by
phenyl and ethyl moieties were partially cancelled by the distortion
of phenyl units due to the sterical effects of B-ethyl substituents.
Emissions in the same solvent were observed at, for example,
535 nm (2b) and 509 nm (2¢), excited at each absorption maximum,
with high quantum yields of 0.94 (2b) and 0.70 (2¢), respectively.
The use of NIS for the iodination of the ‘B-alkyl-substituted BF,
complex’ is crucial for activating o-pyrrole positions in order
to afford the desired aryl-substituted receptors. In addition, the
formation of monoaryl-substituted 2¢ from 2a-I; appears to be a
more facile and efficient procedure than the synthetic route via the
mixture of dipyrrolyldiketones obtained from equivalent amounts
of a-unsubstituted and a-aryl-substituted pyrroles.

The solid-state structures of 2a-I, and 2b have been deter-
mined by single-crystal X-ray analysis (Fig. 3).i Similar to other
derivatives,** each molecule has a conformation of two pyrrole
NHs facing the carbonyl oxygen. The terminal phenyl rings are
tilted to the core plane consisting of 16 atoms at 24.29° and 31.89°
for 2b, which are slightly larger but comparable to those of 1b
(20.0° and 28.6°).° This observation suggests that the aryl rings of
2b may be more canted to the core plane in the solution state than
in the solid state, and they partially disrupt the n-conjugation to
exhibit a more blue-shifted 4, than expected from the crystal
structure. Similar to la,b, B-ethyl-substituted derivatives form
dimers by N-H - - - F-B hydrogen bonding: the distances between
N(-H)- - -F are 2.785-2.914 A for 2a-I, and 2.905 A for 2b. In
addition, self-assembled n—= stacking dimers, possibly formed by
the sterical effects of the B-substituents, are constructed in the solid
state in both cases, and these dimers are contrary to the infinite
stacking structures observed in B-free 1a and 1b.

The anion binding of aryl-substituted dipyrrolyldiketone BF,
complexes, as illustrated in Fig. 1b, has been suggested by the

i Crystal data for 2a-I, (from CH,Cl,~hexane): C,,H,;BF,N,0,1,, M,, =
614.00, monoclinic, P2,/n (no. 14), a = 16.022(5), b = 16.416(5), ¢ =
32.819(10) A, f=101.164(5)°, V =8468(5) A’, T=1232) K, Z=16,D. =
1.926 gem >, u(Mo-Ka) = 3.005 mm~', 52 127 reflections measured, 19807
unique (R;,, = 0.0363). R, = 0.0658, wR, = 0.1524, GOF = 1.253 (I >
20(I)). CCDC 680227. Crystal data for 2b (from CH,CICH,Cl-hexane):
C;;Hy;BF,N,0,, M,, = 514.40, triclinic, Pl (no. 2), a = 10.962(7), b =
11.536(6), ¢ = 12.261(6) A, a = 77.123(17), B = 75.75(2), y = 62.248(19)°,
¥ =1319.3(12) A>, T =1232Q) K, Z =2, D, = 1.295 gcm™3, u(Mo-Ka) =
0.090 mm~', 13 095 reflections measured, 5969 unique (R;,, = 0.0408). R, =
0.0537, wR, = 0.1485, GOF = 0.977 (I > 20(I)). CCDC 680228.

Fig. 3 Single-crystal X-ray structures (top and side views) of (a) 2a-I,
(two of the four independent conformations) and (b) 2b as dimeric forms
by hydrogen bonding. Atom colour code: brown, blue, pink, red, yellow,
green and purple represent carbon, nitrogen, hydrogen, oxygen, boron,
fluorine and iodine, respectively.

"H NMR spectral changes of, for example, 2b (I mM), upon the
addition of CI~ as a tetrabutylammonium (TBA) salt (3 equiv.)
in CD,Cl,; the signals of NH, bridging CH and o-CH of the
aryl moieties at 9.49, 6.52 and 7.52 ppm, respectively, vanish
and the corresponding signals of the complexes are generated
at 11.95, 8.54 and 7.78 ppm, respectively. This result suggests
that 2b forms a pentacoordinated anion complex in solution,
as observed in 1b.* The binding constants (K,) of 2b and 2,
summarized in Table 1, have been determined by the UV-vis
absorption spectral changes in CH,Cl,; the A, values of 2b and
2c at 499 and 476 nm are moderately shifted to 502 and 477 nm,
respectively, upon the addition of Cl~ with smaller absorbances.
Here, 2b,c exhibit high K, values for anions, even though they are
linear non-‘preorganized’ receptors. In comparison with o-free 2a,
however, the decreased K, values of 2b,c, e.g. 2700 mol~' dm’ for
2b, 4200 mol™' dm’ for 2¢ and 6800 mol~' dm® for 2a, suggest
that the introduction of aryl moieties to 2a is not effective for the
binding of anions, particularly large oxoanions for 2b. This trend
of K, values obtained by aryl-substitutions is more remarkable
than that in the B-free receptors, 1a and 1b, which have comparable
K, except for oxoanions. These results suggest that the terminal
0-CH is effective for spherical halide anions but does not work
efficiently in 2b,c due to the stercial hindrance by B-ethyl moieties.

Density functional theory (DFT) studies (B3LYP/6-31G**
level)"* have estimated the relative stabilities of preorganized
conformations, adequate for anion binding, possessing two ‘in-
verted’ pyrrole rings. The preorganized structures of 2b and

Table 1 Binding constants (K,, mol~' dm?®) of 2b and 2¢ as well as 1a,b
and 2a as references for anions as TBA salts in CH,Cl,, and the ratios of
binding constants of 1a,b and 2b,c to that of 2a (in parentheses)

la“ 1b® 2a¢ 2b 2¢
Cl- 15000 30000 6800 2700 4200
(2.2) 4.4) (0.40) (0.61)
Br~ 2100 2800 1200 300 600
(1.8) 2.3) (0.25) (0.50)
CH,CO,~ 930000 210000 210000 27000 98 000
(4.4) (1.0) (0.13) (0.47)
H,PO,~ 270000 72000 91000 2200 36000
(3.0) (0.79) (0.024)  (0.40)

“Ref. 4. * Ref. 6.  Ref. 5.
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2c are estimated to be less stable than structures with two
pyrrole NH facing carbonyl oxygens at 4.25 and 4.74 kcal mol™!
respectively, which is almost similar to B-ethyl-substituted 2a
(4.98 kcal mol™')* and smaller than B-free 1a (9.08 kcal mol™')*
and 1b (8.71 kcal mol™").® These theoretical studies suggest that
the relative stabilities of the preorganized states in 2b,c due to
B-ethyl moieties may enhance the binding affinities of anions as
observed in 2a; however, the effects of preorganization on 2b,c
appear to be cancelled by the sterical effects between B-ethyl and
terminal phenyl units.

Examples of desired systems obtained using the procedure
mentioned in this report are efficient anion sensors and stimuli-
responsive n-conjugated oligomers.” In fact, the covalently linked
dimer 3a (Fig. 4) has been synthesized in 46% yield by the
coupling reaction of 2a-I; (2 equiv.) with 1,3-benzenediboronic
acid bis(pinacol)ester. By this procedure, o—a directly coupled
dimer 3b is also obtained in trace amount (ca. 0.5%). The A,
value of 3a of 489 nm, due to the incomplete m-conjugation
at the meta-phenylene linkage, is in sharp contrast to the fairly
broad absorption of 3b observed around 520 nm (4,,,,). Further
iodination of phenylene-bridging dimer 3a afforded bisiodinated
dimer 3a-I, and monoiodinated 3a-I, in 84 and 41% using 2.3 and
1.0 equiv. of NIS, respectively. In these cases, iodinations at the
bridging phenylene moiety have not been observed. The iodinated
3a-1, and 3a-1, are also potential subunits for formation of anion-
responsive oligomers.

3a(X'=X2=H)

3a-l, (X'=H,X2=1)
3a-l, (X' =X2=1)

Fig. 4 Phenylene-bridging dimers 3a and 3a-I,, and direct-linked dimer
3b from monoiodinated 2a-1,.

Conclusions

We have exhibited the selectively iodinated BF, complexes of
dipyrrolyldiketones for obtaining various aryl-substituted acyclic
anion receptors and their oligomers. It is remarkable to perform
the extension of m-conjugation using cross coupling reactions at
pyrrole o-positions, even though we have shown only low yields (ca.
30-50%) at the present moment. These moderate yields possibly
originate from the reaction conditions for the dipyrrolyldiketone
derivatives being difficult to optimise, the properties of these
derivatives, as well as the sterical hindrance at o-positions by
B-ethyl substituents. In fact, the coupling reactions in EtOH,
which were used by Setsune et al. for arylpyrrole derivatives,'®
have afforded too small amounts of the desired compounds in
our case, due to the unstable boron unit under the conditions.

On the other hand, couplings with m-conjugated pentacycles, not
hexacycles as observed in 2b and 2¢, have been found to give
somewhat higher yields due to smaller inner angles of pentacycles.
Based on these observations, the protocol in this report can be
applied to the formation of higher oligomers, which would exhibit
the fascinating properties such as anion-driven folding behaviours.

Experimental

Starting materials were purchased from Wako Chemical Co.,
Nacalai Chemical Co., and Aldrich Chemical Co. and used with-
out further purification unless otherwise stated. UV-visible spec-
tra were recorded on a Hitachi U-3500 spectrometer. Fluorescence
spectra and emission quantum yields were recorded on a Hitachi
F-4500 fluorescence spectrometer and a Hamamatsu Quantum
Yields Measurements System for Organic LED Materials C9920-
02, respectively. NMR spectra used in the characterization of prod-
ucts were recorded on a JEOL ECA-600 600 MHz spectrometer.
AIl NMR spectra were referenced to solvent. Matrix-assisted laser
desorption ionization time-of-flight mass spectrometry (MALDI-
TOF-MS) was recorded on a Shimadzu Axima-CFRplus using
negative mode. Electrospray ionization mass spectrometric studies
(ESI-MS) were recorded on a BRUKER microTOF using negative
mode ESI-TOF method. TLC analyses were carried out on
aluminium sheets coated with silica gel 60 (Merck 5554). Column
chromatography was performed on Wakogel C-200, C-300, and
Merck silica gel 60 and 60 H.

BF, complex of 1,3-bis(3,4-diethyl-5-iodopyrrol-2-yl)-
1,3-propanedione, 2a-I,

To a CH,Cl, (50 mL) solution of BF, complex of 1,3-bis(3,4-
diethylpyrrole-2-yl)-1,3-propanedione (2a)* (100.0 mg, 0.28 mmol)
at room temperature was added N-iodosuccinimide (169.0 mg,
0.75 mmol). The mixture was stirred at room temperature for 3 h.
After confirming the consumption of the starting material by TLC
analysis, the mixture was washed with water and extracted with
CH,Cl,, dried over anhydrous MgSQO,, and evaporated to dryness.
The residue was then chromatographed over silica gel flash column
(eluent: CH,Cl,) and recrystallized from CH,Cl,~hexane to afford
2a-1, (142.2 mg, 84%). R; = 0.49 (CH,Cl,). '"H NMR (600 MHz,
CDCl;, 20°C): 6 (ppm) 9.45 (s, 2H, NH), 6.35 (s, 1H, CH), 2.78 (q,
J=7.8Hz,4H,CH,CH,),2.42(q,J =7.8 Hz,4H, CH,CHj;), 1.25
(t,J =7.8 Hz, 6H, CH,CH,), 1.10 (t, /] = 7.8 Hz, 6H, CH,CH).
MALDI-TOF-MS: m/z (% intensity): 611.99 (15), 612.99 (88),
613.99 (100). HRMS (ESI-TOF): m/z (% intensity): 612.9864.
Calcd for C,yH»,BF,I,N,O, (IM — H]): 612.9841. This compound
was further characterized by X-ray diffraction analysis.

BF, complex of 1-(3,4-diethyl-5-iodopyrrol-2-yl)-3-(3,4-
diethylpyrrol-2-yl)-1,3-propanedione, 2a-1I,

To a CH,Cl, (70 mL) solution of BF, complex of 1,3-bis(3,4-
diethylpyrrol-2-yl)-1,3-propanedione (2a)° (300.1 mg, 0.83 mmol)
at room temperature was added N-iodosuccinimide (203.3 mg,
0.90 mmol). After stirring at room temperature for 3 h, the
mixture was washed with water and extracted with CH,Cl,, dried
over anhydrous MgSO,, and evaporated to dryness. The residue
was then chromatographed over silica gel flash column (eluent:
CH,Cl,) and recrystallized from CH,Cl,~hexane to afford 2a-I,
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(235.2mg, 58%). R; = 0.40 (CH,Cl,). 'HNMR (600 MHz, CDCl;,
20 °C): J (ppm) 9.42 (s, 1H, NH), 9.34 (s, IH, NH), 6.92 (d, J =
3.0 Hz, 1H, pyrrole-H), 6.42 (s, 1H, CH), 2.78 (qq, J = 7.8 Hz, 4H,
CH,CH,),2.48(q,J =7.8 Hz, 2H, CH,CH;), 2.43(q, J = 7.8 Hz,
2H, CH,CH;), 1.25 (tt, J = 7.8 Hz, 6H, CH,CH), 1.21 (t, J =
7.8Hz,3H,CH,CH;),1.10(t,J =7.8 Hz, 3H, CH,CH;). MALDI-
TOF-MS: m/z (% intensity): 486.09 (24), 487.09 (100), 488.09
(54). HRMS (ESI-TOF): m/z (% intensity): 487.0870. Calcd for
C,yH,;:BF,IN,O, (M — H]"): 487.0874.

BF, complex of 1,3-bis-(3,4-diethyl-5-phenylpyrrol-
2-yl)-1,3-propanedione, 2b

A Schlenk tube containing 2a-I, (70.0 mg, 0.114 mmol),
phenylboronic acid (30.6 mg, 0.251 mmol), tetrakis-
(triphenylphosphine)palladium(0) (24.2 mg, 0.02 mmol),
and Na,CO; (87.8 mg, 0.82 mmol) was flushed with nitrogen
and charged with a mixture of degassed 1,2-dimethoxyethane
(5 mL) and water (0.5 mL). The mixture was heated at 90 °C
for 18 h, cooled, then partitioned between water and CH,Cl,.
The combined extracts were dried over anhydrous MgSO, and
evaporated. The residue was then chromatographed over silica gel
flash column (eluent: 10% EtOAc-hexane) to give 2b (17.3 mg,
35%) as a pink solid. R; = 0.38 (10% EtOAc-hexane). 'H
NMR (600 MHz, CDCl;, 20 °C): 6 (ppm) 9.37 (s, 1H, NH),
7.53-7.51 (m, 4H, Ph-o-CH), 7.50-7.48 (m, 4H, Ph-m-CH),
7.43-7.39 (m, 2H, Ph-p-CH), 6.56 (s, 1H, CH), 2.86 (q, J =
7.8 Hz, 4H, CH,CH;), 2.62 (q, J = 7.8 Hz, 4H, CH,CH,),
1.35 (t, J = 7.8 Hz, 6H, CH,CH;), 1.20 (t, J = 7.8 Hz, 6H,
CH,CH;). UV-vis (CH,CL, Z,.[nm] (¢, 10° M™" ecm™)): 499.0
(1.21). Fluorescence (CH,Cl,, A.,[nm] (Ay[nm])): 535.0 (499.0).
MALDI-TOF-MS: m/z (% intensity): 512.26 (8), 513.25 (44),
514.26 (100). HRMS (ESI-TOF): m/z (% intensity): 513.2536.
Calcd for C;H3,BF,N,O, ([M — H]"): 513.2536. This compound
was further characterized by X-ray diffraction analysis.

BF, complex of 1-(3,4-diethyl-5-phenylpyrrol-2-yl)-3-(5-
phenylpyrrol-2-yl)-1,3-propanedione, 2¢

A Schlenk tube containing 2a-I;, (250.0 mg, 0.512 mmol),
phenylboronic acid (7491 mg, 0.614 mmol), tetrakis-
(triphenylphosphine)palladium(0) (57.8 mg, 0.05 mmol), and
Na,CO; (325.4 mg, 3.07 mmol) was flushed with nitrogen and
charged with a mixture of degassed toluene and DMF (1 : 1,
8 mL) and water (0.2 mL). The mixture was heated at 80 °C
for 12 h, cooled, then partitioned between water and CH,Cl,.
The combined extracts were dried over anhydrous MgSO, and
evaporated. The residue was then chromatographed over silica gel
flash column (eluent: 0.5% MeOH-CH,Cl,) to give 2¢ (75.6 mg,
34%) as a yellow solid. R; = 0.46 (1% MeOH-CH,Cl,). '"H NMR
(600 MHz, CDCl;, 20 °C): 6 (ppm) 9.32 (s, 1H, NH), 9.29 (s, 1H,
NH), 7.55-7.51 (m, 2H, Ph-0-CH), 7.50-7.47 (m, 2H, Ph-m-CH)),
7.43-7.40 (m, 1H, Ph-p-CH), 6.94 (d, J = 3.0 Hz, 1H, pyrrole-H),
6.52 (s, 1H, CH), 2.85 (q, / = 7.8 Hz, 2H, CH,CH;), 2.80 (q, J =
7.8 Hz, 2H, CH,CH,), 2.61 (q, J = 7.8 Hz, 2H, CH,CHs), 2.49 (q,
J=17.8Hz,2H, CH,CH,), 1.33(t,J = 7.8 Hz, 3H, CH,CH,;), 1.28
(t,J =7.8 Hz, 3H, CH,CH,;), 1.22 (t, J = 7.8 Hz, 3H, CH,CH,),
1.19 (t, J = 7.8 Hz, 3H, CH,CH;). UV-vis (CH,Cl,, Aps,[nm]
(e, 10° M~! cm™)): 476.0 (1.12). Fluorescence (CH,Cl,, A,[nm]

(A[nm])): 509.0 (476.0). MALDI-TOF-MS: m/z (% intensity):
437.21 (35), 438.22 (100), 439.23 (26) HRMS (ESI-TOF): m/z
(% intensity): 437.2211. Calcd for C,sHxBF,N,0, (M — HJ]"):
437.2222.

Phenylene-bridged dimer of 2a, 3a

A Schlenk tube containing 2a-I; (450.0 mg, 0.92 mmol),
1,3-phenyldiboronic acid 1,3-bis(pinacol)ester’® (152.0 mg,
0.46 mmol), tetrakis(triphenylphosphine)palladium(0) (106.0 mg,
0.09 mmol), and Cs,CO; (899.3 mg, 2.76 mmol) was flushed with
nitrogen and charged with a mixture of degassed DMF (9 mL),
toluene (9 mL), and water (0.2 mL). The mixture was heated at
90 °Cfor 12 h, cooled, then partitioned between water and CH,Cl,.
The combined extracts were dried over anhydrous MgSO,, and
evaporated. The residue was then chromatographed over silica gel
flash column (eluent: 0.5% MeOH-CH,Cl,) to give the dimer 3a
(167.5 mg, 46%) as a red solid. R; = 0.30 (1% MeOH-CH,Cl,).
"H NMR (600 MHz, CDCls;, 20 °C): 6 (ppm) 9.39 (s, 2H, NH),
9.30 (s, 2H, NH), 7.64 (s, 1H, phenylene-CH), 7.59-7.58 (m, 1H,
phenylene-CH), 7.53 (m, 2H, phenylene-CH), 6.94 (s, 2H, pyrrole-
H), 6.53 (s, 2H, CH), 2.84-2.82 (m, 4H, CH,CHj;), 2.82-2.80 (m,
4H, CH,CH,;), 2.64 (m, 4H, CH,CH,;), 2.48 (m, 4H, CH,CH,),
1.30 (m, 6H, CH,CH;), 1.27 (m, 6H, CH,CH;), 1.20 (m, 12H,
CH,CH;). UV-vis (CH,Cl,, Anu[nm] (e, 105 M~ cm™)): 489.0
(2.10). Fluorescence (CH,Cl,, A.y[nm] (Ay[nm])): 511.0 (489.0).
MALDI-TOF-MS: m/z (% intensity): 796.38 (47), 797.40 (100),
798.39 (50). HRMS (ESI-TOF): m/z (% intensity): 797.4045.
Calcd for Cy,Hy, B,F,N,O, (M — H]"): 797.4052.

Direct-linked dimer of 2a, 3b

Direct-linked dimer 3b was obtained in 0.5% yield as a dark purple
solid as one of the byproducts of the coupling reaction for 3a. R, =
0.33 (1% MeOH-CH,Cl,). 'H NMR (600 MHz, CDCl;, 20 °C):
0 (ppm) 9.32 (s, 1H, inner NH), 9.27 (s, 1H, outer NH), 6.98
(d, J = 3.0 Hz, 2H, pyrrole-H), 6.54 (s, 1H, CH), 2.87-2.84 (m,
4H, CH,CH,), 2.83-2.79 (m, 4H, CH,CH,), 2.61 (q, J = 7.8 Hz,
4H, CH,CH,), 2.49 (q, J/ = 7.8 Hz, 4H, CH,CH;), 1.34 (t, J =
7.8 Hz, 6H, CH,CH,), 1.28 (t, J = 7.8 Hz, 6H, CH,CH,), 1.22
(t,J = 7.8 Hz, 6H, CH,CH;), 1.16 (t, J = 7.8 Hz, 6H, CH,CH).
UV-vis (CH,Cl,, Apx[nm]): 520.0. Fluorescence (CH,Cl,, A.,[nm]
(Aex[nm])): 601.0 (520.0). MALDI-TOF-MS: m/z (% intensity):
720.37 (43), 721.37 (100), 722.38 (39). HRMS (ESI-TOF): m/z
(% intensity): 721.3736. Calcd for Cy3H,;B,F,;N,O, (M — H]"):
721.3738.

Bisiodinated derivative of 3a, 3a—I,

To a solution of 3a (232.4 mg, 0.291 mmol) in CH,Cl, (70 mL)
at room temperature was added N-iodosuccinimide (150.5 mg,
0.669 mmol). The mixture was stirred at room temperature for
7 h. After confirming the consumption of the starting material by
TLC analysis, the mixture was washed with water, extracted with
CH,Cl,, dried over anhydrous MgSO,, and evaporated to dryness.
The residue was then chromatographed over silica gel flash column
(eluent: 1.2% MeOH-CH,Cl,) to afford 3a-I, (248.6 mg, 84%).
R; =0.25 (CH,Cl,). '"H NMR (600 MHz, CDCl;, 20 °C): é (ppm)
9.42 (s, 2H, NH), 9.41 (s, 2H, NH), 7.64 (s, 1H, phenylene-
CH), 7.63-7.60 (m, 1H, phenylene-CH), 7.56-7.54 (m, 2H,
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phenylene-CH), 6.48 (s, 2H, CH), 2.84 (q, J = 7.8 Hz, 8H,
CH,CH,), 2.65(q,J =7.8 Hz, 4H, CH,CH;),2.43(q, J = 7.8 Hz,
4H, CH,CH,), 1.34 (t, J/ = 7.8 Hz, 6H, CH,CH;), 1.29 (t, J =
7.8 Hz, 6H, CH,CH,), 1.20 (t, J = 7.8 Hz, 6H, CH,CH,), 1.11 (t,
J =7.8Hz, 6H, CH,CH;). MALDI-TOF-MS: m/z (% intensity):
1048.26 (52), 1049.20 (100), 1050.17 (48). HRMS (ESI-TOF): m/z
(% intensity): 1049.1985. Caled for C,,H,B,F,I,N,O, ((M — H]"):
1049.1985.

Monoiodinated derivative of 3a, 3a—I,

To a solution of 3a (296.4 mg, 0.321 mmol) in CH,Cl, (80 mL)
at room temperature was added N-iodosuccinimide (72.14 mg,
0.321 mmol). The mixture was stirred at room temperature for
14 h. After confirming the consumption of the starting material by
TLC analysis, the mixture was washed with water, extracted with
CH,Cl,, dried over anhydrous MgSQO,, and evaporated to dryness.
The residue was then chromatographed over silica gel flash column
(eluent: 1% MeOH-CH,Cl,) to afford 3a-I, (122.0 mg, 41%). R; =
0.38 (3% MeOH-CH,Cl,). '"H NMR (600 MHz, CDCl;, 20 °C): ¢
(ppm) 9.39 (s, 3H, NH), 9.29 (s, 1H, NH), 7.64 (s, | H, phenylene-
CH), 7.60 (m, 1H, phenylene-CH), 7.51-7.42 (m, 2H, phenylene-
CH), 6.93 (s, 1H, pyrrole-H), 6.51 (s, IH, CH), 6.45 (s, |H, CH),
2.82-2.78 (m, 8H, CH,CHj;), 2.64-2.63 (m, 4H CH,CH,;), 2.46
(m, 2H, CH,CH;), 2.42-2.41 (m, 2H, CH,CHj;), 1.32 (m, 6H,
CH,CH,), 1.26 (m, 6H, CH,CH,;), 1.20-1.17 (m, 9H, CH,CH,),
1.09 (t, J = 7.8 Hz, 3H, CH,CH;). MALDI-TOF-MS: m/z (%
intensity): 922.29 (44), 923.31 (100), 924.30 (62). HRMS (ESI-
TOF): m/z (% intensity): 923.3019. Calcd for C,HsB,F,IN,O,
(IM — H]): 923.3019.

Method for X-ray analysis

A single crystal of 2a—I, was obtained by vapor diffusion of hexane
into a CH,Cl, solution. The data crystal was a reddish purple prism
of approximate dimensions 0.50 mm x 0.30 mm x 0.20 mm. A
single crystal of 2b was obtained by vapor diffusion of hexane
into a CH,CICH,Cl solution. The data crystal was a red prism of
approximate dimensions 0.50 mm x 0.30 mm x 0.20 mm. In each
case, data were collected at 123 K on a Rigaku RAXIS-RAPID
diffractometer with graphite monochromated Mo-Ka radiation
(4 =0.71075 A), and the structure was solved by direct method.
The non-hydrogen atoms were refined anisotropically. The calcula-
tions were performed using the Crystal Structure crystallographic
software package of Molecular Structure Corporation. CIF files
(CCDC 680227, 680228) are available online as ESL.f

DFT Calculation

Ab initio calculations of 2b and 2¢ were carried out using Gaussian
03 and an HP Compaq dc5100 SFF computer. The structures
were optimized, and the total electronic energies were calculated
at the B3LYP level using a 6-31G** basis set.
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3D-conjugated systems based on oligothiophene segments grafted on a phosphorus or on a phosphine
oxide node have been synthesized. Under Stille coupling conditions, bromide terminated thienyl
phosphine derivatives undergo a breaking of the phosphorus—carbon bond attributed to a ligand
exchange with the Pd catalyst. The electronic properties of the new compounds have been analyzed by

UV-vis and fluorescence spectroscopy and cyclic voltammetry.

Introduction

Organic semiconductors (OSCs) are subject to a considerable
current interest motivated by the perspective of achieving large
area, low-cost, lightweight and flexible (opto)electronic devices.!
Many organic semiconductors used as active materials in organic
field effect transistors (OFETs) and photovoltaic cells derive from
linearly m-conjugated systems such as oligoacenes® or thiophene-
based oligomers or polymers.> However, due to their low dimen-
sionality, these materials present anisotropic optical and charge-
transport properties which can pose specific problems for device
fabrication and operation.* In recent years, we and others have
undertaken the development of new classes of OSCs possessing
isotropic optical and charge-transport properties. Thus, it has
been recently shown that 3D architectures consisting of a silicon,*
twisted bithiophene® or triphenylamine’ node functionalized with
oligothiophene conjugated segments can lead to interesting active
materials for organic solar cells, light emitting diodes (OLEDs)
and field-effect transistors. Several examples of m-conjugated
systems incorporating phosphorus® have been described and
some of these compounds exhibit interesting properties as active
materials in OLED. However, there are few examples of molecular
architectures in which phosphorus is used as a node for connecting
linear conjugated segments.” Métivier et al. have described a phos-
phorus oxide derivatized with three oligo(phenylacetylene) chains
and analyzed its photophysical properties.” In our continuing
interest in m-conjugated systems of high-dimensionality, we report
here on the synthesis of compounds consisting of a phosphorus
node derivatized with short-chain oligothiophene branches.

Results and discussion

Synthesis

Fixation of aromatic systems on phosphorus is generally
achieved by addition of lithiated species or Grignard reagents
on phosphorus tribromide or trichloride.” In the present case,

University of Angers, CNRS, CIM A, 2 Bd Lavoisier, 49045, Angers, France.
E-mail: philippe.leriche@univ-angers.fr, jean.roncali@univ-angers.fr

T Electronic supplementary information (ESI) available: Detailed crystal-
lographic data. CCDC reference numbers 684727 (6a) and 684728 (6b).
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phosphorus tribromide was reacted with the lithio-derivative of
n-hexylterthiophene (3) and n-hexylthiophene-EDOT-thiophene’
(4) to obtain the target compounds 1a and 2a in 35 and 25% yields
respectively (Scheme 1).
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In order to synthesize building blocks that could be useful
for the further synthesis of other symmetrical or unsymmetrical
systems, phosphine derivatives Sa and 6a with terminal bromine
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atom(s) have been prepared by treatment of 2,5-dibromothiophene
by n-BuLi followed by addition of phosphorus tribromide or
chorodiphenylphosphine (Scheme 2).
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Br/Q\ Br
n-BulLi n-BulLi
Ph,PCl  PBrs
Br Br
[\ jS [\ jS
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Scheme 2

All these compounds are stable in ambient conditions in
the solid state, however they undergo a more or less rapid
oxidation into the corresponding phosphorus oxides in solution.
The oxidation process is rather slow for la but extremely fast
for 2a. This difference can be related to the electron donating
properties of the branches and attributed to orbital interactions
between aromatics and phosphorus nodes.!! Oxidation performed
using hydrogen peroxide at room temperature in THF leads to
quantitative conversion for all compounds. (Scheme 3).

P H20, E
PN PN
Ar ArAr —_ = Ar ArAr
1a, 2a 1b, 2b
5a, 6a 5b, 6b
Scheme 3

The X-ray structures of derivatives 6a and 6b are presented in
Fig. 1. Both derivatives crystallize in the Pl 2,/n space group.
Compound 6a presents a pyramidal geometry with thiophene—
phosphorus-thiophene angles of 99°, 102° and 103° respectively.
The oxidation of phosphine into phosphorus oxide in 6b produces
an increase of the thiophene—phosphorus-thiophene angles to
104°, 105° and 107°. This phenomenon is logical if one consider
the decrease of the coulombic repulsions when passing from the
lone pair to the bonded oxygen atom.

In order to synthesize systems with longer conjugated branches,
compound 6a bearing three terminal bromine atoms was used
as reactant. Attempts to perform Suzuki or Kumada coupling
with the appropriate thienyl derivatives failed. A Stille coupling
with a stoichiometric amount of 2-tributylstannylthiophene in the
presence of Pd(PPh;), as catalyst allowed to isolate the target
compound 7a in 40% yield together with 20% of undesired
terthiophene 8. The formation of terthiophene 8 implies a side-
reaction with breaking of the C-P bond together with the expected
cleavage of the C-Sn bond in the reagent. This assumption is
confirmed by the use of an excess of stannic derivative which led
to terthiophene (8) as the unique product (60% yield, Scheme 4).

Aryl-aryl exchange reactions in Pd complexes' involving C-P
bond breaking have been already discussed in the literature and
their influence on Suzuki®® or Stille' coupling reactions is well
documented. However, phosphorus compounds are generally used
as ligands in the catalyst and not as reagent and the consequences

Fig. 1 ORTEP views of 6a (top) and 6b (bottom), ellipsoids drawn at
50% probability level.
6a
3.3 eq. 8 eq.
0
BusSn™ g
Pd(PPhs),
7 S
o N \ DS
s D s"\ ) s
7R 8 60%
I
~° 7a 40%
I\ s A\
S\ S
8 20%
Scheme 4

of the observed exchanges are thus different. In the present case,
the cleavage of the C-P bond probably involves a ligand exchange
between the triphenylphosphine of the catalyst Pd(PPh;), and 6a.

In order to test this hypothesis, phosphorus oxides 5b and 6b
which are not subject to ligand exchange have been reacted with
the stannyl derivative of 3,4-ethylenedioxythiophene (EDOT) in
Stille conditions. In this case, the target compounds 9b and 10b
were isolated in 70 and 65% yield respectively without any evidence
of C-P bond cleavage (Scheme 5).

It is worth noting that after one week in refluxing toluene in
the presence of the stannyl derivative of thiophene or EDOT
and Pd(PPh;),, compound 7a or debrominated 5a and 6a were
recovered unreacted and intact, thus demonstrating that the
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presence of a bromine atom at the terminal position of the
thiophene is required for ligand exchange.

UV-vis absorption, fluorescence and cyclic voltammetry

Derivatives 1-4 undergo a non reversible oxidation process. Exam-
ination of the values of the anodic peak potential (E,,) recorded by
cyclic voltammetry (Table 1) shows that as expected, compounds
2 containing an EDOT unit are oxidized at lower potentials than
compounds 1. The non linear compounds 1-2 show slightly higher
E,, values than the corresponding individual branches 3 and 4.
The slight decrease of E,, observed for the phosphorus oxide
derivatives when compared with their phosphine analogues is
rather intriguing. Whereas this phenomenon could be related to
differences in diffusion coefficients,”® further work is needed to
clarify this point.

The UV-vis data show that the compounds 1b-2b based on
phosphine oxide nodes absorb practically at the same wavelength
as the corresponding phosphine based system la-2a (Table 1).
Comparison of the fluorescence quantum efficiencies (¢.,) of
compounds 1a and 2a to those of the corresponding terthienyls
shows that the passage from the individual chains to the non
linear molecules leads to a slight decrease of ¢.,. Such an effect

Table 1 UV-Vis Absorption, fluorescence emission and oxidation poten-
tials of the compounds

Compound Amax /M Aem/TM? Pem® (Y0)° E,./V¢
1a 392 445 6 1.16
1b 391 459 10 1.10
2a 404 462 4 0.96
2b 404 464 15 0.92
3 354 434 6 1.08
4 379 411 6 0.80

“In CH,Cl,. ® Versus anthracene as standard. Pt electrodes, 0.10 M n-
Bu,NPF;—CH,Cl,, scan rate 100 mV s~' ref. Ag/AgCl.

already observed for trianthrylphosphorus compounds'® has been
ascribed to the influence of the phosphorus lone pair and to
through-space interactions between chromophores that contribute
to fluorescence quenching. On the other hand, oxidation of
phosphine into phosphine oxide produces a significant increase
of ¢, from 4 to 15%, between 2a and 2b.

In this case, the increase of the fluorescence may be due to
the absence of the phosphorus lone pair together with a decrease
of through-space interactions among the conjugated chains due
to the increase of thiophene—phosphorus—thiophene angles in
the oxyphosphorus derivatives as demonstrated by the X-ray
structures of 6a and 6b.

Conclusions

Star-shaped conjugated systems based on oligothiophenes grafted
on a phosphorus node have been synthesized by condensation
of lithiated species on halogenophosphorus nodes and by Stille
coupling reactions. In the latter case, the analysis of the reaction
conditions allowed us to identify an undesired reaction involving a
ligand exchange with the catalyst. However, this parasitic reaction
can be prevented when the phosphine node is oxidized into the
corresponding oxide.

The electrochemical, UV-vis, fluorescence data together with X-
ray diffraction results provide a coherent picture suggesting that
in addition to electronic effects, the oxidation of the phosphorus
node indirectly affects the electronic properties of the conjugated
system through small geometrical changes.

Experimental
General

Solvents were purified and dried using standard protocols. 'H
NMR and “C NMR spectra were recorded on a Bruker AVANCE
DRX 500 spectrometer operating at 500.13 and 125.7 MHz;
0 are given in ppm (relative to TMS) and coupling constants
(/) in Hz. Matrix-assisted laser desorption ionization time-of-
flight (MALDI-TOF) mass spectra were recorded by a Bruker
Biflex-III, equipped with a N, laser (337 nm). For the matrix,
dithranol in CH,Cl, was used. High resolution mass spectra were
recorded under FAB mode on a Jeol JIMS 700 spectrometer. UV-
visible optical data were recorded with a Perkin-Elmer Lambda
19 spectrophotometer. X-Ray diffraction experiments were carried
out in the 6-20 reflection mode with a Bruker D500 diffractometer
equipped with a speed detector Vantec. Cyclic voltammetry was
performed with an EG & G PAR 273A potentiostat with a
standard three-electrode cell using platinum electrodes and a
Ag/AgCl reference electrode.

Synthetic procedure

Tris(5”-hexyl-5-terthienyl)phosphine 1a. To 3 g of 5-hexyl-
2,2':5,2"-terthiophene (9 mmol) dissolved in 150 mL of THF
cooled at —70 °C, 6 mL (9 mmol) of zerz-butyllithium 1.5 mol L™
are slowly dropped. The mixture is stirred for 1 h 30 min at
0 °C and cooled again at —60 °C after which 530 mg (2 mmol)
of phosphorus bromide are added. The mixture is stirred for
15 h at room temperature. The formed precipitate is dissolved
in methylene chloride and the organic layer is washed with an
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aqueous saturated solution of ammonium chloride and then twice
with water. The organic layer is then dried on magnesium sulfate
and the solvent is evaporated. Chromatography on silica gel using
petroleum ether (PE)-methylene chloride (1 : 1) as eluent gives
1.1 g of an orange solid. Yield: 35%; mp = 155°C; R, =0.9 (PE :
CH,Cl, 1 : 1); NMR 'H (CDCl): 7.30 (dd, 1H, *J,.u = 3.72 Hz;
*Jup=6.60Hz, H*),7.12(dd, 1H, *J 44y = 3.65 Hz; *J 4, = 1.39 Hz,
H%),7.08(d, 1H,°J =3.79 Hz, H""), 6.97 (m, 2H, H” and H*), 6.70
(d, 1H,*J = 3.75 Hz, H*"), 2.80 (t, 2H, *J= 7.00 Hz, T-CH,), 1.70
(qt, 2H,*J = 7.00 Hz, T-CH,-CH,), 1.40 (m, 6H, CH,-CH,-CH,-
CH,), 0.90 (t, 3H, *J = 6.00 Hz, CH;); NMR "*C (CDCl,): 145.6,
143.7,137.3, 136.6, 136.4, 136.3, 136.1, 134.4, 134.0, 124.7, 124.6,
123.3, 31.3,29.9, 28.4,22.3, 13.8; NMR *'P (CDCl;): —43.41; MS
(Malditof) calcd for Cs,Hs; PSy: 1024; found: 1024 (M**); Anal. for
Cs,Hy; PS, Found (Caled): C, 63.78 (63.24); H, 5.75 (5.60); S, 28.33
(28.14).

Tris(3',4'-ethylenedioxy-5"-hexyl-5-terthienyl)phosphine 2a.
To 2 g of 3 ,4-ethylenedioxy-5-hexyl-2,2": 5,2"-terthiophene
(5.1 mmol) dissolved in 80 mL of THF cooled to —70 °C, 3.4 mL
(5.1 mmol) of fert-butyllithium 1.5 mol L=' are slowly dropped.
The mixture is stirred for 1 h 30 min at 0 °C and cooled again to
—60 °C after which 310 mg (1.14 mmol) of phosphorus tribromide
are added. The mixture is stirred for 15 h at room temperature.
The formed precipitate is dissolved in methylene chloride and the
organic layer is washed with an aqueous saturated solution of
ammonium chloride and then twice with water. The organic layer
is then dried on magnesium sulfate and the solvent is evaporated.
Chromatography on silica gel using petroleum ether—methylene
chloride (2 : 1 and then 1 : 1) as eluent gives 520 mg of a yellow
solid. This compound is not stable in solution as it rapidly
oxidizes. Yield: 25%; mp = 60 °C; R; = 0.7 (PE : CH,Cl, 1 : 1);
NMR 'H (CDCL,): 7.27 (dd, 1H, *J = 3.78 Hz, *Jy» = 6.40 Hz,
H*), 7.17 (dd, 1H, *J = 3.64 Hz, *J,= 1.46 Hz, H*), 7.02 (d, 1H,
3J = 3.60 Hz, H"), 6.68 (d, 1H, *J = 3.59 Hz, H""), 4.35 (m, 4H,
0-CH,-CH,-0), 2.78 (t, 2H, *J = 7.61 Hz, T-CH,), 1.66 (quint,
2H, *J = 7.47 Hz, T-CH,-CH,), 1.35 (m, 2H, T-CH,-CH,-CH,),
1.29 (m, 4H, CH,-CH,-CH,), 0.86 (m, 3H, CH,;); MS (Malditof)
caled for C4Hg; O¢PS,: 1198; found: 1199 (M + H)*.

Tris(5”-hexyl-5-terthienyl)phosphine oxide 1b. To 80 mg
(0,078 mmol) of tris(5”-hexyl-2-terthienyl)phosphine dissolved in
30 mL of tetrahydrofuran, 1 mL of hydrogen peroxide (35% in
water) is added. The mixture is stirred for 15 h after which 100 mL
of methylene chloride are added. The organic phase is washed with
water and then dried on magnesium sulfate. After evaporation
of solvent, the residue is chromatographed on silica gel using
dichloromethane—ethyl acetate (9 : 1) as eluent giving 77 mg of
an orange solid. Yield: 95%; mp = 179 °C; R; = 0.75 (CH,Cl, :
AcOEt 9 : 1); NMR 'H (CDCl): 7.60 (dd, 1H, *J,.y = 3.75 Hz;
*Jup=06.50Hz,H*),7.20(dd, 1H, *J 44y =3.75Hz, *Jyyp = 1.00 Hz,
H%),7.10(d, 1H,°J =3.75 Hz, H"), 7.00 (2d, 2H, *J = 3.75 Hz, H"
and H*), 6.70 (d, 1H,*J = 3.75 Hz, H*"), 2.70 (t, 2H, *J = 7.00 Hz,
T-CH,), 1.70 (qt, 2H, *J = 7.00 Hz, T-CH,-CH,-), 1.30 (m, 6H,
CH,-CH,-CH,-CH,), 0.90 (t, 3H, °J = 6.00 Hz, CH,); NMR "*C
(CDCl,): 146.5 (Jcp = 6.1 Hz), 146.3, 138.8, 137.8 (Jc» = 9.9 H2),
133.9, 133.5, 132.3, 131.2, 126.1, 125.0, 124.3 (Jp» = 13.8 Hz),
123.9, 123.7, 31.5, 30.2, 29.7, 28.7, 22.6, 14.1; NMR *'P (CDCl;):
4.55; MS (Malditof) calcd for C;,Hs;OPS,: 1040; found 1041
(M + H)".

Tris(3',4' -ethylenedioxy-5"-hexyl-5-terthienyl)phosphine  oxide
2b. To 80 mg (0,067 mmol) of tris(3',4'-ethylenedioxy-5"-hexyl-
2-terthienyl)phosphine dissolved in 30 mL of tetrahydrofuran,
1 mL of hydrogen peroxide (35% in water) is added. The mixture
is stirred for 15 h after which 100 mL of methylene chloride are
added. The organic phase is washed with water and then dried
on magnesium sulfate. After evaporation of solvent, the residue
is chromatographed on silica gel using dichloromethane—ethyl
acetate (9 : 1) as eluent allowing 60 mg of 2b to be isolated as a
brown solid. Yield: 74%; mp = 70 °C; R; = 0.35 (CH,Cl, : AcOEt
9:1); NMR 'H (CDCl): 7.52 (dd, 1H, *Jyy = 3.85 Hz, *Jup =
8.22 Hz, H*), 7.23 (dd, 1H, *Jyy = 3.84 Hz, *Jup, = 1.98 Hz,
H%), 7.05 (d, 1H, *J = 3.59 Hz, H*"), 6.69 (d, 1H, *J = 3.61 Hz,
H*"), 4.36 (m, 4H, O-CH,-CH,-0), 2.79 (t, 2H, *J = 7.56 Hz,
T-CH,), 1.67 (quint, 2H, *J = 7.29 Hz, T-CH,-CH,), 1.34 (m,
2H, CH,-CH,-CH,-CH,), 1.30 (m, 4H, CH,-CH,-CH,;), 0.88 (t,
3H, *J = 6.80 Hz, CH;); NMR “C (CDCl;): 145.7, 143.7 (Jep =
10.5 Hz), 139.1, 137.1 (Jop = 16.6 Hz), 136.8, 131.3, 124.4,
123.4,122.9, 122.8, 112.1, 107.6, 65.1, 64.9, 31.6, 31.5, 30.1, 28.8,
22.6, 14.1; NMR °*'P (CDCl): 5.92; MS (Malditof) calcd for
CgHg:O;PSy: 1214; found: 1215 (M + H)*.

(5-Bromo-2-thienyl)(diphenyl)phosphine 5a. To 3 g of 2,5-
dibromothiophene (12.4 mmol) dissolved in 50 mL of dry diethyl
ether and cooled at —50 °C, 7.7 mL of n-butyllithium 1.6 mol L™
(12.4 mmol) are added dropwise. The mixture is stirred for 1 h
30 min at 0 °C, cooled again at —50 °C and 2.7 g (11.2 mmol)
of chlorodiphenylphosphine are added. After 15 h at room
temperature and addition of methylene chloride (dissolution of
the formed precipitate), the organic layer is washed with an
aqueous saturated solution of ammonium chloride, with water
and dried on magnesium sulfate. After evaporation, the residue is
chromatographed on silica gel using petroleum ether as eluent to
afford 3.2 g of a pale yellow solid. Yield: 75%; mp = 79 °C; R; =
0.5 (PE); NMR 'H (CDCl;): 7.40 (m, 10H), 7.10 (dd, 1H, *Jyp =
6.50 Hz, *Juu = 3.75 Hz, H?), 7.05 (dd, 1H, *Juy = 3.75 Hz,
*Jur = 1.00 Hz, H*); NMR *'P (CDCl;): —18.7; MS (Malditof)
calcd for C,,H,,BrPS: 345.9; found: 346.8 (M + H)*.

Tris(2-bromo-5-thienyl)phosphine 6a. To 2 g of 2,5-
dibromothiophene (8.27 mmol) dissolved in 20 mL of dry
diethyl ether cooled at —50 °C, 5.2 mL (1 eq.) of n-butyllithium
1.6 mol L' are slowly dropped. The solution is then stirred for
1 h 30 min at 0 °C and cooled again at —60 °C after which 0.22 eq.
of phosphorus bromide are added. The mixture is stirred for
15 h at room temperature. 20 mL of a saturated solution of
ammonium chloride in water are then added at 0 °C after which
the organic layer is washed twice with water. The organic layer is
then dried on magnesium sulfate and the solvent is evaporated.
Chromatography on silica gel using petroleum ether as eluent
affords 610 mg of a white solid. Monocrystals were obtained by
recrystallization in a methylene chloride, petroleum ether mixture
(see ESI). Yield: 43%; mp = 93 °C; R; = 0.6 (PE); NMR 'H
(CDCly): 7.10 (dd, 1H, *Jyy = 3.50 Hz, *Jy, = 6.50 Hz, H*),
7.00 (dd, 1H, *Jyn = 3.50 Hz, *Jy, = 1.00 Hz, H*); NMR *'P
(CDCl;): —42; MS (Malditof) caled for C,,HsBr;PS;: 514; found:
516.

(5-Bromo-2-thienyl)(diphenyl)phosphine oxide Sb. To 0.5 g
(1.44 mmol) of (5-bromo-2-thienyl)(diphenyl)phosphine dissolved
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in 50 mL of tetrahydrofuran, 2 mL of hydrogen peroxide (35%
in water) are added. The mixture is stirred for 20 h after which
100 mL of methylene chloride are added. The organic phase
is washed five times with 100 mL of water and then dried on
magnesium sulfate. After evaporation of solvent, the residue is
chromatographed on silica gel using dichloromethane and then
dichloromethane—ethyl acetate (9 : 1) as eluent giving 420 mg
of 5b as a white solid. Yield: 80%; mp = 117 °C; NMR 'H
(CDClL): 7.72 (m, 4H, phenyl), 7.57 (m, 2H, phenyl), 7.48 (m,
4H, phenyl), 7.21 (dd, 1H, *Jy, = 8.00 Hz, *Jy4 = 3.76 Hz), 7.13
(dd, 1H, *Jyu = 3.82 Hz, *Jyp = 1.96 Hz); NMR *'P (CDCl;):
20.94; MS (Malditof) calcd for C,;H,,BrOPS: 361.9; found: 363.0
M + H)*.

Tris(2-bromo-5-thienyl)phosphine oxide 6b. To 0.5 g (0.97 mmol)
of tris(2-bromo-5-thienyl)phosphine dissolved in 50 mL of tetrahy-
drofuran, 5 mL of hydrogen peroxide (35% in water) are added.
The mixture is stirred for 4 h after which 100 mL of methylene
chloride are added. The organic phase is washed five times
with 100 mL of water and then dried on magnesium sulfate.
After evaporation of solvent, the residue is chromatographed on
silica gel using dichloromethane and then dichloromethane—ethyl
acetate (95 : 5) as eluent allowing the isolation of 440 mg of 6b
as white crystals (see ESI). Yield: 87%; mp = 155 °C; NMR 'H
(CDCly): 7.35 (dd, 1H, *Jyy = 8.90 Hz, *Jy = 3.80 Hz), 7.17
(dd, 1H, *Jyp = 3.80 Hz, *Jyu = 2.30 Hz); NMR *'P (CDCl;):
1.94.

Tris(5-bithienyl)phosphine 7a. To 100 mg (0.19 mmol) of tris-5-
(2-bromothienyl)phosphine dissolved in 20 mL of toluene, 240 mg
(0.63 mmol) of 2-tributylstannylthiophene and 30 mg of Pd(PPh;),
are added under inert atmosphere. The mixture is refluxed for
12 h after which the organic layer is washed with brine and dried
on magnesium sulfate. The residue is chromatographed on silica
gel using petroleum ether—methylene chloride (4 : 1) as eluent
affording 40 mg of 7a isolated as a white solid. Yield: 40%; mp =
150 °C; R; = 0.4 (PE : CH,Cl, 4 : 1); NMR 'H (CDCl;): 7.30 (dd,
1H,3*J =3.75Hz, *J 4, = 6.50 Hz, H*), 7.22 (dd, 1H, *J = 5.00 Hz,
“Jupr = 1.00 Hz, H¥), 7.20 (d, 1H, *J = 3.75 Hz, H?), 7.15 (dd, 1H,
3J =3.75Hz,*J = 1.00 Hz, H"), 7.00 (dd, 1H, *J = 5.00 Hz, *J =
3.75 Hz, H*); MS (Malditof) caled for C,,H,sPSs: 525.9; found:
525.6 (M)*.

(3,4 -Ethylenedioxy-2',5-bithiophene)(diphenyl)phosphine oxide
9b. 0.21 g (0.58 mmol) of (5-bromo-2-thienyl)(diphenyl)-
phosphine oxide, 0.75 g (1.74 mmol) of 3,4-ethylenedioxy-2-
tributylstannylthiophene and a catalytic amount of Pd(PPh;), are
dissolved in 50 mL of degassed toluene. The mixture is refluxed
under nitrogen atmosphere for 20 h. After cooling, the organic
phase is washed with brine and dried on magnesium sulfate.
The solvent is evaporated and the residue is chromatographed
on silica gel using dichloromethane and then dichloromethane-
ethyl acetate (9 : 1) as eluent allowing the isolation of 170 mg of
9b as a yellow oil. Yield: 70%; NMR 'H (CDCl,): 7.74 (m, 4H),
7.57 (m, 2H), 7.53 (m, 4H), 7.45 (dd, 1H, *Jy, = 7.60 Hz, *Jyy.y =
3.76 Hz), 7.23 (dd, 1H, *Jyu = 3.81 Hz, *J» = 1.98 Hz), 6.26 (s,
1H), 4.27 (m, 2H, CH,), 7.00 (m, 2H, CH,); NMR *P (CDCl,):
22.01 ().

Tris(3' ,4'-ethylenedioxy-2’',5-bithiophene)phosphine oxide 10b.
0.15 g (0,28 mmol) of tris(2-bromo-5-thienyl)phosphine oxide,

0.81 g (1.82 mmol.) of 3,4-ethylenedioxy-2-tributylstannylthio-
phene and a catalytic amount of Pd(PPh;), are dissolved in
40 mL of degassed toluene. The mixture is refluxed under nitrogen
atmosphere for 24 h. After cooling the organic phase is washed
with brine and dried on magnesium sulfate. The solvent is
evaporated and the residue is chromatographed on silica gel using
dichloromethane and then dichloromethane—ethyl acetate (85 :
15) as eluent allowing the isolation of 130 mg of 10b as a yellow
solid. Yield: 65%; mp (decomp.) ~ 93 °C; NMR 'H (CDCl;):
7.51 (dd, 1H, *Jyp, = 8.30 Hz, *Juu = 3.80 Hz), 7.17 (dd, 1H,
3Jun = 3.80 Hz, “Jyp = 2.20 Hz), 6.29 (s, 1H), 4.32 (m, 2H, CH,),
4.22 (m, 2H, CH,); NMR "*C (CDCl,): 144.0, 141.9, 138.9, 137.0,
132.2,130.9, 111.1, 98.7, 65.1, 64.5; NMR *'P (CDCl;): 5.86; MS
(Malditof) caled for C3H,,O,PSq: 715.9; found: 715.7 (M)*.

Crystallographic data

Data collection was performed at 293 K on a STOE-IPDS diffrac-
tometer for 6b and on a BRUKER KappaCCD diffractometer for
6a, both equipped with a graphite monochromator utilizing MoKa
radiation (4 = 0.71073 A). The structures were solved by direct
methods (SIR92) and refined on F? by full matrix least-squares
techniques using the SHELX-97 package. All non-H atoms were
refined anisotropically and the H atoms were included in the
calculation without refinement. Absorption was corrected by the
Gaussian technique for 6b and by Sadabs program for 6a.

Crystal data for 6a. Colorless prism (0.56 x 0.18 x 0.14 mm?),
C,,H(Br;P,S;, M, = 517.05, monoclinic, space group P2,/n, a =
9.563(1) A, b =9.483(1) A, ¢ = 18.527(3) A, f = 101.93(1)°, V =
1643.9(4) A3, Z =4, peye = 2.089 gem 3, u (MoKa) = 7.823 mm !,
F(000) = 984, 0, = 2.42°, 0,.., = 25.02°, 27411 reflections col-
lected, 2887 unique (R;,, = 0.058), restraints/parameters = 0/172,
R, = 0.0404 and wR, = 0.0860 using 2162 reflections with 7 >
20(I), R, = 0.0680 and wR, = 0.0960 using all data, GOF = 1.061.

Crystal data for 6b. Colorless prism (0.48 x 0.27 x 0.13 mm?),
C,,H(Br;0,P;S;, M, =533.05, monoclinic, space group P2,/n,a=
9.8214(9) A, b =9.4798(8) A, c = 18.488(2) A, f = 102.87(1)°, V =
1678.1(3) A}, Z =4, peye =2.110 gem 3, u (MoKa) = 7.671 mm,
F(000) = 1016, O, = 2.17°, O, = 25.89°, 13628 reflections col-
lected, 3243 unique (R;,, = 0.080), restraints/parameters = 0/181,
R, = 0.0538 and wR, = 0.1421 using 2192 reflections with / >
20(I), R, = 0.0803 and wR, = 0.1546 using all data, GOF = 1.002.
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The title reaction was investigated by the use of ONIOM-RB3LYP calculations. A reaction system
composed of a-chlorocyclohexanone, a methoxide ion and 8§ MeOH solvent molecules was adopted.
Two reaction channels, the semibenzilic acid mechanism (A) and cyclopropanone mechanism (B), were
compared. B is found to be more favorable than A. The rate-determining step of B is the (MeOH);
addition transition state (TS3B) to the cyclopropanone intermediate. While TS3B involves a concerted
function of MeO~ addition and proton relays, it has a large activation energy. A new route was found,
where the chloride ion evolved at the cyclopropane formation step (TS2B) works as a nucleophile to the
cyclopropanone intermediate. Thus, a cyclopentane-carbonyl chloride intermediate is formed with a
small activation energy. A new cyclopropanone mechanism is proposed.

1 Introduction

The base-catalyzed conversion of a-haloketones to carboxylic acid
derivatives is known as the Favorskii reaction.' Tt is widely used
for the synthesis of highly branched carboxylic acid* and cage
compounds.® The reaction has been subjected to extensive mech-
anistic studies.®® There is strong evidence that the rearrangement
involves the open 1,3-dipolar form of cyclopropanone and/or the
cyclopropanone as a reaction intermediate (Scheme 1).* There
is also a related mechanism that can operate in the absence of an
acidic a-hydrogen; it is known as the “semibenzilic” rearrangement
(Scheme 2).

0 om 0 .
RH,C—C—CHR RHC—C—CHR' ——
X -R"OH © [
2 2 i
P o« 9 AR
c C _
RHC® \@%HR' RH(%/ <CHR' RHC— CHR'
‘0, OR" o o
H H H H
Y +H* T T
/ — RO-C-C—C—R + RO-C-C-C-R
RHC—CHR!' R H R H

Scheme 1 A Favorskii rearrangement of an aliphatic ketone. R"O™ is an
alkoxide, and X~ is a halide ion. The cyclopropane intermediate is involved.

The net structural change is the same for both mechanisms.
The energy requirements of the cyclopropanone and semibenzilic
mechanisms may be fairly closely balanced. Examples of the
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T Electronic supplementary information (ESI) available: Reactant, in-
termediates and product geometries, reaction-coordinate vectors corre-
sponding to respective sole imaginary frequencies for TSs and geometries
of MeO~(MeOH),, and Na*(MeOH),;MeO~ (Fig. SI-S8). Cartesian
coordinates of the optimized geometries of Fig. 1, 2 and 4. See DOI:
10.1039/b806577b

[0} o (0]
—G—chr O ' X I
R | ——> RC—CHR' —> R"O—C—-C—R'
X OR" X FL

Scheme 2 Semibenzilic rearrangement.

semibenzilic mechanism have been reported, even for compounds
with hydrogen available for enolization.” The cyclopropanone
mechanism usually works, in preference to the semibenzilic
mechanism. In several examples, a symmetrical intermediate is
involved. The occurrence of a symmetrical intermediate has
also been demonstrated by “C labeling in the case of o-chloro-
cyclohexanone,? as shown in Scheme 3. The reaction in Scheme 3
may occur either via the semibenzilic acid mechanism (route
A, Scheme 4) or via the cyclopropanone mechanism (route B,
Scheme 5).

Q CO,R

Cl
RONa/ROH
—_— +  NaCl

a-chlorocyclohexanone a-chloropentanecarboxylate

R
25%x« COR
25%

0 0
| 50% ROC Y 25%
<99 RO 50%| 25%
N

50%

Scheme 3 A representative Favorskii rearrangement and the result of the
isotope labeled compound. Asterisks are attached to '*C labeled atoms.?

Five theoretical studies of the Favorskii rearrangement
have been reported.” Among them, reaction paths of the two
competitive mechanisms (A and B) were investigated first by the
use of a-chlorobutanone and a hydroxide ion.* ts3B (after the
bicyclobutanone intermediate, on the left in Scheme 6) has a
high energy, and route A was reported to be more likely than
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Scheme 4 The semibenzilic acid mechanism for Scheme 3 proposed by
Tchoubar and Sackur.”
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H
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Scheme 5 The cyclopropanone mechanism for Scheme 3 proposed by
Loftfield.?
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ts3B in Ref. 9¢
AE* = 37 .47 kcal/mol

ts3B + H,0 by our calculation
AE?* = 31.77 keal/mol

Scheme 6 Transition state (TS) structures of the H,O (or 2H,0) addition
to bicyclopropanone, which was obtained in this work. AE* is the energy
difference between ts3B (or ts3B + H,0) and the preceding intermediate,
12B (or I2B + H,0). The calculated TS geometries are shown in Fig. S1
(ESIf). The dissociated C1- was omitted in TS calculations.

route B. Paths A and B for a model (a-chlorocyclohexanone
and OH™) were also reported,” where ts3B has a similar
four-centered geometry. In general, the four-centered addition
path is energetically unfavorable. In our previous studies,’ the
four-centered path was computed to be much less favorable than
the water dimer or trimer participating path. The hydrogen-bond
circuit promoting proton relays in the dimer or trimer may lower
the activation energy considerably. The generality is checked by
the use of ts3B. The activation energy, AE* = 37.47 kcal mol™!,
of ts3B is larger than AE* = +31.77 kcal mol™' of ts3B + H,O
(Scheme 6). In ts3B + H,O, the water dimer is involved in the
addition, and the ring strain in the TS structure is relaxed through
proton relays and the nucleophilic addition (HO~ — C=0).
Thus, the cyclopropanation mechanism needs to be investigated
in explicit consideration of proton relays along hydrogen bonds.

In this work, the representative Favorskii rearrangement, o-
chlorocyclohexanone and MeO~ in methanol (MeOH) solvent,
was studied computationally. Since the hydrogen bonds have a
crucial role on the rearrangement, eight MeOH molecules were
included explicitly in the reacting system. Scheme 7 illustrates
how they are coordinated with lone-pairs of the substrate (o-
chlorocyclohexanone) and the nucleophilic reagent (MeO™). It will
be shown that the cyclopropanone mechanism has a surprising
new elementary process.

H3C_e = =H=——0Me

Scheme 7 A present model simulating the reaction in Scheme 3, which is
composed of a-chlorocyclohexanone, a methoxide ion and eight methanol
molecules. Each MeOH molecule is linked with a lone-pair orbital in the
hydrogen bond.
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2 Methods of calculation

The geometries of the reactants were determined by density
functional theory calculations. The B3LYP method" was used.
B3LYP is a suitable method, because it includes the elec-
tron correlation effect to some extent.”? The basis set em-
ployed is 6-31G*. Since the size of the reacting system in
Scheme 7 is very large, methyl groups were approximated by
the semiempirical method, PM3, and the ONIOM (RB3LYP/6-
31G*:PM3)" calculations were carried out. Thus, nine methyl
groups were treated by PM3 and other parts were treated
by RB3LYP/6-31G* for the reacting systems. Furthermore,
RB3LYP/6-31(++)G(d,p) geometry optimization of TS2A, TS2B
and TS4B were made for a model of a-chlorocyclohexanone and
MeO~ (MeOH);.

Transition states (TSs) were characterized by vibrational anal-
ysis, which checked whether the obtained geometries have single
imaginary frequencies (v's). The geometries and the Hessian force
constants at the TSs were used for the subsequent geometry
optimizations of precursors and products.

Single-point RB3LYP/6-311+G(d,p) SCRF=dipole!* (solvent
MeOH, dielectric constant = 32.63) energy calculations were
made, and internal energies (77 = 0 K) were estimated by
the sum of the ONIOM zero point vibrational energy correc-
tion and the single-point energy. The RB3LYP/6-311+G(d,p)
SCRF=dipole//RBLYP/6-31G*-ONIOM method is reliable in
view of computational results of related studies. The splicing
way is recommended to gain energies close to experimental
ones.”” The B3LYP method has been applied to hydrogen-
bonded systems. The HOH-OH, hydrogen-bond energy was
calculated to be 3.02 kcal mol~' by RB3LYP/cc-pVDZ,"” which
is in good agreement with the experimental energy, 3.59 kcal
mol~"."* The FH-FH energy was calculated to be 2.68 kcal
mol~' by RB3LYP/6-311+G(2df,p),"” while the experimental
value was 3.02 £ 0.02 kcal mol™"'."® The HCN-HF energy was
6.35 kcal mol ., and the experimental value was 6.9 kcal
mol~".? Thus, the computational method is applicable to react-
ing systems including hydrogen bonds. RB3LYP/6-311++G(d,p)
SCRF=dipole and MP2/6-311++G(d,p) single-point calcula-
tions were also carried out for four key TSs: TS2A, TS2B, TS3B
and TS4B. All the calculations were carried out using the GAUS-
STAN 03* program package. The computations were performed
using the Research Center for Computational Science, Okazaki,
Japan.

3 Results and discussion

Fig. 1 shows the route of the semibenzilic acid mechanism (A). The
first step is a nucleophilic MeO~ addition to the carbonyl carbon
of the substrate (TS1A). Noteworthy is that TS1A involves a one-
center addition (O18— C6) and a concomitant proton relay (O18-
H19-.-020 — O18---H19-H20). Without the relay, transition
state structures could not be found. After TS1A, a Meisenheimer
complex (IntA) is afforded, which is slightly more stable than
the precursor (AE = —1.07 kcal mol™"). From IntA, the second
TS, TS2A, could be successfully obtained. In TS2A, cleavage of
C(1)-CI(9) and C(6)-C(5) covalent bonds and formation of C(1)-
C(5) occur simultaneously. After TS2A, the product geometry was

obtained. In Fig. 1, the MeOH solvent molecule has an active role
(i.e., proton relay) on TS1A.

Fig. 2 shows route B (cyclopropanone mechanism). The first
step is o proton removal (TS1B) with a small activation energy,
AE* = +1.85 kcal mol™', in spite of the C-H bond cleavage. A
carbanion intermediate, Intl1B, is formed. The intermediate is
susceptible to intramolecular nucleophilic displacement, TS2B,
which leads to the cyclopropanone intermediate, Int2B. The
intermediate Int2B undergoes MeOH addition accompanied by
proton relays, TS3B. While the reactivities of n =2 and n = 3 are
competitive in Scheme 8, the TS geometry optimization for TS3B
in Fig. 2 gave uniquely the (MeOH); participation. After TS3B, the
cyclopentane product (product’) is yielded. The primes attached
to the precursor (precursor’) and the product (product’) represent
a hydrogen-bonded complex of (MeOH)y slightly different from
that in Fig. 1.

Fig. 3 exhibits energy changes along routes A (Fig. 1) and B
(Fig. 2). The rate-determining step of route A is TS2A, and that
of route B is TS3B. Their activation energies are 33.79 kcal mol™'
(TS2A) and 31.29 kcal mol™" (TS3B), respectively, which are too
large for the Favorskii rearrangement to occur readily. Alternative
paths of the smaller activation energies need to be sought.

One possibility of an alternative path is nucleophilic attack
of the cyclopropanone intermediate by the evolved chloride ion,
which has not been considered so far. The second MeO~ attack
(Scheme 9) described in the textbook? would be improbable for
the following three reasons: the first is that the Cl~ ion released at
TS2B (Fig. 2) would remain at the reacting region surrounded by
MeOH clusters via hydrogen bonds. The large-sized anion would
block approach of the second MeO~ ion. The second is that the
Favorskii rearrangement is known to follow a second-order rate
equation (ie., the first order with respect to the concentration of
MeO").% Since TS3B (or an alternative path) is obviously rate-
determining, the second MeO~ participation shown in Scheme 9
would give the third-order rate equation. The third is a rule in Sy
reactions, and states that the nucleophile with the most freedom
has the larger nucleophilicity.?? In polar protic solvents, e.g. water
and methanol, the nucleophilicity order is I~ > Br~ > ClI~ > F~,
whereas in the gas phase, the order is [ < Br~ < ClI” < F~. In this
respect, the order between MeO~ and CI~ in the present reaction
is also solvation controlled, and the CI~ ion would be a good
nucleophile.

Scheme 9 might have been suggested in the sense that the
cyclopropanone ring needs to be cleaved by a strong and anionic
nucleophile. In fact, the concerted path, TS3B, by the neutral
(MeOH); cluster has a large activation energy (AE* = 31.29 kcal
mol~" in Fig. 3). Then, the CI- attack model shown in Scheme 10
is a candidate for an alternative path. The nucleophile CI- attack
and the proton attack would occur either at the same time (TS4B
in Scheme 10) or in a stepwise mode similar to that of Scheme 9.
An acetyl chloride intermediate, Int3B, would be formed. Int3B
contains the MeO~ ion, and an instantaneous nucleophilic
displacement (TS5B) would occur. The product (product”) is
afforded. Reaction paths that followed Scheme 10 were traced,
and they are exhibited in Fig. 4. TS4B was computed to have the
simultaneous occurrence of Cl(16)-C(6) and C(5)-H(17) bond
formation and C(5)-C(6) bond cleavage. The operation of CI~
expected in Scheme 10 was obtained successfully in Fig. 4.
Fig. 5 shows the energy change, including our new mechanism
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precursor *=.2.54 keal/mol
E=0 keal/mol v =950.87i em™
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(MeOH)y

. TS2A
E*=+33.79 kecal/mol
vi=361.27i cm™

IntA
E=-1.07 keal/mol

O

----------- CI -~ (MeOH)g

product :
=-27.83 kcal/mol Figure 1

Fig.1 The reaction route of the semibenzilic acid mechanism, which is composed of a-chlorocyclohexanone, a methoxide ion and eight MeOH molecules.
For TS1A and TS2A, larger scale figures are shown in the boxes. In the precursor, IntA and product, broken lines denote that weak attractive interactions
are involved. AE is the energy difference relative to that of the precursor (AE > 0, less stable). v* is the sole imaginary frequency, which verifies that the
obtained geometry is correctly located at the saddle point. Geometries of precursor, IntA and product are exhibited in Fig. S2 in the ESI.T The bond
distances in TS2A in parentheses are those calculated by RB3LYP/6-31(++)G(d,p) by the use of a model TS2A’ composed of a-chlorocyclohexanone and
MeO~(MeOH),, where “(++)” means that diffuse orbitals were added to oxygen, chlorine and hydroxyl hydrogens. Geometries of TS2A’ are exhibited in
Fig. S8 in the ESI.
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v*=1004.73i cm™

Int1B
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Fig. 2a The route of the cyclopropanone mechanism. Int2B is the cyclopropanone intermediate. Precursor’ and product’ in Fig. 2 are isomers of the
precursor and product in Fig. 1, respectively; the difference is in the hydrogen-bond pattern. Geometries of precursor’, Int1B, Int2B and product’ are
exhibited in Fig. S3 in the ESI.T The bond distances in TS2B in parentheses are those calculated by RB3LYP/6-31(++)G(d,p) by the use of a model
TS2B' composed of a-chlorocyclohexanone and MeO~(MeOH),. Geometries of TS2B’ are exhibited in Fig. S8 in the ESI.
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Q cr (MeOH)g
product'
AE=-33.96 kcal/mol
Fig. 2b

of Scheme 10, and Fig. 4 at the latter stage of the Favorskii
rearrangement. The energy change of the former stage is taken
from Fig. 3. TS4B (Cl- attack on cyclopropanone) is found to
be the rate-determining step by RB3LYP SCRF=dipole single-
point energies.* TS4B has a much smaller activation energy (=
+17.75 kcal mol™') than that in Fig. 3 (= +31.29 kcal mol™! of
TS3B). Our CI™ recovery paths starting from the cyclopropanone
intermediate are found to be likely.

The salt effect is considered, because the standard reactant is
Na*OMe~ in MeOH as shown in Scheme 3. Scheme 11 shows the
geometry of NaOMe(MeOH),,. The sodium ion is tetrahedrally
coordinated, and the three lone-pair orbitals of the methoxide
ion are hydrogen bonded with O-H distances of 1.479, 1.512 and
1.525 A. These in MeO~(MeOH),, are 1.488, 1.519 and 1.523 A,
as shown in Fig. S6 of the ESI.T The similar distances demonstrate
that the counter ion Na* is strongly solvated and the ion does not
strengthen hydrogen bonds around MeO~. Thus, the present Na*-

free model seems to give a similar result to the Na* containing
models.

4 Concluding remarks

This work has dealt with the representative Favorskii
rearrangement, a-chlorocyclohexanone and MeO~/MeOH by
ONIOM-DFT calculations. Eight MeOH molecules linked with
lone-pair orbitals of heteroatoms contained in the substrate were
included explicitly in the geometry optimizations. The semibenzilic
acid mechanism (A) is energetically unlikely. The cyclopropanone
mechanism (B) is more favorable than A, but B has a rate-
determining step, TS3B, of a large activation energy. TS3B consists
of a concerted MeO~, and proton addition to a cyclopropanone
intermediate by an MeOH trimer. An alternative route from the
intermediate has been proposed in Scheme 10. In the route, the
chloride ion evolved at TS2B works as a nucleophile toward
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Fig. 3 Energy changes (energies relative to those of precursor and
precursor’) along the routes in Fig. 1 and 2, which were obtained by differ-
ences of the sum of RB3LYP/6-311+G(d,p) SCRF=dipole electronic en-
ergy and ONIOM(RB3LYP/6-31G*:PM3) ZPE. The sum total energies of
precursor and precursors’ are —1810.40644480 a.u. and —1810.40010097
a.u., respectively. Its difference comes from hydrogen-bond patterns as
shown in Fig. S2-1 and S3-1 (ESI¥). Since the difference is apart from
the reactivity, those total energies are taken to be zero commonly as
the starting point. The activation energy —2.54 kcal mol™' of TS1A was
calculated. The negative value arises from the way of evaluating relative
energies, i.e., differences of RB3LYP/6-311+G(d,p) single-point electronic
and OINOM zero-point vibrational energies. In the ONIOM electronic
energy, the activation value of TS1A is +2.17 kcal mol~'. The values
of TSs (TS2A, TS2B and TS3B) in parentheses and in square brackets
are from single-point energy calculations by RB3LYP/6-311++G(d,p)
SCRF=dipole and MP2/6-311++G(d,p) methods, respectively.
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vF=576.10i cm’" v =533.54j cm™ v#=537.07icm™’

Scheme 8 Concerted proton relays in MeOH addition to the cyclo-
propanone intermediate. The n = 4 addition path could not be obtained,
probably owing to the narrow C—C bond region. The detailed geometries
are shown in Fig. S5 in the ESL.}

0 Meo._ O y MeO\C\
e O +H* =0
- O O
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intermediate product

Scheme 9 A stepwise path, (i) MeO~ addition and (ii) the consequent H*
addition, illustrated in a textbook of organic reactions.?
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Scheme 10 An alternative path from the cyclopropanone intermediate,
Int2B, to the cyclopentane product, product”. TS4B and TS5B are of the
nucleophilic displacement.
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Scheme 11 An ion pair model of Na*(MeOH), MeO~. The optimized
geometry is given in Fig. S7 of the ESIL.¥

the intermediate. Our new mechanism involves an acyl chloride
intermediate being susceptible to subsequent MeO~ attack,
leading to the product. In Fig. 5, the Favorskii rearrangement has
three intermediates, and the rate-determining step is TS4B. The
rearrangement route is summarized in Scheme 12. In the modified
cyclopropanone mechanism, the chloride ion is a leaving group,
and at the same time a nucleophile. Although the semibenzilic
mechanism is unfavorable at TS2A (Fig. 3), IntA with a small
activation energy (= +2.77 kcal mol™) is yielded readily. IntA
is a Meisenheimer complex and may coexist in equilibrium
with the precursor. The coexistence disappears eventually by
the non-equilibrium cyclopropanone route according to Le
Chatelier’s law. The rearrangement is thought to be described
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Fig. 4 An alternative route of Scheme 10. Int2B’" and product” are isomers of Int2B and product’ in Fig. 2, respectively; differences are in the
hydrogen-bond pattern. Geometries of Int2B’, Int3B and product” are exhibited in Fig. S4 in the ESI.¥ The bond distances in TS4B in parentheses are
those calculated by RB3LYP/6-31(++)G(d,p) by the use of a model TS4B’ composed of a-chlorocyclohexanone and MeO~ (MeOH);. Geometries of
TS4B' are exhibited in Fig. S8 in the ESI.
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Fig. 5 Energy changes along the route of Fig. 1, 2a and 4. The values of
TS2B and TS4B in parentheses and in square brackets are from single—
point energy calculations by RB3LYP/6-311++G(d,p) SCRF=dipole and
MP2/6-311++G(d,p) methods, respectively.

MeO O°
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Scheme 12 A new mechanism of the Favorskii rearrangement, which
involves an acyl chloride intermediate.

correctly in terms of proton attack or removal via hydrogen bonds
by the present (MeOH );-containing model.

In the present work, an innovative pattern of ionic reactions is
presented; in the early stage, the leaving group becomes a negative
ion, and it becomes a nucleophilic reagent at the later stage.
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The syntheses of three fused bicyclic enones, including 1,2,6,6a-tetrahydro-1-tosyl-
cyclopenta[b]pyrrol-3(5SH)-one, 1,2,3,6,7,7a-hexahydro-4 H-1-tosyl-cyclopenta[h]pyridin-4-one and
1,2,5,6,7,7a-hexahydro-3 H-1-tosyl-indol-3-one, via anionic cyclization and Diels—Alder reactions with
various dienes to construct novel nitrogen-containing angular tricyclic skeletons are described.

Introduction

1,2,6,6a-Tetrahydro-1-tosyl-cyclopenta[b]pyrrol-3(5H)-one  (7),
1,2,3,6,7,7a-hexahydro-4H-1-tosyl-cyclopenta[h]pyridin-4-one
8) and 1,2,5,6,7,7a-hexahydro-3H-1-tosyl-indol-3-one  (9)
have unique structures, as shown below, and are suggested
synthetically versatile and potential intermediates. They can
be further functionalized via different organic methods and
subsequently used in the construction of core skeletons or total
syntheses of some natural products (Fig. 1). The synthetic utility
of'1,2,5,6,7,7a-hexahydro-3 H-indol-3-one had been demonstrated
in the total synthesis of (—)-brunsvigine' and (+£)-lentiginosine,>
wherein Sy 2 alkylation and oxidative cleavage were used as the key
steps, respectively. Here, we continued to exploit their potential
synthetic applications, and have found that the enone moieties
of these three compounds undergo Diels-Alder cycloadditions
with various dienes to afford novel nitrogen-containing angular
tricyclic skeletons in high yields.

" Diels-Alder Reaction
1,4-addition o
: oxidative cleavage
S\2' alkylation

1,2-addition
Sn2 alkylation
o‘_/
/— @f@)m
( N N

allylic Ts

oxidation alkylation

Fig.1 The structures and synthetic versatility of enones 7, 8 and 9.

These three compounds, which have a common and unique
enone moiety across two adjacent rings, were prepared according
to a modified approach, shown in Scheme 1.* In general, the
vinyl iodides with ester functionalities were treated with n-
BulLi, and the resulting vinyl lithium initiated the intramolecular

School of Applied Chemistry, Chung Shan Medical University, Taichung,
40201, Taiwan, ROC. E-mail: cmchau@csmu.edu.tw, lkm@csmu.edu. tw

T Electronic supplementary information (ESI) available: 'H and *C NMR
spectroscopic and analytical data of all the compounds in Table 1 and
Schemes 1 and 2. CCDC reference numbers 678651-678653. For ESI
and crystallographic data in CIF or other electronic format see DOI:
10.1039/b806773m
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Scheme 1 Synthetic process of enones 7, 8 and 9.

anionic cyclization reaction to furnish the desired enone
compounds. In the preparation of 1,2,6,6a-tetrahydro-1-tosyl-
cyclopenta[b]pyrrol-3(5H)-one 7, the acetal 6 was isolated as a
stable compound, and compound 7 could later be obtained when
treated with an acidic solution.

Because of their special fused cyclic enone structures, we
examined their dienophilicity by treating them with various
dienes. The Diels—Alder cycloadducts possess novel nitrogen-
containing angular tricyclic skeletons, which could be important
intermediates toward some natural products, are not easy to obtain
by other methods. Several efforts, including Michael addition
and the subsequent direct alkylation of the resulting enolate or
alkylation of the corresponding silyl enone ether, had been carried
out to introduce an alkyl chain at the bridgehead position of
compound 9; however, all these methods were unsuccessful. Thus
the development of an efficient method or stategy to construct the
desired tricyclic structures or to introduce an alkyl chain at the
bridgehead position is the target of this work.
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Results and discussion

To study the Diels—Alder reactions of these three fused cyclic
enones, the treatment of 1,2,5,6,7,7a-hexahydro-3 H-1-tosyl-indol-
3-one 9 with 2,3-dimethyl-1,3-butadiene 15 in xylene in a sealed
tube at 180 °C was carried out as a model reaction. The
cycloadduct was obtained successfully in 75% yield, but this
method became inconvenient and dangerous when the dienes had
low boiling points. In order to perform the reaction under milder
conditions, we opted for the Lewis acid catalysed method, which
had been used in many other Diels—Alder reactions.* First, we used
SnCl, as the catalyst and carried out the Diels—Alder reaction
of compound 9 with 2,3-dimethyl-1,3-butadiene in CH,Cl, at
0 °C. The reaction was completed within 30 min, and the yield
of the adduct was 86%, which is better than that of the thermal
adduct. However, in the cases of 2-methyl-1,3-pentadiene and
1,3-pentadiene, the yields of the products were very poor, and
almost all the starting enone was recovered. The substitution
of SnCl, with BF;-OEt, improved the yields dramatically and
also yielded favourable results in the other cases. The results are
summarized in Table 1. In addition, nonsubstituted furan and
N-methyl pyrrole, which were not considered to be good dienes
as compared with cyclopentadiene,® but were good nucleophiles
towards enone systems,® were also subjected to the Diels—Alder
reaction in the presence of BF;-OEt,. The reaction results were
consistent with our expectations in that the 1,4-addition products
were predominantly formed. However, the reaction of 7 with furan
furnished the Diels—Alder adduct 39 as the sole compound. In
addition, the stereochemistry of 39, which was identified as endo
by nuclear overhauser effect experiments,” differed from that of
36, which was the product of the reaction of compound 7 with
cyclopentadiene, and its stereostructure was confirmed as exo by
X-ray analysis, as shown in the ESI.T The exact reason for the
difference in the diastereoselectivity was not entirely clear. We
attempted to illustrate the exo-diastereoselectivity of the reaction
of enone 7 with cyclopentadiene, as shown in Fig. 2. The diene
approached from the less-hindered face, the convex face, of the
fused bicyclic enone; thus, the relative stereochemistry of H, and
the newly formed bonds in the cycloadduct must be cis.

O
W

i

% N
H
N‘s N‘s

0 Y 0" %o
A (endo TS)

[

B (exo TS)

not favored (higher energy) favored

Fig.2 Proposed transition state illustration of exo-diastereoselectivity of
the Diels—Alder reaction of enone 7 with cyclopentadiene.

Furthermore, the exo preference may be attributed to a sec-
ondary orbital interaction between the carbonyl group of the
fused bicyclic enone and the approached diene, which was not
strong enough because the m orbital alignments were not good for
competing with the repulsive interaction between the methylene of
the diene with the other parts of the enone in the endo transition
state. Consequently, the repulsive steric effect was the dominant

feature that determined the conformation of the cycloadduct, and
the exo product was obtained due to its lower energy transition
state as compared with that of the endo product.

In order to illustrate the synthetic utility of this reaction, we
further cleaved the double bond of compound 38 to obtain another
tricyclic skeleton 50, which is similar to the key intermediate in
Yamamura et al.’s skeleton synthesis of manzamine A® (Scheme 2).
Furthermore, we believed that compounds 36 and 37 could also
be converted into two new structures. In addition to the carbon-
based Diels—Alder reaction, the aza-Diels—Alder reaction, where
nitrogen-containing dienes are used, will be our future subject of
study.

OHC
0 o CHO
‘ 1. O3, CH,Cl, o

N

—_—

2. MeZS
N
H Ts quantitative H Ts
38 50
OR
H I
OR' SES

key intermediate in Yamamura's skeleton
synthesis of manzamine A

Scheme 2 One of the synthetic potentials of the Diels-Alder reaction
methodology presented in this study.

Conclusions

In conclusion, we have used the well known Lewis acid-catalysed
Diels—Alder reaction to achieve novel nitrogen-containing angular
tricyclic skeletons, which are not easily obtained by other methods.
It is a synthetically valuable method to establish a third 6-
or 5-membered ring from the structurally unique fused bicyclic
enones. The application of this strategy to construct core skeletons
of natural products, for example, the tricyclic core skeleton of
manzamine A, is currently in progress.

Experimental
General experimental

Reactions were carried out in oven and flame-dried glassware
under a positive pressure of argon. THF was distilled over sodium—
benzophenone. Dichloromethane and xylene were distilled over
calcium hydride. Cyclopentadiene was distilled before use. All
reagents were purchased commercially and used without further
purification. TLC was performed on Merck 5735 DC-plastikfolien
Kieselgel 60 F254 precoated plates. Flash column chromatography
was performed with silica gel Merck 7736 Kieselgel 60H. 'H-
NMR (7.24 ppm for CDCl; as internal standard) and “C-NMR
(77.0 ppm for CDCl, as internal standard) spectra were recorded
on Varian Unity-400 MHz instrument. Coupling constants are
measured in Hertz. IR spectra were recorded from a Bomen
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Table 1 Diels—Alder reactions of enones 7, 8 and 9 with various dienes
R
(0]
@Tf A
( n N )m reaction condition
Ts A: PhH, reflux, 14h n
B: sealed tube, xylene, 180°C, 24h
7 (n=0, m=1) C: BF 3 OEt,/CH,Cl,, 0°C, 30min 10 (n=0, m=1)
8 (n=0, m=2) TR, U SOml 11 (n=0, m=2)
9 (n=1, m=1) 12 (n=1, m=1)
Reaction Reaction
Diene conditions Product*/yield Diene conditions Product*/yield
T™MSO.__~

A (0]
L
{ 1 .0
OMe
3 (n N )m
H Ts

22 (n=1, m=1, 70%)

TEso\( B OTES
~
o
14 ( N W

H Ts
23 (n=1, m=1, 72%)

Ri ~# C R4
R2
N

R R

2 : 3
3

( )

N m
"l Ts

1SR, =R, =CH;,R;=H
16 R, =CH;,R,=R;=H
17R, =R;=CH;,R,=H
18R; =CH;,R, =R, H

25(n =0, m =2, 86%)
26(n=1,m=1,90%)

n H Ts
36 (n=0, m=1, 93%)
37 (n=0, m=2, 91%)
38 (n=1, m=1, 95%)

m N m
"R Ts "l Ts
39 (n=0, m=1, 88%) 40 (n=0, m=2, 40%)
41 (n=1, m=1, 85%)
[)© ven, )
N
Me H
(o}
21
(S
H Ts
42 (n=0, m=1, 88%)
43 (n=0, m=2, 89%)
44 (n=1, m=1, 90%)

24R, =R, =CH,,R, =H (n=0,m = 1, 89%)

27R, =CH;, R, =R; =H n=0,m =1, 90%)

28 (n =0, m=2, 88%)
29(n=1,m=1,86%)

302’ +30b°R, =R; =CH;,R,=H(n=0,m=1,

67% + 8%)

31a® + 31b° (n =0, m = 2, 62% + 8%)

32a® +32b° (n=1,m =1, 70%)

33a’ +33b° R; =CH;,R, =R, =Hn=0,m=1,

66% + 8%)
3da® + 34b° (1= 0, m = 2, 66%)
35a? +35b° (=1, m = 1, 68%7)

« All the products are racemates. ® R; is trans to the hydrogen at the bridgehead. ¢ R; is cis to the hydrogen at the bridgehead. ¢ Total yield of the inseparable

mixture.

MB-100FT spectrometer. Melting points were recorded on a Buchi
530 melting point apparatus and are not corrected. HRMS data
were obtained from a FOEL JMS-HX110 spectrometer. Single
crystal X-ray analysis was performed on a Siemens Smart CCD
diffractometer.

Methyl 3-(/V-(2-iodocyclopent-2-enyl)-/V-tosylamino) propano-
ate (4). To a solution of compound 1 (55.0 mg, 0.26 mmol) in
THF (8 mL) was added triphenyl phosphine (89.4 mg, 0.34 mmol)
and methyl 3-(tosylamino) propanoate (87.6 mg, 0.34 mmol).
After all solid was dissolved completely, DIAD (67 uL, 0.34 mmol)
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was added slowly to the mixture at 0 °C. The reaction mixture
was stirred for an additional 1 hour at room temperature (25 °C)
followed by removal of the solvent. Purification by flash column
chromatography (ethyl acetate—hexane 1 : 15) afforded compound
4 as a pale yellow solid (96.5 mg, 82%).

"H NMR (400 MHz, CDCl;) 0 7.70 (d, J = 8.6 Hz, 2H), 7.27 (d,
J = 8.6 Hz, 2H), 6.30 (brs, 1H), 4.93-4.87 (m, 1H), 3.62 (s, 3H),
3.35-3.25 (m, 1H), 2.99-2.75 (m, 3H), 2.38 (s, 3H), 2.36-2.29 (m,
1H), 2.26-2.16 (m, 1H), 2.09-1.97 (m, 1H), 1.45-1.35 (m, 1H); ®*C
NMR (100 MHz, CDCl;)6 172.0 (C), 145.0 (CH), 143.5(C), 136.6
(©), 129.6 (CH), 127.5 (CH), 95.4 (C), 71.1 (CH), 51.6 (CHs,), 39.5
(CH,), 36.1 (CH,), 33.5 (CH,), 26.1 (CH,), 21.5 (CH;); IR (neat)
2977, 2938, 1755, 1739, 1343 cm™'; MS (EI) m/z 449 (M*, 21),
322 (65), 263 (48), 108 (100), 51 (40); HRMS (EI) m/z calcd for
C¢H»,INO,S 449.0158, found 449.0157; mp 159.1-160.5 °C.

1,2,3,5,6,6a-Hexahydro-3-methoxy-1-tosyl-3-(trimethylsilyloxy)-
cyclopenta|b]pyrrole (6). To a stirred solution of substrate 3
(655 mg, 1.51 mmol) in dry THF (10 mL) at —100 °C was added
TMSCI (0.38 mL, 3.01 mmol). A solution of n-BuLi in n-hexane
(2.0 M, 1.51 mL, 3.01 mmol) was slowly added at —100 °C, and
the reaction mixture was maintained at —100 °C for 30 min. The
cooling bath was removed and the reaction mixture was quenched
at 0 °C with a solution of NH,Cl (saturated, 5 mL) and ether
(10 mL) and HCI (2 N, 5 mL). The mixture was extracted with
ether (10 mL x 4). The organic layer was washed with brine
(10 mL) and dried over MgSO,. Removal of solvent followed
by flash column chromatography (ethyl acetate-hexane 1 : 25)
afforded pure compound 6 as a pale yellow solid (545 mg, 95%).

'"H NMR (400 MHz, CDCl;) 6 7.71 (d, J = 8.0 Hz, 2H), 7.27
(d, J = 8.0 Hz, 2H), 5.78 (dd, J = 5.2, 2.0 Hz, 1H), 4.36-4.29 (m,
1H), 3.65 (AB, J = 10.4 Hz, 1H), 3.59 (AB, J = 10.4 Hz, 1H),
3.24 (s, 3H), 2.54-2.42 (m, 3H), 2.38 (s, 3H), 2.06-1.93 (m, 1H),
—0.21 (s, 9H); *C NMR (100 MHz, CDCl;) ¢ 146.1 (C), 143.2
(C), 134.6 (C), 129.4 (CH), 127.9 (CH), 125.8 (CH), 98.4 (C), 68.3
(CH), 63.1 (CH,), 51.0 (CH,), 35.6 (CH,), 34.9 (CH,), 21.4 (CHs),
0.56 (CH,); IR (neat) 2981, 2936, 1349, 1163 cm™'; MS (EI) m/z
381 (M*, 6), 226 (100), 195 (45), 122 (21); HRMS (EI) m/z calcd
for C,sH,,NO,SSi 381.1430, found 381.1427; mp 157.5-158.3 °C.

1,2,6,6a-Tetrahydro-1-tosyl-cyclopenta[b]pyrrol-3(5H)-one (7).
To a solution of compound 6 (292 mg, 0.77 mmol) in THF (10 mL)
was added a solution of acetone (5 mL) and water (5 mL) at 0 °C.
PTSA (39.5 mg, 0.23 mmol) was then added and the reaction
mixture was stirred for 1 hour. The reaction mixture was quenched
with water (3 mL) and extracted with ether (10 mL x 4). The
organic layer was washed with brine (10 mL) and dried over
MgSO,. Concentration and silica gel column chromatography
(ethyl acetate—hexane 1 : 5) gave compound 7 as a white solid
(197 mg, 93%).

"HNMR (400 MHz, CDCl;)$ 7.70 (d, J = 8.4 Hz, 2H), 7.36 (d,
J =28.4Hz,2H), 6.70 (dd, J = 6.0, 2.8 Hz, 1H), 4.40-4.33 (m, 1 H),
4.03 (AB, J = 16.8 Hz, 1H), 3.52 (AB, J = 16.8 Hz, 1H), 2.85-
2.78 (m, 2H), 2.70-2.62 (m, 1H), 2.43 (s, 3H), 2.41-2.25 (m, 1H);
“C NMR (100 MHz, CDCl;) ¢ 191.1 (C), 144.5 (C), 143.1 (C),
139.6 (CH), 131.4 (C), 129.9 (CH), 128.3 (CH), 68.0 (CH), 61.0
(CH,), 37.4 (CH,), 36.7 (CH,), 21.5 (CH,); IR (neat) 2975, 2880,
1705, 1661 cm™"'; MS (EI) m/z 277 (M*, 2), 122 (89), 65 (100);
HRMS (EI) m/z caled for C,,H,5sNO;S 277.0773, found 277.0770;
mp 165.3-166.2 °C.

1,2,3,6,7,7a-Hexahydro-4 H -1-tosyl-cyclopenta[b]pyridin-4-one
(8). To astirred solution of substrate 4 (801 mg, 1.78 mol) in dry
THF (15mL)at —100 °C was added TMSCI(0.57 mL, 4.46 mmol).
A solution of n-BuLiin #-hexane (2.0 M, 1.80 mL, 3.57 mmol) was
slowly added at —100 °C, and the reaction mixture was maintained
at —100 °C for 30 min. The cooling bath was removed and the
reaction mixture was quenched at 0 °C with a solution of NH,Cl
(saturated, 8 mL) and ether (10 mL) and HCI (2 N, 5 mL). The
mixture was extracted with ether (15 mL x 4). The organic layer
was washed with brine (20 mL) and dried over MgSO,. Removal of
solvent followed by flash column chromatography (ethyl acetate—
hexane 1 : 3) afforded pure compound 8 as a pale yellow solid
(436 mg, 84%).

"H NMR (400 MHz, CDCl;) 6 7.70 (d, J = 8.0 Hz, 2H), 7.31 (d,
J=8.0Hz,2H), 6.82(dd, J =5.4,2.4 Hz, 1H), 4.39-4.32 (m, 1H),
3.59-3.53 (m, 2H), 2.69 (dt, J = 13.2, 6.4 Hz, 1H), 2.56-2.44 (m,
1H), 2.40 (s, 3H), 2.39-2.28 (m, 2H), 2.20-2.02 (m, 2H); *C NMR
(100 MHz, CDCl;) d 194.2 (C), 143.7 (C), 142.7 (CH), 139.0 (C),
134.8 (C), 129.8 (CH), 127.1 (CH), 62.0 (CH), 43.0 (CH,), 38.8
(CH,), 35.9 (CH,), 30.2 (CH,), 21.2 (CH,); IR (neat) 2977, 2880,
1707, 1664 cm™'; MS (EI) m/z 291 (M*, 36), 136 (65), 122 (54),
79 (100); HRMS (EI) m/z caled for C;sH;;NO;S 291.0929, found
291.0925; mp 164.3-164.9 °C.

3-Tosyl-2,3,3a,4,5,6,6a,7-octahydro-3-aza-cyclopenta|d|napht-
halene-1,8-dione (22). To a solution of compound 9 (65.0 mg,
0.42 mmol) in toluene (8 mL) was added Danishefsky diene
(290 mg, 1.69 mmol). The mixture was refluxed under Ar for
14 hours. After cooling to room temperature, 6 N HCI (1 mL)
was added, and the mixture was stirred for an additional 1 hour.
Addition of water (2 mL) and ether (2 mL) were followed by
extraction with ether (5 mL x 4). The combined organic layer was
washed with saturated NaHCO; (5mL) and brine (5 mL) and dried
over MgSO,. After filtration and concentration, purification by
flash column chromatography (ethyl acetate—hexane 1 : 2) afforded
compound 22 as a white solid (106 mg, 70%).

'H NMR (400 MHz, CDCl;) § 7.69 (d, J = 8.0 Hz, 2H), 7.38
(d,J =8.0 Hz, 2H), 6.12 (d, J = 10.2 Hz, 1H), 6.04 (dd, J = 10.2,
1.6 Hz, 1H), 4.12 (AB, J = 18.2 Hz, 1H), 3.51 (AB, J = 18.2 Hz,
1H), 3.37 (brs, 1H), 2.59 (dd, J = 17.0, 5.6 Hz, 1H), 2.53-2.45 (m,
2H), 2.44 (s, 3H), 2.17 (dd, J = 16.8, 4.4 Hz, 1H), 1.94-1.82 (m,
1H), 1.74-1.50 (m, 3H), 1.44-1.31 (m, 1H); “"C NMR (100 MHz,
CDCl;) 6 203.7 (C), 197.4 (C), 144.8 (C), 141.9 (CH), 132.7 (CH),
131.6(C), 130.1 (CH), 127.9 (CH), 63.4 (CH), 56.3 (C), 54.5 (CH,),
39.6 (CH,), 33.5 (CH), 27.7 (CH,), 25.4 (CH,), 21.6 (CH,), 18.6
(CH,); IR (neat) 1711, 1693, 1672, 1344, 966 cm™'; MS (EI) m/z
359 (M*, 7), 155 (37), 148 (79), 106 (41), 91 (100), 65 (44); HRMS
(EI) m/z caled for C,oH, NO,S 359.1191, found 359.1189.

3-Tosyl-8-triethylsilyloxy-3,3a,4,5,6,6a,7,10-octahydro-2H -3-
aza-cyclopenta|d]naphthalen-1-one (23). Compound 9 (61.4 mg,
0.21 mmol) and (buta-1,3-dien-2-yloxy)triethylsilane 14 (117 mg,
0.63 mmol) were dissolved in xylene (2 mL). The mixture was
transferred into a sealed tube and degassed three times under
vacuum. The sealed tube was put into an oven, which was set
at 180 °C, for 24 hours. The crude mixture was purified by flash
column chromatography (ethyl acetate—hexane 1 : 10) to afford
compound 23 as a liquid (52.3 mg, 72%).

'"H NMR (400 MHz, CDCl;) 6 7.66 (d, J = 8.0 Hz, 2H), 7.33
(d, J = 8.0 Hz, 2H), 4.60 (brs, 1H), 3.93 (AB, J = 18.2 Hz, 1H),
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3.37 (AB, J = 18.2 Hz, 1H), 3.10 (t, J = 4.0 Hz, 1H), 2.42 (s,
3H), 2.31-2.22 (m, 1H), 2.20-2.15 (m, 2H), 1.93-1.30 (m, 8H);
BC NMR (100 MHz, CDCl;) 6 209.5 (C), 148.4 (C), 144.1 (C),
132.5 (C), 129.8 (CH), 127.6 (CH), 98.3 (CH), 61.8 (CH), 53.3
(CH,), 50.8 (C), 32.2 (CH,), 30.3 (CH), 27.7 (CH,), 25.6 (CH,),
25.3(CH,), 21.5(CH,), 19.4 (CH,), 6.6 (CH;), 4.8 (CH,); IR (neat)
1715, 1343, 1216, 841 cm™'; MS (EI) m/z 475 (M*, 1), 321 (75),
292 (34), 263 (96), 155 (49), 91 (100), 86 (62); HRMS (EI) m/z
caled for C,;H;,NO,SSi1475.2213, found 475.2217.

General procedure for BF;-OEt, catalysed Diels—Alder cycload-
ditions. The enone (1 equiv.) was dissolved in dichloromethane
(0.3 M) and cooled to 0 °C. BF;-OEt, (0.3 equiv.) was slowly added
to the solution and it was allowed to stir for 10 min, followed by
the slow addition of diene (2 equiv.). The mixture was stirred for
an additional 30 min. The solution was quenched with water and
ether, and was extracted with diethyl ether (x 4) and then washed
with brine. The combined organic layers were dried over anhydrous
sodium sulfate. After filtration and concentration, purification by
flash column chromatography afforded the desired product.

5,6-Dimethyl-1-tosyl-2,3,4,7,7a,8,9,9a-octahydro-1H-indeno[1,
7a-blpyrrol-3-one (24). The reaction of enone 7 with 2,3-
dimethyl-1,3-butadiene 15 gave the cycloadduct 24 in 89% yield.

'"H NMR (400 MHz, CDCl;) 6 7.70 (d, J = 8.4 Hz, 2H), 7.32
(d, J =8.4Hz, 2H), 3.87 (dd, J = 6.0, 5.2 Hz, 1H), 3.80 (AB, J =
18.4 Hz, 1H), 3.73 (AB, J = 18.4 Hz, 1H), 2.41 (s, 3H), 2.39-2.32
(m, 1H), 2.11-1.94 (m, 3H), 1.86-1.63 (m, 4H), 1.62 (s, 3H), 1.54
(s, 3H), 1.32-1.21 (m, 1H); *C NMR (100 MHz, CDCl;) ¢ 214.2
(0), 144.0(C), 134.8 (C), 129.9 (CH), 127.5 (CH), 127.0 (C), 123.0
(0), 69.5 (CH), 61.3 (C), 53.4 (CH,), 39.9 (CH), 34.7 (CH,), 33.9
(CH,), 31.7(CH,), 31.1 (CH,), 21.5(CHj;), 19.6 (CH;), 19.3 (CH,);
IR (neat) 1714, 1374, 1370, 1345 cm™'; MS (EI) m/z 359 (M*, 5),
204 (23), 161 (54), 119 (78), 91 (100); HRMS (EI) m/z caled for
CyHysNO;S 359.1555, found 359.1553.

6,7-Dimethyl-1-tosyl-1,2,3,4,5,8,84,9,10,10a-decahydroindeno-
[1,7a-b]pyridin-4-one (25). The reaction of enone 8 with 2,3-
dimethyl-1,3-butadiene 15 gave the cycloadduct 25 in 86% yield.

"HNMR (400 MHz, CDCl;)6 7.66 (d, J = 8.6 Hz, 2H), 7.27 (d,
J =8.6 Hz, 2H), 4.14 (t, J = 8.4 Hz, 1H), 4.10-4.03 (m, 1H), 3.13
(td, J = 12.8, 2.8 Hz, 1H), 2.79-2.62 (m, 2H), 2.39 (s, 3H), 2.31-
2.21 (m, 2H), 2.05-1.96 (m, 1H), 1.74 (brd, 1H), 1.63 (s, 6H), 1.50—
1.41 (m, 1H), 1.20-0.99 (m, 2H); *C NMR (100 MHz, CDCl;) ¢
211.1(C), 143.5(C), 137.0 (C), 129.8 (CH), 127.1 (CH), 126.2 (C),
123.4(C), 61.6 (CH), 58.0 (C), 40.3 (CH,), 38.6 (CH,), 36.4 (CH,),
35.0 (CH), 34.6 (CH,), 28.6 (CH,), 23.6 (CH,), 21.5 (CH;), 19.6
(CHj;), 19.2 (CH;); IR (neat) 1715, 1375, 1371, 1343 cm™'; MS (EI)
m/z 373 (M*, 4),218(53), 161 (33), 119 (63), 91 (100); HRMS (EI)
m/z calcd for C,;H,,NO,S 373.1712, found 373.1714.

5,6-Dimethyl-1-tosyl-1,2,3,4,7,7a,8,9,10,10a- decahydrobenzo-
|d]indol-3-one (26). The reaction of enone 9 with 2,3-dimethyl-
1,3-butadiene 15 gave the cycloadduct 26 in 90% yield.

'H NMR (400 MHz, CDCl;) § 7.66 (d, J = 8.4 Hz, 2H), 7.33
(d, J = 8.4 Hz, 2H), 3.93 (AB, J = 18.0 Hz, 1H), 3.38 (AB,
J = 18.0 Hz, 1H), 3.09 (t, J = 8.4 Hz, 1H), 2.42 (s, 3H), 2.31-
2.22 (m, 1H), 2.08-1.98 (m, 3H), 1.82-1.22 (m, 13H); *C NMR
(100 MHz, CDCl,) ¢ 210.3 (C), 144.1 (C), 133.0 (C), 129.9 (CH),
127.6 (CH), 123.9 (C), 120.4 (C), 62.1 (CH), 53.3 (CH,), 52.3 (C),
34.3 (CH,), 32.8 (CH,), 29.8 (CH), 27.5 (CH,), 25.6 (CH,), 21.5

(CH,), 19.4 (CH,), 19.1 (CH,), 18.6 (CH.); IR (neat) 1715, 1374,
1371, 1344 cm™'; MS (EI) m/z 373 (M*, 5), 218 (14), 161 (75), 119
(34), 91 (100); HRMS (EI) m/ caled for Co,H,,NO,S 373.1712,
found 373.1711.

6-Methyl-1-tosyl-2,3,4,7,7a,8,9,9a-octahydro-1H -indeno[1,7a-
blpyrrol-3-one (27). The reaction of enone 7 with 2-methyl-1,3-
butadiene 16 gave the cycloadduct 27 in 90% yield.

"H NMR (400 MHz, CDCl;) 6 7.70 (d, J = 8.2 Hz, 2H), 7.32 (d,
J=8.2Hz,2H), 5.29 (brs, 1H), 3.93(dd, J =7.2,4.4 Hz, 1H), 3.75
(s,2H), 2.42 (s, 3H), 2.10-2.00 (m, 2H), 1.88-1.71 (m, 4H), 1.67 (s,
3H), 1.64-1.56 (m, 2H), 1.38-1.28 (m, 2H); *C NMR (100 MHz,
CDCl;) 0 214.0 (C), 144.1 (C), 135.3 (C), 134.5 (C), 129.9 (CH),
127.6 (CH), 117.2 (CH), 69.5 (CH), 59.9 (C), 53.5 (CH,), 39.4
(CH), 31.9 (CH,), 31.7 (CH,), 30.7 (CH,), 28.2 (CH,), 23.8 (CH,),
21.5 (CH;); IR (neat) 1714, 1665, 1376, 1345, 965 cm™'; MS (EI)
m/z 345 (M*, 11), 190 (63), 134 (100), 133 (61), 91 (45); HRMS
(EI) m/z caled for C,yH,;NO;S 345.1399, found 345.1396.

7-Methyl-1-tosyl-1,2,3,4,5,8,84,9,10,10a-decahydroindeno|1,7a-
blpyridin-4-one (28). The reaction of perhydropyridinone 8 with
2-methyl-1,3-butadiene 16 gave the cycloadduct 28 in 88% yield.

"HNMR (400 MHz, CDCl;) 6 7.66 (d, J = 8.6 Hz, 2H), 7.27 (d,
J =8.6 Hz, 2H), 5.29 (brs, 1H), 4.26 (t, J = 8.0 Hz, 1H), 4.08-4.01
(m, 1H), 3.15(td, J = 12.4,2.8 Hz, 1H), 2.76-2.62 (m, 2H), 2.39 (s,
3H), 2.33-2.22 (m, 2H), 1.98 (dd, J = 17.2, 7.6 Hz, 1H), 1.80-1.71
(m, 1H), 1.66 (s, 1H), 1.65-1.52 (m, 3H), 1.23-1.07 (m, 2H); *C
NMR (100 MHz, CDCl;) d 211.0 (C), 143.5 (C), 136.9 (C), 134.1
(0), 129.7 (CH), 127.1 (CH), 117.5(CH), 61.3 (CH), 56.6 (C), 40.3
(CH,), 38.4 (CH,), 34.5 (CH), 32.5 (CH,), 30.0 (CH,), 28.9 (CH,),
23.7 (CHs;), 23.2 (CH,), 21.5 (CH;); IR (neat) 1715, 1666, 1376,
1343,969 cm™'; MS (EI) m/z 359 (M*, 5), 204 (55), 148 (100), 147
(57), 91 (68); HRMS (EI) m/z calcd for C,)H,sNO;S 359.1555,
found 359.1558.

6-Methyl-1-tosyl-1,2,3,4,7,7a,8,9,10,10a - decahydrobenzo|d]-
indol-3-one (29). The reaction of enone 9 with 2-methyl-1,3-
butadiene 16 gave the cycloadduct 29 in 86% yield.

"HNMR (400 MHz, CDCl;) 6 7.65 (d, J = 8.0 Hz, 2H), 7.33 (d,
J =8.0 Hz, 2H), 5.19 (brs, 1H), 3.95 (AB, J = 17.8 Hz, 1H), 3.35
(AB, J =17.8 Hz, 1H), 3.04 (brs, 1H), 2.42 (s, 3H), 2.39-2.31 (m,
1H), 2.14-2.00 (m, 2H), 1.91-1.21 (m, 8H), 1.62 (s, 3H); *"C NMR
(100 MHz, CDCl;) ¢ 210.2 (C), 144.1 (C), 132.7 (C), 132.2 (C),
129.9 (CH), 127.7 (CH), 115.8 (CH), 62.3 (CH), 53.5 (CH,), 51.0
(O), 32.7 (CH,), 29.8 (CH), 27.7 (CH,), 26.6 (CH,), 25.3 (CH,),
23.6 (CH,;), 21.5 (CH,), 19.5 (CH,); IR (neat) 1715, 1664, 1377,
1345, 966 cm™'; MS (EI) m/z 359 (M*, 11), 204 (17), 148 (100),
147 (68), 91 (45); HRMS (EI) m/z caled for C, H,sNO;S 359.1555,
found 359.1553.

4,6-Dimethyl-1-tosyl-2,3,4,7,7a,8,9,9a-octahydro-1H -indeno|1,
7a-blpyrrol-3-one (30a, 30b). The reaction of enone 7 with 2-
methyl-1,3-pentadiene 17 gave the cycloadducts 30a and 30b in
67% and 8% yields, respectively.

30a. "H NMR (600 MHz, CDCl;) 6 7.71 (d, J = 8.0 Hz, 2H),
7.34 (d, J = 8.0 Hz, 2H), 5.16 (brs, 1H), 3.90 (dd, J = 6.4, 3.8 Hz,
1H), 3.82 (AB,J =17.8 Hz, 1H), 3.50 (AB, J = 17.8 Hz, 1H), 2.43
(s, 3H), 2.42-2.35 (m, 1H), 2.15-2.09 (m, 3H), 1.98-1.86 (m, 2H),
1.76-1.71 (m, 1H), 1.66 (s, 3H), 1.52-1.45 (m,1H), 0.67 (d, J =
7.2 Hz, 3H); "C NMR (150 MHz, CDCl;) 6 210.9 (C), 144.2 (C),
133.3 (C), 132.9 (C), 129.8 (CH), 127.8 (CH), 123.6 (CH), 69.6
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(CH), 63.2 (C), 56.1 (CH,), 40.3 (CH), 32.5 (CH.), 32.1 (CH),
31.7 (CH,), 31.0 (CH,), 23.4 (CH,), 21.6 (CH,), 16.0 (CH,); IR
(neat) 1715, 1666, 1374, 1373, 1345, 966 cm™'; MS (EI) m/z 359
(M*, 8), 204 (40), 147 (36), 91 (100);: HRMS (EI) m/z caled for
CyHsNO,S 359.1555, found 359.1552.

30b. "H NMR (600 MHz, CDCL,) ¢ 7.71 (d, J = 8.2 Hz, 2H),
7.31(d, J = 8.2 Hz, 2H), 5.09 (d, J = 1.5 Hz, 1H), 4.13 (dd, J =
7.0, 3.8 Hz, 1H), 3.72 (s, 2H), 2.52-2.49 (m, 1H), 2.41 (s, 3H),
2.34-2.31 (m, 1H), 2.17-2.12 (m, 1H), 1.84-1.79 (m, 1H), 1.67 (s,
3H), 1.66-1.55 (m, 3H), 1.29-1.20 (m, 1H), 0.65 (d, J = 7.3 Hz,
3H); *C NMR (150 MHz, CDCL,) d 216.9 (C), 143.9 (C), 136.9
(C), 135.4(C), 129.8 (CH), 127.4 (CH), 125.2 (CH), 66.2 (C), 64.6
(CH), 54.6 (CH.), 43.1 (CH), 34.7 (CH), 33.8 (CH.), 32.5 (CH.),
32.1 (CH,), 23.4 (CH,), 21.6 (CH,), 16.0 (CH,); IR (neat) 1715,
1665, 1376, 1371, 1343, 966 cm™'; MS (EI) m/z 359 (M*, 5), 204
(55), 147 (28), 91 (100); HRMS (EI) m/z caled for C,H,NO,S
359.1555, found 359.1554.

5,7-Dimethyl-1-tosyl-1,2,3,4,5,8,84,9,10,10a-decahydroindeno-
[1,7a-b]pyridin-4-one (31a, 31b). The reaction of enone 8 with
2-methyl-1,3-pentadiene 17 gave the cycloadducts 31a and 31b in
62% and 8% yields, respectively.

31a. "H NMR (600 MHz, CDCl;) 6 7.66 (d, J = 8.2 Hz, 2H),
7.27 (d, J = 8.2 Hz, 2H), 5.34-5.31 (brs, 1H), 4.39 (t, J = 9.0 Hz,
1H), 4.11-4.06 (m, 1H), 3.10 (td, J = 12.7, 2.9 Hz, 1H), 2.69-2.64
(m, 2H), 2.56-2.53 (m, 1H), 2.27 (d, J = 14.0 Hz, 1H), 2.09 (dd,
J =18.0, 8.4 Hz, 1H), 1.66-1.52 (m, 2H), 1.63 (s, 1H), 1.47 (dd,
J=18.0,8.2 Hz, 1H), 1.19-1.08 (m, 2H), 0.68 (d, J/ = 7.1 Hz, 3H);
BC NMR (150 MHz, CDCl;) ¢ 210.7 (C), 143.5 (C), 136.8 (C),
130.7 (C), 129.7 (CH), 127.1 (CH), 124.0 (CH), 61.4 (CH), 60.7
(C), 41.0 (CH,), 39.8 (CH,), 32.7 (CH,), 31.9 (CH), 30.6 (CH),
29.2 (CH,), 23.5 (CH;), 21.9 (CH,), 21.5 (CH5;), 18.5 (CH;); IR
(neat) 1715, 1665, 1377, 1375, 1345, 966 cm™'; MS (EI) m/z 373
(M*, 6), 218 (50), 161 (100), 147 (36), 91 (77); HRMS (EI) m/z
caled for C, H,;NO;S 373.1712, found 373.1712.

31bh. 'H NMR (600 MHz, CDCl;) 6 7.67 (d, J = 8.2 Hz, 2H),
7.28 (d, J = 8.2 Hz, 2H), 5.22-5.20 (brs, 1H), 4.34 (td, J = 8.2,
1.4 Hz, 1H), 4.01-3.95 (m, 1H), 3.12 (td, J = 12.3, 4.0 Hz, 1H),
2.75-2.64 (m, 1H), 2.63-2.58 (m, 1H), 2.52 (dd, J = 16.8, 2.4 Hz,
1H), 2.41 (s, 3H), 2.32-2.28 (m, 1H), 2.05 (dd, J = 16.2, 7.3 Hz,
1H), 1.70 (s, 3H), 1.63 (dd, J = 16.2, 5.7 Hz, 1H), 1.48-1.39 (m,
2H), 1.24 (d, J = 7.5 Hz, 3H), 1.12-0.99 (m, 2H); “C NMR
(150 MHz, CDCl;) ¢ 213.9 (C), 143.6 (C), 136.3 (C), 135.4 (O),
129.7 (CH), 127.3 (CH), 125.9 (CH), 61.4 (C), 57.9 (CH), 41.7
(CH), 41.0 (CH,), 38.8 (CH,), 37.9 (CH), 32.9 (CH,), 29.5 (CH,),
24.4 (CH,), 23.7 (CH;), 21.5 (CH;), 17.5 (CH,); IR (neat) 1715,
1664, 1374, 1372, 1345, 967 cm™'; MS (EI) m/z 373 (M*, 3),
218 (34), 161 (100), 147 (33), 91 (45); HRMS (EI) m/z calcd for
C, H,;;NO;S 373.1712, found 373.1715.

4,6-Dimethyl-1-tosyl-1,2,3,4,7,74,8,9,10,10a- decahydrobenzo-
|d]indol-3-one (32a, 32b). The reaction of enone 9 with 2-methyl-
1,3-pentadiene 17 gave a cycloadduct mixture of 32a and 32b in
a total yield of 70%. After careful purification, a trace amount of
pure 32a was obtained.

32a. "H NMR (400 MHz, CDCl;) § 7.67 (d, J = 8.0 Hz, 2H),
7.33 (d, J = 8.0 Hz, 2H), 5.09 (brs, 1H), 3.83 (AB, J = 18.0 Hz,
1H), 3.43 (brs, 1H), 3.33 (AB, J = 18.0 Hz, 1H), 2.43 (s, 3H),
2.20-2.04 (m, 4H), 1.70-1.04 (m, 5H), 1.63 (s, 3H), 0.67 (d, J =
7.2 Hz, 3H); “C NMR (100 MHz, CDCl;) 6 208.6 (C), 144.1 (C),

133.3 (C), 131.2 (O), 129.9 (CH), 127.7 (CH), 122.8 (CH), 60.8
(CH), 54.9 (C), 54.1 (CH,), 32.6 (CH,), 30.0 (CH), 29.2 (CH),
27.5 (CH,), 25.9 (CH,), 23.4 (CH,), 21.6 (CH;), 19.3 (CH,), 16.1
(CH;); IR (neat) 1716, 1664, 1376, 1372, 1343, 965 cm™'; MS (EI)
m/z 373 (M*, 4), 218 (57), 161 (100), 147 (28), 91 (75); HRMS
(EI) m/z caled for C, H,;NOsS 373.1712, found 373.1712.

4-Methyl-1-tosyl-2,3,4,7,7a,8,9,9a-octahydro-1H -indeno[1,7a-
blpyrrol-3-one (33a, 33b). The reaction of enone 7 with 1,3-
pentadiene 18 gave the cycloadducts 33a and 33b in 66% and
8% yields, respectively.

33a. "H NMR (600 MHz, CDCL) § 7.71 (d, J = 8.0 Hz, 2H),
7.34 (d, J = 8.0 Hz, 2H), 5.73-5.69 (m, 1H), 5.50-5.46 (m, 1H),
3.93(dd, J = 6.5, 3.8 Hz, 1H), 3.83 (AB, J = 17.8 Hz, 1H), 3.51
(AB, J = 17.8 Hz, 1H), 2.43 (s, 3H), 2.40-0.81 (m, 8H), 0.67
(d, J = 7.3 Hz, 3H); "C NMR (150 MHz, CDCl,) § 210.7 (C),
144.2 (C), 133.0 (C), 129.7 (CH), 127.7 (CH), 127.6 (CH), 125.8
(CH), 69.6 (CH), 63.2 (C), 56.1 (CH.,), 39.8 (CH), 31.7 (CH.,), 31.6
(CH,), 31.0 (CH), 25.9 (CH.), 21.7 (CH,), 15.6 (CH,); IR (neat)
1716, 1645, 1376, 1345, 966 cm™'; MS (EI) m/z 345 (M*, 5), 190
(54), 133 (55), 91 (100); HRMS (EI) m/z caled for CyHy,NO,S
345.1399, found 345.1396.

33b. '"H NMR (600 MHz, CDCl;) ¢ 7.70 (d, J = 8.2 Hz, 2H),
7.30 (d, J = 8.2 Hz, 2H), 5.82-5.78 (m, 1H), 5.42 (brd, J = 9.6 Hz,
1H),4.16(dd, J = 7.1, 3.5 Hz, 1H), 3.72 (s, 2H), 2.53-2.48 (m, 1 H),
2.42 (s, 3H), 2.38-2.32 (m, 1H), 2.20-2.13 (m, 1H), 1.91-1.83 (m,
1H), 1.80-1.56 (m, 3H), 1.34-1.29 (m, 1H), 0.68 (d, J = 7.3 Hz,
3H); ®C NMR (150 MHz, CDCl,) § 216.6 (C), 143.9 (C), 1354
(C), 131.6 (CH), 129.8 (CH), 128.6 (CH), 127.3 (CH), 66.2 (C),
64.4 (CH), 54.4 (CH,), 42.2 (CH), 34.1 (CH), 32.5 (CH.,), 31.7
(CH,), 28.5 (CH,), 21.6 (CH,), 15.9 (CH,); IR (neat) 1715, 1647,
1376, 1343, 968 cm™'; MS (EI) m/z 345 (M*, 9), 190 (36), 133 (65),
91 (100); HRMS (EI) m/z caled for CyH,;,NO,S 345.1399, found
345.1398.

5-Methyl-1-tosyl-1,2,3,4,5,8,84,9,10,10a-decahydroindeno[1,7a-
blpyridin-4-one (34a, 34b). The reaction of enone 8 with
1,3-pentadiene 18 gave an inseparable cycloadduct mixture of 34a
and 34b in a total yield of 66%.

"H NMR (600 MHz, CDCl;) 6 7.68-7.65 (m, 4H), 7.32-7.23
(m, 4H), 5.79-5.76 (m, 1H), 5.64-5.53 (m, 1H), 5.54-5.51 (m,
1H), 5.48-5.45 (m, 1H), 4.43-4.41 (m, 1H), 4.13-4.09 (m, 1H),
4.02-3.97 (m, 1H), 3.11 (td, J = 12.0, 4.1 Hz, 1H), 3.05-2.99 (m,
1H),2.78-2.58 (m,4H), 2.55-2.45 (m, 2H), 2.44-2.34 (m, 2H), 2.42
(s, 3H), 2.41 (s, 3H), 2.13-2.06 (m, 2H), 2.00-1.94 (m, 1H), 1.89-
1.84 (m, 1H), 1.76-1.64 (m, 2H), 1.54-1.37 (m, 2H), 1.27 (s, 3H),
1.17-1.06 (m, 2H), 1.13 (s, 3H), 1.12 (s, 3H); *C NMR (150 MHz,
CDCl;) 6 143.8 (C), 143.6 (C), 136.3 (O), 134.7 (C), 132.2 (CH),
131.5 (CH), 129.8 (CH), 129.8 (CH), 127.6 (CH), 127.5 (CH),
127.0 (CH), 124.2 (CH), 66.5 (CH), 61.6 (C), 58.5 (C), 57.6 (CH),
48.0 (CH,), 40.9 (CH,), 40.5 (CH), 39.7 (CH,), 38.8 (CH,), 37.0
(CH), 35.0 (CH), 29.9 (CH,), 28.2 (CH), 27.7 (CH,), 27.1 (CH,),
27.0 (CH,), 25.3 (CH,), 24.3 (CH,), 21.5 (CHs;), 20.5 (CHa,), 17.5
(CH.,); IR (neat) 1715, 1649, 1377, 1342, 968 cm™'; MS (EI) m/z
359 (M*, 3), 204 (36), 155 (24), 147 (76), 91 (100); HRMS (EI)
m/ z caled for C,yH,sNO;S 359.1555, found 359.1552.

4-Methyl-1-tosyl-1,2,3,4,7,7a,8,9,10,10a - decahydrobenzo|d]-
indol-3-one (35a, 35b). The reaction of enone 9 with
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1,3-pentadiene 18 gave an inseparable cycloadduct mixture of 35a
and 35b in a total yield of 68%.

'"H NMR (400 MHz, CDCl;) § 7.72-7.64 (m, 3.6H), 7.36-7.28
(m, 3.6H), 5.69-5.56 (m, 1.8H), 5.42-5.32 (m, 1.8H), 3.99 (t, J =
4.0 Hz, 1H), 3.87 (AB, J = 17.4 Hz, 0.8H), 3.86 (AB, J = 18.4 Hz,
1H), 3.65 (AB, J = 18.4 Hz, 1H), 3.40 (t, / = 4.4 Hz, 0.8H), 3.32
(AB, J = 17.4 Hz, 0.8H), 2.42 (s, 2.4H), 2.41 (s, 3H), 2.32-1.20
(m, 18H), 0.78 (d, J/ = 7.6 Hz, 3H), 0.70 (d, J = 7.2 Hz, 2.4H); *C
NMR (100 MHz, CDCl;) 6 213.9 (C), 208.3 (C), 144.1 (C), 143.8
(O), 135.5 (C), 133.0 (C), 130.6 (CH), 129.9 (CH), 129.8 (CH),
128.6 (CH), 127.7 (CH), 127.3 (CH), 126.1 (CH), 124.0 (CH), 60.7
(CH), 59.3 (CH), 55.0 (C), 54.9 (C), 54.5 (CH,), 54.3 (CH,), 36.5
(CH), 31.6 (CH), 30.3 (CH,), 29.3 (CH), 28.9 (CH), 27.7 (CH,),
27.5 (CH,), 26.6 (CH,), 25.6 (CH,), 25.4 (CH,), 21.5 (CH;), 19.4
(CH,), 16.6 (CH,), 16.5 (CH,), 15.7 (CH,); IR (neat) 1717, 1649,
1375, 1343, 969 cm™'; MS (EI) m/z 359 (M*, 5), 204 (26), 155
(24), 147 (76), 91 (100); HRMS (EI) m/z calcd for Cy,H,;NO,S
359.1555, found 359.1553.

5-Tosyl-5-azatetracyclo[8.2.1.0%¢.0*’|tridec-11-en-3-one  (36).
The reaction of enone 7 with cyclopentadiene 19 gave the
cycloadduct 36 in 93% yield.

'"HNMR (400 MHz, CDCl;)§ 7.70 (d, J = 8.0 Hz, 2H), 7.33 (d,
J =8.0 Hz, 2H), 6.30 (dd, J = 5.6, 2.8 Hz, 1H), 6.03 (dd, J = 5.6,
2.8 Hz, 1H), 3.88 (AB, J = 18.2 Hz, 1H), 3.83 (t, / = 6.6 Hz, 1H),
3.79 (AB, J = 18.2 Hz, 1H), 2.80-2.73 (m, 2H), 2.42 (s, 3H), 2.26
(brs, 1H), 2.11-1.96 (m, 2H), 1.83-1.68 (m, 2H), 1.44-1.40 (m,
1H), 1.11-1.01 (m, 1H); *C NMR (100 MHz, CDCl;) ¢ 214.1 (C),
144.0 (C), 139.8 (CH), 136.0 (CH), 134.5 (C), 129.8 (CH), 127.4
(CH), 69.1 (C), 66.3 (CH), 55.0 (CH), 54.1 (CH,), 50.6 (CH,),
49.3 (CH), 46.0 (CH), 36.8 (CH,), 27.6 (CH,), 21.5 (CH,); IR
(neat) 1716, 1666, 1647, 1345, 970 cm™'; MS (EI) m/z 343 (M*,
3), 188 (42), 131 (69), 91 (100), 66 (58); HRMS (EI) m/z calcd for
CyH, NO,S 343.1242, found 343.1240.

6-Tosyl-6-azatetracyclo[9.2.1.0>".0*"|tetradec-12-en-3-one (37).
The reaction of enone 8 with cyclopentadiene 19 gave the
cycloadduct 37 in 91% yield.

'"H NMR (400 MHz, CDCl;) 6 7.69 (d, J = 8.4 Hz, 2H), 7.30
(d, J = 8.4 Hz, 2H), 6.28 (dd, J = 5.4, 3.0 Hz, 1H), 6.15 (dd, J =
5.4, 3.0 Hz, 1H), 4.07-4.00 (m, 1H), 3.88 (dd, J = 12.4, 5.2 Hz,
1H), 3.33-3.19 (m, 2H), 2.78-2.68 (m, 2H), 2.62 (brs, 1H), 2.41
(s, 3H), 2.40-2.38 (m, 1H), 1.76 (AB, J = 8.0 Hz, 1H), 1.69-1.39
(m, 3H), 1.48 (AB, J = 8.0 Hz, 1H), 0.78-0.68 (m, 1H); *C NMR
(100 MHz, CDCl;) ¢ 209.3 (C), 143.6 (C), 139.2 (C), 136.9 (O),
136.7 (CH), 129.7 (CH), 127.1 (CH), 66.9 (C), 60.4 (CH), 50.5
(CH,), 49.1 (CH), 47.3 (CH), 45.3 (CH), 41.0 (CH,), 39.9 (CH,),
32.3 (CH,), 25.1 (CH,), 21.5 (CH;); IR (neat) 1715, 1665, 1647,
1344, 969 cm™'; MS (EI) m/z 357 (M*, 6), 290 (53), 263 (71), 155
(42), 136 (51), 91 (100), 66 (49), 65 (42); HRMS (EI) m/z caled for
C,H,;NO;S 357.1399, found 357.1402.

5-Tosyl-5-azatetracyclo[9.2.1.0%¢.0>"|tetradec-12-en-3-one (38).
The reaction of enone 9 with cyclopentadiene 19 gave the
cycloadduct 38 in 95% yield.

'"H NMR (400 MHz, CDCl;) § 7.75 (d, J = 8.0 Hz, 2H), 7.33
(d, J =8.0 Hz, 2H), 6.34 (dd, J = 6.0, 3.2 Hz, 1H), 5.98 (dd, J =
6.0, 3.2 Hz, 1H), 3.97 (AB, J = 18.2 Hz, 1H), 3.68 (dd, J = 11.0,
6.0 Hz, 1H), 3.67 (AB, J = 18.2 Hz, 1H), 2.79 (brs, 1H), 2.59-2.54
(m, 1H), 2.42 (s, 3H), 2.06 (brs, 1H), 2.02-1.93 (m, 1H), 1.61 (brs,

1H), 1.54 (AB, J = 8.6 Hz, 1H), 1.52-1.43 (m, 1H), 1.34-1.25 (m,
1H), 1.23-1.12 (m, 1H), 1.09 (AB, J = 8.6 Hz, 1H), 1.07-0.94 (m,
1H); BC NMR (100 MHz, CDCl,) 6 212.3 (C), 143.9 (C), 139.8
(CH), 136.2 (CH), 136.0 (C), 129.8 (CH), 127.2 (CH), 62.0 (CH),
60.5(C), 51.4(CH), 51.1(CH,), 49.4 (CH), 45.2 (CH,), 42.0 (CH),
29.9 (CH,), 25.4 (CH,), 21.5 (CH,;), 19.9 (CH,); IR (neat) 1715,
1666, 1649, 1343, 969 cm™'; MS (EI) m/z 357 (M*, 3), 290 (64),
263 (69), 155 (53), 136 (51), 91 (100), 66 (58), 65 (44); HRMS (EI)
m/ z caled for C,)H»;NO;S 357.1399, found 357.1398.

4-(2-Furyl)-1-tosyl-perhydrocyclopenta|b]pyrrol-3-one 39).
The reaction of enone 7 with furan 20 gave the cycloadduct 39 in
88% yield.

"H NMR (400 MHz, CDCly) 6 7.74 (d, J = 8.2 Hz, 2H), 7.35
(d, J =8.2Hz, 2H), 6.49 (dd, J = 5.8, 1.6 Hz, 1H), 6.26 (dd, J =
5.8, 1.6 Hz, 1H), 4.67 (brs, 1H), 4.36 (brs, 1H), 4.14 (t, J = 5.4 Hz,
1H), 3.84 (AB, J = 18.2 Hz, 1H), 3.74 (AB, J/ = 18.2 Hz, |H), 2.43
(s, 3H), 2.28-2.18 (m, 2H), 2.10-1.98 (m, 2H), 1.64-1.54 (m, 1H);
BC NMR (150 MHz, CDCl;) 6 209.9 (C), 144.4 (C), 137.4 (CH),
133.9 (CH), 133.8 (C), 130.0 (CH), 127.8 (CH), 85.4 (CH), 82.5
(CH), 69.5(C), 67.9 (CH), 55.5(CH), 55.5 (CH,), 35.3 (CH,), 28.6
(CH,), 21.6 (CHj;); IR (neat) 1715, 1667, 1346, 1172,968 cm™'; MS
(EI) m/z 345 (M*, 21), 190 (41), 133 (71), 91 (100); HRMS (EI)
m/z caled for CsH;,NO,S 345.1035, found 345.1034.

5-(2-Furyl)-1-tosyl-perhydrocyclopenta|b]pyridin-4-one (40).
The reaction of enone 8 with furan 20 gave the product 40 in 40%
yield.

'"H NMR (400 MHz, CDCl;) 6 7.72 (d, J = 8.0 Hz, 2H), 7.31
(d, J = 8.0 Hz, 3H), 6.25 (brs, 1H), 6.02 (brd, J = 3.2 Hz, 1H),
4.76-4.64 (m, 1H), 4.08-4.00 (m, 1H), 3.91 (ddd, J = 8.9, 6.4,
2.4 Hz, 1H), 3.31 (ddd, J = 13.5, 10.4, 3.2 Hz, 1H), 2.79 (d,
J = 7.2 Hz, 1H), 2.52-2.32 (m, 2H), 2.41 (s, 3H), 2.11-2.00 (m,
1H), 1.82-1.74 (m, 1H), 1.70-1.58 (m, 1H), 1.40-1.28 (m, 1H);
BC NMR (100 MHz, CDCl;) 6 206.6 (C), 156.9 (C), 143.9 (C),
141.3 (CH), 136.1 (C), 129.9 (CH), 127.1 (CH), 110.3 (CH), 105.2
(CH), 59.0 (CH), 57.5 (CH), 41.6 (CH,), 40.2 (CH,), 31.5 (CH),
28.4 (CH,), 27.1 (CH,), 21.5 (CH,); IR (neat) 3018, 2952, 1715,
1344, 1220 cm™'; MS (EI) m/z 359 (M*, 65), 204 (55), 147 (71), 91
(100), 65 (20); HRMS (EI) m/z caled for C,yH, NO,S 359.1191,
found 359.1189.

4-(2-Furyl)-1-tosyl-perhydro-3-indolone (41). The reaction of
perhydroindolone 9 with furan 20 gave the product 41 in 85%
yield.

"H NMR (400 MHz, CDCl;) 6 7.74 (d, J = 8.0 Hz, 2H), 7.31
(d, J = 8.0 Hz, 3H), 6.30-6.28 (m, 1H), 5.95 (brd, J = 3.2 Hz,
1H), 4.51-4.43 (m, 1H), 3.87 (AB, J = 18.4 Hz, 1H), 3.65 (AB,
J = 18.4 Hz, 1H), 3.56 (brs, 1H), 2.56 (brd, 1H), 2.41 (s, 3H),
2.12-2.02 (m, 1H), 1.85-1.75 (m, 1H), 1.54-1.04 (m, 4H); “C
NMR (100 MHz, CDCl,) d 208.6 (C), 156.3 (C), 144.2 (C), 141.3
(CH), 135.7(C), 130.1 (CH), 127.2 (CH), 110.2 (CH), 105.3 (CH),
56.7 (CH), 51.4 (CH,), 51.2 (CH), 31.5 (CH), 29.4 (CH,), 26.3
(CH,), 21.5 (CH,), 18.9 (CH,); IR (neat) 3018, 2952, 1716, 1345,
1218 cm™'; MS (EI) m/z 359 (M*, 12), 204 (41), 147 (78), 91 (100),
65 (38); HRMS (EI) m/z calcd for C,,H,;NO,S 359.1191, found
359.1190.

1-Tosyl-4-(1-methyl-1H-2-pyrrolyl)perhydrocyclopenta|b]pyrrol-
3-one (42). The reaction of perhydropyrrolone 7 with N-methyl
pyrrole 21 gave the product 42 in 88% yield.
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'H NMR (400 MHz, CDCL,) 6 7.76 (d, J = 8.0 Hz, 2H), 7.37
(d, J = 8.0 Hz, 2H), 6.54 (brs, 1H), 6.02 (dd, J = 3.6, 2.4 Hz,
1H), 5.79 (brd, J = 3.6 Hz, 1H), 4.59-4.53 (m, 1H), 3.82 (AB, J =
18.0 Hz, 1H), 3.69 (AB, J = 18.0 Hz, 1H), 3.59 (s, 3H), 3.51-3.46
(m, 1H), 2.89 (dd, J = 8.8, 2.8 Hz, 1H), 2.46 (s, 3H), 2.34-2.23
(m, 1H), 2.19-2.08 (m, 1H), 2.07-1.96 (m, 1H), 1.89-1.80 (m, 1H);
3C NMR (100 MHz, CDCL) é 210.5 (C), 144.3 (C), 134.1 (C),
133.6 (C), 130.0 (CH), 127.7 (CH), 122.1 (CH), 106.6 (CH), 104.7
(CH), 63.3 (CH), 58.7 (CH), 54.7 (CH,), 39.9 (CH), 33.8 (CH,),
33.4 (CH,), 31.4 (CH,), 21.5 (CH,); IR (neat) 3021, 2955, 1714,
1345 em™'; MS (EI) m/z 358 (M*, 100), 203 (87), 146 (100), 91
(31); HRMS (EI) m/z caled for C,H,N,0:S 358.1351, found
358.1350.

1-Tosyl-5-(1-methyl-1H -2-pyrrolyl)perhydrocyclopenta[b] pyri-
din-4-one (43). The reaction of enone 8 with N-methyl pyrrole
21 gave the product 43 in 89% yield.

'H NMR (400 MHz, CDCl;) 6 7.72 (d, J = 8.0 Hz, 2H), 7.30
(d, J = 8.0 Hz, 2H), 6.50 (brs, 1H), 6.02 (dd, J = 3.4,2.4 Hz, 1H),
5.85(brd, J = 3.4 Hz, 1H), 4.75-4.66 (m, 1H), 4.09-4.01 (m, 1H),
3.90 (ddd, J = 8.9, 6.5, 2.2 Hz, 1H), 3.32 (ddd, J = 13.5, 10.5,
3.2 Hz, 1H), 3.50 (s, 3H), 2.66 (d, J = 7.2 Hz, 1H), 2.52-2.34 (m,
2H), 2.41 (s, 3H), 2.11-2.01 (m, 1H), 1.83-1.74 (m, 1H), 1.70-1.59
(m, 1H), 1.40-1.27 (m, 1H); *C NMR (100 MHz, CDCl;) 6 206.6
(C), 143.9(C), 136.4 (C), 136.1 (C), 129.9 (CH), 127.1 (CH), 121.7
(CH), 106.7 (CH), 104.1 (CH), 59.0 (CH), 57.3 (CH), 41.5 (CH.,),
40.3 (CH,), 33.7 (CHs), 31.4 (CH), 28.4 (CH,), 27.0 (CH,), 21.5
(CH,); IR (neat) 3020, 2956, 1715, 1345 cm™'; MS (EI) m/z 372
(M*, 100), 217 (81), 161 (54), 120 (45), 107 (63), 91 (55); HRMS
(EI) m/z caled for CyH,,N,O,S 372.1508, found 372.1511.

1-Tosyl-4-(1-methyl-1 H-2-pyrrolyl)perhydro-3-indolone  (44).
The reaction of enone 9 with N-methyl pyrrole 21 gave the
product 44 in 90% yield.

"HNMR (400 MHz, CDCl;) 6 7.77 (d, J = 8.0 Hz, 2H), 7.31 (d,
J =8.0Hz, 2H), 6.52 (brs, 1H), 6.04 (dd, J = 3.6,2.6 Hz, 1H), 5.85
(brd, J = 3.6 Hz, 1H), 4.67-4.58 (m, 1H), 3.87 (AB, J = 18.2 Hz,
1H), 3.66 (AB, J = 18.2 Hz, 1H), 3.58 (brs, 1H), 3.49 (s, 3H), 2.43
(brd, 1H), 2.38 (s, 3H), 2.05-2.01 (m, 1H), 1.65-1.04 (m, 5H); *C
NMR (100 MHz, d,-DMSO) 6 208.9 (C), 143.9 (C), 135.1 (C),
133.3(C), 130.2 (CH), 127.1 (CH), 121.7 (CH), 106.0 (CH), 106.0
(CH), 56.5 (CH), 51.5 (CH), 51.3 (CH,), 33.1 (CH,), 28.9 (CH),
28.8 (CH,), 26.8 (CH,), 21.0 (CH5;), 17.7 (CH,); IR (neat) 3020,
2957, 1715, 1346 cm™'; MS (EI) m/z 372 (M*, 100), 217 (87), 189
(40), 161 (48), 120 (53), 107 (51), 91 (31); HRMS (EI) m/z calcd
for C,H,,N,O;S 372.1508, found 372.1505.

Decahydro-1-oxo-3-tosyl-1H -cyclopenta|d]indole-7,9-dicarbal-
dehyde (50). O; gas was introduced into a solution of compound
38 (15 mg, 0.042 mmol) in CH,Cl, (3 mL) at 0 °C. After
20 min, the ozone was stopped and the excess ozone was removed
by introducing Ar gas into the solution. Finally, Me,S (6 pl,
0.084 mmol) was added into the reaction solution, which was
then stirred for 20 min. The reaction solvent was removed directly
by rotary evaporator to give the crude compound. Purification by

flash column chromatography (ethyl acetate—hexane 1 : 3) afforded
compound 50 (16 mg, 98%).

"HNMR (400 MHz, CDCl;)6 9.78 (d, J = 1.2 Hz, 1H), 9.62 (d,
J=24Hz, 1H),7.66(d,J =8.0 Hz,2H), 7.36 (d, / = 8.4 Hz, 2H),
4.03 (AB, J = 18.4 Hz, 1H), 3.65 (dd, J = 4.2, 4.2 Hz, 1H), 3.45
(AB, J = 18.4 Hz, 1H), 3.02 (dd, J = 18.2, 7.8 Hz, 1H), 2.83-2.65
(m, 2H), 2.44 (s, 3H), 2.38-2.27 (m, 1H), 2.06-1.96 (m, 1H), 1.80—
1.68 (m, 1H), 1.62-1.53 (m, 1H), 1.48-1.32 (m, 2H), 1.30-1.10 (m,
2H); "C NMR (100 MHz, CDCl;) ¢ 208.2 (C), 201.5 (CH), 200.7
(CH), 144.8 (C), 132.1 (C), 130.1 (CH), 127.8 (CH), 62.5 (C), 57.6
(CH), 53.2 (CH,), 52.5 (CH), 51.8 (CH), 40.9 (CH), 24.8 (CH,),
23.7 (CH,), 23.3 (CH,), 21.6 (CH,), 17.7 (CH,); IR (neat) 1725,
1720, 1715, 1343, 1230, 969 cm™'; MS (EI) m/z 389 (M*, 3), 360
(60), 331 (62), 176 (100); HRMS (EI) m/z calcd for C, H;NOsS
389.4653, found 389.1297.
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Analogues of wakayin based on diimidazo[1,5,4-de, 1,5,4-h]-quinoxaline have been prepared and
evaluated with respect to cytostatic and cytotoxic activity. Assays in a 60-cell-line human cancer panel
revealed selective activity against cells with the VEGF (FIt-1) receptor.

Introduction

Wakayin, shown in Fig. 1, was isolated from ascidian Clavelina
species by Ireland and coworkers in 1991.' The inhibitory activity
of wakayin against topoisomerase I,> and no doubt its interesting
structure, has prompted analogue development over the past
decade.*” The most recent studies utilized pyrazolo rather than the
pyrrolo rings of the natural product.*” These analogues possess
modest cytostatic activity and some inhibited topoisomerase I and
1T mediated relaxation of supercoiled DNA.

Recently, we reported the preparation and biological evaluation
of imidazo analogues of the marine pyrroloquinoline alkaloids
called imidazoquinoxalinones, Fig. 1.* The change from the
pyrrolo ring of the natural products to the imidazo ring was
characterized by a change in the cellular target for some analogues
as well as their cytostatic/cytotoxic profile.

!
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7 N N
N
Ty
NN h
R O
H o H
Wakayin Imidazoquinoxalinone
Analogue
N/\

N

R
\
N

<\ N/>

1aR = CHg
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e

Fig. 1 Structures of wakayin and its imidazo analogues.

This switch affords a more electron deficient heterocycle (see
graphical abstract) that bears a resemblance to the purine ring.
As a result, the imidazo analogue may be a better intercalating
agent or may interact with a purine-utilizing cellular target. In
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light of our results with the imidazoquinoxalinones,® we prepared
imidazo analogues of wakayin, 1 in Fig. 1. Our goals were to
assess the cytostatic/cytotoxic properties of 1 in a 60-cell-line
human cancer panel to determine what types of analogues are
worthy of further study and what cellular targets are responsible
for biological activity.

Results and discussion
Synthesis of analogues 1

The preparation of la—d is described below in conjunction with
Schemes 1 and 2. Described in Scheme 1 is the preparation of
the key intermediate 5, which was the starting point for the
incorporation of the various R groups. The preparation of 5 started
with the nitration of m-chlorophenol followed by methylation of
the phenol to yield 3-chloro-4-nitroanisole 2.° Treatment of 2
with ethanolamine resulted in nucleophilic aromatic substitution
to afford 3. The hydroxyethyl group of 3 eventually became the
ethylene tether in 1. Catalytic reduction of 3 resulted in an ortho
diamine that was immediately treated with acetic acid to afford the
Phillips™ cyclization product 4. O-Acetylation of 4 was carried out
to protect the hydroxyl group from nitration during the fuming
nitric acid treatment that afforded 5.

NO, NO,
o] '
Ethanolamine N\/\OH
—_—
OMe OMe
2 3 OH
1) Pd on Carbon, H, MeO N
—_— >
2) Acetic Acid, 4 N HCI, Reflux N/
4 o)
OJQ
NO, g
1) Ac,© AcOH
MeO N
2) Fuming Nitric Acid />_
O,N N
5

Scheme 1 Synthesis of key intermediate 5.
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1bR= /\/@ l Fremy Salt
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Scheme 2 Elaboration of 1 from key intermediate 5.

We treated 5 with various primary alkylamines in DMF solvent
resulting in nucleophilic aromatic substitution of the methoxy
group along with O-deacetylation to afford 6a-d. Aromatic
amines such as aniline did not undergo this nucleophilic aromatic
substitution reaction. O-Methanesulfonation of 6a—d afforded 7a—
d that was converted to the tetrahydroquinoxoline intermediate
8a-d by catalytic nitro group reduction followed by internal
nucleophilic displacement of methanesulfonate. These cyclization
products are overly electron rich and therefore susceptible to
aerobic oxidation.

To prevent oxidation, 8a—¢ was immediately cyclized to 9a—
¢ in the presence of acetic anhydride and hydrobromic acid.
Compound 8d was cyclized to 9b with hydrochloric acid to
preserve the methoxy functional group. Fremy salt'' oxidation
of 9a—d afforded the final products 1a—d as yellow-orange solids.
We have used Fremy salt for the preparation of iminoquinones?
and extended amidines® from aromatic amines.

Cytostatic and cytotoxic assays of 1

The mean cytostatic and cytotoxic parameters of 1 were measured
in a 60 human cancer cell line panel consisting of the major
histological tissue types. The cytostatic parameters include GlIs,
and TGI, which are the concentrations of drug required for
50% growth inhibition and total growth inhibition, respectively.

The cytotoxic parameter is the LCs,, which is the concentration
required for 50% cell kill.

These data were obtained under the In Vitro Cell Line Screening
Project at the National Cancer Institute.”**s For compounds la—
d, the three parameters discussed above were determined for each
of the 60 human cancer cell lines. The resulting 180 parameters
provided a thorough assessment of the activity of these new
wakayin analogues.

The results of these screens are shown with the bar graphs in
Fig. 2. The cyclopropyl derivative 1¢ was inactive against all cell
lines; inactivity is defined as those possessing parameters with
log values > —4. However, the methyl and phenethyl derivatives,
1a and 1b, displayed a degree of cytostatic activity against some
histological cancer types; 1a and 1b were most active against the
ovarian and melanoma cancer panels, respectively. However, 1d
(red bars) displayed the highest activity against the leukemia and
renal histological cancer types.
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Fig. 2 Bar graphs of the average —log G5, values for la—d against
histological cancer types.

The high average activity of 1d against the renal panel is
due to its cytostatic activity against the renal cancer cell line
A498 (< —8.0). The ~10000-fold increase in cytostatic activity
accompanying the change from methyl to methoxyethyl indicates
that such oxygen-containing side chains should be the subject of
further development, Fig. 3.

8.4 4
7.9

228199

Compound

Fig. 3 Bar graph comparing the activities of analogues 1 against renal
cancer cell line A498. The structure of 661822 is shown in Fig. 4.
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COMPARE analysis

COMPARE analysis'** provided insights into what might be the
molecular target of the active analogue 1d. This analogue exhibits
high histologic selectivity (renal cancer) and would be amenable
to a meaningful COMPARE analysis. In contrast, mean graphs
with lower histological specificity (1a) are essentially flat and will
correlate with other flat mean graphs providing little meaningful
target information. The COMPARE analysis correlates mean
graph data with known molecular target levels in cell lines and
thereby generates hypotheses concerning the agent’s mechanism
of action. A molecular target is a protein or enzyme that has been
measured in the National Cancer Institute’s panel of 60 human
tumor cell lines. The levels of over one thousand biologically
relevant molecular targets have been determined in these tumor
cell lines from measurements of mRNA and enzyme activity
levels."”

COMPARE correlations indicated that the cytostatic activity
of 1d correlates (0.74 correlation coefficient) with the molecular
target Flt-1, which is a receptor for vascular endothelial growth
factor (VEGF). The renal cancer A498 has the highest level of Flt-
1 receptor in the 60-cell-line panel, thus the sensitivity of this cell
line to 1d. VEGF induces vasculogenesis and angiogenesis, both
of which are important for tumor development.’® Consequently,
both VEGF?® and its receptor (FIt-1)* have been the subject of
antitumor agent design.

We also did a COMPARE correlation of the cytostatic profile of
1d with over 38 000 compounds in the National Cancer Institute’s
compound database. Visit http://dtp.nci.nih.gov/for access to
NCI databases and the COMPARE algorithm. The goal was to
discover other compounds that possess the cytostatic profile of
1d. Shown in Fig. 4 is the structure of NSC 661822.*' Although
not a perfect structural match, this compound does have obvious
structural similarities (electron deficient heterocycle with a side
chain) to 1d. Nevertheless, this compound is an order of magnitude
less potent than 1d, see Fig. 3. The COMPARE studies indicate
that future analogues of 1d should be screened for binding to the

Flt-1 receptor.
o}
@é@o]
~
N N e}
H NSC 661822

NN

Fig. 4 Structure of NSC 661822.

Conclusions

We succeeded in preparing the previously unreported
diimidazo[1,5,4-de, 1,5,4-h]-quinoxaline ring system 1 as a struc-
tural analogue of the marine natural product wakayin. Our
synthesis permits the convenient incorporation of various R
groups for analogue development.

In order to assess the cytostatic and cytotoxic activity of la—
d, we measured the Gly,, TGI, and LCs, parameters for each
analogue in a 60 human cancer cell line panel consisting of the

major histological tissue types. Analogue 1d was the most active
and libraries of 1 will include similar R groups: straight chains
bearing heteroatoms (oxygen or nitrogen, based on the structure
of NSC 661822 in Fig. 4).

COMPARE analysis suggests that 1d targets the Flt-1 receptor.
Libraries based on 1d will therefore be screened for binding to
this receptor. Work in this laboratory and elsewhere has shown
COMPARE to be useful in drug discovery."**>* Recently, we
reported the discovery of a quinolinedione-based antiangiogenesis
agent using COMPARE.*

Finally, we conclude that the analogues of 1 are not true mimics
of wakayin. The potential density maps shown in the graphical
abstract reveals that the ring system of 1 is more electron-deficient
than that of wakayin. This feature no doubt contributes to the
different biological properties of 1 relative to wakayin.

Experimental
General

All analytically pure compounds were dried under high vacuum in
a drying pistol over refluxing methanol. Many of the compounds
were crystallized from reaction mixtures or elution solvents
upon concentration and therefore no recrystallization solvent
is specified. Elemental analyses of final products 1 that were
assayed were run at Arizona State University. Melting points
and decomposition points were determined with a Mel-Temp
apparatus. All TLCs were performed on silica gel plates using
a variety of solvent systems and a fluorescent indicator for
visualization. IR spectra were taken as KBr pellets and only
the strongest absorbances were reported. '"H NMR spectra were
obtained with a 300 or 500 MHz spectrometer. All chemical shifts
are reported relative to TMS.

Synthesis of compounds

1-(2-Hydroxyethyl)-5-methoxy-2-nitroaniline (3). A solution
of 1.0 g (5.3 mmol) of 2in 5 ml of ethanolamine was heated to 50 °C
under constant stirring for 4 h. The reaction was allowed to cool
to room temperature and then diluted with 20 ml of water. After
dilution with water, an orange precipitate resulted. This precipitate
was collected and washed with cold water. The orange precipitate
was then crystallized from 95% ethanol resulting in orange needles:
830 mg (73%) yield; Mp 106-109 °C; TLC (chloroform-methanol
[99:1]) Ry = 0.23; FTIR 3504, 3315, 2974, 2941, 2891, 2837, 1631,
1577, 1431, 1334, 1232, 1207, 1031, 819, 752, 663 cm™ 1; '"H NMR
(CDCl,) ¢ 8.5 (broad s, 1H, amide NH), 8.15 (d, J = 10 Hz, 1H,
C(3)), 6.26 (dd, J = 2.7 Hz and 10 Hz, 1H, C(4)), 6.22 (d, J =
2.7Hz, 1H, C(6)), 3.95and 3.49 (2t, J = 5.4 Hz, 4H, ethylene), 3.85
(s, 3H, methoxy); APCI+: calcd for C;H;;N,O, 213.0875, found
213.0845.

2-(2-Hydroxyethyl)-6-methoxy-2-methyl-1H-benzimidazole (4).
A solution of 1.0 g (4.70 mmol) of 3 in 100 mL of methanol was
purged with N, followed by addition of 100 mg of 5% Pd on
carbon. This mixture was then reduced under 50 psi of H, for
4 h and the resulting reduced solution was filtered through Celite
and concentrated to an oil under reduced pressure. To this oil
were added 5 mL of acetic acid and 20 mL of 4 N hydrochloric
acid and the resulting solution refluxed for 6 h. After reflux was
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complete, the acidic reaction mixture was made neutral with 10%
aq. NaHCO; and then extracted 3 times with 25 ml portions of
chloroform. The organic layer was dried with Na,SO,, filtered and
then concentrated under reduced pressure. The resulting oil was
then crystallized using chloroform—hexane resulting in tan colored
crystals: 680 mg (70%) yield; Mp 149 °C; TLC (chloroform—
methanol [95 : 5]) Ry = 0.31; FTIR 3146, 2947, 2835, 1622, 1489,
1410, 1211, 1078, 1026, 806, 632 cm™'; "H NMR (CDCl;) ¢ 7.23
(d, J =9 Hz, 1H, C(4)), 6.69 (d, J = 2.4 Hz, 1H, C(7)), 6.66 (dd,
J =2.4Hzand 9 Hz, 1H, C(5)),4.17 and 4.03 (2t, / = 4.2 Hz, 4H,
ethylene), 3.82 (s, 3H, methoxy), 2.49 (s, 3H, 2-methyl); APCI+:
caled for C,,H;5N,0, 207.1134, found 207.1122.

1-[2-Acetyloxyethyl]-6-methoxy-2-methyl-5,7-dinitro-1 H-benzi-
midazole (5). A solution of 2.6 g (12.60 mmol) of 4 in 40 mL
of acetic anhydride—acetic acid (1 : 1) was refluxed for 3 h. The
solvent was then removed under reduced pressure to afford an
oil. This oil was then chilled in an isopropanol-dry ice bath
(=20 °C) and 30 ml of ice cold fuming nitric acid (> 90%) were
slowly added to the cooled oil. The acidic mixture was allowed to
slowly warm up to 50 °C and was stirred for 5 h. The resulting
product was poured over crushed ice, neutralized with 10% aq.
NaHCO; and extracted with ethyl acetate. The organic extract
was dried over Na,SO,, concentrated to an oil under reduced
pressure, and was purified by column chromatography using silica
gel and chloroform-methanol (98 : 2) as the eluent. The eluents
were concentrated to afford yellow crystals: 2.65 g (61%) yield;
Mp 142-146 °C; TLC (chloroform-methanol [95 : 5]) R; = 0.49;
FTIR 3462, 3327, 3026, 2958, 1745, 1626, 1535, 1336, 1232, 1051,
736 cm™'; '"H NMR (CDClL;) 6 8.44 (2, 1H, C(4)), 4.34 and 4.26
(2t, J = 4.8 Hz, 4H, ethylene), 4.06 (s, 3H, methoxy), 2.66 (s,
3H, acetyl), 2.00 (s, 3H, 2-methyl); APCI+: caled for C,;H,sN,O;
339.0941, found 339.0931.

1-(2-Hydroxyethyl)-2-methyl-6-(methylamino)-5,7-dinitro-1H
benzimidazole (6a). A mixture of 270 mg (0.80 mmol) of 5 was
dissolved in 3 mL of 24% methylamine in dry DMF and stirred
at 40 °C for 4 h. The reaction mixture was then cooled to room
temperature and concentrated to an oil under reduced pressure.
The dark oil was purified by column chromatography using silica
gel and dichloromethane/methanol (98:2) as the eluent. The
eluents were concentrated to afford a red solid:120 mg (52%) yield;
Mp 174-177 °C; TLC (dichloromethane, methanol [94:6]) R, =
0.33; FTIR 3438, 3338, 3294, 3113, 3049, 1641, 1529, 1429, 1280,
1028, 896 cm™'; 'H NMR (DMSO-d;) 5 8.42 (1 s, 1H, C(4)), 7.75
(q, J = 5.1 Hz, 1H, N-H), 4.98 (t, J = 5.4 Hz, 1H, alcohol), 4.07
(t, J = 5.4 Hz, N(1) methylene), 3.48 (q, J = 5.4 Hz, 2H, N(1)
methylene), 2.77 (d, J = 5.7 Hz, 3H, methylamine), 2.56 (s, 3H, 2-
methyl); APCI+: caled for C,,H;,N5;05 296.0995, found 296.0984.

General procedure for the synthesis of 6b—d

A solution of 100 mg (0.30 mmol) of 5 in 3 mL of the appropriate
amine was stirred at 40-50 °C for 4 h. The reaction mixture was
then cooled to room temperature and combined with 50 mL of
chloroform. The organic solution was then washed with 25 mL of
1.0 N HCI and then 2 x 25 mL portions of water. The organic
extract was dried over Na,SO,, concentrated to an oil under
reduced pressure, and then purified by column chromatography

using silica gel and dichloromethane-methanol (98 : 2). The
eluents were concentrated to afford 6b—d as red solids.

1-(2-Hydroxyethyl)-2-methyl-6(2-phenethylamino)-5,7-dinitro-
1H-benzimidazole (6b). 62 mg (51% yield); Mp 132-134°C; TLC
(dichloromethane-methanol [90 : 10]) R, =0.28; FTIR 3302, 3026,
2933, 2881, 1635, 1583, 1525, 1440, 1257, 1246 cm™'; '"H NMR
(CDCly) 0 8.21 (1 s, 1H, C(4)), 7.72 (broad s, 1H, N-H), 7.16
(multiplet, SH, phenyl), 4.03 and 3.79 (2t, J = 5.1 Hz, 4H, N(1)
ethylene), 3.26 (q, J = 6.6 Hz, 2H, C(6)), 2.86 (t, J/ = 7.2 Hz,
2H, C(6)), 2.5 (s, 3H, 2-methyl); APCI+: caled for C;3H,N;Os
386.1464, found 386.1467.

1-(2-Hydroxyethyl)-2-methyl-5,7-dinitro-6-(cyclopropylamino)-
1H-benzimidazole (6¢). 53 mg (54% yield); Mp 182-184 °C; TLC
(dichloromethane-methanol [95 : 5]) R, = 0.17; FTIR 3365, 3246,
3095, 3014, 2972, 2885, 1631, 1581, 1520, 1431, 1286, 1125 cm™;
'"HNMR (CDCl,) 6 8.31 (15, 1H, C(4)), 8.18 (broad s, 1H, N-H),
4.07 (t, J = 4.5, 2H, ethylene), 3.74 (broad t, N(1) ethylene), 3.03
(broad t, 1H, OH), 2.59 (multiplet, 1H, methylene), 2.45 (s, 3H,
2-methyl), 0.69 and 0.52 (2 doublet of triplet, / = 5.4 Hz and
6.6 Hz, 4H, ethylene); APCI+: calcd for C,;H(N;O; 322.1151,
found 322.1152.

1-(2-Hydroxyethyl) - 2-methyl - 6 - (2 - methoxyethylamino)-5,7-
dinitro-1H-benzimidazole (6d). 50 mg (50% yield); Mp 126—
128 °C; TLC (dichloromethane-methanol [97 : 3]) R; =0.23; FTIR
3288, 3095, 2951, 2870, 2839, 1633, 1579, 1525, 1437, 1363, 1246,
1122, 1047 ecm™'; '"H NMR (CDCl;) ¢ 8.33 (1 s, 1H, C(4)), 8.0
(broad s, 1H, N-H), 4.07 and 3.79 (2t, J = 4.8 Hz, 4H, N(1)
ethylene), 3.49 and 3.15 (2t, J = 5.1 Hz, 4H, C(6) ethylene),
3.30 (s, 3H, methoxy), 2.59 (s, 3H, 2-methyl); APCI+: calcd for
C;HsN;0, 340.1257, found 340.1257.

General procedure for the synthesis of 7a—d

To a solution of 300 mg of 6a—d in 4 mL of dry prydine were
added 400 uL of methane-sulfonylchloride. The reaction mixture
was stirred at room temperature for 3 h. The reaction mixture was
combined with 50 ml of chloroform and the solution washed with
water (1 x 25 mL) and with 1.0 N HCI (2 x 25 mL). The organic
extract was then dried with Na,SO,, concentrated to an oil under
reduced pressure, and then crystallized using dichloromethane—
hexane.

1-(2-Methanesulfonoxyethyl) - 2-methyl - 6 - (methylamino)-5,7-
dinitro-1H benzimidazole (7a). 308 mg (81% yield); Mp 198-
200 °C; TLC (dichloromethane-methanol [94 : 6]) R; = 0.47;
FTIR 3338, 3294, 3113, 3049, 1641, 1529, 1429, 1280, 1028,
896 cm™'; '"H NMR (DMSO-d,) 6 8.45 (1 s, IH, C(4)), 7.84 (q,
J =5.1Hz, 1H, N-H), 4.35 (multiplet, 4H, N(1) ethylene), 3.06 (s,
3H, methanesulfonyl), 2.77 (d, J = 5.4 Hz, 3H, C(6) methylamine),
2.57 (s, 3H, 2-methyl); APCI+: calcd for C,,H;sN;O;S 374.0770,
found 374.0767.

1-(2-Methanesulfonoxyethyl)- 2-methyl-6(2-phenethyl-amino)-
5,7-dinitro-1H-benzimidazole (7b). 330 mg (92% yield); Mp
137 °C; TLC (dichloromethane-methanol [90 : 10]) R, = 0.70;
FTIR 3321, 3043, 2933, 2881, 1631, 1577, 1518, 1427, 1344, 1248,
1174 cm™'; "TH NMR (CDCl;) 6 8.51 (1 s, 1H, C(4)), 7.82 (broad s,
1H, N-H), 7.24 (multiplet, SH, phenyl), 4.27 (multiplet, 4H, N(1)
ethylene), 3.28 and 2.87 (2t, J = 6.9 Hz, 4H, C(6)), 2.82 (s,
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3H, methanesulfonyl) 2.56 (s, 3H, 2-methyl); APCI+: caled for
CyH,N;0;S 464.1240, found 464.1218.

1-(2-Methanesulfonoxyethyl)-2-methyl-5,7-dinitro-6-(cyclopro-
pylamino)-1H-benzimidazole (7c). 320 mg (86% yield); Mp 185-
188 °C; TLC (dichloromethane-methanol [95 : 5]) R, = 0.46; FTIR
3398, 3029, 3028, 2933, 1629, 1579, 1512, 1460, 1356, 1269 cm™';
'H NMR (CDCl,) 6 8.64 (1 s, 1H, C(4)), 8.39 (broad s, IH, N-H),
4.40 (multiplet, 4H, ethylene), 2.98 (s, 3H, methanesulfonyl), 2.59
(multiplet, 1H, methylene), 2.66 (s, 3H, 2-methyl), 0.79 and 0.62
(2 doublet of triplets, J = 5.4 and 2.1, 4H, ethylene); APCI+: calcd
for C,H;sN;O,S 400.0927, found 400.0920.

1<(2-Methanesulfonoxyethyl)-2-methyl-6-(2-methoxyethylamino)-
5,7-dinitro-1H-benzimidazole(7d). 324 mg 88% yield); Mp
160-164 °C; TLC (dichloromethane-methanol [97 : 3]) R, =
0.36; FTIR 3304, 3078, 2980, 2933, 2891, 2814, 1633, 1579, 1520,
1437, 1361, 1248, 1180, 1047 cm™'; "H NMR (CDCl;) 6 8.55 (1 s,
1H, C(4)), 4.29 (multiplet, 4H, N(1) ethylene), 3.57 and 3.15 (2t,
J = 4.8 Hz, 4H, C(6) ethylene), 3.30 (s, 3H, methanesulfonyl),
2.84 (s, 3H, methoxy), 2.59 (s, 3H, 2-methyl); APCI+: calcd for
C,HyN504S 418.1032.

General procedure for the synthesis of 9a—d

A solution of 100 mg of 7a-d in 60 mL of methanol was purged
with N, and then combined with 100 mg of 5% Pd on carbon.
This mixture was then shaken in a hydrogenation apparatus under
50 psi of H, for 24 h. After the reduction, the catalyst was filtered
through a bed of Celite and the solution concentrated to an oil (8a—
d) under reduced pressure. To this oil were added 5 mL of acetic
anhydride and the mixture refluxed for 1 h. After completion of
the reflux, the mixture was allowed to cool to room temperature
and then concentrated under reduced pressure to an oil. For the
synthesis of 9a—c, 2 mL of 48% HBr were added to facilitate closure
of the imidazo ring. For the synthesis of 9d, 37% HCI was used
to protect the side chain methoxy group. For 9a—d, the respective
acid mixtures were refluxed for 1 h. Afterwards, the mixture was
allowed to cool to room temperature and concentrated under
reduced pressure. The resulting dark oil was then crystallized using
ethanol-ethyl acetate, yielding a hydrohalide salt.

5,6-Dihydro-2,7,8-trimethyl-7-diimidazo[1,5,4-de, 1,5,4-h]-qui-
noxaline (92). 45 mg (46% yield); Mp > 280 °C dec; TLC (n-
butanol-acetic acid-water [5 : 2 : 3]) Ry = 0.29; FTIR 3431,
3346, 2920, 2750, 1655, 1529, 1462, 1423, 1317, 1195, 1072, 798,
563 cm™"; '"H NMR (DMSO-d) J 7.30 (broad s, 1H, amine), 7.25
(1s,1H, C(10)),4.42 and 3.71 (2t, J = 5.4 Hz, 4H, ethylene bridge),
2.79 and 2.78 (2 s, 6H, methyls); APCI+: calcd for C;;H ¢N;
242.1406, found 242.1386.

5,6-Dihydro-2,8-dimethyl-7-(2-phenethyl)-diimidazo[1,5,4-de, 1,
5,4-h]-quinoxaline (9b). 80 mg (75% yield); Mp > 255 °C; TLC
(n-butanol-acetic acid-water [5 : 2 : 3]) R, = 0.51; FTIR 3188,
2920, 2741, 1653, 1512, 1421, 1340 cm~'; "H NMR (DMSO-d;) 6
7.17 (15, 1H, C(10)), 7.13 and 6.85 (2 multiplet, SH, phenyl), 4.72
and 4.36 (2t, J = 6 Hz, 4H, N(7) ethylene), 3.63 and 3.04 (2t, J =
6.6 Hz, 4H, ethylene bridgehead), 2.70 and 2.15 (2 s, 6H, methyls);
APCI+: caled for C,0H,,N; 332.1875, found 332.1885.

7-Cyclopropyl-5,6-dihydro-2,8-dimethyl-diimidazo[1,5,4-de, 1,5,
4-h]-quinoxaline (9c). 85 mg (80% yield); Mp dec > 235 °C; TLC

(n-butanol-acetic acid-water [5 : 2 : 3]) R, = 0.41; FTIR 3310,
2982,2918, 2758, 1655, 1516, 1334, 1205, 1047, 829, 557 cm™"; 'H
NMR (DMSO-d,) ¢ 7.11 (1 s, 1H, C(10)), 6.98 (broad s, 1H, N-
H), 4.38 and 3.63 (2t, J/ = 5.1 Hz, 4H, ethylene bridgehead), 3.73
(multiplet, 1H, methylene), 2.71 and 2.69 (2 s, 6H, methyls), 0.79
and 0.62 (2 multiplet, 4H, ethylene); APCI+: calcd for C,sH N
268.1562, found 268.1576.

5,6-Dihydro-2,8-dimethyl-7-(2-methoxyethyl)-diimidazo[1,5,4-
de, 1,5,4-hl-quinoxaline (9d). 65mg (71% yield); Mp dec >
295 °C; TLC (n-butanol-acetic acid—water [5 : 2 : 3]) R, = 0.36;
FTIR 3396, 3306, 2931, 2814, 1655, 1577, 1633, 1516, 1431, 1342,
1194, 1039, 785, 559 cm™!; too unstable for an 'H-NMR; APCI+:
calcd for C;sH,)N;O 286.1668, found 286.1645.

General procedure for the synthesis of 1a—d

A solution of 20-100 mg of 9a-d in 20 ml of 0.2 M pH 7.0
phosphate buffer was combined with (excess) 250 mg of Fremy
salt. This mixture was stirred for 5 min at room temperature and
then the aqueous solution was extracted with 3 x 15 mL portions
of chloroform. The organic layer was dried over Na,SO, and then
concentrated to a solid under reduced pressure. The final product
was crystallized from ethyl acetate—hexane.

4,5-Dihydro-2,7,8-trimethyldiimidazo|[1,5,4-de, 1,5,4-h]quinoxa-
lin-10-one (1a). 5.0 mg (50% yield); Mp dec > 280 °C; TLC
(dichloromethane-methanol [90 : 10]) R; = 0.27; FTIR 3493,
3041, 2982, 2947, 2850, 1685, 1655, 1606, 1541, 1249, 1103, 1028,
885 cm™'; '"H NMR (CDCl;) ¢ 4.35 and 4.08 (2t, J = 7.2 Hz,
4H, ethylene bridge), 4.11 (s, 3H, N(7) methyl), 2.79 (s, 3H, C(2)
methyl), 2.78 (s, 3H, 2-methyl); MALDI: calcd for C,;H;;N;O
M + 1) 256.120, found 256.115.

4,5-Dihydro-2,8-dimethyl-7-(2-phenethyl)-diimidazo[1,5,4-de, 1,
5,4-h]-quinoxalin-10-one (1b). 6.5 mg (17% yield); Mp dec >
264 °C; TLC (dichloromethane-methanol [96: 4]) R; = 0.29; FTIR
3431, 3149, 3028, 2930, 1655, 1560, 1438, 1174, 1111, 619 cm™'; 'H
NMR (CDCly) ¢ 7.14 (t, 3H, phenyl (C3', C4' and C5')), 6.94 (dd,
J = 1.8 Hz and 6.0 Hz, phenyl (C2' and C¢')), 4.40 and 3.96 (2t,
J = 7.2 Hz, ethylene bridgehead), 4.25 and 2.96 (2t, J = 7.2 Hz,
4H, ethylene sidechain), 2.70 (s, 8-methyl), 2.15 (s, 3H, 2-methyl);
MALDI: caled for C,0H,0NsO (M + 1) 346.167, found 346.166.

4,5-Dihydro-2,8-dimethyl-7-cyclopropyl-diimidazol[1,5,4-de, 1,5,
4-h]-quinoxalin-10-one (1c). 23 mg(33%yield); Mp dec > 255°C;
TLC (dichloromethane-methanol [90 : 10]) R, = 0.27; FTIR 3427,
3082, 3009, 2960, 2926, 1658, 1496, 1437, 1357, 1265, 1072 cm™';
'H NMR (CDCl,) 6 4.38 and 4.05 (2t, J = 6.9 Hz, 4H, ethylene
bridge), 3.25 (sept, J = 3.3 Hz, 1H, methylene), 2.54 (s, 3H, 8-
methyl), 2.41 (s, 3H, 2-methyl), 1.32 and 1.85 (2 multiplet, 4H,
ethylene); MALDI: calcd for C;sH;(N;O (M + 1) 282.135, found
282.134.

4,5-Dihydro-7-(2-methoxyethyl)-2,8-dimethyl-diimidazo[1,5,4-
de, 1,5,4-h]-quinoxalin-10-one (1d). 10.5 mg (28% yield); Mp
dec > 180 °C; TLC (dichloromethane-methanol [95 : 5]) R; =
0.32; FTIR 3365, 3261, 3163, 2924, 2852, 1656, 1514, 1460, 1377,
1118, 1070, 659 cm™'; '"H NMR (CDCl;) ¢ 4.89 and 3.79 (2t,
J = 5.4 Hz, 4H, ethylene bridgehead), 4.34 and 4.07 (2t, J =
6.6 Hz, 4H, ethylene sidechain), 3.28 (s, 3H, methoxy), 2.50 (s, 3H,

This journal is © The Royal Society of Chemistry 2008

Org. Biomol. Chem., 2008, 6, 3059-3064 | 3063





8-methyl), 2.42 (s, 3H, 2-methyl); MALDI: Calcd for C;sH;NsO
(M + 1) 300.146, found 300.144.
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A series of novel acetylene-substituted isoindoline nitroxides were synthesised via palladium-catalysed
copper-free Sonogashira coupling. These results demonstrate that the Sonogashira reaction is suitable
for the generation of a wide range of aryl nitroxides of expanded structural variety. The novel
aryl-iodide containing nitroxide, 5-iodo-1,1,3,3-tetramethylisoindolin-2-yloxyl, 3, was a key
intermediate for this coupling, giving acetylene-substituted isoindoline nitroxides in high yield.
Subsequent reaction of the deprotected ethynyl nitroxide 12 with iodinated polyaromatics furnished
novel aromatic nitroxides with extended-conjugation. Such nitroxides have been described as
profluorescent, as their quantum yields are significantly lower than those of the corresponding
diamagnetic derivatives. The quantum yields of the naphthyl- and phenanthryl-acetylene isoindoline
nitroxides (13 and 14) were found to be ~200-fold and ~65-fold less than the non-radical
methoxyamine derivatives (23 and 24). Ethyne- and butadiyne-linked nitroxide dimers could also be

synthesised by this cross coupling methodology.

Introduction

Aryl-acetylenes are common precursors in the synthesis of natural
products, pharmaceuticals and organic molecular materials." Since
the initial investigations in 1975 by Cassar,”? Heck and Dieck,* and
Sonogashira et al.,* the Pd-catalysed alkynylation reaction (now
often referred to as the Sonogashira reaction) has proven to be a
convenient and frequently utilised method for the synthesis of aryl-
acetylenes.® Whilst aryl-acetylenes are accessible via several Pd-
catalysed cross coupling methodologies such as Stille (Sn), Suzuki
(B) and Negishi (Zn) couplings,' the Sonogashira reaction remains
attractive because the generation of alkynyl-organometallics is not
required prior to the coupling reaction. Rather, with respect to
the traditional Sonogashira reaction, a Cu-acetylide is formed
in situ from a Cu(1) co-catalyst. The use of alkylamines, such as
triethylamine, as the solvent is commonplace since these also serve
as a base to remove the hydrogen halide (HX) generated from
the reaction.® The Cu(1) salts commonly used in Sonogashira
couplings are also known to catalyse the homocoupling of
terminal alkynes in the presence of Pd catalysts.*® These are
often observed as unwanted side reactions when coupling to less
activated aryl-halides, and copper-free Sonogashira coupling has
been employed to address this.*'**> The nature of the amine is
critical, as it performs multiple roles in the coupling reaction,
including accelerating oxidative insertion and acting as a ligand
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T Electronic supplementary information (ESI) available: Scheme and
full details of experimental conditions attempted for the Sonogashira
couplings of halogenated isoindoline nitroxides 1-3 and alkynes 8-10.
See DOI: 10.1039/b806963h

and a base. Cyclic amines are most commonly employed, as
they often lead to enhanced yields in comparison to simple
alkylamines."’

Although Sonogashira couplings to -butylphenyl,'®"
nitronyl?! and pyrroline® nitroxides have been described, these
reactions are often performed on somewhat activated starting
materials. To date, little has been reported on Sonogashira
reactions using more deactivated aromatic halogenated nitroxides,
such as the isoindolines, as coupling partners.

Despite possessing some advantages over commercially avail-
able nitroxides, including structural rigidity, superior EPR
linewidths*?¢ and enhanced thermal and chemical stability,” ap-
plications of the isoindoline class of nitroxides have been limited, in
part, by a lack of structural variation. Expansion of the structural
diversity of the isoindoline nitroxides is particularly important
with regards to the generation of extended conjugated systems
that possess substantial (masked) fluorescence. These compounds
possess interesting fluorescence properties as quenching of the
fluorophore excited state, via enhanced intersystem crossing, by
the unpaired electron of the nitroxide makes these nitroxide—
fluorophore hybrids profluorescent.®* Such profluorescent ni-
troxides are able to detect reactive species by radical scavenging
or by redox activity as indicated by an increase in fluorescence
generated by the diamagnetic derivatives, such as the alkoxyamine
or hydroxylamine.**33

Herein we report the first Sonogashira couplings performed
on the isoindoline class of nitroxides. The syntheses of two
novel profluorescent acetylene-linked nitroxides incorporating
naphthalene and phenanthrene fluorophores are detailed and their
fluorescent properties reported. Furthermore, the synthesis of two
novel acetylene-linked dinitroxides arising from coupling of the
terminal acetylene nitroxide is described.
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Scheme 1 Sonogashira coupling of isoindoline nitroxides.

Results and discussion

Synthesis of novel nitroxides via Pd-catalysed Sonogashira
coupling

Recently, we have shown that the Pd-catalysed Heck coupling can
be successfully performed on brominated isoindoline nitroxides,**
although more vigorous conditions than commonly employed are
required to obtain acceptable yields. With this result in hand, we
first attempted Sonogashira couplings with the bromo nitroxide
1 (Scheme 1), using the typical conditions of Pd(PPh;),Cl,—Cul
as the catalyst and triethylamine as the solvent/base.® None of
the targeted products were obtained using these conditions when
attempting to couple (trimethylsilyl)acetylene 8 or phenylacetylene
10 to the bromo nitroxide 1 at either room temperature or in
refluxing triethylamine (see entries 1-4, Table 1). Instead only
starting material 1 and the homocoupled alkynes (butadiynes)
could be isolated from the reaction mixture. The presence of
Cul is known to disfavour the Sonogashira cross coupling of less
active aryl halides,® promoting the homocoupling of the acetylene
compounds. Nitration of the bromo nitroxide 1, with HNO;—
H,S0O,* in AcOH gave the nitro-bromo nitroxide 2 in excellent
yield (95%). The attempted coupling of (trimethylsilyl)acetylene
8 with the nitro-bromo compound 2, with presumably reduced
electron density, still only yielded the homocoupled acetylenes.

The coupling reactions between (trimethylsilyl)acetylene 8 and
the bromo nitroxide 1 or the nitro-bromo nitroxide 2, utilis-
ing the aerobic copper-free conditions of Li ez al.® (2 mol%
Pd(OAc),, 3 equiv. DABCO, MeCN, air, 50 °C) gave trace
amounts of both the (trimethylsilyl)acetylene nitroxide 4 and the
nitro-(trimethylsilyl)acetylene nitroxide 5, which were observed
by GCMS of the crude reaction mixture. When performed at
80 °C in air, the yields did not increase markedly, whilst under
an argon atmosphere at 80 °C the yields could be increased
to 5% and 9% for 4 and 5 respectively (see entries 5 and
6, Table 1). Attempts to couple 2-methyl-3-butyn-2-ol 9 and
phenylacetylene 10 under the same conditions gave only trace
amounts of the desired compounds. Further attempts to optimise
the bromo coupling, including increasing the catalyst loadings
and using Heck-type conditions did not improve the yield of
the reaction. Additional equivalents of (trimethylsilyl)acetylene
8 only improved the reaction slightly (entry 7), whilst an increased
reaction temperature, in MeCN or DMF, did not increase the yield
of the desired product, with the DMF reactions failing to produce
any of the desired product.

Due to the low reactivity of the brominated isoindoline ni-
troxides towards palladium-catalysed reactions, a limitation we
previously encountered whilst investigating Heck couplings,* we
investigated the use of the iodo nitroxide* 3 to improve the viability
of the reaction. Aryl-iodides are known to undergo oxidative

Table 1 Sonogashira couplings of halogenated isoindoline nitroxides and alkynes

Entry Nitroxide Alkyne Catalyst system and solvent Conditions Product Isolated yield (%)
1 1 8 (1.2 equiv.) Pd(PPhs;),Cl, (2 mol%), Cul (0.5 mol%), Et;N rt, Ar,72 h 4 0
2 1 10 (2 equiv.) Pd(PPh;),Cl, (2 mol%), Cul (10 mol%), Et;N rt, Ar, 96 h 7 0
3 1 8 (1.2 equiv.) Pd(PPh;),Cl, (2 mol%), Cul (0.5 mol%), Et;N 90°C, Ar, 72 h 4 0
4 1 10 (2 equiv.) Pd(PPhs;),Cl, (2 mol%), Cul (10 mol%), Et;N 90°C, Ar, 96 h 7 0
5 1 8 (5 equiv.) Pd(OAc), (2.5 mol%), DABCO (3 equiv.), MeCN 80°C, Ar, 72 h 4 5
6 2 8 (5 equiv.) Pd(OAc), (2.5 mol%), DABCO (3 equiv.), MeCN 80°C, Ar, 72 h 5 9
7 1 8 (20 equiv.) Pd(OAc), (2.5 mol%), DABCO (3 equiv.), MeCN 80°C,Ar,72h 4 8¢
8 3 8 (5 equiv.) Pd(OAc), (2.5 mol%), DABCO (3 equiv.), MeCN 80°C,Ar,24h 4 92
9 3 9 (5 equiv.) Pd(OAc), (2.5 mol%), DABCO (3 equiv.), MeCN 80°C, Ar, 24 h 6 78

10 3 10 (5 equiv.) Pd(OAc), (2.5 mol%), DABCO (3 equiv.), MeCN 80°C, Ar,24h 7 96

“Yield determined by HPLC, product not isolated.
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addition more readily in Pd-catalysed couplings.* Indeed, in this
case, the coupling of (trimethylsilyl)acetylene 8 with iodo nitroxide
3 (2 mol% Pd(OAc),, 3 equiv. DABCO, MeCN, argon, 80 °C,
24 h), gave the (trimethylsilyl)acetylene nitroxide 4 in an excellent
yield (92%) (see entry 8, Table 1), although the product was
difficult to separate from the starting material 3 using standard
chromatography. By comparison the bromo nitroxide 1 gave a poor
yield of 4 (5%) using the same reaction conditions. Reaction of the
iodo nitroxide 3 with 2-methyl-3-butyn-2-o0l 9 and phenylacetylene
10 gave the desired acetylene nitroxides 6 and 7, with yields of
78% and 96% respectively (see entries 9 and 10, Table 1). The
reduced yield of the dimethyl propargyl alcohol nitroxide 6 can
be attributed to a competing cyclotrimerisation reaction,* which
gives a substituted 3-benzylidene-2,3-dihydrofurane nitroxide 11
as an undesired side product (detected by GCMS of the reaction
mixture).

OH

11

Treatment of the (trimethylsilyl)acetylene nitroxide 4 with
aqueous KOH in MeOH gave the desired terminal alkyne nitroxide
12 in 90% yield (see Scheme 2a). Although this method resulted in
a high product yield, separation of the desired product 12 from the
starting material 4 proved troublesome on a preparative scale due
to the loss of band resolution when using greater loadings on the
silica gel columns. Thus, an alternative alkyne protecting group
was employed for the synthesis of the alkyne nitroxide 12.

Treatment of the dimethyl propargyl alcohol nitroxide 6 with
KOH in refluxing toluene gave the acetylene nitroxide 12 in
high yield (88%) (see Scheme 2b). The presence of the polar
OH group facilitated the separation of traces of the protected
alkyne 6 from the product 12, which allowed 12 to be isolated in
larger quantities and in higher purity than when prepared from
the (trimethylsilyl)acetylene nitroxide 4. Therefore, this was the
synthetic route of choice for the synthesis of 12 for use in the
subsequent coupling reactions.

=Z R&

12

13R=

14R =

@)

15R=

AN
AN

6R=
HO

Scheme 2 Synthesis of acetylene nitroxide 12. Reagents and conditions:
(a)4,0.5 M KOH, MeOH, rt, 1 h (90 %) ; (b) 6, KOH (8 equiv.), toluene,
110 °C, 1 h (88 %).

The Sonogashira coupling of the acetylene nitroxide 12 with
l-iodonaphthalene 17 (2 mol% Pd(OAc),, 3 equiv. DABCO,
MeCN, Ar, 80 °C, 4 h) gave the naphthylacetylene nitroxide
13 (Scheme 3) in high yield (78%) (see entry 1, Table 2). Due
to the electron deficiency of 1-iodonaphthalene 17, the reaction
rate was significantly increased (complete conversion within 4 h)
compared with the coupling reactions performed on the iodo
nitroxide 3 (¢f. 24 h). Similar results were obtained using 9-
iodophenanthrene 18 as the aryl-halide coupling partner, giving
the phenanthrylacetylene nitroxide 14 in 90% yield within 4 h
(entry 2, Table 2). Although the homocoupled side product, a
butadiyne-linked nitroxide dimer 16, can be detected by TLC of
the reaction mixture, the high reactivity of both aryl halides 17
and 18, ensured that 16 was only formed in trace amounts and
could be readily separated from the desired products.

Coupling of the iodo nitroxide 3 and the acetylene nitroxide
12 gave the targeted acetylene-linked dinitroxide 15, albeit in a
moderate yield of 36% (see entry 3, Table 2). The butadiyne-
linked nitroxide dimer 16 was again a side product of the reaction,
although due to the decrease in reactivity of the aryl-halide 3
(complete conversion 24 h), it was formed in larger amounts
(40%). The formation of the homocoupled product 16, and the
resulting decrease in the concentration of alkyne 12, may explain
the diminished yield of this reaction compared to those using aryl
halides 17 and 18.

13-16
Z
Cy
Q (.

16R = 18

Scheme 3 Sonogashira and Eglinton couplings with alkyne nitroxide 12.
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Table 2 Sonogashira and Eglinton couplings of alkyne nitroxide 12

Entry Aryl halide Reagents Conditions Product Isolated yield (%)
1 17 Pd(OAc), (2.5 mol%), DABCO (3 equiv.), MeCN 80°C, Ar,4h 13 78
2 18 Pd(OAc), (2.5 mol%), DABCO (3 equiv.), MeCN 80°C, Ar,4h 14 90
3 3 Pd(OAc), (2.5 mol%), DABCO (3 equiv.), MeCN 80°C, Ar, 24 h 15 36
4 N/A Cu(OAc), (1.5 equiv.), MeOH, pyridine reflux, air, 1 h 16 91

The butadiyne nitroxide dimer 16, obtained as a side product
in the Sonogashira reaction, could be selectively synthesised via
Eglinton oxidative coupling. Refluxing the alkyne nitroxide 12 in
pyridine-methanol with Cu(OAc), (1.5 equiv.) gave the butadiyne-
linked nitroxide dimer 16 in excellent yield (91%).

Synthesis of methoxyamines via radical trapping

Methoxyamine analogues 19-26 of the acetylene substituted
nitroxides 4, 6, 7 and 12-16 were prepared following the previously
published literature procedure.** Reaction of the nitroxides 4, 6, 7
and 12-16 with methyl radicals (formed using Fenton chemistry
by reaction of FeSO,-7H,0 with H,O, in DMSO) gave the desired
methoxyamine adducts in moderate to high yields (31-82%) (see
Scheme 4 and Table 3). Unlike the nitroxide precursors, the
methoxyamines 19-26 can be analysed by NMR spectroscopy as
the paramagnetic centre is no longer present.

AN
A

4,6,7,12-16 19-26

Scheme 3 Synthesis of methoxyamines 19-26. Reagents and Conditions:
(a) FeSO,-7H,0, H,0,, DMSO, rt, 1 h (31-82%).

Fluorescence

A comparison of the fluorescence spectra of naphthyl nitroxide
13 and its methoxyamine derivative 23 (Fig. 1) and phenanthryl

nitroxide 14 and its methoxyamine analogue 24 (Fig. 2) reveals
a substantial differential in fluorescence intensity. A measure of
the fluorescence suppression of the naphthyl and phenanthryl
nitroxides 13 and 14 respectively can be attained by comparison
of the quantum yields.

o ®» o B & o
s & &8 & © 3
N

Fluorescence Intensity/au

N
f=J

I~
<

o

330 380 430 480

Wavelength/nm

Fig. 1 Fluorescence spectra of 13 (---) and 23 (—) excited at 320 nm in
cyclohexane normalised to 1 pM.

Quantum yields of the nitroxides (13 and 14) and the
methoxyamines (23 and 24) were calculated using anthrancene
(@ = 0.36, in cyclohexane) as a standard. As expected, the
quantum yields of the naphthyl 23 (@ = 0.83) and phenanthryl
24 (@ = 0.26) methoxyamines were significantly larger than
the analogous nitroxides 13 (& = 4.0 x 107*) and 14 (& =
4.0 x 107%). The nitroxides 13 and 14 and the phenanthryl
methoxyamine 24 have quantum yields similar to related nitroxides
and methoxyamines that have been previously reported.*> Notably,

Table 3 Isolated yields of methoxyamine derivatives of the nitroxides synthesised

Entry R= Nitroxide starting material Methoxyamine product Isolated yield (%)
1 Me;Si- 4 19 79
2 (CH,),HOC- 6 20 55
3 Ph- 7 21 62
4 H- 12 22 76
5 Naphthyl- 13 23 64
6 Phenanthryl- 14 24 82
7 15 25 75
/N N
o H;CO
8 = 16 26 Y 31

HiCO
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Fig. 2 Fluorescence spectra of 14 (---) and 24 (—) excited at 320 nm in
cyclohexane normalised to 1 uM.

the presence of the heterocyclic ring does not impact significantly
on the fluorescence quantum yield. To test this we prepared the
unsubstituted parent compound 1-(phenylethynyl)naphthalene®
27 and recorded its quantum yield. After preparation by coupling
l-iodonaphthalene and phenylacetylene, the quantum yield (&)
of 1-(phenylethynyl)naphthalene 27 in cyclohexane was found to
be quite similar (0.80) to the naphthylacetylene methoxyamine 23

(0.83).
O‘ -

27

Conclusion

The first examples of palladium-catalysed Sonogashira cross cou-
pling reactions performed on isoindoline nitroxides are reported.
Attempts to couple the electron rich bromo nitroxide 1 with
substituted alkynes under copper or copper-free Sonogashira
conditions were unsuccessful due to the low reactivity of the
brominated isoindoline nitroxide 1. The more reactive iodo
nitroxide 3 underwent palladium-catalysed Sonogashira couplings
with substituted alkynes under copper-free conditions, to give
acetylene nitroxides (4, 6 and 7) in good yield (78-96%). The
terminal alkyne nitroxide 12 could be prepared preparatively
by cleavage of the 2-methylpropan-2-ol group of 6 with base.
Subsequent reaction of the ethynyl nitroxide 12 with iodinated
polyaromatics under copper-free Sonogashira conditions gave
nitroxides (13 and 14) possessing extended conjugation in high
yield (78-90%). Notably, the electron deficient nature of the
iodinated polyaromatics significantly increased the rate of the
reaction compared with use of the iodo nitroxide 3. Ethyne- and
butadiyne-linked dinitroxides (15 and 16) could also be formed in
moderate yield (36-40%) using this cross coupling approach, but
could be raised to 91% using Eglinton conditions. Examination
of the fluorescent properties of the profluorescent nitroxides (13
and 14) and their corresponding diamagnetic derivatives (23
and 24) revealed a significant suppression of fluorescence for
the nitroxide containing compounds, which was restored upon

formation of the methoxyamines. This Sonogashira cross coupling
methodology is currently being investigated for the synthesis
of other acetylene extended isoindoline nitroxide systems for a
variety of applications. These results will be reported in due
course.

Experimental

"HNMR and "C NMR spectra were recorded on a Bruker Avance
400 spectrometer in CDCl;. Coupling constants are given in Hz. IR
spectra were recorded on a Nicolet 870 Nexus Fourier transform
infrared spectrometer equipped with a DTGS TEC detector and
an ATR objective. High accuracy mass spectra were recorded
using a Micromass autospec double focusing magnetic sector mass
spectrometer (EI+ spectra). Formulations were calculated in the
elemental analysis programs of Mass Lynx 4.0 or Micromass
Opus 3.6. Spectrofluorimetry was performed on a Varian Cary
Eclipse fluorescence spectrophotometer equipped with a standard
multicell Peltier thermostatted sample holder. All fluorescence
measurements were performed in cyclohexane and quantum yields
were calculated using anthracene (@r = 0.36) as the standard.
Reversed-phase preparatory HPLC was performed on an Agilent
1200 Series prep-HPLC using an Agilent Semi-Prep-C18 (21.2 x
150 mm, 10 pm) column. Melting points were measured on
a Gallenkamp variable temperature apparatus by the capillary
method. Microanalyses were performed by the Microanalytical
Service, Department of Chemistry, University of Queensland.
5-Bromo-1,1,3,3-tetramethylisoindolin-2-yloxyl® 1 and 5-iodo-
1,1,3,3-tetramethylisoindolin-2-yloxyl*® 3 were synthesised by the
literature procedures.

5-Nitro-6-bromo-1,1,3,3-tetramethylisoindolin-2-yloxyl (2)

To an ice-water cooled solution of 5-bromo-1,1,3,3-tetra-
methylisoindolin-2-yloxyl 1 (200 mg, 0.74 mmol) in glacial acetic
acid (0.6 mL) was added conc. H,SO, (1.15 mL), followed by
conc. HNO; (0.3 mL). The resultant solution was heated at
40 °C for 4 h, after which the reaction was quenched by the
slow addition of NaOH (5 M, 10 mL) and extracted with CHCI;
(3 x 30 mL). The combined organics were washed with water
(30 mL), dried (Na,SO,) and the solvent removed under reduced
pressure. Recrystallisation from MeCN gave orange needles of 5-
nitro-6-bromo-1,1,3,3-tetramethylisoindolin-2-yloxyl 2 (220 mg,
0.70 mmol, 95%); mp 246248 °C (decomp.); V., (ATR-FTIR):
3032 (aryl CH), 2979 and 2931 (alkyl CH), 1577 and 1530 (NO,),
1473 and 1463 (aryl C-C), 1430 (NO*) cm™'; +EI MS found M*
313.0187 (0.3 ppm from calc. mass of C,H,BrN,0O;"): m/z 313
M+, 63%), 298 (47), 283 (69), 268 (100), 143 (87), 128 (62).

Sonogashira reactions performed using halogenated isoindoline
nitroxides (1-3)

The general procedure for the synthesis of substituted acetylene
nitroxides 4-7 is given below. The synthesis of the (trimethylsi-
lyl)acetylene nitroxide 4 from the bromo nitroxide 1 is used as
a representative example. Alterations of the procedure for the
synthesis of 4 using iodo nitroxide 3 as starting material and
acetylene nitroxides 5-7 are also given below.
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5-[2-(Trimethylsilyl)ethynyl]-1,1,3,3-
tetramethylisoindolin-2-yloxyl (4)

5-Todo-1,1,3,3-tetramethylisoindolin-2-yloxyl 3 (59 mg,
0.186 mmol), 1,4-diazabicyclo[2.2.2]octane (DABCO) (62.5 mg,
0.557 mmol, 3 equiv.) and Pd(OAc), (1 mg, 2.5 mol%) were
dissolved in dry MeCN (1 mL). (Trimethylsilyl)acetylene 8
(131 pL, 91 mg, 0.927 mmol, 5 equiv.) was added and the
mixture heated at 80 °C under argon in a sealed Schlenk vessel
for 24 h. The solvent was removed under reduced pressure and
the residue taken up in CHCI; (~1 mL). Purification of the
resulting solution by column chromatography (SiO,, eluant: 10%
EtOAc, 90% n-hexane) gave 5-[2-(trimethylsilyl)ethynyl]-1,1,3,3-
tetramethylisoindolin-2-yloxyl 4 as a yellow—orange gum (49 mg,
0.171 mmol, 92%); (found: C, 70.7; H, 8.5; N, 4.7; C;;H,,SiNO"
requires C, 71.3; H, 8.4; N, 4.9%); vp.x (ATR-FTIR): 2972 and
2928 (alkyl CH), 2154 (C=C), 1487 and 1465 (aryl C-C), 1431
(NO*) cm™'; +EI MS found M* 286.16265 (0.25 ppm from calc.
mass of C;H,SiNO): m/z 286 (M*, 12%), 271 (21), 256 (100),
241 (79), 225 (32).

Alternate synthesis of 5-[2-(trimethylsilyl)ethynyl]-1,1,3,3-
tetramethylisoindolin-2-yloxyl (4)

5-Bromo-1,1,3,3-tetramethylisoindolin-2-yloxyl 1 (50 mg,
0.186 mmol), DABCO (62.5 mg, 0.557 mmol, 3 equiv.), Pd(OAc),
(1 mg, 2.5 mol%), (trimethylsilyl)acetylene 8 (131 pL, 91 mg,
0.927 mmol, 5 equiv.) and MeCN (1 mL) were treated as
described above. Column chromatography (SiO,, eluant: 10%
EtOAc, 90% n-hexane) gave 5-[2-(trimethylsilyl)ethynyl]-1,1,3,3-
tetramethylisoindolin-2-yloxyl 4 (3 mg, 0.010 mmol, 5%). GCMS
analysis showed that the product was identical to that reported
above.

5-[2-(Trimethylsilyl)ethynyl]-6-nitro-1,1,3,3-
tetramethylisoindolin-2-yloxyl (5)

5-Nitro-6-bromo-1,1,3,3-tetramethylisoindolin-2-yloxyl 2 (58 mg,
0.186 mmol), DABCO (62.5 mg, 0.557 mmol, 3 equiv.), Pd(OAc),
(1 mg, 2.5 mol%), (trimethylsilyl)acetylene 8 (131 pL, 91 mg,
0.927 mmol, 5 equiv.) and MeCN (1 mL) were treated as
described above. Column chromatography (SiO,, eluant: 10%
EtOAc, 90% n-hexane) gave 5-[2-(trimethylsilyl)ethynyl]-6-nitro-
1,1,3,3-tetramethylisoindolin-2-yloxyl 5 as a yellow—orange solid
(5 mg, 0.016 mmol, 9%); mp 144-147 °C; v,... (ATR-FTIR): 3045
(aryl CH), 2972 and 2927 (alkyl CH), 2150 (C=C), 1573 and
1523 (NQO,), 1480 and 1467 (aryl C-C), 1431 (NO*) cm™'; +EI MS
found M* 331.14808 (0.85 ppm from calc. mass of C;;H,;SiN,O;"):
m/z 331 (M*, 100%), 316 (43), 301 (52), 286 (22).

5-(3-Hydroxy-3-methyl)butynyl-1,1,3,3-tetramethylisoindolin-
2-yloxyl (6)

5-lTodo-1,1,3,3-tetramethylisoindolin-2-yloxyl 3  (1.18 g,
3.73 mmol), DABCO (1.25 g, 11.14 mmol, 3 equiv.), Pd(OAc),
(20 mg, 2.5 mol%), 2-methyl-3-butyn-2-0l 9 (1.82 mL, 1.60 g,
19 mmol, 5 equiv.) and MeCN (20 mL) were treated as described
above. Column chromatography (SiO,, eluant: 50% EtOAc,
50% n-hexane) gave 5-(3-hydroxy-3-methyl)butynyl-1,1,3,3-
tetramethylisoindolin-2-yloxyl 6 as a brown—orange oil (797 mg,

2.93 mmol, 78%); (found: C, 74.3; H, 8.3; N, 5.0; C,;H,,NO,*
requires C, 75.0; H, 8.1; N, 5.1%); v,.x (ATR-FTIR): 3387 (OH),
2976 and 2930 (alkyl CH), 2165 (C=C), 1490 and 1453 (aryl
C-C), 1431 (NO’) cm™'; +EI MS found M* 272.1654 (1.3 ppm
from calc. mass of C,;H,,NO,"): m/z 272 (M*, 100%), 257 (95),
242 (92), 227 (87).

5-[2-(Phenyl)ethynyl]-1,1,3,3-tetramethylisoindolin-2-yloxyl (7)

5-Todo-1,1,3,3-tetramethylisoindolin-2-yloxyl 3 (59 mg,
0.186 mmol), DABCO (62.5 mg, 0.557 mmol, 3 equiv.),
Pd(OAc), (1 mg, 2.5 mol%), phenylacetylene 10 (102 pnL,
95 mg, 0.930 mmol, 5 equiv.) and MeCN (1 mL) were treated
as described above. Column chromatography (SiO,, eluant:
10% EtOAc, 90% n-hexane) gave 5-[2-(phenyl)ethynyl]-1,1,3,3-
tetramethylisoindolin-2-yloxyl 7 as a yellow—orange solid (52 mg,
0.179 mmol, 96%); mp 108-112 °C; (found: C, 82.0; H, 6.9; N, 4.7;
CyHNO requires C, 82.7; H, 6.9; N, 4.8%); v,.x (ATR-FTIR):
3047 (aryl CH) 2977 and 2928 (alkyl CH), 2214 (C=C), 1487 and
1465 (aryl C-C), 1431 (NO") cm™'; +EI MS found M* 290.1542
(1.0 ppm from calc. mass of C,,H, NO"): m/z 290 (M*, 90%), 275
(75), 260 (100), 245 (50), 215 (40).

5-Ethynyl-1,1,3,3-tetramethylisoindolin-2-yloxyl (12)

5-(3-Hydroxy-3-methyl)butynyl-1,1,3,3-tetramethylisoindolin-2-
yloxyl 6 (478 mg, 1.76 mmol) was dissolved in dry toluene
(320 mL). Solid KOH was added (0.8 g, 14.3 mmol, 8 equiv.)
and the mixture refluxed for 1 h. The dark brown suspension
was washed with water (3 x 200 mL) and brine (200 mL), dried
(Na,S0O,) and the solvent removed under reduced pressure. The
residue was taken up in CHCI; (~5 mL) and purified by column
chromatography (SiO,, eluant: 30% EtOAc, 70% n-hexane) to
give 5-ethynyl-1,1,3,3-tetramethylisoindolin-2-yloxyl 12 as a pale
yellow crystalline solid (331 mg, 1.54 mmol, 88%); mp 126-128 °C;
Vmax (ATR-FTIR): 3196 (=CH), 2978 and 2929 (alkyl CH), 2097
(C=0), 1487 and 1464 (aryl C-C), 1428 (NO*) cm™'; +EI MS
found M* 214.1235 (1.5 ppm from calc. mass of C,;H,(NO*): m/z
214 (M*, 86%), 199 (90), 184 (100), 169 (84), 152 (53).

Alternate synthesis of 5-ethynyl-1,1,3,3-
tetramethylisoindolin-2-yloxyl (12)

A solution of 5-[2-(trimethylsilyl)ethynyl]-1,1,3,3-tetramethyl-
isoindolin-2-yloxyl 4 (113 mg, 0.39 mmol) was dissolved in
degassed MeOH (2.1 mL). Aqueous KOH was added (50 pL,
0.5 M) and the solution was stirred at room temperature for 1 h.
The reaction mixture was treated with water (50 mL), extracted
with Et,0 (2 x 50 mL), dried (Na,SO,) and the solvent was
removed under reduced pressure to give the 5-ethynyl-1,1,3,3-
tetramethylisoindolin-2-yloxyl 12 and a trace amount of unreacted
starting material 4, which were inseparable by SiO, column
chromatography. Reversed-phase prep-HPLC (50% THEF, 50%
H,0) gave 5-ethynyl-1,1,3,3-tetramethylisoindolin-2-yloxyl 12 as a
yellow crystalline solid (78 mg, 0.37 mmol, 90%). GCMS analysis
and mp comparison showed that the product was identical to that
reported above.
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Sonogashira reactions performed using ethynyl nitroxide (12)

The procedure for the synthesis of substituted acetylene nitroxides
13-15 is detailed below. The synthesis of the naphthyl-acetylene
nitroxide 13 is used as an example. Alterations of the procedure for
the synthesis of acetylene nitroxides 14 and 15 are also described
below.

5-[2-(1-Naphthyl)ethynyl]-1,1,3,3-tetramethylisoindolin-2-yloxyl
13)

1-Todonaphthalene 17 (28.3 uL, 49 mg, 0.193 mmol), DABCO
(62.5 mg, 0.557 mmol, 3 equiv.) and Pd(OAc), (1 mg,
2.5 mol%) were dissolved in dry MeCN (1 mL). 5-Ethynyl-
1,1,3,3-tetramethylisoindolin-2-yloxyl 12 (50 mg, 0.233 mmol,
1.2 equiv.) was added and the mixture heated at 80 °C under
argon for 4 h. The solvent was removed under reduced pressure
and the residue taken up in CHCI; (~1 mL). Purification of the
resulting solution by column chromatography (SiO,, eluant: 10%
EtOAc, 90% n-hexane) gave 5-[2-(1-naphthyl)ethynyl]-1,1,3,3-
tetramethylisoindolin-2-yloxyl 13 as an orange solid (51 mg,
0.151 mmol, 78%); mp 145-148 °C; vy, (ATR-FTIR): 3055 (aryl
CH), 2972 and 2924 (alkyl CH), 2211 (C=C), 1488 and 1460 (aryl
C-C), 1430 (NO*) cm™'; +EI MS found M* 340.1701 (0.1 ppm
from calc. mass of C,,H,,NO"): m/z 340 (M*, 84%), 325 (60), 310
(100), 295 (32), 265 (35).

5-12-(9-Phenanthryl)ethynyl]-1,1,3,3-tetramethylisoindolin-2-
yloxyl (14)

9-Iodophenanthrene 18 (59 mg, 0.194 mmol), DABCO (62.5 mg,
0.557 mmol, 3 equiv.), Pd(OAc), (1 mg, 2.5 mol%), 5-ethynyl-
1,1,3,3-tetramethylisoindolin-2-yloxyl 12 (50 mg, 0.233 mmol,
1.2 equiv.) and MeCN (1 mL) were treated as described above. Col-
umn chromatography (SiO,, eluant: 10% EtOAc, 90% n-hexane)
gave 5-[2-(9-phenanthryl)ethynyl]-1,1,3,3-tetramethylisoindolin-
2-yloxyl 14 as an orange solid (52 mg, 0.179 mmol, 90%);
mp 175-178 °C; vpa (ATR-FTIR): 3070 (aryl CH), 2971 and
2924 (alkyl CH), 2214 (C=C), 1490 and 1451 (aryl C-C), 1430
(NO*) cm™'; +EI MS found M* 390.1857 (0.2 ppm from calc.
mass of CxH,,NO*): m/z 390 (M*, 72%), 375 (45), 360 (100), 345
(25).

1,2-Bis-[5,5'-(1,1,3,3-tetramethylisoindolin-2-yloxylyl)|ethyne (15)

5-Todo-1,1,3,3-tetramethylisoindolin-2-yloxyl 3 (61 mg,
0.193 mmol), DABCO (62.5 mg, 0.557 mmol, 3 equiv.), Pd(OAc),
(1 mg, 2.5 mol%), S5-ethynyl-1,1,3,3-tetramethylisoindolin-2-
yloxyl 12 (50 mg, 0.233 mmol, 1.2 equiv.) and MeCN (1 mL) were
treated as described above and heated at 80 °C for 24 h. Column
chromatography (SiO,, eluant: 10% EtOAc, 90% n-hexane)
gave the desired 1,2-bis-[5,5-(1,1,3,3-tetramethylisoindolin-2-
yloxylyl)lethyne 15 and the homocoupled acetylene 1,4-bis-
[5,5-(1,1,3,3-tetramethylisoindolin-2-yloxylyl)]-1,3-butadiyne 16.
Reversed-phase prep-HPLC (45% THEF, 55% H,0) gave 1,2-
bis-[5,5'-(1,1,3,3-tetramethylisoindolin-2-yloxylyl)Jethyne 15 as a
yellow crystalline solid (28 mg, 0.070 mmol, 36%); mp 214-216 °C
(decomp.); vix (ATR-FTIR): 3045 (aryl CH), 2972 and 2928
(alkyl CH), 2207 (C=C), 1496 and 1466 (aryl C-C), 1433
(NO*) cm™'; +EI MS found M* 402.2306 (0.3 ppm from calc.

mass of CoHyyN,O,™): m/z 402 (M*, 95%), 387 (40), 372 (50),
357 (100), 342 (83).

1,4-Bis-[5,5'-(1,1,3,3-tetramethylisoindolin-2-yloxylyl)]-1,3-
butadiyne (16)

5-Ethynyl-1,1,3,3-tetramethylisoindolin-2-yloxyl 12 (50 mg,
0.233 mmol) and Cu(OAc), (65 mg, 0.358 mmol, 1.5 equiv.),
were dissolved in MeOH (0.5 mL) and pyridine (0.5 mL) and
the resultant mixture was refluxed for 1 h. H,SO, (conc.) was
added to the resultant mixture until a suspension formed, which
was subsequently extracted with DCM (3 x 20 mL), washed with
H,O (20 mL), dried (Na,SO,) and the solvent removed under re-
duced pressure to give 1,4-bis-[5,5-(1,1,3,3-tetramethylisoindolin-
2-yloxylyl)]-1,3-butadiyne 16 as an orange crystalline solid (45 mg,
0.105 mmol, 91%); mp 183-185 °C (decomp.); Ve (ATR-FTIR):
3046 (aryl CH), 2975 and 2928 (alkyl CH), 2150 (C=C), 1487 and
1463 (aryl C-C), 1430 (NO") cm™'; +EI MS found M* 426.2307
(0.1 ppm from calc. mass of CxH;3N,O,™): m/z 426 (M*, 40%),
411 (28), 396 (35), 381 (100), 366 (33).

Synthesis of methoxyamines (19-24)

A general procedure for the synthesis of methoxyamines 19-24 is
shown below. For the synthesis of dimethoxyamines 25 and 26 the
amounts of all reagents were doubled.

General procedure

To a solution of acetylene-substituted nitroxide (0.077 mmol) and
FeSO,-7H,0 (0.154 mmol, 2 equiv.) in DMSO (2.6 mL) was added
H,0, (30%, 18 uL). The reaction mixture was stirred under argon
at room temperature for 1.5 h. NaOH (1 M) was added and the
resulting solution extracted with Et,O. The organic phase was
washed with H,O and dried (Na,SO,). Removal of the solvent
under reduced pressure gave the crude methoxyamine. Subsequent
purification was achieved by column chromatography (see below
for specific conditions).

5-[2-(Trimethylsilyl)ethynyl]-2-methoxy-1,1,3,3-
tetramethylisoindoline (19)

Yield: 18 mg, 0.061 mmol, 79%; chromatography: SiO,, 10%
EtOAc, 90% n-hexane; dy: 0.27 (9H, s, SiCH;) 1.43 (12H, br s,
CH,), 3.79 (3H, s, NOCH,), 7.04 (1H, dd, J 0.5 and 7.8 Hz, 7-H),
7.22 (1H, dd, J 0.5 and 1.4 Hz, 4-H), 7.36 (1H, dd, J 1.4 and
7.8 Hz, 6-H); 6.: 0.0 (SiCHs;) 30.3 (CH;), 65.5 (OCH,;), 67.0 (alkyl
C*), 67.1 (alkyl C*), 93.3 (C=C), 105.4 (C=C), 121.5(C-7), 121.8
(C-5), 125.2 (C-6), 131.2 (C-4), 145.3 (C-3a), 145.9 (C-7a).

5-(3-Hydroxy-3-methyl)butynyl-2-methoxy-1,1,3,3-
tetramethylisoindoline (20)

Yield: 12 mg, 0.042 mmol, 55%; chromatography: SiO,, 30%
EtOAc, 70% n-hexane; dy: 1.43 (12H, br s, CHj;), 1.64 (6H, s,
=CCCH;), 2.06 (1H brs, OH), 3.79 (3H, s, NOCH,), 7.04 (1H, dd,
J 0.6 and 7.8 Hz, 7-H), 7.18 (1H, dd, J 0.6 and 1.5 Hz, 4-H), 7.30
(1H, dd, J 1.5 and 7.8 Hz, 6-H); d: 29.7 (CH,), 31.5 (=CCCH,;),
65.5 (=CC*) 65.7 (OCH,;), 67.0 (alkyl C*), 67.1 (alkyl C*), 82.4
(C=C), 93.1 (C=C), 121.4 (C-5), 121.5 (C-7), 124.9 (C-6), 130.8
(C-4), 145.4 (C-3a), 145.6 (C-7a).
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5-[2-(Phenyl)ethynyl]-2-methoxy-1,1,3,3-tetramethylisoindoline
@n

Yield: 15 mg, 0.048 mmol, 62%; chromatography: SiO,, 10%
EtOAc, 90% n-hexane; dy: 1.46 (12H, br s, CH;), 3.81 (3H, s,
NOCH,), 7.10 (1H, d, J 7.8 Hz, 7-H), 7.30 (1H, d, J 1.5 Hz,
4-H), 7.36 (3H, m, ArH), 7.43 (1H, dd, J 1.5 and 7.8 Hz, 6-H),
7.55 (2H, m, ArH); d.: 30.3 (CH;), 65.5 (OCH,;), 67.1 (alkyl C*),
67.2 (alkyl C¥*), 88.7 (C=C), 89.7 (C=C), 121.6 (C-7), 122.0 (C-
5), 123.4 (ArC-C=), 124.8 (C-6), 128.2 (ArC), 128.4 (ArC), 130.8
(C-4), 131.6 (ArC), 145.5 (C-3a), 145.6 (C-7a).

5-Ethynyl-2-methoxy-1,1,3,3-tetramethylisoindolin-2-yloxyl (22)

Yield: 14 mg, 0.059 mmol, 76%; chromatography: SiO,, 10%
EtOAc, 90% n-hexane; Jy: 1.45 (12H, br s, CHs;), 3.07 (1H, s,
=CH), 3.80 (3H, s, NOCH,), 7.08 (1H, dd, J 0.5 and 7.8 Hz,
7-H), 7.27 (1H, dd, J 0.5 and 1.4 Hz, 4-H), 7.40 (1H, dd, J 1.4
and 7.8 Hz, 6-H); J.: 30.3 (CH;), 65.4 (OCHj;), 66.9 (alkyl C*),
67.1 (alkyl C*), 76.5 (C=C), 83.9 (C=C), 120.8 (C-5), 121.5 (C-7),
125.3 (C-6), 131.3 (C-4), 145.5 (C-3a), 146.2 (C-7a).

5-[2-(1-Naphthyl)ethynyl]-2-methoxy-1,1,3,3-
tetramethylisoindoline (23)

Yield: 17 mg, 0.049 mmol, 64%; chromatography: SiO,, 10%
EtOAc, 90% n-hexane; dy: 1.49 (12H, br s, CH;), 3.82 (3H, s,
NOCH;), 7.15 (1H, dd, J 0.5 and 7.8 Hz, 7-H), 7.40 (1H, dd, J
0.5 and 1.5 Hz, 4-H), 7.48 (1H, m, ArH), 7.56 (2H, m, ArH), 7.63
(1H, m, ArH), 7.78 (1H, dd, J 1.5 and 7.8 Hz, 6-H), 7.86 (1H,
m, ArH), 7.89 (1H, m, ArH), 8.46 (1H, m ArH); d.: 30.3 (CHj,),
65.5 (OCH,), 67.2 (alkyl C*), 67.3 (alkyl C¥), 86.9 (C=C), 94.6
(C=0), 121.0 (C-5), 121.7 (C-7), 122.2 (ArC-C=), 124.8 (C-6),
125.3 (ArC), 126.3 (ArC), 126.4 (ArC), 126.8 (ArC), 128.3 (ArC),
128.7 (ArC), 130.3 (ArC), 130.9 (C-4), 133.2 (ArC), 133.3 (ArC),
145.6 (C-3a), 145.8 (C-7a).

5-[2-(9-Phenanthryl)ethynyl]-2-methoxy-1,1,3,3-
tetramethylisoindoline (24)

Yield: 26 mg, 0.063 mmol, 82%; chromatography: SiO,, 10%
EtOAc, 90% n-hexane; dy: 1.51 (12H, br s, CH;), 3.83 (3H, s,
NOCH;), 7.17 (1H, dd, J 0.6 and 7.8 Hz, 7-H), 7.44 (1H, dd, J 0.6
and 1.5 Hz, 4-H), 7.59 (1H, dd, J 1.5 and 7.8 Hz, ArH), 7.63 (1H,
m, ArH), 7.70 (1H, m, ArH), 7.74 (2H, m, ArH), 7.90 (1H, dd, J
1.5 and 7.8 Hz, 6-H), 8.11 (1H, s, ArH), 8.58 (1H, m, ArH), 8.70
(1H, m, ArH), 8.74 (1H, m, ArH); d.: 30.3 (CHj;), 65.5 (OCH,),
67.1 (alkyl C*), 67.2 (alkyl C¥), 87.1 (C=C), 94.3 (C=C), 119.7
(C-5), 121.8 (C-7), 122.1 (ArC-C=), 122.7 (ArC), 122.8 (ArC),
124.9 (C-6), 125.6 (ArC), 127.0 (ArC), 127.1 (ArC), 127.4 (ArC),
128.6 (ArC), 130.1 (ArC), 130.3 (ArC), 131.0 (C-4), 131.2 (ArC),
131.3 (ArC), 131.8 (ArC), 135.8 (ArC), 145.6 (C-3a), 145.9 (C-7a).

1,2-Bis-[5,5-(2-methoxy-1,1,3,3-tetramethylisoindoline)]ethyne
(25)

Yield: 25 mg, 0.058 mmol, 75%; chromatography: SiO,, 10%
EtOAc, 90% n-hexane; dy: 1.46 (24H, br s, CH;), 3.80 (6H, s,
NOCH;), 7.09 (2H, dd, J 0.6 and 7.8 Hz, 7-H), 7.29 (2H, dd, J
0.6 and 1.5 Hz, 4-H), 7.42 (2H, dd, J 1.5 and 7.8 Hz, 6-H); d.:
30.3 (CHj;), 65.5 (OCHs;), 67.1 (alkyl C*), 67.2 (alkyl C*), 89.0

(C=0), 121.6 (C-5 and C-5), 122.1 (C-7 and C-7'), 124.8 (C-6 and
C-6'), 130.8 (C-4 and C-4), 145.4 (C-3a and C-3a’), 145.5 (C-7a
and C-72').

1,4-Bis-[5,5-(2-methoxy-1,1,3,3-tetramethylisoindoline)]-1,3-
butadiyne (26)

Yield: 11 mg, 0.024 mmol, 31%; chromatography: SiO,, 10%
EtOAc, 90% n-hexane; oy: 1.45 (24H, br s, CH;), 3.79 (6H, s,
NOCH;), 7.08 (2H, dd, J 0.5 and 7.8 Hz, 7-H), 7.28 (2H, dd, J
0.5 and 1.5 Hz, 4-H), 7.41 (2H, dd, J 1.5 and 7.8 Hz, 6-H); d¢:
30.3 (CHj;), 65.5 (OCH;), 67.0 (alkyl C*), 67.2 (alkyl C¥), 73.4
(C=C), 81.8 (C=C), 120.6 (C-5 and C-5'), 121.8 (C-7 and C-7),
125.8 (C-6 and C-6'), 131.7 (C-4 and C-4'), 145.6 (C-3a and C-3a’),
146.7 (C-7a and C-7a’).

1-(Phenylethynyl)naphthalene (27)*

1-Iodonaphthalene 17 (57.6 uL, 100 mg, 0.393 mmol), DABCO
(130 mg, 1.200 mmol, 3 equiv.) and Pd(OAc), (2 mg, 2.5 mol%)
was dissolved in dry MeCN (1 mL). Phenylacetylene 10 (51.6 uL,
48 mg, 0.470 mmol, 1.2 equiv.) was added and the mixture heated at
80 °C under argon for 4 h. The solvent was removed under reduced
pressure and the residue taken up in CHCI; (~1 mL). Purification
of the resulting solution by column chromatography (SiO,, eluant:
10% EtOAc, 90% n-hexane) gave 1-(phenylethynyl)naphthalene 27
as a colourless oil (85 mg, 0.373 mmol, 95%); dy: 7.40-7.73 (8H,
m ArH), 7.80-7.92 (3H, m, ArH), 8.49-8.53 (1H, m, ArH); d.:
87.6 (C=C), 94.4 (C=C), 121.0 (ArC), 123.5 (ArC), 125.4 (ArC),
126.3 (ArC), 126.5 (ArC), 126.9 (ArC), 128.4 (ArC), 128.5 (ArC),
128.5 (ArC), 128.9 (ArC), 130.5 (ArC), 131.8 (ArC), 133.3 (ArC),
133.3 (ArC). The NMR data was in agreement with that previously
reported.*

Fluorescence quantum yield calculations

Fluorescence quantum yield measurements were calculated using
cyclohexane as the solvent and anthracene (®@¢ = 0.36) as the
standard. Stock solutions of naphthyl and phenanthryl com-
pounds 13, 14, 23, 24 and 27 (approximately 1 mg 100 mL~',
measured accurately, exact concentrations listed below) were
diluted using analytical glassware to give four solutions of
decreasing concentration, ensuring that the UV-vis absorbance of
the highest concentration did not exceed 0.1 absorbance units at
the fluorescence excitation wavelength (320 nm). The fluorescence
detector voltage was set at 480 V for naphthalenes 13, 23 and 27
and 600 V for the phenanthrenes 14 and 24. The total fluorescence
emission was plotted against UV-vis absorbance to give a straight
line with gradient (m), which was ratioed against the anthracene
standard, giving the quantum yield (®y).

Anthracene (28)

Stock solution 28 (1.07 mg, 0.00600 mmol, 0.0600 mM). Diluted to
give solutions of 12.000, 9.600, 7.200 and 4.800 uM; m = 157765.
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5-[2-(1-Naphthyl)ethynyl]-1,1,3,3-tetramethylisoindolin-2-yloxyl
13

Stock solution 13 (1.07 mg, 0.00314 mmol, 0.0314 mM). Diluted
to give solutions of 5.024, 3.768, 2.512 and 1.256 uM; m = 1896;
@ =0.36 (1896/157765) = 0.004.

5-]2-(9-Phenanthryl)ethynyl|-1,1,3,3-tetramethylisoindolin-2-
yloxyl (14)

Stock solution 14 (0.99 mg, 0.00254 mmol, 0.0254 mM). Diluted
to give solutions of 3.048, 2.540, 2.032 and 1.016 uM; m = 5514;
& =0.36 (5514/1338220) = 0.004.

5-]2-(1-Naphthyl)ethynyl]-2-methoxy-1,1,3,3-
tetramethylisoindoline (23)

Stock solution 23 (1.07 mg, 0.00301 mmol, 0.0301 mM). Diluted
to give solutions of 4.816, 3.612,2.408 and 1.204 uM; m = 361630;
@ =0.36 (361630/157765) = 0.825.

5-[2-(9-Phenanthryl)ethynyl]-2-methoxy-1,1,3,3-
tetramethylisoindoline (24)

Stock solution 24 (1.17 mg, 0.00289 mmol, 0.0289 mM). Diluted
to give solutions of 4.624, 3.468, 2.312 and 1.156 uM; m = 40375;
@ =0.36 (343353/1338220) = 0.257.

1-(Phenylethynyl)naphthalene (27)"

Stock solution 27 (1.08 mg, 0.00473 mmol, 0.0473 mM). Diluted
to give solutions of 3.784, 2.838, 1.892 and 0.946 uM; m = 348354;
@ =0.36 (348354/157765) = 0.795.
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Triazinane diones, readily generated by a recently reported multicomponent reaction, can be easily
alkylated with various alkyl halides, allowing a wide variety of complexity-generating secondary
reactions. Because of the high variability of the initial multicomponent reactions and the multiple
possibilities for participation of substituents in the secondary reactions, a highly diverse set of complex

products was obtained in short and efficient reaction sequences.

Introduction

Recent advances in genomics, proteomics, metabolomics, and
structural biology highlight a clear need for small molecules that
can modulate biological processes.! Combinatorial synthesis is
undisputed as an enabling tool to access the required small-
molecule based compound collections. Although the benefit for
drug discovery seems obvious, the actual hit rates for new drug
candidates have decreased steadily over the past decade.? It has
become clear that not only the number of molecules but also
the structural diversity and molecular complexity of the chosen
scaffolds are key issues to address in the design of a compound
library.?

Rapid generation of diverse sets of complex molecules can be
achieved by employing diversity-oriented synthetic strategies in
combination with complexity-generating reactions.* Multicompo-
nent reactions (MCRs), which combine in one pot at least three
simple building blocks,>® provide a most powerful platform to
access diversity as well as complexity in a limited number of
reaction steps. Here we describe modular reaction sequences based
on our previously reported MCR chemistry”® in combination with
other common organic reactions or even with a second MCR.

“Department of Chemistry and Pharmaceutical Sciences, Vrije Universiteit
Amsterdam, De Boelelaan 1083, 1081, HV, Amsterdam, The Netherlands.
E-mail: orru@few.vu.nl; Fax: +31 20 5987488, Tel: +31 20 5987447
*Bijvoet Center for Biomolecular Research, Crystal and Structural Chem-
istry, Utrecht University, Padualaan 8, 3584, CH, Utrecht, The Netherlands
T Electronic supplementary information (ESI) available: 'H and *C-NMR
spectra of all new compounds. CCDC reference number 686384. For ESI
and crystallographic data in CIF or other electronic format see DOI:
10.1039/b807138a

The MCR platform that we chose for this work is a one-
pot synthetic protocol towards triazinane diones 1, a rather
unexplored class of heterocyclic scaffolds (Scheme 1).”# The four-
component reaction (4CR) combines phosphonate 2, nitriles 3,
aldehydes 4 and isocyanates 5 and proceeds with remarkable
efficiency and flexibility. Furthermore, subsequent alkylation of
5 proved successful and allows attachment of additional synthetic
handles.

Combination of this 4CR with additional complexity-
generating reactions, e.g., ring-closing metathesis (RCM),® cy-
cloaddition reactions (Huisgen' or Diels-Alder!!), or isonitrile-
based MCRs (I-MCR)® enables rapid access to highly com-
plex (poly)heterocyclic scaffolds with pharmaceutically interesting
cores.

Results and discussion

The triazinane dione 1a was chosen as the heterocyclic platform
and our attention initially focused on the combination with
additional MCRs. The isonitrile-based Ugi four-component (U-
4CR)*%12 and Passerini three-component (P-3CR)" reactions,
widely used to generate complex peptide-like products, were
considered as candidate reactions to achieve fast complexity
generation. Thus, as described before,” the 4CR of 2, 3a, 4a and
5a gave the triazinane dione la efficiently. The amide NH was
alkylated (NaH, fert-butyl 2-bromoacetate, DMF) to give tert-
butyl ester 6 in 75% yield. Subsequently, removal of the tert-
butyl group with TFA in CH,Cl, afforded carboxylic acid 7 in
quantitative yield.

The acid 7 was employed in either an U-4CR or a P-3CR
(Scheme 2). The U-4CR was performed in MeOH at room

(6] 3
0o R2 R2 3 z R
ZCN y RSNZC AN o =
E0” 0% = 5 \f complex
E—— — heterocyclic
2 + 4 Rl NH products
R'—=N

RS HNG NG,
T RN
1

Scheme 1 4CR for triazinane diones as versatile platform for complexity generation.
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Scheme 2 Alkylation and then U-4CR or P-3CR reactions.

temperature using isobutyraldehyde, benzylamine or allylamine,
the triazinane dione acid 7 and tert-butyl isocyanide. This indeed
gave the expected peptide-derived triazinane diones 8a and 8b,
respectively, in reasonable to good isolated yields. The P-3CR of
isobutyraldehyde, acid 7 and ferz-butyl isocyanide was performed
in CH,Cl, at room temperature and afforded the corresponding
peptide-like 9 in 62% isolated yield. Thus, combination of our 4CR
and these isonitrile-based MCRs in a short synthetic sequence
(four steps) allows for rapid construction of rather complex,
peptide-functionalized heterocycles. Both the initial 4CR, which
generates the heterocyclic scaffold, as well as the U-4CR and the
P-3CR are easy to perform and compatible with a large variety
of differently functionalized inputs. This makes this four-step
sequence amenable for a combinatorial set-up to generate libraries
of peptidyl triazinane diones of type 8 or 9.

Ph

Ph

o ph 10, 49%
P g
— —_—
HN.___N
Ph \n/ “ph  NaH, DMF Th
0 N

N

12, 60%

JU

Ph \fo
1a /:ﬂN/ N
o}

Next, our attention focused on the construction of highly func-
tionalized bi- or polycyclic ring systems. Combination of the initial
triazinane dione-generating 4CR with RCM or cycloaddition
reactions was envisioned as a powerful strategy to achieve this
goal. Thus, allylation of 1a to afford 10 and subsequent RCM
using the 2™ generation Grubbs’ catalyst'* in CH,Cl, resulted in
the bicyclic triazinane dione 11 (64%, Scheme 3).

To further explore the potential of the triazinane dione scaffold
as a versatile platform for additional cyclization reactions, a
[2 + 3] Huisgen cycloaddition (click reaction)'>!® was considered.
Propargylation of the free NH in 1a (NaH, propargyl bromide,
DMF; Scheme 3) gave the desired product 12 in 60% isolated
yield. Then, the click reaction of 12 and readily available B-
glucosyl azide derivative 13 was performed in a H,O-+-BuOH-
MeCN mixture with CuSO, and sodium ascorbate as the catalyst

Fl’h
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N O
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O N3
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(e}
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H,O/t-butanol
(MeCN)

AcO

OAc 14, 55%

Scheme 3 Alkylation and then RCM or click reactions.
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and co-catalyst, respectively.”® The cycloaddition product 14 was
obtained in a reasonable yield of 55%. Again, combination of our
initial 4CR for triazinane diones and these cyclization protocols
allow rapid complexity generation in a short synthetic sequence
(three steps). The RCM and the [2 + 3] Huisgen cycloaddition
are well established and robust reactions that are compatible
with a wide variety of different functionalities. This opens the
way for easy generation of diversified sets of xanthine-like"’
annelated bicyclic cores 11 or non-natural nucleoside mimics of
type 14.18

Furthermore, a strategy based on the 4CR for triazinane
diones and an intramolecular Diels—Alder (IMDA) reaction was
envisioned to access the desired diversity and complexity of func-
tionalized polycyclic ring systems in a highly efficient manner.”
For this purpose, we decided to introduce the required dienophile
on a furan-functionalized triazinane dione (1b) platform. The
four-component synthesis of 1b proceeded smoothly following
the general procedure reported by us earlier.” Next, reaction of 1b
with methyl E-4-bromo-2-butenoate in DMF after deprotonation
with NaH would lead to 15, which could then be subjected to
heating to give the IMDA product. However, the anticipated
IMDA reaction appears to proceed readily at room temperature
and occurs immediately after alkylation of 1b with the dienophile.
The intermediate alkylation product 15 was not observed. Thus,
the desired polycyclic IMDA product 16a is formed in a very
efficient one-pot domino process and could be isolated in 50%
yield (Scheme 4). The structure of 16a including the relative
stereochemistry is predicted by orbital symmetry considerations
and was unambiguously confirmed by NOESY and X-ray crystal
structure determination (Fig. 1).
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o Ph  NaH, DMF
o
3b 5a
1b
// Ph
o |

NYO
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(0]

=

16a, 50%

Scheme 4 A domino alkylation-IMDA reaction.

Other furan-functionalized triazinane diones underwent similar
efficient spontaneous IMDA cyclization after alkylation with
methyl E-4-bromo-2-butenoate. Thus, alkylation of 1c¢, prepared
efficiently via the 4CR of 2, furonitrile 3b, piperonal 4b and 5a,
resulted in smooth in situ IMDA cyclization to give 16b in high
yield. Similarly, alkylation of 1d, prepared via the 4CR of 2, 3b,
4a and p-methoxyphenyl isocyanate Sh, afforded 16¢ (Scheme 5).
The structures of 16b and 16¢ were assigned on the basis of NOE
intensities between the hydrogens A1-A2, A1-B, A2-C and B-C
(Fig. 1), which have a similar build-up rate as the NOE intensities

Fig.1 Displacement ellipsoid plot of racemic 16a, drawn at the 50% prob-
ability level, indicating the stereochemistry between hydrogens A1-A2,
A1-B, A2-C, B-C and C-D. Other hydrogen atoms are omitted for clarity.

between the corresponding hydrogens in 16a. Also, the coupling
constants of the various hydrogens in 16a (A1-B = 9.5 Hz; A2—
B = 7.3 Hz; B-C = 2.9 Hz; C-D = 4.8 Hz) are comparable
to those observed in 16b and 16c¢, indicating that the relative
stereochemistry of all three compounds is the same.

Thus, combination of our 4CR with an alkylation-IMDA
domino reaction yields a very efficient strategy to access highly
functionalized polycyclic cores in only two reaction steps.

Conclusions

In summary, the 4CR for triazinane diones provides a versatile
platform that can be applied in combination with additional
MCRs, RCM, [2 + 3] cycloaddition and IMDA reactions. This
results in very short reaction sequences (maximum of four) to gen-
erate both diversity and complexity. In some cases, diversification
is based solely on the N-alkyl functionality, while in other cases
various functional groups on the triazinane dione participate in
the secondary reactions, thus leading to increased scaffold diversi-
fication. Combination of both approaches leads to higher overall
diversity and therefore to a better coverage of chemical space. This
strategy will prove useful in the design of combinatorial libraries
based on highly functionalized heterocyclic small molecules.

Experimental
General information

All reactions were carried out under an inert atmosphere of dry ni-
trogen. THF was dried and distilled from sodium—benzophenone
prior to use, CH,Cl, was dried and distilled from CaCl, prior
to use. Other commercially available chemicals were used as
purchased. Thin layer chromatography (TLC) was performed
using aluminium TLC sheets (silica gel 60 F,5,) and compounds
were visualized using UV-detection (254 nm) and colouring with
an anisaldehyde solution (6 mL p-anisaldehyde, 7 mL acetic acid
and 7 mL sulfuric acid in 120 mL of EtOH) or a CER-MOP
solution (5 g molybdophosphoric acid, 2 g cerium(1v) sulfate and
16 mL sulfuric acid in 184 mL of H,0). Column chromatography
was performed using flash silica gel (40-63 um) and mixtures of
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Scheme 5 Two more examples of the domino alkylation-IMDA reaction. PMP = p-methoxyphenyl.

cyclohexane and EtOAc. Melting points are uncorrected. Infrared
(IR) spectra were obtained from pure samples and wavelengths
(v) are reported in cm™'. 'H nuclear magnetic resonance (NMR)
spectra were recorded at 400.13 MHz or 250.13 MHz and "*C
NMR spectra at 100.61 MHz or 62.90 MHz with chemical shifts
(0) reported in ppm downfield from tetramethylsilane. HRMS-
FAB data were measured using a four sector mass spectro-
meter.

General procedure I: alkylation of triazinane diones

NaH (1.1 equivalent, 0.12 M) was added to a flame-dried Schlenk
vessel and dry DMF was added. This suspension was cooled
to 0 °C after which the triazinane dione (1.0 equivalent. 0.11
M) was added. The mixture was then stirred for 1.5 h at 0 °C
after which the appropriate allylic or propargylic bromide was
added (1.1 equivalent, 0.12 M). The reaction mixture was then
allowed to warm to room temperature overnight, after which the
reaction was worked up. DMF was removed by evaporation and
the crude material was dissolved in EtOAc. This organic fraction
was washed twice with water, then with brine, dried (Na,SO,),
filtrated and concentrated by evaporation of the solvent under
reduced pressure. The crude product was purified by column
chromatography (cyclohexane-EtOAc).

tert-Butyl ester 6

Following general procedure I, reaction between triazinane dione
1a (1.00 g, 2.20 mmol) and fert-butyl 2-bromoacetate (340 mg,
2.40 mmol) followed by column chromatography (cyclohexane—
EtOAc=2:1), afforded 6 (945 mg, 75%) as a white foam. 'HNMR
(400 MHz, CDCl,): 7.45-7.58 (m, 2H), 7.09-7.36 (m, 18H), 6.61 (s,
2H),4.03 (s, 2H), 1.39 (s, 9H). "C NMR (101 MHz, CDCl;): 167.7,
153.2, 152.5, 138.6, 138.2, 135.4, 135.1, 135.0, 129.9 (2C), 129.5,
129.2 (20), 129.0, 128.9 (2C), 128.7 (2C), 128.7 (2C), 128.6 (20),

128.3 (20), 128.1, 127.5, 127.0 (2C), 126.4, 81.9, 81.2, 48.2, 27.9
(3C). HRMS (FAB) calculated for C;sH;,N;0, (MH*) 560.2549,
found 560.2543. IR (neat): 2978 (w), 1713 (s), 1676 (s), 1493 (m),
1433 (s), 1321 (m), 1229 (m), 1148 (s), 752 (s), 692 (s).

Triazinane dione acid 7

tert-Butyl ester 6 (900 mg, 1.6 mmol) was dissolved in CH,Cl,
(2 mL) and trifluoroacetic acid (2 mL) was added. This mixture
was stirred for 45 minutes after which the solvent and excess
trifluoroacetic acid were removed by evaporation under reduced
pressure. This afforded crude 7 as a white solid (806 mg, quant.)
without further purification being necessary. 'H NMR (250 MHz,
CDCl,): 7.61-7.57 (m, 2H), 7.40-7.11 (m, 18H), 6.76 (d, J =
16.0 Hz, 1H), 6.62 (d, J = 15.9 Hz, 1H), 4.20 (s, 2H). *C NMR
(101 MHz, DMSO-d;): 169.5, 152.9, 152.2, 138.8, 138.5, 136.1,
135.5, 134.3, 130.1, 129.8, 129.6 (2C), 129.3, 129.3, 129.3 (20),
129.0 (2C), 129.0 (2C), 128.9 (2C), 128.7, 128.4, 127.6, 127.6 (2C),
127.1, 125.8, 81.5, 47.8. HRMS (FAB) calculated for C;; H,N;O,
(MH?*) 504.1923, found 504.1916. IR (neat): 2818 (w), 2567 (w),
1784 (m), 1705 (s), 1636 (s), 1491 (m), 1460 (m), 1445 (s), 1334 (m),
1253 (m), 1213 (s), 1146 (s), 756 (s), 692 (), 590 (s). Melting point:
181.3-181.9 °C (decomp.).

Ugi product 8a

Benzylamine (107 mg, 1.0 mmol) and isobutyraldehyde (72 mg,
1.0 mmol) were dissolved in MeOH (5 mL) containing Na,SO,
(500 mg). This mixture was stirred for 2 h at room temperature,
after which the acid 7 (252 mg, 0.5 mmol) was added. This mixture
was then stirred for an additional 30 minutes after which fert-
butyl isocyanide (42 mg, 0.5 mmol) was added. The reaction
was stirred overnight and then worked up by addition of H,O
(25 mL) and extraction with EtOAc (3 x 25 mL). The combined
organic fractions were washed with brine (25 mL), dried (Na,SO,),
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filtered and concentrated by evaporation of the solvent under
reduced pressure. The crude product was purified by column
chromatography (cyclohexane-EtOAc 4 : 1, gradient) affording 8a
(281 mg, 75%) as a white foam as a 1 : 1 mixture of diastereomers
and rotamers. NMR spectra were recorded at 403K to resolve
the rotamers, but this did not have a good resolving effect on the
NMR spectra. Therefore, quantification of the signals could not
be achieved. '"H NMR (400 MHz, DMSO-d,, 403 K): 7.64 (bs),
7.57 (bs), 7.47-7.46 (m), 7.40 (bs), 7.38 (bs), 7.34-7.11 (m), 6.90—-
6.85 (m), 6.51 (d, J = 16.1 Hz), 6.40 (d, J = 15.6 Hz), 6.26 (d, J =
15.2 Hz), 6.23 (d, J = 16.0 Hz), 4.85 (bs), 4.81 (bs), 4.78 (bs),
4.74 (bs), 4.61 (bs), 4.57 (bs), 4.47 (bs), 4.44 (bs), 4.11 (bs),
2.27-2.22 (m, 1H), 1.18 (s), 1.09 (bs), 0.91 (d, J = 6.5 Hz),
0.88 (bs), 0.74 (d, J = 6.6 Hz), 0.65 (bs). *C NMR (101 MHz,
DMSO-dg, 403 K): 168.5, 168.4, 167.8, 151.8, 151.8, 151.4, 151.4,
139.5,139.5, 137.9, 137.9, 135.5, 135.4, 135.3, 135.2, 134.4, 129.5,
129.5,128.3, 128.3, 128.0, 127.9, 127.8, 127.8, 127.8, 127.7, 127.1,
127.0, 126.9, 126.9, 126.8, 126.5, 126.5, 126.1, 125.7, 80.2, 80.1,
65.3,49.8,49.7,47.7, 47.6, 27.6, 27.5, 27.2, 27.1, 18.3, 18.1, 18.0.
HRMS (FAB) calculated for C,;Hs;N;O, (MH*) 748.3863, found
748.3862. IR (neat): 3341 (w), 3065 (w), 2965 (w), 1717 (m), 1653
(s), 1491 (m), 1437 (s), 1302 (m), 1219 (m), 756 (m), 711 (m), 692 (s),
590 (m).

Ugi product 8b

Allylamine (145 mg, 0.75 mmol) and isobutyraldehyde (53 mg,
0.75 mmol) were dissolved in MeOH (1 mL) containing Na,SO,
(50 mg). This mixture was stirred for 2 h at room temperature, after
which the acid 7 (180 mg, 0.38 mmol) was added. This mixture
was then stirred for an additional 30 minutes after which terz-
butyl isocyanide (32 mg, 0.38 mmol) was added. The reaction
was stirred overnight and then worked up by addition of H,O
(10 mL) and extraction with EtOAc (3 x 10 mL). The combined
organic fractions were washed with brine (30 mL), dried (Na,SO,),
filtered and concentrated by evaporation of the solvent under
reduced pressure. The crude product was purified by column
chromatography (cyclohexane-EtOAc2: 1, gradient) affording 8b
(112 mg, 43%) as a white foam as a 1 : 1 mixture of diastereomers
and rotamers. NMR spectra were recorded at 403 K to resolve
the rotamers, but this did not have a good resolving effect on the
NMR spectra. Therefore, quantification of the signals could not be
achieved. "H NMR (400 MHz, DMSO-d,, 403 K): 7.68-7.65 (m),
7.52-7.39 (m), 7.33-7.28 (m), 7.24-7.16 (m), 7.08 (bs), 7.02 (bs),
6.89-6.87 (m), 6.53 (d, J = 16.1 Hz), 6.49 (d, J = 16.0 Hz), 6.32
(d, J = 16.0 Hz), 5.63 (bs), 5.09-5.04 (m), 4.93-4.86 (m), 4.66—
4.62 (m),4.38 (d,J =17.2Hz),4.29 (d, J = 17.0 Hz), 4.04 (s), 4.02
(s), 2.19-2.14 (m), 1.23 (s), 1.19 (bs), 0.90 (d, J = 6.4 Hz), 0.71
(d, J = 6.7 Hz), 0.69 (bs). *C NMR (101 MHz, CDCl;): 169.6,
169.5, 168.9, 168.8, 153.3, 153.2, 152.7, 152.7, 138.3, 138.2, 135.8,
135.4,135.4,135.1, 134.9, 133.6, 133.2, 130.0, 129.3, 129.1, 129.1,
129.0, 128.9, 128.8, 128.7, 128.7, 128.7, 128.6, 128.6, 128.1, 128.0,
127.5,127.4,127.2, 127.1, 126.9, 126.9, 126.8, 117.1, 116.9, 116.8,
81.2,81.1, 51.3,51.2,47.9, 47.8, 28.5, 28.2, 26.8, 26.6, 19.5, 19.5,
18.7. HRMS (FAB) calculated for C,;H,sN;O, (MH*) 698.3706,
found 698.3702. IR (neat): 2924 (m), 2853 (w), 1751 (s), 1709 (m),
1672 (m), 143 (m), 1441 (m), 1367 (m), 1221 (s), 1037 (s), 912 (m),
731 (m), 694 (m), 596 (w).

Passerini product 9

To a suspension of isobutyraldehyde (54 mg, 0.75 mmol) and
7 (252 mg, 0.50 mmol) in CH,Cl, (5 mL) was added fert-butyl
isocyanide (62 mg, 0.75 mmol). Within a minute the reaction
mixture became clear and it was then stirred overnight after which
the solvent was removed by evaporation under reduced pressure.
The crude product was purified by column chromatography
yielding 9 (203 mg, 62%) as a white foam as a 1 : 1 mixture of
diastereomers. Diastereomer a: '"HNMR (400 MHz, CDCl,): 7.62
(dd, J = 8.1, 1.9 Hz, 2H), 7.40-7.32 (m, 12H), 7.15-7.10 (m, 6H),
6.86 (d, J = 16.0 Hz, 1H), 6.60 (d, J/ = 16.0 Hz, 1H), 6.31 (s, 1H),
4.86 (d, J =3.5Hz, 1H), 4.16 (d, J = 16.2 Hz, 1H), 4.00 (d, J =
16.2 Hz, 1H), 2.34-2.27 (m, 1H), 1.37 (s, 9H), 0.89 (d, / = 7.6 Hz,
3H), 0.87 (d, J = 7.2 Hz, 3H). “C NMR (101 MHz, CDCl,):
168.0, 167.6, 153.8, 152.0, 138.2, 137.4, 135.1, 135.1, 134.7, 129.9,
129.3, 129.2 (2C), 129.0 (2C), 129.0 (2C), 128.9 (2C), 128.8 (2C),
128.7 (2C), 128.6 (2C), 128.4, 127.5, 127.1 (2C), 125.7, 81.6, 79.4,
51.4, 48.1, 30.2, 28.3 (3C), 18.9, 16.5. Diasterecomer b: '"H NMR
(250 MHz, CDCl,): 7.58-7.09 (m, 20H), 6.95 (d, J = 16.0 Hz, 1H),
6.81(d,J =15.9Hz, 1H), 6.46 (s, 1H),4.93 (d,J =3.2Hz, 1H),4.12
(d,J =16.6 Hz, 1H), 3.94 (d, J = 16.6 Hz, 1H), 2.48-2.35 (m, 1H)
1.15(s,9H),0.99 (d, J = 6.9 Hz, 6H). *"CNMR (101 MHz, CDCl,):
168.0, 167.7, 153.7, 152.0, 138.2, 137.3, 135.1, 134.8, 134.4, 129.9,
129.2, 129.1 (2C), 129.0 (2C), 128.9 (2C), 128.8 (2C), 128.8 (2C),
128.6 (2C), 128.5(2C), 128.4, 127.4, 127.2 (2C), 125.8, 81.6, 79.4,
51.4, 48.5, 30.1, 28.2 (3C), 19.1, 16.4. HRMS (FAB) calculated
for C,yHy;3N,Os (MH*) 659.3233, found 659.3237. IR (neat): 3349
(W), 2967 (w), 1716 (s), 1663 (s), 1437 (s), 1319 (m), 1192 (m), 756
(s), 692 (s), 588 (m).

N-Allyltriazinane dione 10

Following general procedure I, reaction between triazinane dione
1a (500 mg, 1.12 mmol) and allyl bromide (150 mg, 1.24 mmol)
followed by column chromatography (cyclohexane-EtOAc = 2 :
1), afforded 10 (267 mg, 49%) as a white foam. '"H NMR (400 MHz,
CDCl;): 7.57-7.55 (m, 2H), 7.38-7.06 (m, 18H), 6.61 (s, 2H), 5.96—
5.89 (m, 1H), 5.14 (ddt, J/ = 10.2, 1.4, 1.4 Hz, 1H), 5.05 (ddt, J =
17.1, 1.4, 1.4 Hz, 1H), 4.20 (ddt, J = 15.7, 5.2, 1.6 Hz, 1H), 3.98
(ddt, J = 15.6, 6.3, 1.3 Hz, 1H) “C NMR (101 MHz, CDCl;):
153.4, 152.7, 138.7, 138.3, 135.5, 135.1, 135.0, 134.0, 129.6 (20),
129.4, 129.2 (2C), 129.0, 128.9 (2C), 128.7 (2C), 128.6 (4C), 128.5
(2C), 128.1, 127.3, 127.0 (2C), 126.5, 117.2, 81.7, 49.0.

HRMS (FAB) calculated for C;;H;xN;O, (MH*) 486.2182,
found 486.2176. IR (neat): 3061 (w), 1716 (s), 1670 (s), 1491 (m),
1420 (s), 1314 (m), 1281 (m), 754 (8), 692 (s), 588 (m).

RCM product 11

Grubbs’ 2™ generation catalyst (22 mg, 0.026 mmol) was added
to a solution of 10 (125 mg, 0.26 mmol) in CH,Cl, (4.5 mL, dry)
and this mixture was heated to reflux for 2 h. Then the solvent
was removed by evaporation under reduced pressure. The crude
product was purified by column chromatography (cyclohexane—
EtOAc =2: 1) affording 11 (63 mg, 64%) as a grey solid. 'H NMR
(250 MHz, CDCl,): 7.49-7.28 (m, 13H), 7.15-7.12 (m, 2H), 6.25
(d,/J=6.3Hz,1H), 5.83(d, J = 6.3 Hz, 1H),4.77 (d, J = 16.2 Hz,
1H), 4.53 (d, J = 16.4 Hz, 1H). *C NMR (101 MHz, CDCl;):
152.5, 150.6, 141.1, 137.5, 135.3, 130.2, 129.3 (2C), 129.0, 129.0
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(4C), 128.7 (20), 128.7 (20), 128.3, 128.2, 127.8, 125.6 (2C), 84.7,
54.0. HRMS (FAB) calculated for C,,H,N;0, (MH*) 382.1556,
found 382.1560. IR (neat): 3067 (w), 2872 (w), 1717 (s), 1684 (s),
1443 (s), 1319 (m), 1194 (w), 760 (m), 731 (m), 694 (m). Melting
point: 199.5-200.1 °C (decomp.).

N-Propargyltriazinane dione 12

Following general procedure I, reaction between triazinane dione
la (500 mg, 1.12 mmol) and propargyl bromide (148 mg,
1.24 mmol) followed by column chromatography (cyclohexane—
EtOAc = 2 : 1), afforded 12 (326 mg, 60%) as a yellow foam.
'"H NMR (250 MHz, CDCl,): 7.61-7.57 (m, 2H), 7.44-7.32 (m,
13H), 7.19-7.12 (m, 5H), 6.99 (d, J = 15.9 Hz, 1H), 6.82 (d, J =
16.0 Hz, 1H), 4.43 (dd, J = 17.5, 2.4 Hz, 1H), 3.96 (dd, J =
17.5, 2.4 Hz, 1H), 2.30 (t, J = 2.4 Hz, 1H). "C NMR (63 MHz,
CDCl;): 153.0,152.6,138.4,137.5,135.3,135.1,134.5,129.7, 129.4
(HSQC), 129.2 (2C), 129.1, 129.0 (2C), 129.0 (HSQC), 128.9 (20),
128.8 (20), 128.8 (2C), 128.6 (2C), 128.3, 127.3, 127.2 (2C), 126.1,
81.7, 79.8, 72.0, 35.4. HRMS (FAB) calculated for C5;,H,N;0,
(MH*) 484.2025, found 484.2032. IR (neat): 3287 (w), 3061 (w),
1713 (s), 1674 (s), 1491 (m), 1431 (s), 1310 (m), 1281 (m), 752 (s),
691 (s), 586 (m).

Triazole 14

12 (100 mg, 0.21 mmol) and 13 (78 mg, 0.21 mmol) were added to a
mixture of H,O-#-BuOH (1 : 1, 400 pul : 400 pl). Sodium ascorbate
(17 mg, 0.084 mmol) and CuSO,-5H,0 (10 mg, 0.042 mmol)
were added to the white suspension and this was stirred for
2.5 h. Then, acetonitrile (400 pl) was added and the mixture was
stirred overnight. An additional batch of sodium ascorbate and
CuSO0O,-5H,0 were added to the clear yellow solution and the
mixture was stirred for another 2 h. The reaction was worked up by
adding H,O (10 mL) and extraction with CH,Cl, (2 x 20 mL). The
combined organic fractions were dried (Na,SO,) and concentrated
by evaporation of the solvent under reduced pressure. The crude
product was purified by column chromatography (cyclohexane—
EtOAc = 2 : 1, gradient) affording 14 (99 mg, 55%) as a light
yellow sticky oil as a 1 : 1 mixture of diastereomers. Diastereomer
a: '"H NMR (400 MHz, CDCl,): 8.00 (s, 1H), 7.62-7.60 (m, 2H),
7.44-7.28 (m, 12H), 7.21-7.13 (m, 4H), 7.08-7.06 (m, 2H), 6.89 (d,
J =16.0 Hz, 1H), 6.51 (d, J = 15.9 Hz, 1H), 5.83-5.81 (m, 1H),
5.46-5.43 (m, 2H), 5.28-5.23 (m, 1H), 4.91 (d, J = 15.2 Hz, 1H),
4.69 (d, J = 15.0 Hz, 1H), 4.32 (dd, J = 12.6, 4.5 Hz, 1H), 4.26—
4.15 (m, 1H), 4.02-3.98 (m, 1H), 2.10 (s, 3H), 2.10 (s, 3H), 2.08
(s, 3H), 2.04 (s, 3H). *C NMR (101 MHz, CDCl;): 170.4, 169.9,
169.1, 168.3, 153.2, 152.4, 144.8, 139.0, 138.1, 135.7, 135.3, 135.0,
129.6 (2C), 129.3, 129.1 (20), 128.8, 128.7 (2C), 128.6 (4C), 128.4
(20), 128.1, 128.1 (2C), 127.3, 127.1 (2C), 127.0, 123.2, 85.7, 81.7,
75.0,72.5,70.3,67.5,61.4,41.0,20.6,20.4 (2C), 19.8. Diastereomer
b: "TH NMR (400 MHz, CDCl,): 7.89 (s, 1H), 7.63-7.56 (m, 2H),
7.44-7.28 (m, 12H), 7.21-7.20 (m, 4H), 7.15-7.08 (m, 2H), 6.96
(d, J = 16.0 Hz, 1H), 6.60 (d, J = 16.0 Hz, 1H), 5.85-5.82 (m,
1H), 5.46-5.42 (m, 2H), 5.27-5.24 (m, 1H), 4.82 (d, J = 15.2 Hz,
1H), 4.69 (d, J = 15.1 Hz, 1H), 4.32 (dd, J = 12.7, 4.7 Hz, 1H),
4.17-4.13 (m, 1H), 4.01-3.97 (m, 1H), 2.09 (s, 3H), 2.09 (s, 3H),
2.08 (s, 3H), 2.05 (s, 3H). "C NMR (101 MHz, CDCl;): 170.4,
169.8, 169.1, 168.6, 153.4, 152.4, 144.7, 138.5, 138.1, 135.3, 135.3,

135.0, 129.6 (2C), 129.4, 129.0 (2C), 128.8, 128.7 (2C), 128.7 (2C),
128.6 (2C), 128.5 (2C), 128.3 (2C), 128.1, 127.3, 127.1 (2C), 126.9,
122.7,85.7, 81.8, 75.0, 72.6, 70.3, 67.5, 61.3, 41.0, 20.6, 20.4 (2C),
20.0. HRMS (FAB) calculated for C,sH,sNO,, (MH*) 857.3146,
found 857.3146. IR (neat): 3350 (w), 3067 (w), 2967 (w), 2247 (w),
1713 (s), 1655 (s), 1493 (m), 1441 (s), 1304 (m), 1223 (m), 1186 (m),
909 (s), 727 (8), 692 (s), 646 (m), 690 (m), 519 (m).

Diels—Alder product 16a

Following general procedure I, reaction between triazinane dione
1b (250 mg, 0.57 mmol) and methyl E-4-bromo-2-butenoate
(113 mg, 0.63 mmol) followed by column chromatography
(cyclohexane-EtOAc = 2 : 1), afforded 16a (144 mg, 47%) as
a yellow solid. 16a was crystallized by slow evaporation of an
EtOAc-solution. '"H NMR (400 MHz, CDCl;): 7.51-7.32 (m,
12H), 7.26-7.23 (m, 3H), 6.98 (d, J = 15.7 Hz, 1H), 6.61 (d,
J = 15.8 Hz, 1H), 6.10 (dd, J = 5.9, 1.6 Hz, 1H), 6.00 (d, J =
5.9 Hz, 1H), 5.33 (dd, J = 4.8, 1.6 Hz, 1H), 4.20 (dd, J = 11.3,
9.5 Hz, 1H), 3.75 (dd, J = 11.7, 7.3 Hz, 1H), 3.63 (s, 3H), 3.26
(dd, J = 4.8, 2.9 Hz, 1H), 2.61 (ddd, J = 9.4, 7.3, 2.9 Hz, 1H).
BC NMR (101 MHz, CDCl;): 170.8, 152.7, 150.5, 136.3, 135.3,
134.7,133.8, 133.2, 133.0 (2C), 129.3 (4C), 129.1 (3C), 128.8 (20),
128.5, 128.2, 127.2 (3C), 132.2, 98.8, 80.4, 77.1, 52.9, 52.2, 50.2,
42.7. HRMS (FAB) calculated for C;,;H,sN;O5 (MH*) 534.2029,
found 534.2031.

IR (neat): 3013 (w), 1717 (s), 1676 (s), 1449 (s), 1319 (m),
1213 (m), 754 (m), 694 (m). Melting point: 194.9-195.4 °C
(decomp.).

Crystallographic data for 16a

C;,H,,N;Os, Fw = 533.57, yellow plate, 0.36 x 0.36 x 0.12 mm?,
monoclinic, P2,/c (no. 14), a = 9.8195(1), b = 25.2307(3), ¢ =
11.4069(2) A, f = 112.6460(5)°, V = 2608.20(6) A>, Z =4, D, =
1.359 g em™, 4 = 0.09 mm™". 28707 Reflections were measured
on a Nonius Kappa CCD diffractometer with rotating anode
(graphite monochromator, 4 = 0.71073 A) up to a resolution
of (sin 0/A)ms = 0.65 A" at a temperature of 150 K. The
reflections were corrected for absorption and scaled on the basis
of multiple measured reflections with the program SORTAV?
(0.95-0.99 correction range). 5961 Reflections were unique (R, =
0.0497). The structure was solved with Direct Methods (program
SHELXS-97*") and refined with SHELXL-97* against F* of all
reflections. Non hydrogen atoms were refined with anisotropic
displacement parameters. All hydrogen atoms were located in
difference Fourier maps. Methyl and phenyl hydrogen atoms
were refined with a riding model; all other hydrogen atoms
were refined freely with isotropic displacement parameters. 398
Parameters were refined with no restraints. R1/wR2 [I > 2a(I)]:
0.0464/0.1247. R1/wR2 [all refl.]: 0.0716/0.1416. S = 1.085. The
maximum residual electron density peak has a height of 0.84 e
A~ and a distance of 2.34 A to the closest atom H33. Geometry
calculations and checking for higher symmetry was performed
with the PLATON program.?

Triazinane dione 1c¢

Triazinane dione lc was prepared by the method reported by
Groenendaal et al.” Reaction between diethyl methylphosphonate

This journal is © The Royal Society of Chemistry 2008

Org. Biomol. Chem., 2008, 6, 3158-3165 | 3163





(730 mg, 5.0 mmol), furonitrile (510 mg, 5.5 mmol), piperonal
(826 mg, 5.5 mmol) and phenyl isocyanate (1.31 g, 11.0 mmol),
followed by column chromatography (cyclohexane-EtOAc 4 : 1)
afforded 1¢ (1.47 g, 61%) as a brown solid. '"H NMR (250 MHz,
CDCl;): 7.52-7.51 (m, 1H), 7.45-7.27 (m, 8H), 7.52-7.13 (m, 2H),
6.83 (d, J = 15.9 Hz, 1H), 6.76 (s, 3H), 6.46 (dd, J = 3.4, 0.8 Hz,
1H), 6.40 (dd, J =3.4, 1.9 Hz, 1H), 6.11 (d, J = 15.8 Hz, 1H), 6.10
(s, 1H), 5.97 (s, 2H). *C NMR (101 MHz, CDCl;): 152.7, 152.0,
151.7, 148.4, 148.1, 143.5, 136.8, 134.8, 133.4, 129.9 (2C), 129.1,
129.1 (20), 128.7 (4C), 128.2, 128.1, 123.3, 122.4, 110.7, 110.0,
108.4, 105.8, 101.3, 71.0. HRMS (FAB) calculated for CxH,,N;Os
(MH") 480.1559, found 480.1562. IR (neat): 3160 (w), 3069 (w),
2899 (w), 1709 (s), 1667 (s), 1489 (m), 1444 (s), 1325 (m), 1251
(s), 1036 (s), 929 (m), 748 (m), 692 (s), 560 (s). Melting point:
205.8-206.4 °C (decomp.).

Triazinane dione 1d

Triazinane dione 1d was prepared by the method reported by
Groenendaal et al.” Reaction between diethyl methylphosphonate
(730 mg, 5.0 mmol), furonitrile (510 mg, 5.5 mmol), benzaldehyde
(585 mg, 5.5 mmol) and p-methoxyphenyl isocyanate (1.64 g,
11.0 mmol), afforded 1d (1.30 g, 52%) as a light brown solid.
The crude product precipitated out of the reaction mixture after
evaporation of half of the solvent and addition of water (10 mL).
Subsequent washing of the crude product with cold Et,O gave 1d
as a light brown solid. "H NMR (400 MHz, DMSO-d,): 9.16 (s,
1H), 7.82 (dd, J = 1.6, 0.6 Hz, 1H), 7.46 (d, J = 7.2 Hz, 2H),
7.39-7.32 (m, 3H), 7.07 (d, J = 8.9 Hz, 2H), 7.01 (d, J = 8.8 Hz,
2H), 6.95 (d, J = 8.9 Hz, 2H), 6.85 (d, J/ = 15.9 Hz, 1H), 6.83 (d,
J = 9.0 Hz, 2H), 6.56 (dd, J = 3.3, 0.8 Hz, 1H), 6.49 (dd, J =
3.2, 1.8 Hz, 1H), 6.45 (d, J = 16.0 Hz, 1H), 3.77 (s, 3H), 3.70 (s,
3H). ®C NMR (101 MHz, DMSO-d,): 158.9, 158.7, 152.7, 152.4,
152.1,144.3,135.6,133.1,131.6 (2C), 130.8 (2C), 130.2,129.1 (20),
129.0,128.7,127.4(2C), 126.6, 114.1 (4C), 111.1, 110.6, 71.0, 55.6,
55.5. HRMS (FAB) calculated for C,oH,sN;O5 (MH*) 496.1872,
found 496.1868. IR (neat): 3215 (w), 3065 (w), 2905 (w), 1717 (s),
1670 (s), 1508 (s), 1437 (m), 1296 (m), 1240 (s), 1028 (m), 826 (m),
743 (m), 554 (m). Melting point: 195.6-196.3 °C (decomp.).

Diels—Alder product 16b

Following general procedure I, reaction between triazinane dione
1c (250 mg, 0.52 mmol) and methyl E-4-bromo-2-butenoate
(140 mg, 0.78 mmol) followed by column chromatography
(cyclohexane-EtOAc = 2 : 1), afforded 16b (150 mg, 81%, based
on recovered starting material) as an orange solid. 'H NMR
(400 MHz, CDCl;): 7.47-7.29 (m, 8H), 7.23-7.20 (m, 2H), 6.98
(d, J = 1.5 Hz, 1H), 6.93 (dd, J = 8.0, 1.5 Hz, 1H), 6.86 (d, J =
16.1 Hz, 1H), 6.84 (d, / = 7.7 Hz, 1H), 6.41 (d, J = 15.6 Hz, 1H),
6.09 (dd, J = 5.9, 1.6 Hz, 1H), 6.02 (s, 2H), 5.97 (d, J = 5.9 Hz,
1H), 5.32 (dd, J = 4.8, 1.5 Hz, 1H), 4.16 (dd, J = 11.3, 9.6 Hz,
1H), 3.72 (dd, J = 11.5, 7.4 Hz, 1H), 3.62 (s, 3H), 3.25 (dd, J =
4.8,2.9 Hz, 1H), 2.58 (ddd, J = 9.8, 7.3, 2.8 Hz, 1H). *C NMR
(101 MHz, CDCl;): 170.7, 152.6, 150.4, 148.6, 148.3, 136.2, 135.2,
133.7,133.1,132.4(2C), 129.2 (4C), 128.9, 128.7 (4C), 128.4, 128.0,
122.6, 121.1, 108.6, 105.8, 101.4, 98.4, 80.2, 52.8, 52.0, 50.0, 42.6.
HRMS (FAB) calculated for C;;H,sN;O, (MH*) 578.1972, found
578.1932. IR (neat): 2955 (w), 2899 (w), 1713 (s), 1676 (s), 1449 (s),

1319 (m), 1254 (m), 1036 (m), 912 (m), 760 (m), 729 (m), 696 (m).
Melting point: 161.8-162.5 °C (decomp.)

Diels—Alder product 16c

Following general procedure I, reaction between triazinane dione
1d (250 mg, 0.50 mmol) and methyl E-4-bromo-2-butenoate
(135 mg, 0.76 mmol) followed by column chromatography
(cyclohexane-EtOAc=2:1), afforded 16¢ (125 mg, 67%, based on
recovered starting material) as a white solid. '"H NMR (400 MHz,
CDCly): 7.47-7.37 (m, 6H), 7.13 (d, J = 8.9 Hz, 2H), 6.93 (d, J =
15.8 Hz, 1H), 6.88 (d, J = 9.0 Hz, 2H), 6.58 (d, J = 15.7 Hz,
1H), 6.11 (dd, J = 5.9, 1.6 Hz, 1H), 5.99 (d, J/ = 5.9 Hz, 1H),
5.33(dd, J = 4.9, 1.6 Hz, 1H), 4.17 (dd, J = 11.2, 9.5 Hz, 1H),
3.80 (s, 3H), 3.77 (s, 3H), 3.73 (dd, J = 11.3, 7.5 Hz, 1H), 3.62
(s, 3H), 3.25 (dd, J = 4.8, 2.9 Hz, 1H), 2.56 (ddd, J = 9.5, 7.2,
2.8 Hz, 1H). "C NMR (101 MHz, CDCl;): 170.7, 159.2, 159.0,
153.0, 150.7, 134.7, 133.8, 133.1, 132.7 (2C), 130.1 (3C), 129.2,
128.9 (3C), 128.8,127.9, 127.1 (3C), 123.1, 114.0 (2C), 113.5 (20),
98.4, 80.2, 55.3, 52.8, 52.0, 50.2, 42.4. HRMS (FAB) calculated
for C3,H;,N;0; (MH*) 594.2240, found 594.2242. IR (neat): 2955
(w), 2837 (w), 1713 (s), 1676 (s), 1510 (s), 1456 (s), 1296 (m), 1248
(s), 1169 (m), 1032 (m), 829 (m), 731 (m). Melting point: 198.7—
199.3 °C (decomp.).
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A convenient, versatile and straightforward synthesis of a novel heterotrifunctional peptide-based
linker molecule is described. This generic bio-labelling reagent contains an amine-reactive
N-hydroxysuccinimidyl carbamate moiety, an aldehyde/ketone-reactive aminooxy group and a thiol
group with a propensity to form urea, oxime and thioether linkages respectively. The full chemical
orthogonality between the free aminooxy and thiol functionalities was demonstrated through the
preparation of a fluorescent reagent suitable for the selective staining of a carboxaldehyde-modified
surface by means of oxime ligation. The absence of reactivity of these two functions toward the
nucleophile-sensitive active carbamate was obtained by using temporary aminooxy- and
thiol-protecting groups removable under mild conditions. The utility of the linker molecule to cross-link
three different molecular partners has been illustrated by the preparation of fluorescent
tripod-functionalised surfaces which may be useful in developing new peptide microarrays and related

IMMmUuNoSensors.

Introduction

Recent advances in the field of bioconjugate chemistry have
spurred the construction of novel engineered molecules based
on chemoselective coupling reactions either between two (or
more) different biopolymers or between a biopolymer and various
chemical reporter groups. As the resulting bioconjugates possess
the combined and unaltered properties of their individual compo-
nents, bioconjugation appears to be the best approach to introduce
a high level of chemical diversity within complex biopolymers and
provide sophisticated chemically engineered biomolecular tools
essential for various applications in diagnostics, therapeutics and
related biomedical fields.*
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The conjugation of two or more (bio)molecules is most fre-
quently achieved through two sequential steps: (1) the incorpo-
ration of mutually reactive groups into the individual molecular
components, and (2) their bio-orthogonal coupling in solution
leading to the formation of a stable chemical linkage such as
carboxamide, disulfide, hydrazone, oxime, thioether, carbo- or
heterocycle (i.e., Diels—Alder cycloadducts, thiazolidine or triazole
moieties). The use of a heterobifunctional cross-linking reagent
is often required for the implementation of such biocompatible
synthetic strategies. Indeed, numerous commercially available
heterobifunctional coupling agents enable the conversion of free
amino (or sulfhydryl) groups of a biopolymer into carboxamides
(or thioethers) bearing various terminal reactive moieties, includ-
ing activated mixed disulfide, azido, carboxaldehyde, iodoacetyl,
maleimide and succinimidyl esters. Thereafter, the resulting adduct
is conjugated to other (bio)molecular components through a
second chemoselective reaction to give the targeted bioconjugate.
However, such a strategy is not suitable for the preparation of
bioconjugates resulting from the covalent association of three
different molecular partners. In this case, the use of a cross-
linking reagent bearing three different orthogonal reactive groups
is thus required. These trifunctional building blocks are key
components in the preparation of molecular tools for applications
in proteomics and genomics. As illustrative examples, one can
mention: the activity-based probes for the identification of enzyme
activities from complex proteomes;? the energy transfer termina-
tors (i.e., dideoxynucleotides labelled with FRET cassettes) for
DNA sequencing;® and the biopolymer microarrays currently used
for the rapid analysis of various biological events.* However,
only few cross-linkers equipped with a triply orthogonal set
of functional groups have been reported to date. Some het-
erotrifunctional reagents suitable for bio-labelling applications
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are commercially available from Pierce (e.g., Sulfo-SBED biotin
label reagent 1, see Fig. 1 for the corresponding structure)
but one of the three available functionalities found in these
trifunctional reagents is always the biotin moiety, which is used
as an affinity probe (through its strong interaction with avidin,
neutravidin or streptavidin protein) and not as a reactive group
for subsequent reactions with a biopolymer or a reporter group.®
Recently, Watzke et al. reported the design and synthesis of an
aromatic building block 2 for C- and N-terminal protein labelling
and protein immobilisation.® The presence of an azido group,
an S-protected cysteine residue and a carboxylic acid onto the
benzene ring, enable both the fluorescent labelling of proteins and
their subsequent immobilisation on a phosphane-functionalised
surface by means of the Staudinger ligation. However, the full
orthogonality between the three functional groups was not clearly
demonstrated, and no example of sequential triple derivatisa-
tion of reagent 2 with a fluorescent reporter group, a protein
and finally a phosphane-modified surface has been reported to
date.

With the goal in mind to develop a universal, versatile
and ready-to-use bio-labelling reagent, compatible with fragile
biopolymers, we have explored the chemistry of a new family
of heterotrifunctional linker molecules based on a dipeptidyl

photo-reactive
moiety

biotin residue

architecture (i.e., lysine—cysteine) that contains an amine-reactive
N-hydroxysuccinimidyl carbamate, an aldehyde/ketone-reactive
aminooxy group,’ a thiol group and an hydrophilic pseudo-PEG
spacer (Fig. 1). In this paper, we describe the general synthesis of
a representative heterotrifunctional cross-linking reagent 3, used
in a protected form 5, and to illustrate its efficacy in coupling a
representative biomolecule (i.e., a neuropeptide) to two different
molecular partners (namely, a chemical reporter group and a
solid phase). The first targeted application is thus the detection of
neuropetide substance P (SP) through the original immunoassay
SPIT-FRI (for Solid-Phase Immobilised Tripod for Fluorescent
Renewable Immunoassay) recently developed by us.?

Results and discussion

Considerations for the design and synthesis of heterotrifunctional
cross-linking reagents suitable for bio-labelling applications

The two obvious synthetic strategies to obtain heterotrifuntional
linkers consist in derivatising either a triply substituted ben-
zene (the strategy used by Watzke er al) or a functionalized
amino acid (e.g, aspartic acid, lysine),” readily available from
commercial sources. As we suspect that an aromatic core could

reactive toward iod tyl and le moities
after reductive removal of StBu protecting group

reactive toward VR
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Fig. 1 Structures of Sulfo-SBED biotin label reagent 1, heterotrifunctional cross-linker 2 developed by Watzke er al.® and peptide-based cross-linking

reagents 3-5 studied in this work.
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impede some of the physicochemical properties of the resulting
bioconjugates (e.g., fluorescence properties), we decided to use
a pseudo-peptidyl architecture as the scaffold of our tripodal
systems. The choice of its constituting amino acids was guided by
the following requirements: (1) their reactive side-chains should
be easily and selectively converted into bioconjugatable groups,
preferably through standard peptide coupling reactions, (2) the
corresponding heterotrifunctional reagents must display good
water solubility properties achieved by the presence of hydrophilic
moieties within their core structures and/or side-chains, and (3)
the synthetic accessibility of the suitably protected building blocks
must be as easy as possible, especially for the non-natural amino
acids. Thus, we have selected L-cysteine, L-lysine and an original
amino-PEG-acid spacer. A key parameter in the design of our
heterotrifunctional linker lies in its shape and length versatility:
the chosen hydrophilic pseudo-PEG spacer can be introduced
between any of the functional groups (and two spacers can be
introduced at different positions), and its length can be easily
adapted to any targeted use for the linker. Moreover, in order to
have a flexible and easy synthetic access to the heterotrifunctional
linker, we chose a highly convergent and versatile synthetic strategy
(Fig. 2), based on fully protected building blocks and well-
established solution-phase peptide coupling reactions. Concerning
the choice of the three bioconjugatable groups, we have focused
on the well-known bioconjugate chemistry of the aminooxy and
thiol groups.’” The aminooxy group was chosen since we have
already experimented in its use in biomolecule immobilisation on

the solid phase,''* and since we suspected (and proved in this

study, vide infra) that its particular “super-nucleophile” character
would allow an orthogonal reactivity compared with the sulfhydryl
group. We also took advantage of the original and unprecedented
“wet chemistry” of the N-hydroxysuccinimidyl carbamate moiety,
whose potential in the construction of biconjugates (through the
formation of urea linkages) has never been reported,” although
the activated carbamates are more stable than their parent
activated esters. The sequential derivatisation of the tri-orthogonal
set of functional groups of on reagent 3 should enable the covalent
association of three different (bio and/or macro)molecules in a
highly efficient manner respectively through chemoselective N-
acylation reaction (under Schotten—Bauman conditions), Michael
addition (or Sy2 reaction) and oxime ligation. Despite the full
orthogonality between the aminooxy and thiol groups (vide infra),
these bioconjugatable moieties were kept protected subsequent
to their introduction onto the peptide scaffold, to avoid self-
degradation of the heterotrifunctional reagent through side re-
actions with the reactive electrophilic carbon center of the third
functional group. It thus appeared essential to use aminooxy-
and thiol-protecting groups removable under mild conditions
(aqueous buffers, pH 6-9 and room temperature are preferred)
prior to their derivatization in order to keep the integrity of
the (bio)molecules previously anchored onto the trifunctional
peptide-based linker. The aminooxy phthalimide protection and
the sulfhydryl protection as mixed ethyl disulfide (SEt)"* were used
for the temporary masking of these nucleophilic moieties, and so

0
q i Jf;
J 0 N o\)L N
X N/\/ \/\O/Y N "(l)Hz

Heterotrifunctional cross-linker 13

U

(o)

0]
O
g )k /\/O\/\o/\n/N\/\o/\/O\)k \)SJ\NHZ

Fully protected heterotrifunctional cross-linker 5

)K/o f
>L JJ\ /\/0\/\ /\IfN\/\ /\/O\J\OH >L /qr

building block A

S

HZN\)LNH2

\/
building block C

building block B

Fig. 2 Building block approach to the solution-phase synthesis of heterotrifunctional cross-linking reagent 5.
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the synthesis of fully protected derivative 5 was achieved§. As
illustrated in Fig. 2, the use of three functionalised amino acid
building blocks A—C enabled us to develop a highly convergent
synthetic strategy based on solution-phase peptide couplings,
suitable for the generation of a large set of heterotrifunctional
peptide based-linkers derived from 5. Indeed, the re-use of some
building blocks avoided having to start the synthesis from the
beginning with the commercially available lysine and cysteine
derivatives, and additional joining of a pseudo-PEG linker can
be achieved on any of the building blocks.

Synthesis of building blocks A—C used for the preparation of
heterotrifunctional cross-linking reagents

Synthesis of Boc-protected amino-PEG-acid spacer A. The
PEG-based building block was introduced within the peptide scaf-
fold both as a flexible spacer between the anchored biomolecule
and the two other molecular components of the resulting biocon-
jugate, and in order to increase reagent solubility in water and
related aqueous buffers. Linker A was synthesised in 29% overall
yield through a 7-step synthetic procedure depicted in Scheme 1.
Commercially available 2-(2-(2-chloroethoxy)ethoxy)ethanol 6
was allowed to react with sodium azide in the presence of sodium
iodide as a catalyst, under refluxing ethanol, producing azido
compound 7 in quantitative yield. This alcohol was subjected
to Jones’ oxidation to produce carboxylic acid 8. Conversion
of the azido group into primary amine was achieved by Pd/C
catalytic hydrogenation. Two units of the resulting amino acid
9 were assembled by using standard peptide chemistry. The Boc
urethane and the methyl ester were chosen respectively as N- and
C-terminal protecting functions, and BOP phosphonium salt in
the presence of DIEA was used as coupling reagent.” As the final
step, the methyl ester was removed by short treatment of the fully
protected pseudo-PEG linker with 1 M LiOH in H,O-MeOH, to
give the target building block A. All spectroscopic data (see ESI}),
in particular NMR and mass spectrometry, were in agreement
with the structure assigned.

Synthesis of aminooxy-containing lysine building block B. The
introduction of the super-nucleophile aminooxy moiety within
synthetic biopolymers (especially synthetic peptides) is often
achieved through coupling reaction between a free amino group
on the target (bio)macromolecule and a N-protected derivative
of aminooxy acetic acid (Aoaa).’* Carbamate protecting groups
such as Aloc or Boc are often used for amine protection of
Aoaa.” However, their removal conditions, under Pd(0) catalysis
and harsh acidic conditions respectively, are not compatible with
the stability of the bioconjugates targeted through the sequential

§ Synthesis of N-Fmoc aminooxy heterotrifunctional cross-linking reagent
4 was also achieved (see ESI}). Preliminary bio-derivatisation attempts
were performed with this Fmoc derivative, especially through acylation
reactions of its active carbamate moiety with various amine-containing
peptides, but the resulting conjugates were found to be highly hydrophobic.
Thus, the purification and handling of such mono derivatised reagents,
especially in aqueous buffers, are not trivial tasks. Furthermore, the
premature cleavage of the Fmoc group of reagent 4 was observed
during some bioconjugation reactions performed in alkaline buffers.
Consequently, in the present article, we have focused on the derivatisation
of the phthalimide derivative 5, but bioconjugate applications of 4 could be
envisaged, especially those involving more hydrophilic biopolymers such
as nucleic acids.
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Scheme 1  Reagents and conditions: a) NaN; (1.2 equiv), Nal (0.1 equiv),
EtOH, reflux, 5 days, quant. yield; b) Jones’ reagent (3 equiv), ace-
tone, 4 °C to rt, 1 h, 91%; ¢) 10% Pd/C, H,, EtOH, 12 h, quant.
yield; d) Boc,O (1.1 equiv), 2 M aq. NaOH, THEF, 4 °C to rt, 63%.
e) 2,2-dimethoxypropane, 37% HCI, 1 h, 79%. f) BOP (1 equiv), DIEA
(3 equiv), CH;CN, overnight; g) 1 M aq. LiOH, MeOH, rt, 51% (overall
yield for steps f-g). DIEA = N,N-diisopropylethylamine, Boc,O =
tert-butyl dicarbonate, BOP = ((benzotriazole-1-yl)oxy)tris(dimethyl-
amino)phosphonium hexafluorophosphate.

derivatisation of reagent 5. In this context, we first explored the
use of carbamate-type protecting groups removable under mild
reducing conditions (i.e., azidomethyloxycarbonyl (Azoc),'® 2-
pyridyldithioethyloxycarbonyl (Pydec)™), but the corresponding
N-protected Aoaa derivatives were found to be too unstable to
be easily handled. Thus, we turned our attention to the use of
the hydrazine-labile phthalimide protecting group (Pht), which
represents a good compromise between stability and lability. The
phthaloyl protection of this a-nucleophilic moiety has already been
successfully used in the field of bioconjugate chemistry especially
for the solid-supported synthesis of oligomeric bioconjugates and
for the surface immobilisation of biopolymers through oxime
ligation.”® Furthermore, in contrast to the single carbamate-based
protecting groups (i.e., Aloc or Boc), the phthalimide moiety
ensures complete protection of the nitrogen of aminooxyacetic
acid, therefore preventing the N-overacylation side-reaction fre-
quently encountered during aminooxy peptide synthesis.?** To
incorporate the Aoaa moiety within the dipeptidyl architecture
of our heterotrifunctional reagent, we designed building block B,
which corresponds to N“-Boc-L-lysine acylated by Pht-Aoaa-OH
12 (Scheme 2). This N-phthaloyl building block was activated as
the hydroxybenzotriazole (OBt) ester and subsequently coupled
to the free e-amino group of lysine. This pre-activation procedure
avoided an additionnal protection step of the lysine carboxylic acid
function. Pht-Aoaa-OH was converted into the corresponding
OBt esters by treatment with DCC-HOBt in CH;CN-DMF
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Scheme 2 Reagents and conditions: a) DCC (1.2 equiv), HOBt-H,O
(1.2 equiv), CH;CN-DMF (1 : 1, v/v), rt, 2 h; b) Boc-Lys-OH (1 equiv),
DME, rt, 2 h, quant. yield. DCC = N,N’-dicyclohexylcarbodiimide,
HOBt-H,O = hydroxybenzotriazole monohydrate.

(1 : 1).®2 This crude mixture of active esters was directly reacted
with Boc-Lys-OH to provide the corresponding building block Bin
quantitative yield. It is important to note that during the course of
our work, Dumy et al. reported the use of 1-ethoxyethylidene (Eei)-
protected Aoaa for the synthesis of aminooxy peptides suitable
for oxime ligation.** The Eei protecting group prevents N-
overacylation and can be removed under mild acidic conditions
(i.e., aqueous solution of 1% or 5% TFA in CH;CN). Thus, the use
of this Aoaa building block in the synthesis of heterotrifunctional
reagent such as 5 could also have been considered, but would have
required the choice of an alternative protection scheme for the
three building blocks involved in the synthesis of 5 (e.g., Fmoc
strategy).

Synthesis of cysteine building block C. In our first attempts
to prepare trifunctional-bioconjugable cross-linking reagents, we
investigated the synthesis of a pseudo-dipeptide (i.e., lysine—
lysine) containing the hydrophilic pseudo-PEG spacer derived
from building block A, the amine-reactive N-hydroxysuccinimidyl
carbamate, the Aoaa moiety and a thiol-reactive maleimide group.
The corresponding heterotrifunctional reagent 13 was obtained
but the yield was impaired by the poor stability exhibited by the
maleimide group during the chemical assembly process of building
blocks. Indeed, the propensity of the imido group of maleimides
to undergo spontaneous hydrolysis or related nucleophilic ring-
opening reactions has already been reported in the literature® and
was observed by us during the coupling reaction between Boc-
protected amino-PEG-acid spacer A and the two lysine building
blocks.

In this context, we decided to use a thiol group as the third
bioconjugatable reactive group of our reagents. The commercial
availability of N,S-diprotected L-cysteine derivatives has enabled
the obtaining of the required building block C in only two synthetic
steps. The mixed ethyl disulfide (SEt) was used as thiol protection
moiety because of its high stability under acidic and basic
conditions and its lability under mild reducing conditions fully
compatible with sophisticated bioconjugation schemes involving
fragile biopolymers. Furthermore, in contrast to the correspond-
ing aryl derivatives (e.g., 3-nitro-2-pyridylthio, Npys), this mixed
disulfide is not prone to hydrolytic cleavage under the alkaline
conditions (i.e., pH 8-9) currently used in some bioconjugation
reactions. As depicted in Scheme 3, the synthesis of building block
C started with the conversion of the free carboxylic acid function
of Boc-Cys(SEt)-OH into the non-reactive carboxamide moiety
by treatment of the pre-formed isobutyloxy mixed anhydride
with aqueous ammonia.? Finally, the Boc group on carboxamide
14 was removed by treatment with trifluoroacetic acid to yield
building block C as a TFA salt in quantitative yield.

o o}
HoN
2 \-)J\NH2
:\

SV SV
building block C

Boc-Cys(SEt)-OH (TFA salt)

Scheme 3  Reagents and conditions: a) isobutyl chloroformate (1 equiv),
NMM (1 equiv), ethyl acetate, —15 °C, 10 min then 20% aq. NH; (3 equiv),
4°C, 30 min, quant. yield; b) TFA-H,O0 (95:5,v/v),4°Ctort, 1 h, quant.
yield. NMM = N-methylmorpholine, TFA = trifluoroacetic acid.

Synthesis of N-phthaloyl aminooxy heterotrifunctional
cross-linking reagent 5 using amino acid building blocks

Heterotrifunctional reagent 5 was synthesised as shown in
Scheme 4. Due to the availability of the three amino acid building
blocks A, B and C, a highly convergent solution-phase synthesis
from S-protected amino acid H-Cys(SEt)-NH, was developed.
Firstly, the lysine building block B was coupled to S-ethylthio
cysteine carboxamide C in the presence of BOP-DIEA, and the
resulting fully protected dipeptide was treated with a 12% TFA
solution in CH,Cl, to give building block D in quantitative yield.
This latter pseudo-dipeptide was then subjected to the same two-
step reaction sequence: BOP-mediated coupling with building
block A to obtain the fully protected trifunctional pseudo-peptide
15, and subsequent Boc removal to give the free N-terminal PEG-
peptide 16 in 35% overall yield for the two steps. Conversion of
the primary amino group into N-hydroxysuccinimidyl carbamate
was performed with N,N’-disuccinimidyl carbonate (DSC) and
TEA in dry DMFE? Purification was achieved by reverse-phase
HPLC to give the fully protected heterotrifunctional reagent 5
in quantitative yield. For this chromatographic purification, the
use of an acidic mobile phase (i.e., aq. TFA, 0.1%) was found
to be essential to prevent premature hydrolysis of the active
carbamate moiety. All spectroscopic data, especially NMR and
mass spectrometry, were in agreement with the structure assigned
(see ESIY). Interestingly, this reagent could be stored at —20 °C
for several months without detectable degradation.

Bioconjugation applications of fully protected heterotrifuntional
cross-linking reagent 5

To demonstrate the potential utility of reagent 3 in the field of
bioconjugate chemistry, the development of a reliable protocol
enabling the sequential and chemoselective derivatization of the
three reactive groups with three different (bio)molecular partners
was achieved.

Firstly, we have studied both the chemical compatibility between
the free aminooxy and thiol functions and the orthogonality
of their respective protecting groups. As mentioned in the
introduction, a possible application of our heterotrifunctional
reagent concerns biochips and biosensors and thus immobilisation
and visualisation of biopolymers on solid surfaces.?® In order to
validate the immobilisation step, we planned the synthesis of the
fluorescent aminooxy reagent 19 bearing a rhodamine 6G label
and suitable for immobilisation on a aldehyde-functionalised sur-
face by means of oxime ligation (Fig. 3A).* To avoid interferences
with the active carbamate, N-Boc-protected derivative 15 was
employed in the corresponding derivatisation reactions. As the
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Scheme 4  Reagents and conditions: a) BOP (1.1 equiv), DIEA (3.1 equiv), CH;CN-DMF (1 : 1, v/v), rt, 3 h, quant. yield; b) 12% TFA, CH,Cl,, 4 °C to

rt, 3 h, quant. yield; ¢) building block A (1 equiv), BOP (1.1 equiv), DIEA (3 equiv), CH;CN-DMF (1 :
°Ctort, 1 h, 78%; e) DSC (2.5 equiv), TEA (2.5 equiv), DMF, 2 h, quant. yield after RP-HPLC purification.

d) 7.5% TFA, CH,Cl,, 4

iodoacetyl derivatives are known to exhibit excellent selective reac-
tivity toward sulfhydryl groups especially when the corresponding
Sx2 alkylation reaction is performed in aqueous media at slightly
alkaline pH,*® we have decided to perform a fluorescent labelling
reaction between a iodoacetamide-based fluorescent reagent and
the pseudo-peptide 17 bearing free aminooxy and thiol groups
(Scheme 5).

Firstly, removal of the phthaloyl and SEt protecting groups
were achieved successively under standard conditions: treatment
with 1 equiv of hydrazine monohydrate in MeOH and treatment
with an excess of dithiothreitol (DTT) in a mixture of NMP
and aqueous sodium bicarbonate buffer (pH 8.5) respectively.
The resulting N-Boc-protected pseudo-peptide 17 was isolated
by reverse-phase HPLC in a satisfactory yield (overall yield for
the two steps: 45%). The iodoacetamide derivative of rhodamine
dye R6G-WS 18 was attached to the free cysteine of the pseudo-
peptide 17 through a Sy2 reaction performed in aqueous sodium
bicarbonate buffer (pH 8.5). R6G-WS is a water-soluble analogue
of rhodamine 6G recently developed by us,* whose spectral
properties are similar to commercially available Alexa Fluor®

1,v/v), rt, 3 h, 45% after RP-HPLC purification;

532 and Fluo Probe® 532 labels. The thiol-reactive derivative
18 was prepared by using the three-step synthetic procedure
reported by Bouteiller ez al. for sulfocyanine dyes.** The HPLC
elution profile of the reaction mixture has clearly shown the
absence of the doubly labelled pseudo-peptide resulting from
a competitive non-selective anchoring of rhodamine dye onto
the aminooxy and thiol functions.*® The moderate 28% isolated
yield is explained by significant losses of fluorescent conjugate
during the chromatographic purification. For the immobilisation
of the fluorescent reactive label 19 by means of oxime ligation,
a silica surface had to be decorated with an appropriately
functionalised carboxaldehyde. The introduction of these required
aldehyde functions onto solid supports was achieved by using
original surface chemistry developed by us."* For the spotting
experiments, the aminooxy reagent 19 (positive control) as well
as the non-reactive oxime derivative 20 (obtained by mixing 19
with acetone) as a negative control were dissolved in deionised
water at 50 uM. Subsequent to the manual spotting process, the
slides were incubated in a humid atmosphere for 15 min. After
removal of excess reagent and some washings, the fluorescent
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Fig. 3 Silica surface staining with the fluorescently labelled aminooxy reagent 19. A) Principle of immobilisation by oxime ligation. B) Results.
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Scheme 5 Reagents and conditions: a) Hydrazine monohydrate (1 equiv), MeOH, rt, 1 h, 63% after RP-HPLC purification; b) DTT (30 equiv), 0.1 M agq.
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rt, 1 h, 28%.
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signals were recorded and quantified. The obtained results are
shown in Fig. 3B. The immobilisation of 19 gave clear fluorescent
signals, whereas poor signals were obtained for the negative
control. These results demonstrate that the immobilisation of the
aminooxy pseudo-peptide 19 onto the aldehyde-modified silica
surface was successful.

Furthermore, the full chemical orthogonality between free
aminooxy and thiol functions within the same molecule was
demonstrated for the first time, and this should be a valuable
tool for the design of new bioconjugation strategies.

Preparation of fluorescent tripod-functionalized surfaces suitable
for the detection of neuropeptide substance P through the SPIT-FRI
immunoassay. In addition to these preliminary experiments and
to probe the ability of heterotrifunctional cross-linking reagents
such as 3 to conjugate three different molecular partners, we have
prepared fluorescent tripod functionalised surfaces suitable for
the detection of neuropeptide SP through the original SPIT-FRI
immunoassay.® SP is a neuropeptide composed of eleven amino
acid residues with the following sequence: H-Arg-Pro-Lys-Pro-
Glu-Glu-Phe-Phe-Gly-Leu-Met-OH determined by Chang and
Leeman.’ This short peptide is both a neurotransmitter and
a neuromodulator. In the central nervous system, SP has been
associated with the regulation of mood disorders, anxiety, stress,
reinforcement, neurogenesis, respiratory rhythm, neurotoxicity,
nausea, emesis and pain. Its detection in complex biological envi-

o]

o]

(o]
H
A o N
SP analogue—N~ "N ~"~""0
DR

o

o}
N
H
0] H (o) H o]
NNO)LH/\/O\/\O/\WN\/\D/\/O\)LE N\)L
o] o =

o}
N
H
e} H (o]
\/\O/\\,O\)\N N\)LNH
H : :
o i
5

ronments has already been validated by several methods including
immunoassays.** SPIT-FRI detection of this neuropeptide has
already been achieved using a peptide construction derived from
SP, bearing a fluorescent label and immobilised on solid surface
through the neutravidin-biotin interaction.® Such a modified
peptide was readily prepared by solid-phase synthesis but its non-
general structure restricted its use for the preparation of biochips
for detection of SP only. To demonstrate the general applicability
of our heterotrifunctional reagent, we wished to prepare a similar
tripod bearing the SP peptidyl sequence, a fluorescent label and
the aminooxy function for subsequent surface immobilisation by
means of oxime ligation, through a simple and sequential solution-
phase derivatisation approach. As described for the previous SPIT-
FRI experiments on SP, we worked with a validated analogue of
this neuropeptide in which all reactive amino acid residues were re-
placed by non-reactive amino acids and the C-terminal carboxylic
acid converted into carboxamide: H-Arg-Pro-Ala-Pro-Gin-Gin-
Phe-Phe-Gly-Ala-Met-NH,. This latter peptide was reacted with a
slight excess of reagent 5in NMP in the presence of DIEA to obtain
linker-peptide 21. As expected, the acylation reaction was found
to be fast and efficient. Purification was achieved by reverse-phase
HPLC to give 21 in almost quantitative yield. It is also possible to
perform this N-terminal modification reaction in a slightly alkaline
buffer (pH 7-8) compatible with the stability of most proteins, but
in the present case the resulting urea derivative 21 was obtained
in a lower yield. Thereafter, the Pht and SEt protecting groups
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SP analogue = H-Arg-Pro-Ala-Pro-GIn-GIn-Phe-Phe-Gly-Ala-Met-NH;

[l = FP532 (chemical structure was not disclosed by FluoProbes)

Scheme 6 Reagents and conditions: a) H-Arg-Pro-Ala-Pro-Gln-Gln-Phe-Phe-Gly-Ala-Met-NH, (1 equiv), DIEA (6 equiv), NMP, rt, 6 h then acetic acid
(4 equiv), 92% after RP-HPLC purification; b) hydrazine monohydrate (1 equiv), MeOH, rt, 1 h, RP-HPLC purification; ¢) DTT (20 equiv), 0.1 M borate
buffer (pH 8.2), NMP, rt, 2 h then acetic acid (2 equiv), RP-HPLC purification; d) FluoProbe® 532A maleimide (1 equiv), DIEA (3 equiv), NMP, rt, 2 h,
RP-HPLC purification, 15% (overall yield for b + ¢ + d). NMP = N-methylpyrrolidone.
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were cleanly removed by using the two-step synthetic procedure
previously used for the preparation of fluorescent aminooxy
reagent 19 (see Scheme 6). Finally, the site-selective fluorescent
labelling of peptide 22 was achieved by Michael addition of
the thiol group to the maleimide of a water-soluble analogue of
rhodamine 6G (Fluo Probe® 532, FP532). The rhodamine dye—
peptide conjugate 23 was isolated in a pure form by reverse-phase
HPLC (overall yield for the three steps: 15%). Its structure was
confirmed by ESI mass spectrometry (see ESIf). Interestingly, as
already observed for the iodoacetamide derivative 18, no further
reaction between the thiol-reactive maleimide moiety and the
aminooxy group was observed. To obtain biochips suitable for SP
detection through SPIT-FRI method, solid-phase immobilisation
of fluorescent tripod 23 was performed in the same manner as
described for the fluorescent aminooxy reagent 19. After washings,
an intense fluorescence signal was observed and proved the efficacy
of the oxime ligation to covalently graft SP related tripods to
a solid surface (Fig. 4). In a second step, FP647-labelled anti-
SP monoclonal antibodies (mAb) which are able to recognise
both SP and its analogue, were added. As Fluo Probe® 647 acts
as a quencher of FP532, a decrease of fluorescence emission of
FP532 via FRET was observed. Competition experiments using
original SP aimed at detecting and quantifying this neuropetide
are in progress, and the corresponding results will be reported in
due course. Indeed, as previously reported with the biotinylated
tripod,® the added analyte (i.e., SP) will compete with the solid-
phase tripod for the binding to the specific antibody, further
leading to the displacement of the tripod—antibody complex and
thus to an increase of the tripod-related fluorescence proportional
to the amount of the analyte.

A
partial quenching
of FP532 emission

Spotting with 1L of 23
(10 uM)

Same spot after binding of
FP647-labeled anti SP mAb
(1.5 nmol/mL)

B 100 -
80
60
40 -
20 4
0l
A B

Fig. 4 A) Immobilisation of fluorescent tripod 23 on the aldehyde-func-
tionalised silica surface by oxime ligation as described in Fig. 3A. B)
Binding of FP647-labelled anti-SP monoclonal antibodies.

Relative Fluorescence Intensity

These preliminary results clearly show that fluorescent tripods
such as 23, readily obtained through step-by-step bioconjugation
protocols, are promising tools for both immobilisation and
visualisation of biopolymers.

Conclusion

A new heterotrifunctional cross-linking reagent based on a
hydrophilic peptide scaffold and bearing an original set of three
orthogonal reactive groups has been developed. The flexible and

efficient methodology for the solution-phase synthesis of this new
class of pseudo-peptides relies on the use of three pre-synthesised
building blocks. The linker reported herein could be of general
utility to cross-couple three different molecular partners and to
obtain sophisticated (bio)conjugates that are not accessible by
derivatisation of commercially available cross-linking reagents.
Thus, it provides a valuable tool for the introduction of different
functional groups of interest into biopolymers. This has been
demonstrated in the present work by utilising the linker molecule
5 for the covalent attachment of an aminooxy function and a
fluorescence marker to the N-terminus of neuropeptide substance
P, which could be further immobilised on aldehyde-modified glass
slides via highly chemoselective oxime ligation. This new strategy
for the site-specific immobilisation and visualisation of peptides
(and proteins) onto a silica surface is a promising method that
may prove useful in the next future for the ready preparation of
new generations of peptide (or protein) microarrays suitable for
immunoassay applications.*’

ExperimentalZ}
General

Column chromatography purifications were performed on silica
gel (40-63 um) from SdS. TLC were carried out on Merck DC
Kieselgel 60 F-254 aluminium sheets. Compounds were visualised
by one or more of the following methods: (1) illumination with
a short wavelength UV lamp (i.e., 4 = 254 nm), (2) spray with
a 0.2% (w/v) ninhydrin solution in absolute ethanol, (3) spray
with a 3.5% (w/v) phosphomolybdic acid solution in absolute
ethanol. All solvents were dried following standard procedures
(CH,;CN: distillation over CaH,, CH,Cl,: distillation over P,Os,
DMEF: distillation over BaO). Anhydrous ethanol was obtained
by storing absolute ethanol (EtOH, VWR PROLABO, AnalaR
NORMAPUR) over anhydrous Na,SO,. Ethyl acetate (AcOEt,
Riedel de Haén, extra pure) was dried by storage over 4 A
molecular sieves. DIEA and TEA were distilled from CaH, and
stored over BaO. The water-soluble analogue of rhodamine 6G
(R6G-WS) was prepared by using literature procedures.®® N-
Sulfosuccinimidyl[4-iodoacetyllaminobenzoate (Sulfo-SIAB) and
FluoProbes® 532A maleimide were purchased from Pierce
and Interchim respectively. N*-(fert-Butyloxycarbonyl)-L-lysine
(Boc-Lys-OH) was prepared by hydrogenolysis of commercially
available N“-(tert-butyloxycarbonyl)-N®-(benzyloxycarbonyl)-L-
lysine (Boc-Lys(Z)-OH, Bachem). N-(tert-Butyloxycarbonyl)-S-
(ethylthio)-L-cysteine dicyclohexylammonium salt (Boc-Cys(SEt)-
OH). DCHA was purchased from Bachem. Synthetic analogue
of substance P was synthesised in the “Laboratoire d’Etudes et
de Recherche en Immunoanalyse” using a ABI 433A apparatus
(Applied Biosystems) and standard Fmoc chemistry. The HPLC-
gradient grade solvents (acetone, MeOH and CH;CN) were
obtained from Acros or Fisher Scientific. Buffers and aqueous
mobile-phases for HPLC were prepared using water purified with
a Milli-Q system (purified to 18.2 MQ cm). 'H and "C NMR
spectra were recorded on a Bruker DPX 300 spectrometer (Bruker,
Wissembourg, France). Chemical shifts are expressed in parts per
million (ppm) relative to the residual solvent signal: CD;CN (0 =
1.96,6. = 1.79 (CH;), 118.26 (CN)), CDCl; (0 = 7.26,0. = 77.36),
CD;0D 0y = 3.31, dc = 49.00 (CHj;), or D,O (0y = 4.79).3% J
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values are in Hz. Infrared (IR) spectra were recorded as thin-film
on sodium chloride plates or KBr pellets using a Perkin Elmer FT-
IR Paragon 500 spectrometer with frequencies given in reciprocal
centimetres (cm~'). UV-visible spectra were obtained on a Varian
Cary 50 scan spectrophotometer. Chromophore-containing com-
pounds were quantified by UV-visible spectroscopy at the A,
using the corresponding tabulated molar extinction coefficient.
Fluorescence spectroscopic studies were performed with a Varian
Cary Eclipse spectrophotometer. Analytical HPLC was performed
on a Thermo Electron Surveyor instrument equipped with a PDA
detector. Semi-preparative HPLC was performed on a Finnigan
SpectraSYSTEM liquid chromatography system equipped with
UV-vis 2000 detector. Mass spectra were obtained with a Thermo
Finnigan LCQ Advantage Max (ion-trap) apparatus equipped
with an electrospray source or a Voyager DE PRO MALDI-
TOF mass spectrometer (reflector mode, by using a-cyano-4-
hydroxycinnamic acid (CHCA) as matrix).

High-performance liquid chromatography separations

Several chromatographic systems were used for the analytical
experiments and the purification steps. System A: RP-HPLC
(Thermo Hypersil GOLD Cj; column, 5 pm, 4.6 x 150 mm)
with CH;CN and 0.1% aqueous trifluoroacetic acid (aq. TFA,
0.1%, v/v, pH 2.0) as the eluents [0% CH,CN (5 min), followed
by linear gradient from 0 to 60% (30 min) of CH;CN] at a flow
rate of 1 mL min~'. Triple UV detection was achieved at 210,
260 and 285 nm. System B: System A with the following gradient
[20% CH;CN (5 min), followed by linear gradient from 20 to
90% (35 min) of CH;CN]. UV detection was achieved at 254 nm.
System C: System A with visible detection at 530 nm. System D:
RP-HPLC (Varian Kromasil C,3 column, 10 um, 21.2 x 250 mm)
with CH;CN and deionised water as eluents [10% CH;CN (5 min),
followed by linear gradient from 10 to 40% (15 min) and 40 to
70% (40 min) of CH;CN] at a flow rate of 20 mL min~'. Dual
UV detection was achieved at 254 and 305 nm. System E: RP-
HPLC (Thermo Hypersil GOLD C,4 column, 5 um, 10 x 250 mm)
with CH;CN and 0.1% aq. TFA as eluents [10% CH;CN (5 min),
followed by linear gradient from 10 to 40% (15 min) and 40 to
70% (40 min) of CH;CN] at a flow rate of 5 mL min~'. Dual UV
detection was achieved at 254 and 305 nm. System F: System E
with the following gradient [0% CH;CN (5 min), followed by linear
gradient from 0 to 30% (30 min), then from 30 to 60% (15 min)
of CH;CN] at a flow rate of 4 mL min~"'. Visible detection was
achieved at 550 nm. System G: HPLC (Thermo Hypersil GOLD
Cs column, 5 pm, 10 x 250 mm) with CH;CN and 0.1% aq. acetic
acid (aq. AcOH, 0.1%, v/v, pH 3.3) as eluents [0% CH;CN (5 min),
followed by linear gradient from 0 to 30% (30 min) of CH,;CN]
at a flow rate of 4 mL min~'. UV detection was achieved at 220
and 260 nm. System H: RP-HPLC (MS C,;, Waters XTerra, 5 um,
7.8 x 100 mm) with CH;CN and aq. TFA as eluents [0% CH;CN
(5 min), followed by linear gradient from 0 to 50% (50 min) of
CH;CN] at a flow rate of 2 mL min~'. UV detection was achieved
at 305 nm. System I: System H with the following gradient [0%
CH;CN (5 min), followed by linear gradient from 0 to 60% (40 min)
of CH;CN]. Visible detection was achieved at 550 nm.

N°-(tert-Butyloxycarbonyl)- V°-(phthalimidooxyacetyl)-L-lysine
(B). Phthalimidooxyacetic acid 12 (259 mg, 1.1 mmol) was
dissolved in a mixture of dry CH;CN-DMF (1 : 1, v/v, 10 mL).

Hydroxybenzotriazole monohydrate (162 mg, 1.2 mmol) and
DCC (250 mg, 1.1 mmol) were sequentially added and the
resulting reaction mixture was stirred at room temperature for
1 h under an argon atmosphere. Thereafter, a solution of N*-Boc-
L-lysine (317 mg, 1.2 mmol) in dry DMF (1 mL) was added and
the resulting reaction mixture was stirred at room temperature.
The reaction was checked for completion by RP-HPLC (system
A) and TLC (CH,Cl,-MeOH, 8 : 2, v/v). The mixture was
evaporated to dryness. The resulting residue was taken up with
ethyl acetate, washed by 10% aq. citric acid and brine. The organic
layer was dried over Na,SQ,, filtrated and evaporated to dryness.
The resulting residue was purified by chromatography on a silica
gel column with a step gradient of MeOH (0-5%) in CH,Cl, as
the mobile phase, to give the lysine building block B as a white
foam (512 mg, 1.1 mmol, quantitative yield). R; (CH,Cl,-MeOH,
8:2,v/v) 0.68; IR (KBr): v,,, 518, 588, 703, 784, 878, 912, 964,
1030 (broad), 1081, 1164 (broad), 1249, 1368, 1469, 1520, 1732,
1792, 2936, 3357 (broad) cm™'; '"H NMR (300 MHz, CD;0D):
0 1.59-1.87 (m, 15H, CH, B, 9, v Lys, tBu), 3.31-3.37 (q, J =
6.3 Hz, 2H, CH, ¢ Lys), 4.25-4.29 (t, / = 5.5 Hz, 1H, CH «
Lys), 4.72 (s, 2H, CH, phthalimidooxy-acetyl), 7.74-7.87 (m,
4H, phthalimide), 10.74 (s, 1H, CO,H); *C NMR (75.5 MHz,
CD,0OD): ¢ 22.5, 28.3, 28.7, 32.0, 39.1, 53.3, 53.5, 80.0, 124.1,
128.5, 135.2, 163.2, 167.8, 175.6; MS (ESI+): m/z 449.33 [M +
HJ*, 472.13 [M + NaJ*, calcd for C,, H,;N;Oy 449.46.

N-(tert-Butyloxycarbonyl)-S-(ethylthio)-L-cysteine carboxam-
ide (14). Boc-Cys(SEt)-OH. DCHA (0.5 g, 1.08 mmol) was dis-
solved in dry ethyl acetate (15 mL) and the resulting solution was
cooled to —15°C (bath of ethylene glycol-dry ice). NMM (119 uL,
1.08 mmol) and isobutyl chloroformate (140 puL, 1.08 mmol) were
sequentially added and the resulting mixture was stirred at —15 °C
for 10 min under an argon atmosphere. To this mixed anhydride
solution was added 20% (v/v) aq. ammonia solution (0.38 mL,
3.24 mmol) and the mixture was stirred at 4 °C for 30 min.
Thereafter, the reaction mixture was evaporated to dryness; the
resulting residue was taken up in ethyl acetate and washed with
deionised water. The organic layer was dried over Na,SO,, filtrated
and evaporated to dryness. 302 mg (1.08 mmol) of Boc-Cys(SEt)-
NH, 14 was obtained as a white solid (quantitative yield). R;
(CH,CL,-AcOEt, 1 : 1, v/v) 0.47; IR (KBr): vy, 623, 653, 714,
759, 778, 822, 860, 947, 969, 1021, 1046, 1115, 1169, 1255, 1270,
1320, 1370, 1393, 1429, 1517, 1662, 1686, 2781, 2871, 2930, 2975,
3186, 3342, 3389 cm™'; '"H NMR (300 MHz, CDCl;): 6 1.24-1.29
(t,J = 6.8 Hz, 3H, CH;(SEt)), 1.39 (s, 9H, tBu), 2.63-2.70 (q, J =
7.1 Hz, 2H, CH,(SEt)), 2.99-3.01 (d, J = 6.0 Hz, 2H, CH, p),
4.36-4.39 (m, 1H, CH a), 5.25-5.28 (d, / = 9.0 Hz, 1H, NH), 5.63
(bs, 1H, NH), 6.31 (bs, 1H, NH); *C NMR (75.5 MHz, CDCl,): 6
13.8,27.8, 32.0, 39.9, 53.0, 80.1, 155.1, 172.6; MS (MALDI-TOF,
positive mode): m/z 303.13 [M + Na]*, caled for C,(H,N,O;S,
280.41.

S-(Ethylthio)-L-cysteine carboxamide (C). Boc-Cys(SEt)-NH,
14 (336 mg, 1.2 mmol) was slowly dissolved in a stirred TFA-H,O
mixture (95 : 5, v/v, 14 mL) while being warmed from 4 °C to
rt over 1 h. The reaction was checked for completion by TLC
(CH,Cl,-MeOH, 9 : 1, v/v) and the mixture was evaporated
almost to dryness. Deionised water was added and the resulting
solution was lyophilised to give the cysteine building block C
as a white powder (353 mg, 1.2 mmol, quantitative yield). R;
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(CH,C1,-Me¢OH, 9: 1, v/v) 0.09; IR(KBr): v,,,, 582, 676, 725, 801,
844,869,955, 1136, 1185, 128, 1302, 1346, 1441, 1531, 1574, 1615,
1682, 2361, 2979, 3188, 3314, 3391 cm™'; 'H NMR (300 MHz,
D,0): § 1.26-1.31 (t, J = 7.1 Hz, 3H, CH;(SEt)), 1.39 (s, 9H),
2.72-2.80(q, J = 7.1 Hz, 2H, CH,(SEt)), 3.25-3.26 (d, J = 6.0 Hz,
2H, CH, B), 4.30-4.35 (m, 1H, CH 0); *C NMR (75.5 MHz, D,0):
013.8,30.1, 38.3, 52.2, 170.8; MS (MALDI-TOF, positive mode):
m/z 181.00 [M + HJ*, caled for CsH,,N,OS, 180.29.

N°~(Phthalimidooxyacetyl)-L-lysinyl-S-(ethylthio)-L-cysteine car-
boxamide (D). (a) Coupling reaction: Lysine building block B
(215 mg, 0.48 mmol) and TFA salt of H-Cys(SEt)-OH C (141 mg,
0.48 mmol) were dissolved in a mixture of dry CH;CN-DMF
(1:1,v/v, 5mL). BOP reagent (233 mg, 0.53 mmol) and freshly
distilled DIEA (275 pL, 1.5 mmol) were sequentially added and
the resulting reaction mixture was stirred at room temperature for
3 h under an argon atmosphere. The reaction was checked for
completion by RP-HPLC (system A) and TLC (CH,Cl,-MecOH,
9 : 1, v/v). Thereafter, the mixture was evaporated to dryness.
The resulting residue was taken up with ethyl acetate, washed
by 10% aq. citric acid, aq. sat. NaHCO; and brine. The organic
layer was dried over Na,SQO,, filtrated and evaporated to dryness.
The resulting residue was purified by chromatography on a silica
gel column with a step gradient of MeOH (0-5%) in CH,Cl, as
the mobile phase, to give the coupling product as a white foam
(288 mg, 0.47 mmol, quantitative yield). R; (CH,Cl,-MeOH, 9 :
1, v/v) 0.58; IR (KBr): v, 518, 588, 702, 786.2, 846, 878, 912,
1030 (broad), 1082, 1132, 1167 (broad), 1251, 1288 (broad), 1367,
1467, 1524 (broad), 1667 (broad), 1737, 1792, 2868, 1929, 3321
(broad)cm™"; "THNMR (300 MHz, CDCl;):6 1.27-1.32(t,3H, J =
7.3 Hz, CH;(SEt) Cys), 1.32-2.03 (m, 15H, CH, B, 3, y Lys, tBu),
2.66-2.74 (q, 2H, J = 7.3 Hz, CH,(SEt) Cys), 3.05-3.19 (m, 2H,
CH, B Cys), 3.29-3.45 (m, 2H, CH, ¢ Lys), 3.99-4.05 (m, 1H, CH o.
Lys), 4.70 (s, 2H, CH, phthalimidooxy-acetyl), 4.70-4.77 (m, 1H,
CH a Cys), 5.52-5.54 (d, J = 5.6 Hz, |H, NH), 5.75 (bs, |H, NH),
6.95 (bs, 1H, NH), 7.79-7.83 (m, 4H, phthalimide); *C NMR
(75.5 MHz, CDCl;): 0 14.4,22.7,28.4,28.9, 29.8, 32.5, 38.4, 39.5,
52.4, 53.6, 124.3, 128.5, 135.3, 163.9, 167.4, 172.6; MS (ESI+):
m/z611.67[M + HJ*, 629.00 [M + H,O]*", calcd for C,sH;;N;O;S,
611.74. (b) Removal of the Boc group: Fully protected dipeptide
(223 mg, 0.36 mmol) was dissolved in dry CH,Cl, (12 mL) and the
solution was cooled to 4 °C. TFA (1.6 mL, 21.9 mmol) was added
dropwise and the resulting reaction mixture was stirred at room
temperature for 3 h. The reaction was checked for completion by
TLC (CH,Cl,-MeOH, 9 : 1, v/v) and the mixture was evaporated
to dryness. The resulting oily residue was dissolved in deionised
water and the resulting aqueous solution was lyophilised to give
the dipeptide building block D as a white amorphous powder
(221 mg, 0.35 mmol, quantitative yield). This compound was used
in the next coupling reaction step without further purification.

Fully protected heterotrifunctional cross-linker (5). (a) Cou-
pling reaction: The TFA salt of dipeptide D (269 mg, 0.43 mmol)
and Boc-protected amino-PEG-acid spacer A (175 mg, 0.43 mmol)
were dissolved in dry CH;CN-DMF (1 : 1, v/v, 5 mL). BOP
reagent (209 mg, 0.47 mmol) and dry DIEA (222 pL, 1.29 mmol)
were sequentially added and the resulting reaction mixture was
stirred at room temperature for 3 h under an argon atmosphere.
The reaction was checked for completion by RP-HPLC (system A)

and TLC (CH,Cl,-MeOH, 9 : 1, v/v). Thereafter, the reaction
mixture was evaporated to dryness. The resulting residue was
taken up with ethyl acetate, washed by 10% aq. citric acid, sat.
aq. NaHCO; and brine. The organic layer was dried over Na,SO,,
filtrated and evaporated to dryness. The resulting residue was
dissolved in a mixture of CH;CN-H,O (2: 1, v/v, 4.5 mL) and
purified by RP-HPLC (system D, 3 injections, #z = 31.3-32.6 min).
The product-containing fractions were lyophilised to give the
coupling product 15 as a white amorphous powder (133 mg,
0.15 mmol, yield 45%). R; (CH,Cl,-MeOH, 9 : 1, v/v) 0.50; IR
(KBr): v, 703, 755, 878, 1127 (broad), 1253, 1367, 1456, 1339,
1662.3 (broad), 1733, 1791, 2926, 3344 (broad) cm™'; '"H NMR
(300 MHz, CDCl;): 0 1.27-1.32 (t, 3H, J = 7.3 Hz, CH;(SEt)
Cys), 1.43-1.95 (m, 15H, CH, B, 6, v Lys, tBu), 2.66-2.73 (q, 2H,
J = 7.3 Hz, CH,(SEt) Cys), 3.04-3.15 (m, 2H, CH, B Cys), 3.39—
4.02 (m, 18H, CH, ¢ Lys + 8 x CH, linker), 4.03 (s, 4H, 2 x
CH, linker), 4.39-4.45 (m, 1H, CH a Lys), 4.68-4.72 (m, 3H, CH,
phthalimidooxy-acetyl + CH o Cys), 5.23 (bs, 1H, NH), 6.00 (bs,
2H, NH,), 6.16 (bs, 1H, NH), 6.97 (bs, 1H, NH), 7.46 (bs, 2H,
2 x NH), 7.79-7.83 (m, 4H, phthalimide); "C NMR (75.5 MHz,
CDCly): 0 14.4,22.8, 28.5, 28.8, 31.4, 32.5, 38.8, 38.9, 39.2, 40.5,
52.6, 53.5, 70.1, 70.3, 70.4, 71.1, 71.2, 124.3, 128.6, 135.3, 163.9,
167.5,171.0,171.2,172.0, 175.7; HPLC (system A): tr = 26.9 min;
MS (ESI+): m/z 902.00 [M + HJ*, 919.00 [M + H,O]*", 924.33
[M + NaJ*, calcd for C;xH5N,0,S, 902.06. (b) Removal of the
Boc group: Fully protected pseudo-peptide 15 (25 mg, 28 umol)
was dissolved in dry CH,Cl, (2 mL). The solution was cooled
to 4 °C and TFA (164 uL, 2.2 mmol) was added dropwise. The
resulting reaction mixture was stirred at room temperature for 1 h.
The reaction was checked for completion by RP-HPLC (system
A) and the mixture was evaporated to dryness. A minimum of
deionised water was added (ca. 3 mL) and the resulting aq. solution
was purified by RP-HPLC (system D, 2 injections, t; = 31.4—
35.0 min). The product-containing fractions were lyophilised to
give the PEG-peptide 16 as a white amorphous powder (20 mg,
22 umol, yield 78%). HPLC (system A): tr = 22.7 min, purity 95%;
MS (ESI+): m/z802.60 [M + HJ*, calcd for C3;H5,N;0,,S, 801.94.
(¢) Conversion into N-hydroxysuccinimidyl carbamate: TFA salt
of PEG-peptide 16 (20 mg, 22 pmol) was dissolved in dry DMF
(500 pL). TEA (3.7 pL, 26.4 pmol) and 50 pL of a solution of
DSC reagent in dry DMF (14 mg, 55 umol) were sequentially
added and the resulting reaction mixture was stirred at room
temperature for 2 h. The reaction was checked for completion by
RP-HPLC (system A). Finally, the reaction mixture was quenched
by dilution with aq. TFA 0.1% (pH 2, ca. 2 mL) and purified
by RP-HPLC (system E, 2 injections, t = 25.9-27.8 min). The
product-containing fractions were lyophilised to give 5 as a white
amorphous powder (20 mg, 21 umol, quantitative yield). 'H NMR
(300 MHz, CDCl;):0 1.23-1.27 (t, 3H, J = 7.2 Hz, CH;(SEt) Cys),
1.44-1.93 (m, 6H, CH, B, 6, y Lys), 2.65-2.73 (q, 2H, J = 7.2 Hz,
CH,(SEt) Cys), 2.82 (s, 4H, 2 x CH, succinimide), 2.98-3.18 (m,
2H, CH, B Cys), 3.33-3.77 (m, 18H, CH, ¢ Lys + 8 x CH, linker),
4.03 (s, 4H, 2 x CH, linker), 4.43-4.45 (m, 1H, CH a Lys), 4.68—
4.71 (m, 3H, CH, phthalimidooxy-acetyl + CH a Cys), 6.06 (bs,
1H, NH), 6.90 (bs, 1H, NH), 7.00-7.04 (m, 3H, NH + NH,),
7.78-7.83 (m, 4H, phthalimide); *C NMR (75.5 MHz, CDCl,): 6
14.4,22.8, 25.6, 28.8, 31.5, 32.5, 38.9, 39.0, 39.2, 41.9, 52.6, 53.3,
69.5, 70.1, 70.2, 70.3, 71.0, 71.1, 77.4, 124.2, 128.6, 135.3, 152.0,
163.9, 167.7, 170.4, 171.3, 171.3, 172.1, 173.5; HPLC (system A):
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tg = 25.2 min, purity 92%; MS (ESI+): m/z 943.27 [M + HJ*,
965.20 [M + Na]*, calcd for Cy;3Hs, N3OS, 943.03.

Sulthydryl aminooxy pseudo-peptide (17). (a) Removal of the
phthaloyl group: Fully protected pseudo-peptide 15 (11.0 mg,
12.2 umol) was dissolved in MeOH (1.5 mL) and a solution of
hydrazine monohydrate (12.2 umol) in MeOH (250 uL) was added.
The resulting reaction mixture was stirred at room temperature
for 1 h. The deprotection reaction was checked for completion
by RP-HPLC (system A). Thereafter, volatiles were removed
under reduced pressure without warming. 0.1% aq. TFA (pH 2,
1 mL) and CH;CN (1 mL) were added and the resulting solution
was purified by RP-HPLC (system G, 2 injections, t = 32.8-
39.2 min). The product-containing fractions were lyophilised to
give aminooxy pseudo-peptide as a white amorphous powder
(5.9 mg, 7.6 umol, yield 63%). '"H NMR (300 MHz, D,0): 6 1.23—
1.28 (t, 3H, J = 7.3 Hz, CH;(SEt) Cys), 1.40-1.86 (m, 15H, CH,
B, 8, vy Lys, tBu), 2.67-2.74 (q, 2H, J = 7.3 Hz, CH,(SEt) Cys),
3.19-3.27 (m, 4H, CH, B Cys, CH, ¢ Lys), 3.44-3.48 (t,J/ = 5.5 Hz,
2H, CH, linker), 3.56-3.60 (t, J/ = 5.3 Hz, 2H, CH, linker), 3.64—
3.74 (m, 8H, 4 x CH, linker), 4.00 (s, 4H, 2 x CH, linker), 4.06
(s, 2H, CH, linker), 4.15 (s, 2H, CH, linker) 4.10 (s, 2H, CH,
linker), 4.35-4.37 (t, J/ = 2.0 Hz, 1H, CH o Lys), 4.40-4.63 (t, J =
4.6 Hz, 1H, CH a Cys); HPLC (system A): # = 23.7 min. MS
(ESI+): m/z 772.00 [M + HJ*, caled for C;Hs;N,0,,S, 771.96.
(b) Removal of the SEt group: Aminooxy pseudo-peptide (5.9 mg,
7.6 umol) was dissolved in a mixture of 0.1 M aq. NaHCO; buffer
(pH 8.5, 500 uL) and NMP (400 pL). DTT (20.0 mg, 130 pmol)
was added and the resulting reaction mixture was stirred at room
temperature for 1 h. The reaction was checked for completion
by RP-HPLC (system A). Further amount of DTT (15.0 mg,
97 umol) was added and the mixture was stirred for 2 h. Finally,
the reaction mixture was quenched by dilution with 0.1% aq.
AcOH (pH 3.3, 10 mL) and the solution was lyophilised. The
resulting residue was dissolved in a mixture of CH;CN-0.1% aq.
AcOH (1: 2, v/v, 3 mL) and purified by RP-HPLC (system G, 2
injections, #z = 31.5-34.7 min). The product-containing fractions
were lyophilised to give the sulfhydryl aminooxy pseudo-peptide
17 as a white powder (3.0 mg, 4.2 umol, yield 71%). MS (ESI+):
m/z 719.33 [M + Li]*, caled for C,xH;;N,0,,S 711.84.

Preparation of thiol-reactive R6G-WS derivative (18).

(a) N-Hydroxysuccinimidyl ester of R6G-WS. The sulfonated
analogue of rhodamine 6G (5.3 mg, 8.7 umol) was dissolved in dry
NMP (200 pL). A solution of TSTU reagent (3.0 mg, 10 umol)
in dry NMP (38 pL) and a solution of DIEA (2.7 puL) in dry
NMP (17 puL) were sequentially added. The resulting reaction
mixture was protected from light and stirred at room temperature
for 75 min. The reaction was checked for completion by RP-HPLC
(system C). The resulting N-hydroxysuccinimidyl ester was used
in the next step without further purification. HPLC (system C):
tg = 26.9 min (compared to #; = 25.9 min for R6G-WS carboxylic
acid); MS (ESI-): m/z 870.40 [M - H], caled for C;sH,,N5O,5S,
870.8.

(b) R6G-WS  amine. Ethylenediamine dihydrochloride
(96.7 mg, 738 umol) was dissolved in a mixture of DMF-H,0O
(9 : 1, v/v, 10 mL). The crude reaction mixture containing the
N-hydroxysuccinimidyl ester and a solution of DIEA (64 pL)
in DMF (150 pL) were sequentially added and the resulting
reaction mixture was protected from light and stirred at room

temperature for 2 h. The reaction was checked for completion by
RP-HPLC (system C) and the mixture was evaporated to dryness.
The resulting residue was dissolved in 0.1% aq. TFA (pH 2, ca.
3 mL) and purified by RP-HPLC (system F, 2 injections, #x =
25.7-29.2 min). The product-containing fractions were lyophilised
to give R6G-WS amine as a pink powder. HPLC (system C): tz =
25.7 min, purity > 95%; MS (ESI+): m/z 817.27 [M + H]*, calcd
for C;xHy;:NgO),S, 815.24.

(¢) R6G-WS SIAB derivative. R6G-WS amine (3.4 pmol) was
dissolved in 0.1 M aq. borate buffer (500 uL). A solution of
Sulfo-SIAB reagent (4.2 mg, 8.4 umol) in 0.1 M aq.borate buffer
(50 uL, 50 mM + 5 mM EDTA, pH 8.2) was added. The resulting
reaction mixture was protected from light and stirred at room
temperature for 1 h. The reaction was checked for completion
by RP-HPLC (system C). Further amount of Sulfo-SIAB reagent
(4.2 mg, 8.4 umol) was added and the mixture was stirred for
one more hour. Finally, the reaction mixture was quenched by
dilution with 0.1% aq. TFA (pH 2, ca. 3 mL) and purified by RP-
HPLC (system F, 2 injections, t; = 22.8-26.4 min). The product-
containing fractions were lyophilised to give the thiol-reactive
R6G-WS derivative 18 as a pink powder (2.5 mg, 2.2 umol,
over yield for the three steps 27%). HPLC (system C): tx =
27.7 min, purity 93%; MS (ESI+): m/z 1104.07 [M + H]*, caled
for C;sH5IN,0,,S,: 1103.97.

R6G-WS labelled aminooxy reagent (19). Sulfhydryl amino-
oxy pseudo-peptide 17 (3.0 mg, 4.7 umol) was dissolved in 0.1 M
aq. NaHCO; buffer (400 pL) and a solution of thiol-reactive R6G-
WS derivative 18 (5.3 mg, 4.7 pmol) in 0.1 M aq. NaHCO; buffer
(pH 8.5, 400 pnL) was added. The resulting reaction mixture was
protected from light and stirred at room temperature for 1 h.
Finally, the reaction mixture was quenched by dilution with 0.1%
aq. AcOH (pH 3.3, 2 mL) and purified by RP-HPLC (system
F, 2 injections, f = 50.1-55.6 min). The product-containing
fractions were lyophilised to give the fluorescent aminooxy reagent
19 as a pink powder. Quantification was achieved by UV-vis
measurements at A,,, = 531 nm of R6G-WS by using the ¢ value
65000 L mol~' cm™' (yield estimated after RP-HPLC purification
28%). HPLC (system B): tx = 27.6 min, purity 97%; MS (ESI-):
m/z 1686.47[M — H]~, 1670.73 [M — NH,] ", 834.87[M — NH, —
HJ-, caled for C;H;,N,,04S; 1687.90.

Substance P-tripod conjugate (21). N-Hydroxysuccinimidyl
carbamate cross-linking reagent 5 (5.0 mg, 5.4 pmol)
and undecapeptide H-Arg-Pro-Ala-Pro-Gln-Gln-Phe-Phe-Gly-
Ala-Met-NH, (8 mg, 5.4 umol) were dissolved in dry NMP
(400 uL). DIEA (3.8 uL, 21.6 umol) was added and the resulting
reaction mixture was stirred at room temperature for 4 h. Further
DIEA (1.9 uL, 10.8 umol) was added and the mixture was stirred
for 2 h. The reaction was checked for completion by RP-HPLC
(system A). Acetic acid (1.2 uL, 21.6 pumol) and 0.1% aq. TFA
(pH 2, 1 mL) were sequentially added and the aqueous mixture
was purified by RP-HPLC (system H, 2 injections, t = 32.5—
33.2 min). The product-containing fractions were lyophilised to
give peptide conjugate 21 as a white powder (10.3 mg, 5.0 umol,
yield 92%). HPLC (system B): #x = 26.2 min; MS (ESI+): m/z
1056.4 [M + 2H,O + 2HJ*, caled for Cy;H;3,N,,05S; 2078.44.

FluoProbes® 532A labelled substance P-tripod conjugate (23).
(a) Removal of the phthaloyl group: Substance P-tripod conjugate
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21 (10.3 mg, 5 pmol) was dissolved in MeOH (500 pL) and a
solution of hydrazine monohydrate (5 pmol) in MeOH (100 pL)
was added. The resulting reaction mixture was stirred at room
temperature for 1 h. The deprotection reaction was checked
for completion by RP-HPLC (system A). Thereafter, 0.1% aq.
TFA (pH 2, 2 mL) was added and the resulting solution was
purified by RP-HPLC (system H, 2 injections). The product-
containing fractions were lyophilised to give the aminooxy tripod
as a white powder. (b) Removal of the SEt group: Aminooxy-
peptide (3.8 mg, 1.8 umol) was dissolved in dry NMP (100 pL).
A solution of DTT (5.6 mg, 36 pmol) in 0.1 M aq. borate
buffer (pH 8.2, 300 pL) was added and the resulting reaction
mixture was stirred at room temperature for 2 h. The reaction
was checked for completion by RP-HPLC (system A). Acetic
acid (0.2 pL, 3.6 pmol) and 0.1% aq. TFA (pH 2, 500 puL)
were sequentially added and the aqueous mixture was purified
by RP-HPLC (system I, 2 injections). The product-containing
fractions were lyophilised to give the sulfhydryl tripod 22 as a white
powder. (¢) Fluorescent labelling: Sulthydryl tripod 22 (1.5 mg,
0.7 pmol) was dissolved in dry NMP (300 pL). A solution of
FluoProbes® 532A maleimide (0.5 mg, 0.7 umol) in dry NMP
(200 puL) and a solution of DIEA (0.7 umol) in dry NMP (50 uL)
were sequentially added and the resulting reaction mixture was
protected from light and stirred at room temperature for 1 h.
The labelling reaction was checked for completion by RP-HPLC
(system C). After 2 h, further DIEA (1.4 umol) in dry NMP (41 uL)
was added. Finally, 0.1% aq. TFA (pH 2, ca. 2 mL) was added
and the aqueous mixture was purified by RP-HPLC (system I, 2
injections, f; = 26.5-27.3 min). The product-containing fractions
were lyophilised to give fluorescent tripod 23 as a pink amorphous
powder. Quantification was achieved by UV-vis measurements at
Amax = 532 nm of FluoProbes® 532A by using the ¢ value 115000 L
mol~!' em™! (overall yield for the three steps estimated after RP-
HPLC purification 15%). HPLC (system B): # = 23.8, 24.3, 24.6
and 25.3 min (several peptide rotamers), purity 98%; MS (ESI+):
m/z1347.5[M + 2H,0 + 2HJ**, calcd mass for fluorescent labelled
substance P-tripod conjugate 2656.21.

Functionalisation and peptide immobilisation on silica surfaces

(a) Preparation of the aldehyde-functionalised silica surface.
This was achieved from a silicon substrate (square, 10 x 10) doped
with a thick SiO, layer (thickness 500 nm) by using experimental
conditions already reported by us.**

(b) Immobilisation of fluorescent aminooxy reagent 19. This
aldehyde-reactive label was prepared as a 50 uM solution in
deionised water and some drops of the resulting solution were
put over the freshly prepared aldehydic surface. After 15 min
of incubation in a humid atmosphere at room temperature, the
reaction solution was carefully removed and the surface was
washed with deionised water, 0.2% aq. SDS, deionised water and
dried. Fluorescence scanning was performed with a four-color
microarray GeneTAC scanner (Genomic Solutions) and filter
for Cy 3.0 dye (Ex./Em. 550/570 nm). The same experimental
procedure was followed for negative control 20.

(b’) Immobilisation of fluorescent labelled SP tripod 23. This
fluorescent aminooxy pseudo-peptide was prepared as a 10 uM
solution in immobilisation buffer (potassium phosphate 0.1 M,

pH 7.4) and 1 pL of the resulting solution was put over the freshly
prepared aldehydic surface. After 4 h of incubation in the dark
and in a humid atmosphere at room temperature, the reaction
solution was carefully removed and the surface was washed for
10 min with phosphate buffer (10 mM + 0.05% Tween, pH 7.4).
Finally, slide was stored with EIA buffer (0.1 M phosphate buffer
(pH 7.4) containing 0.15 M NaCl, 0.1% BSA and 0.01% sodium
azide) overnight before observation. Fluorescence scanning was
performed with an Olympus inverted microscope model IX71 (4X
objective) equipped with a camera PCO 1600. Thereafter, FP647-
labelled anti-SP mADb (1.5 nmol mL~") was added and after 30 min
of incubation, fluorescence scanning of plots was again performed.
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The synthesis of novel ortho-coumaric acid derivatives, with an amide group linked with an olefin
moiety, which introduced photoinduced switching of the intramolecular hydrogen bonds is presented.
An intramolecular OH - - - O=C hydrogen bond formed in a Z-phenol compound was switched to an
intramolecular NH - - - O hydrogen bond in Z phenolate state via deprotonation. The pK, value of the
Z-phenol derivative was lower than that of E-phenol, and a novel photocycle system involving

protonation and deprotonation processes was achieved.

Introduction

Photoactive yellow protein (PYP) is one of the photoreceptor
proteins involved in the negative phototactic response of purple
photosynthetic bacteria.! The photocycle of PYP around the chro-
mophore indicates that hydrogen bonds between phenolate oxygen
and hydroxyl moieties of Glu 46 or Tyr 42, which were formed in
the ground state, were interrupted by E—Z photoisomerization of
a para-coumaric acid framework, accompanying the protonation
and deprotonation processes of the phenol moiety (Fig. 1).
Rearrangement of the hydrogen bond network around the active
site is believed to play a substantial role in regulating the
reactivity of enzymatic reactions not only in PYP, but also
in other native proteins, such as hydrolytic enzymes.? These
proteins induce dynamic changes in the overall protein structure—
triggered by external stimulation, such as substance binding, pH
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Fig. 1 Photocycle of the photoactive yellow protein (PYP).
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change, temperature change, or photoillumination—resulting in
a switching of the hydrogen bond network. We propose that, by
controlling the distance between the hydrogen bond donor and
acceptor, the small molecules that switch their conformation by
external stimulation will achieve switching of the intramolecular
hydrogen bonding artificially (Fig. 2).

Photoisomerization

7

-

D) A
D{__TA

D' Hydrogen bond donor
A’ Hydrogen bond acceptor

Fig.2 Switching of the intramolecular distance of hydrogen bond donor
and acceptor, by external stimulation.

Photoisomerization is one of the most promising strategies to
drive these changes, enabling molecular structures to be controlled
in an elegant way. Recently, much attention has been focused
on the isomerization reaction of photochromic compounds as
photoinduced switching devices.* For example, researchers have
investigated the effect of intramolecular NH---N or NH---O
hydrogen bonds in Z form on the E-Z photoisomerization of
the C=C double bond,* as well as the pK, change of phenol or
carboxylic acid derivatives caused by the switching of conjugation
through photoisomerization.®

Previously, we have proposed that a hydrogen bond between an
amide NH and an oxyanion, such as carboxylate and phenolate,
stabilizes and decreases the nucleophilicity of the anions and
lowers the pK, values of the corresponding acids.® We reported
carboxylic acid derivatives that could switch the intramolecular
distance between carboxylic oxygen and amide groups through
E-Z photoisomerization, and revealed that the intramolecular
NH - - - O hydrogen bond formed in the carboxylate lowers the
pK, value of the corresponding carboxylic acid.” In this study,
we designed ortho-coumaric acid derivatives (E-1/Z-1, E-2/Z-2),
both of which have an amide group linked with a photoinduced
olefin moiety (Scheme 1). These compounds are expected to
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Scheme 1 Photoisomerization equilibriums of cinnamic acid derivatives
E-1/Z-1and E-2/Z-2.

have an intramolecular OH - - - O=C hydrogen bond in Z-1 and
an intramolecular NH---O hydrogen bond in Z-2, forming
eight-membered ring structures. And they are expected to con-
struct an artificial cycle that involves protonation and deprotona-
tion processes, as in the PYP photocycle. A tert-butyl moiety was
introduced for the purpose of protecting the amide NH moiety
from intermolecular interaction so as to support the construction
of an intramolecular NH - - - O hydrogen bond.
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Results and discussion
Synthesis

The synthetic method is shown in Scheme 2. E-1 was synthesized
through dicyclohexyl carbodiimide (DCC) coupling of ortho-
coumaric acid and tert-butyl amine. Z-1 was isolated from the
photoreaction mixture by recrystallization. E-2 and Z-2 were
prepared through a countercation exchange reaction of the
corresponding phenol derivatives (E-1 and Z-1) with tetraethy-
lammonium hydroxides.

Molecular structures in the solid state

To confirm the molecular structures in the solid state, X-ray
crystallography was used. The crystal structures of E-1 and Z-1
are shown in Fig. 3. The crystal data are shown in the experimental
section. All non-hydrogen atoms were refined anisotropically.
The coordinates of OH and NH protons were refined by using
fixed thermal factors, and the other protons were placed in
calculated positions. The intermolecular O01 - - - 0’02 (2.645[2] A)
and 001 - - - N1 (3.099[3] A) distances of E-1 permitted hydrogen
bond formation; these intermolecular NH---O and OH ---O=C
hydrogen bonds are thought to stabilize the packing structure of
E-1[0'02 indicates an O02 atom at an equivalent position (—x + 1,
y+1/2,—z+1/2),and N"1 indicates an N1 atom at an equivalent
position (x + 1/2, y, —z + 1/2)]. The torsion angles of C5-C6—
C7-C8 (16.5 [4]°) and C7-C8-C9-002 (20.3[4]°) indicate that the
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—_— H
7
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EA 71
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Scheme 2 Synthesis of cinnamic acid derivatives E-1, Z-1, E-2 and Z-2.
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Fig. 3 Molecular structures of E-1 (left) and Z-1 (right), ellipsoids set as 50% probability.
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ortho-coumaric frame of E-1 is almost in plane; it can be inferred
that the n-conjugation is extended from the phenol oxygen toward
the amide carbonyl oxygen through a C=C double bond.

With Z-1, by contrast, the distances of O01---002 (2.516[2]
A)and HO1 - - - 001 (1.63[2] A) were sufficient to permit hydrogen
bond formation (whereas the OO01 ---0O02 distance of E-1 was
4.933 A). The 001-H01-003 angle of Z-1 (164[2]°) is suitable
to cause hydrogen bonding. These results indicate that Z-1 has
an intramolecular OH - - - O=C hydrogen bond, forming an eight-
membered ring structure in the solid state. The intermolecular
O1---N'l distance (2.971 A) of Z-1 permitted intermolecular
hydrogen bond formation; and was thought to stabilize the pack-
ing structure of Z-1 (N1 indicates an N1 atom at an equivalent
position). The torsion angles of C5-C6-C7-C8 (—137.4[3]°) and
C7-C8-C9-002 (—27.0 [4]°) are so large that m-conjugation
extended in £-1 is interrupted in Z-1.

Molecular structures in solution

The molecular structures of isolated isomers in solution were
determined by '"H NMR spectroscopy. The '"H NMR spectra of
E-1, E-2, Z-1, and Z-2 in acetonitrile-d; at 303 K are shown in
Fig. 4. All signals are assigned by nuclear Overhauser effect (NOE)
and decoupling method. E-Z configurations of these compounds
were confirmed by the *Jyy values of the olefin protons. Generally
speaking, the *Jy, coupling constant of the olefin protons is about
15 to 16 Hz in the trans position, and is about 12 to 13 Hz in
the cis position. The observed *Jyy values of the olefin protons
of E-1 and E-2 were 15.8 and 15.5 Hz, respectively, and those

7.33
(7.2 ppb/K)

of Z-1 and Z-2 were 13.0 Hz. This coincides with the typical
values of the trans and cis olefin protons. The configurations of
the compounds before irradiation were confirmed to be the E
form, and the photoproducts were confirmed to be the Z form.
The chemical shifts of the OH signals of the phenol compounds
at 303 K were 7.33 ppm in E-1 and 9.87 ppm in Z-1 (Fig. 4).
The substantial downfield shift (Ad = 2.54 ppm) suggests that Z-1
forms an OH - - - O=C hydrogen bond in acetonitrile-d; solution.
The temperature dependency values of the OH signal chemical
shifts of E-1 and Z-1 are —7.2 and —7.5 ppb K, respectively, in
the range of 233 to 303 K. These results indicate a hydrogen bond
formation of the phenol OH moiety in Z-1, including not only an
intramolecular interaction but also an intermolecular interaction.
The chemical shifts of the amide NH signals of phenolates at
303 K were 6.11 ppm in E-2 and 9.59 ppm in Z-2 (Fig. 4). The
temperature dependency value of the amide NH chemical shift of
Z-21is 1.2 ppb K7! (in the range of 233 to 303 K), whereas that of
E-2is —5.4ppb K (263 to 333 K). The substantial downfield shift
(A0 = 3.48 ppm) and the decrease of the temperature coefficient
of the NH proton signal suggest that Z-2 forms an intramolecular
NH - - - O hydrogen bond in acetonitrile-d; solution.

The nuclear Overhauser enhancement spectroscopy (NOESY)
spectra were measured to gain information about the molecular
structure in solution (Fig. 5). A negative NOE correlation between
NH and H1 was observed in E-1, whereas no NOE signal was
observed between NH and H2 (Fig. 5a). Also, the correlation
of HI-H3 was stronger than that of H2-H3. These results
indicate that E-1, in acetonitrile-d; solution, seems to take the
conformation shown in Fig. 5a, in which the amide carbonyl

OH NH

Hy 6.26
(4.2 ppb/K)

trans-olefin
3Jyy =158 Hz

[goret

H
NH 1
) oH L
Ney 9.87 s Hy ( 53 ppb/K)
4° (-7.5 ppb/K)
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y . He 3Jyy =13.0 Hz
5 1 3 L
(c) \H
e
. 0 % 6.11
o N H, (-5.2 ppb/K) _
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% H js-olefi
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BO% NH Hy HyHo H [3JHH =130 Hz}
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B R R e e e e e B
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Fig.4 'H NMR spectra of (a) E-1, (b) Z-1, (c) E-2 and (d) Z-2, 5 mM in acetonitrile-d; at 303 K.
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Fig. 5 NOESY spectra of (a) E-2 and (b) Z-2, 5 mM in acetonitrile-d; at 303 K.

orients toward the olefin moiety (s-cis form) and the hydroxyl
moiety orients in the opposite direction of the olefin moiety (s-
trans form). This structure of E-1 is consistent with the solid
structure obtained with X-ray crystallography (Fig. 3). The
characteristic positive-negative correlation patterns of H1-H2
and H5-H3 are predicated to the correlated signal (COSY signal)
caused by spin coupling (ESIT). The correlation of the hydroxyl
OH proton was not observed but exchange signal (EXSY signal)
with water protons was observed. The NOE pattern of E-2 was
almost the same as that of E-1, and E-2 seems to take the structure
shown in Fig. 5b in acetonitrile-d; solution. The correlation of
HI1-H2 in E-2 was the COSY signal as well as that in £-1 (ESIY).

In Z-1, a negative NOE correlation between H1 and H2 was
observed (Fig. 5c). This correlation is characteristically seen in the
cis configuration of the olefin protons; therefore the configuration
of Z-1 is determined to be definitely in the Z form. Correlations
of NH-H1 and H2-H3 were observed, and no NOE signal
was observed around the OH protons. These results indicate
that Z-1 seems to adopt the structure shown in Fig. 5c, with
the hydroxyl proton in close proximity to the amide carbonyl
oxygen, and is able to form an intramolecular OH---O=C
hydrogen bond. In Z-2, an NOE correlation of NH-H1, which

was characteristically observed in Z-1, was not seen (Fig. 5d).
Additionally, the correlation of H2-H3 was observed. These
results can be ascribed to the flipping of the amide plane by
switching of the intramolecular hydrogen bond from OH - - - O=C
to NH---O~, accompanying the deprotonation of the phenol
moiety (Scheme 3).

% © \H—RL
O O N  -H 0" o}
H —
7z 7z
z1 z2

Scheme 3 Flipping of the amide plane with the deprotonation of Z-1.

Direct photoisomerization

Fig. 6 shows the UV-visible (UV-vis) spectra of isolated com-
pounds (E-1, E-2, Z-1, Z-2), in acetonitrile at 303 K. The
wavenumbers of maximum absorbance (4 ...) in the phenolate
derivatives (E-2, Z-2) were longer than those in the corresponding
phenol derivatives (E-1, Z-1). The red shift of 4 ., can be ascribed
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Table 1 E-Z ratios in the photostationary state (PSS) at various irradia-
tion wavelengths

Irradiation wavelength

313 nm 365 nm 405 nm 436 nm
E-1-Z-1 11:89 18:82 No reaction No reaction
E-2-7-2 51:49 13:87 16: 84 30:70

to electron delocalization in the phenolate derivatives. The UV—
vis spectra in Fig. 6 indicate that the mercury lamp wavelength
emissions for direct photoexcitation are 313 and 365 nm in the
phenol derivatives, and 313, 365, 405, and 436 nm in the phenolate
derivatives, without using any photosensitizer. Following photoir-
radiation, E-Z isomerization progressed without any effective side
reactions (ESIT). The E—Z ratio in the photostationary state (PSS)
depends on the irradiation wavelength. The ratios in PSS at various
wavelengths are shown in Table 1. At 313-nm irradiation, in PSS,
the products were rich in Z configuration phenol derivatives (E-
1-Z-1 = 11 : 89), whereas the amounts of £ and Z phenolate
derivatives in PSS were almost equal (E-2-Z-2 = 51 : 49). At 365-
nm irradiation, both phenol and phenolate derivatives generate
Z isomers rather than E isomers (E-1-Z-1 = 18 : 82, E-2-Z-
2 = 13 : 87). The phenolate derivatives generate the Z compound
in PSS with irradiation at 405 nm (E-2-Z-2 = 16 : 84) and at
436 nm (E-2-Z-2 = 30 : 70), whereas no reaction occurs with
the phenol derivatives because E-1 and Z-1 have no absorption
at these wavelengths. The phenolate derivatives progress through
a reversible photoisomerization: E to Z conversion by 405-nm
irradiation, and Z to E reversal by 313-nm irradiation (ESIt).

2

N
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-
o
-
o
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o
o
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Fig. 6 UV-vis spectra of E-1, Z-1 and E-2, Z-2, | mM in acetonitrile at
293 K.

Acidity change through photoisomerization

pK, values of E-1 and Z-1 were measured by potentiometric
titration traced with UV—vis spectra in a 10% lauryl ether aqueous
micellar solution at 303 K. UV-vis spectra changes caused by the
addition of aqueous sodium hydroxide solution (0.100 mol L")
are shown in Fig. 7. As the pH value increased, the absorbances of
phenol derivatives (323 nm in E-1 and 311 nm in Z-1) decreased,
and those of phenolate derivatives (380 nm in E-2 and 357 nm
in Z-2) increased. The titration curves are shown in Fig. 8.
The Henderson-Hasselbalch equation of acid dissociation in a
buffering region shows that the pK, value is equal to the pH value
when the concentration of phenolate matches that of phenol.

[HA]== [H"]+[A"]

<Henderson-Hasseibaich equasion>

pH = pK, + log [A"]- [AH]

As £ mol'em'L

272
A _ 323 4

250 300 350 400 450 250 300 350 400 450
L/nm Linm

Fig. 7 UV-vis spectra changes for phenol compounds, by the addition
of aqueous sodium hydroxide solution, (a) E-1 and (b) Z-1, 5 mM in 10%
lauryl ether aqueous micellar solution at 303 K.
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Fig. 8 Titration curves of (a) E£-1 and (b) Z-1.

Thus the pH value at the intersection of the titration curves
of phenol and phenolate in Fig. 8 stimulates the pK, value of
the corresponding phenol derivatives. The pK, value of Z-1 was
10.24, which has a shift that is 0.13 units lower than that of E-
1 (10.37). We propose that the stabilization of the Z phenolate
derivative (Z-2) by the formation of an intramolecular NH - -- O
hydrogen bond decreases the pK, value of the Z phenol derivative
(Z-1). Fig. 9 shows a comparison of the titration curves of phenol
derivatives. In the pH region around the pK, values of E-1 and
Z-1 (a buffering region), the £ compound was protonated and the
Z compound was deprotonated, preferentially. We propose that
photoisomerization of a compound synthesized in this pH region
will achieve control over the protonation and deprotonation of the
phenolic hydroxyl moiety.

1.0
0.8
0.6
0.4
0.2

Phenol contents

0 & . . . )
8.0 9.0 10.0 11.0 12.0

pH

Fig. 9 Comparison of titration curves of E-1 and Z-1; ratios of phenol
components depend on pH.

Proposed photocycle

The decrease of the pK, value in a Z phenol compound, and the
differences in E—Z ratios between phenol and phenolate deriva-
tives in PSS at 313-nm irradiation, indicate that the novel pho-
tocycle system is probably constructed like the PYP photocycle,
involving protonation and deprotonation processes (Scheme 4).
In this photocycle, E phenol derivatives photoisomerize toward
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Scheme 4 Proposed photocycle.

Z phenols at a UV irradiation wavelength of 313 nm. Then,
deprotonation progresses because of the decrease of the pK, value
in the Z phenol. The Z phenolate photoisomerizes towards the
E isomer at the same UV irradiation wavelength (313 nm), and
the E phenolate returns to the initial state by a protonation
process. Through a series of repetitions of this photocycle,
phenolate was protonated far from the amide moiety, and phenol
was deprotonated near the amide moiety. This indicates proton
transport from the far side to the near side of the amide moiety,
using light energy as a driving force. It represents the achievement
of a light-driven proton pumping system using an artificial small
molecule.

Conclusion

In this work, the authors designed a novel photocycle system,
consisting of phenol E£-1/Z-1 and phenolate E-2/Z-2 derivatives,
that was modelled on the PYP photocycle. Z-1 was shown
to form an intramolecular OH---O=C hydrogen bond both
in acetonitrile-d; solution and in the solid state, and Z-2 was
shown to form an intramolecular NH - -- O hydrogen bond in
acetonitrile-d; solution. The ortho-coumaric acid moiety has an
extended m-conjugation in phenolate, thus a red shift of the
absorption maximum was observed. Because of the difference in
the absorption wavelength, phenol and phenolate have different
E-Z ratios at the same UV light irradiation wavelength. UV light
irradiation at a wavelength of 313 nm generates the Z form in
phenol and generates the E form in phenolate, preferentially. The
reversion rate led to an almost equal amount of both compounds
(E-Z = 51 : 49). To improve the reversion rate, the substitution
of the conjugated aromatic moiety would be effective to control
the compounds’ absorbance maxima. The pK, value of the phenol
compound was lowered in the Z compound by stabilizing the Z
phenolate with formation of an intramolecular NH - - - O hydrogen
bond. The change of the E-Z ratio in phenol and phenolate,
and the decrease of the pK, value in the Z phenol compound,

indicate that the artificial photocycle was constructed like the
PYP photocycle, which involves protonation and deprotonation
processes.

Experimental
General procedures

All manipulations involving air- and moisture-sensitive com-
pounds were carried out by the use of a standard Schlenk
technique under an argon atmosphere. E-ortho-coumaric acid,
25% tetraethylammonium bydroxide in methanol solution were
purchased from Tokyo-Kasei Co. Dicyclohexylcarbodiimide was
purchased from Peptide Institute, Inc. Dichloromethane was
distilled over CaH,. Methanol, tetrahydrofuran, diethylether, n-
hexane, and acetonitrile were distilled over CaH, and dried over
molecular sieves (3A).

Physical measurements

'"H (270 MHz) NMR spectra were measured on a JEOL JNM-
GSX270 spectrometer. *C (100, 120 MHz) NMR spectra were
measured on a JEOL JNM-GSX400 spectrometer, and on a
Varian UNITYplus 600 MHz spectrometer. NOESY spectra were
measured on a JEOL JNM-GSX400 spectrometer and Varian
UNITYplus 600 MHz spectrometer. The 'H NMR spectra were
referenced to tetramethylsilane protons at 6 0.00. The *C NMR
spectra were referenced to the methyl carbon of acetonitrile-d; at
0 1.30. UV-vis spectra was measured on a Shimazu UV-3100PC
and Ocean Optics Inc. TP300-UV/ VIS spectrometers. Elemental
analysis was performed at the Elemental Analysis Center, Faculty
of Science, Osaka University. All melting points of the com-
pounds were measured on a micro melting point apparatus from
YANAGIMOTO Co. ESI-MS measurements were performed
on a Finnigan MAT LCQ ion trap mass spectrometer. FT-IR
spectra were measured on a JASCO FT/IR-8300 spectrometer;
the FT-IR measurement was performed in KBr glass cell with
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nujol or with solvent. pK, measurements were performed using
a potentiometric titration in 10 mM micellar solution at 298 K
with a Metrohm 716 DMS titrino combined with a Metrohm
728 stirrer and a saturated calomel LL micro pH glass electrode.
The saturated calomel micro glass electrode was calibrated with a
0.05 M KHCH,O, buffer (pH = 4.01) and a 0.0025 M KH,PO,
buffer (pH = 6.87) at 303 K. The potentiometric titrations were
performed three times. pK, values were estimated by an average
value of each measurement.

Preparation of (E)-N-tert-butyl-3-(2-hydroxyphenyl) acrylamide
(E-1)

To a 1 L tetrahydrofuran solution of FE-ortho-coumaric acid
(2.01 g, 12.2 mmol) and tert-butylamine (2.6 mL, 24.4 mmol)
was added dicyclohexylcarbodiimide (DCC, 4.44 g, 24.4 mmol).
The white suspension was stirred at room temperature for 2 days.
The solvent was removed under reduced pressure to obtain a white
solid. The solid was dissolved in 100 mL of 0.8 mol L' aqueous
sodium hydroxide solution. The yellow solution was moved to
a dropping funnel and washed with 150 mL of ethyl acetate—
diethyl ether (1 : 1, v/v). The organic layer was extracted again
by 0.8 M aqueous sodium hydroxide solution three times. The
combined aqueous layers were washed with 100 mL of n-hexane.
Whilst cooling in an ice bath, the aqueous layer was acidified
by aqueous sulfuric acid solution (pH 6-7). The orange solution
turned to a white suspension. The mixture was extracted with ethyl
acetate—diethyl ether (1 : 1, v/v) three times. The organic layer was
washed with 4% aqueous sodium bicarbonate solution three times.
The organic layer was dried over anhydrous magnesium sulfate,
and the solvent was removed under reduced pressure. The white
powder was recrystallized from hot acetonitrile to obtain colorless
crystals (1.25 g 46.8%). Mp 229-230 °C; (Found: C, 71.14; H,
7.90; N, 6.53. Calc. for C,;H;;NO,: C, 71.21; H, 7.81; N, 6.39%);
Vmax(in nUjol mull)/cm=" 3357 (NH), 3130-3047 (OH), and 1657
(C=0); V. (in acetonitrile solution)/cm~" 3380 (NH), and 1672
(C=0); 04(270 MHz; acetonitrile-d;) 1.36 (s, 9H; tert-butyl), 6.26
(br s, 1H; NH), 6.58 (d, *J(H,H) = 15.8 Hz, 1H; olefin), 6.87
(dd, *J(H,H) = 8.2 Hz, ‘J(H,H) = 1.2 Hz, 1H; aryl), 6.88 (dt,
*J(H,H)=8.2Hz,*J(H,H) = 1.2 Hz, |H; aryl), 7.18 (dt,*J(H,H) =
8.2 Hz,*J(H,H) = 1.2 Hz, 1H; aryl), 7.33 (br s, 1H; OH), 7.44
(dd, *J(H,H) = 8.2 Hz,*J(H,H) = 1.2 Hz, 1H; aryl), 7.63 ppm
(d, *J(H,H) = 15.8 Hz, 1H; olefin); 6.(100 MHz; acetonitrile-d;)
29.0, 51.7, 117.0, 121.2, 123.4, 124.2, 129.5, 131.4, 135.1, 156.6,
and 166.5 ppm; m/z (ESI) 218.3 (IM — H]" requires 218.1), 220.1
(IM + HJ* requires 220.1), 242.2 (IM + Na]* requires 242.1), 461.0
([2M + Na]* requires 461.2); pK, = 9.84 (10 mM in 10% aqueous
micellar solution of Triton® X-100).

Preparation of (Z)-N-tert-butyl-3-(2-hydroxyphenyl) acrylamide
(Z-1)

(E)-N-tert-Butyl-3-(2-hydroxyphenyl) acrylamide (E-1, 441.2 mg,
2.01 mmol) was dissolved in 50 mL of acetonitrile. UV-light
was irradiated on the solution for 400 minutes. The solvent
was removed under reduced pressure. The residue was repre-
cipitated from diethyl ether—n-hexane. A white precipitate was
collected by filtration and was suspended in ice-cooled chloroform.
The suspension was filtered and the filtrate was concentrated

under reduced pressure. The obtained pale yellow powder was
recrystallized from ethyl acetate-n-hexane to obtain colorless
crystals (154.4 mg, 35%). vma(in acetonitrile solution)/cm=! 3360
(NH), and 1645 (C=0); 64(270 MHz; acetonitrile-d;) 1.32 (s,
9H; tert-butyl), 5.97 (d, *J(H,H) = 13.0 Hz, 1H; olefin), 6.72
(br s, 1H; NH), 6.77 (d, 3J(H,H) = 13.0 Hz, 1H; olefin), 6.87
(dt, *J(H,H) = 7.5 Hz,*J(H,H) = 1.2 Hz, 1H; aryl), 6.89 (dd,
*J(H,H)=7.5Hz,*J(H,H)= 1.2 Hz, 1H; aryl), 7.22 (dt,*J(H,H) =
7.5 Hz*J(H,H) = 1.2 Hz, 1H; aryl), 7.23 (dd, *J(H,H) =
7.5 Hz,*J(H,H) = 1.2 Hz, 1H; aryl), 9.87 ppm (br s, 1H; OH);
0c(100 MHz; acetonitrile-d;) 28.7, 52.6, 120.0, 120.7, 123.9, 125.8,
131.3, 133.2, 136.7, 156.7, and 168.8 ppm; m/z (ESI) 220.1
(IM + H]* requires 220.1), 460.9 ([2M + Na]* requires 461.2);
pK, =9.70 (10 mM in 10% aqueous micellar solution of Triton®
X-100).

Preparation of [tetraethyl-ammonium] 2-((E)-2-
(tert-butylcarbamoyl)vinyl) phenolate (E-2)

(E)-N-tert-Butyl-3-(2-hydroxyphenyl) acrylamide (E-1, 100.9 mg,
0.46 mmol) was dissolved in 1 mL of methanol. To the solution was
added 25% tetraethylammonium hydroxide solution in methanol
(0.25 mL, 0.41 mmol). The solution was stirred for 2 hours and
the solvent was removed under reduced pressure. The residue
was washed with 10 mL of diethyl ether twice. The powder
was recrystallized from acetonitrile-diethyl ether to obtain a
yellow crystalline solid. v, (in acetonitrile solution)/cm~"' 3386
(NH), and 1661 (C=0); 64(270 MHz; acetonitrile-d;) 1.20 (t,
SJ(H.H) = 7.3 Hz, 12H; NEt,), 1.35 (s, 9H; tert-butyl), 3.15
(q, *J(H,H) = 7.3 Hz, 8H; NEt,), 6.11 (s, 1H; NH), 6.31
(dt, *J(H,H) = 7.3 Hz,*J(H,H) = 1.2 Hz, 1H; aryl), 6.67 (dd,
3J(H,H)=7.3Hz,*J(H,H) = 1.2 Hz, 1H; aryl), 6.88 (d, *J(H,H) =
15.5Hz, 1H; olefin), 6.92 (dt, *J(H,H) = 7.3 Hz,*J(H,H) = 1.2 Hz,
1H; aryl), 7.18 (dd, *J(H,H) = 7.3 Hz,*J(H,H) = 1.2 Hz, 1H;
aryl), 7.62 ppm (d, *J(H,H) = 15.5 Hz, 1H; olefin); 6.(100 MHz;
acetonitrile-d;) 7.7, 29.3, 51.0, 53.2, 85.0, 89.9, 108.4, 116.0, 122.6,
131.1, 131.7, 141.8, and 169.3 ppm; m/z (ESI) 218.3 ((M — NEt,]~
requires 218.1), 349.3 ([M + HJ* requires 349.3), 335.3 ([M — Me +
2H]" requires 335.3), 321.5 ([IM — Et + 2H]" requires 321.3).

Preparation of [tetraethyl-ammonium] 2-((Z£)-2-
(tert-butylcarbamoyl)vinyl) phenolate (Z-2)

(Z)-N-tert-Butyl-3-(2-hydroxyphenyl) acrylamide (Z-1, 100.9 mg,
0.46 mmol) was dissolved in 1 mL of methanol. To the solution was
added 25% tetraethylammonium hydroxide solution in methanol
(0.25 mL, 0.41 mmol). The solution was stirred for 2 hours and
the solvent was removed under reduced pressure. The residue
was washed with 10 mL of diethyl ether twice. The powder was
recrystallized from acetonitrile-diethyl ether to obtain a yellow
crystalline solid. v, (in acetonitrile solution)/cm=" 1635 (C=0);
0u(270 MHz; acetonitrile-d;) 1.21 (t, 3J(H,H) = 7.4 Hz, 12H;
NEt,), 1.23 (s, 9H; tert-butyl), 3.16 (q, *J(H,H) = 7.4 Hz, 8H;
NEt,), 5.57 (d,*J(H,H) = 13.0 Hz, 1H; olefin), 6.21 (dt, *J(H,H) =
7.6 Hz*J(H,H) = 1.8 Hz, 1H; aryl), 6.50 (dd, *J(H,H) =
7.6 Hz,*J(H,H) = 1.8 Hz, 1H; aryl), 6.61 (d, *J(H,H) = 13.0 Hz,
1H; olefin), 6.89 (dt, *J(H,H) = 7.6 Hz,'J(H,H) = 1.8 Hz, 1H;
aryl), 6.98 (dd, *J(H,H) = 7.6 Hz,*J(H,H) = 1.8 Hz, 1H; aryl),
9.58 ppm (br s, 1H; NH); 6-(120 MHz; acetonitrile-d5) 7.7, 15.6,
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29.0, 53.1,96.6, 123.6, 125.6, 130.1, 131.1, 131.3, 135.0, 161.8, and
168.1 ppm; m/z (ESI) 218.5 (IM — NEt,]” requires 218.1), 349.3
(IM + HJ* requires 349.3), 335.3 (IM — Me + 2H]* requires 335.3),
321.5 (IM — Et + 2H]* requires 321.3).

Crystallographic data collection and structure determination of
E-1and Z-1

Suitable single crystals of E-1 and Z-1 were mounted on a
fine nylon loop with nujol and immediately frozen at 200 +
1 K. All measurements were performed on a Rigaku RAXIS-
RAPID Imaging Plate diffractometer with graphite monochro-
mated MoKa radiation (1 = 0.71075 A). The structures were
solved by direct method (SIR 92)® and the following refinements
were performed using the SHELXL-97° and teXsan crystallo-
graphic software packages. All non-hydrogen atoms were refined
anisotropically. The coordinates of OH and NH protons were
refined by using fixed thermal factors, and the other protons were
placed in calculated positions. Crystal data for C,;H,,NO, (E-1):
0.35 x 0.30 x 0.02 mm?*, orthorhombic, Pbca (#61), a = 12.940(5)
A, b =9252(5) A, ¢ = 20.60(1) A, V = 2466(3) A3, Z = 8,
Peaca = 1.181 gem™, 4 (MoK,) = 0.79 cm™', M,, = 219.28. Total
number of reflections measured 23376, unique reflections 21726
(R = 0.174), final R indices: R, = 0.058, wR, = 0.128 for all
data. GOF (F?*) = 1.03. Crystal data for C,;H,;NO, (Z-1): 0.40 x
0.35 x 0.08 mm?, monoclinic, P2,/c (#14), a = 11.000(6) A, b =
12.346(16) A, ¢ =9.398(7) A, f = 103.58(2)°, V = 1240(1) A3, Z =
4, pesea = 1.174 gem >, u MoK,) =0.79 cm™', M, = 219.28. Total
number of reflections measured 11695, unique reflections 11384
(R, = 0.089), final R indices: R, = 0.070, wR, = 0.129 for all data.
GOF (F?) = 1.04.1

UV-light irradiation technique for UV—vis and "H NMR spectrum
measurements

A Xe/Hg lamp (MUV-202U, Moritex Co.) was used for 313 nm
UV-light irradiation. UV-light was filtered through 6784-t01.uvl
(Asahi tech.) to select the 313-nm emission line of Hg gas. For 365-,
405-, and 436-nm irradiation, filters of #43-155 FILTER INT
365NM 50.8 mm SQ, #43-156 FILTER INT 405NM 50.8 mm
SQ, and #43-161 FILTER INT 436NM 50.8 mm SQ (Edmund
Optics Inc.) were used respectively. The sample was dissolved in
distilled solvent under an argon atmosphere and sealed inan NMR
tube or a UV cell. The spectrum was measured before and after
irradiation. During irradiation and spectrum measurements, the
sample was always kept at the desired temperature.

Potentiometric titration traced by a UV—vis spectrum

To a solution of a phenol derivative dissolved in distilled THF
was added lauryl ether, and the solution was stirred for several
minutes. THF was removed under reduced pressure, and the
residue was added to aqueous sodium perchlorate solution. The
UV-vis spectrum and the pH value were measured at the same
time, by using the reaction tracking system (ESI{). During each
measurement, the sample was kept at 303 K in a temperature
controlled bath.
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Three unique diastereoisomers of 2,3,4,5-tetrafluorohexane have been prepared, compounds

intermediate between hexane and perfluorohexane in their degree of fluorination, and they show very

different conformational behaviour and physical properties.

Introduction

Multi-vicinal fluoroalkanes (Fig. 1) are a new class of compounds
which are conceptually intermediate between alkanes and perfluo-
roalkanes in terms of their degree of fluorination. As a class, these
fluoroalkanes are expected to possess novel physical and chemical
properties relative to hydrocarbons and perfluorocarbons, and
within the class, it is anticipated that different diastereoisomers
will possess unique characteristics due to dipole orientations
and stereoelectronic effects associated with differently aligned
C-F bonds. Such compounds have the potential to contribute
properties to polar organic materials in which conformational
control plays an important role (e.g. self-assembling monolayers
and liquid crystals).

FF FF FF
1a 1b (rac)-1c

Fig.1 Multi-vicinal fluoroalkanes la—c.

We have described the diastereoselective syntheses of com-
pounds containing three! and four*® vicinal fluorines within
larger molecular architectures, with the aim of establishing the
conformational preferences of such multi-vicinal fluoroalkane
motifs. In this article we report the synthesis of three 2,3,4,5-
tetrafluorohexane diastereoisomers (Fig. 1). The preparation of
these compounds has provided the first opportunity to investigate
the physical and conformational properties of a multi-vicinal
fluoroalkane motif in the absence of other functional groups.
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Results and discussion
Synthesis

We have recently reported the synthesis of the ditosylates 2
(Scheme 1), examining their solid state X-ray structures and
'"H- and "F- NMR derived solution conformations.* These
compounds gave an insight into the different conformational
behaviour of the main chain for each of the tetra-vicinal fluo-
roalkane diastereoisomers la—c, although the influence of the tosyl
group could not be delineated. Accordingly, analyses of the parent
tetrafluorohexane series 1a—¢ became an objective.

excess LiAlH,

§ b Dg-THF, 50 °C T T
TsO vy
S \/'\‘/H/\OTS )\‘)\‘/
F F NMR scale FF
2a 1a

Scheme 1 Synthesis of 1a.

Compounds la—c were prepared by treating the 1,6-ditosylate
precursors 2a—c with an excess of lithium aluminium hydride
(Scheme 1). These reactions required quite forcing conditions,
perhaps due to the deactivating a-fluorine substituents, but
the absence of any obvious elimination products revealed an
unexpected robustness of the vicinal fluoroalkane motif. Only
milligram quantities of the 1,6-ditosylate precursors could be
prepared through an 11-step sequence,® and the lower molecular
weight and volatile nature of products la—c meant that these
compounds could not be isolated, but they were characterised by
GC-MS and by NMR in solution. The reactions with LiAlH,
were carried out in deuterated solvent (*H-THF) to facilitate
direct acquisition of '"H-NMR spectra. Compounds 1a and 1b
are enantiopure, while compound 1c is racemic.

Conformational analysis

The "H- and "F-NMR spectra of 1a—¢ provide complete sets of
*Jun and *Jy values for each isomer* (Fig. 2). This shows that in
solution, each of the three tetrafluoroalkanes adopts a unique
carbon chain conformation.*® For compounds la and lc, the
J values are generally consistent with the computed minimum-
energy conformations® but are somewhat intermediate in mag-
nitude, suggesting some averaging due to contributions from
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Fig.2 NMR data and solution conformations for 1a (top), 1b (middle) and 1¢ (bottom). The 'H- and "F-NMR spectra of 1a—c exhibited non-first-order
character, so they were simulated using Bruker TopSpin software. In each case, the resulting *Jy and *Jyuy values indicate gauche and anti dihedral angles®
that are consistent with the minimum-energy gas-phase conformers® of 1a—c (illustrated here as ball-and-stick models; C grey, H white, F yellow).

other conformers. In contrast, the J values for 1b clearly indicate
gauche or anti dihedral angles consistent with the minimum-energy
linear conformation, indicating that this conformation is strongly
preferred in solution.

Variable-temperature NMR experiments were performed in
order to investigate whether the minimum-energy conformers of
la— would dominate more at low temperature. The available
temperature range for NMR experiments was quite narrow due
to the mixed solvent system used, but no clear differences in the J
values were observed between room temperature and —20 °C for
all isomers.*

Overall, for each of 1a—c, a close conformational analogy with
the corresponding 1,6-ditosylate diastereoisomers 2* is observed.
These results reinforce our earlier conclusion® that the dominant
conformational driving force in these multi-vicinal fluoroalkane
motifs is avoidance of 1,3-F---F and 1,3-F.--CH; repulsive
interactions.” The vicinal fluorine gauche effect,® which recognises
that 1,2-vicinal fluorines have a gauche preference, is a weaker
effect, and only influences the alkane conformation in the absence
of 1,3-repulsive interactions.

Table 1 GC-MS data for hexane, perfluorohexane and 1a—¢*
Compound Dipole/D* Retention time/min
Perfluorohexane 0.09 10.2

Hexane 0.00 14.8

1b 0.25 17.6

1c 3.54 18.9

la 2.19 19.4

“ Dipole moment calculated for the minimum-energy conformer.

Physical properties

With the conformational preferences of la—c established, some
assessment of their physical properties was explored. The indi-
vidual diastereoisomers were analysed by GC-MS and compared
to hexane and perfluorohexane (Table 1).* The very non-polar
perfluorohexane had the shortest retention time on GC, followed
by hexane. The tetrafluorohexanes la—c all have significantly
longer retention times consistent with the polarised nature (H*—
C-F%) of the individual fluoromethylene units.
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Furthermore, and perhaps unexpectedly, the retention times
vary significantly within the series la—c. Molecular dipole mo-
ments were calculated at the B3LYP/6-311+G(2d,p) and MP2/6-
311+G(2d,p) levels of theory® for the minimum-energy conformers
for each isomer, and these values are shown in Table 1. Di-
astercoisomer 1b has a significantly lower molecular dipole than
1a and 1¢, and consistent with that, it has the shortest retention
time. Diastereoisomers 1a and 1c¢ eluted later than 1b, but not in
the expected order as predicted by the molecular dipole moment
of the lowest energy conformers. However, compounds 1a and 1¢
elute quite close together with substantially longer retention times
than 1b, consistent with dipole moments that are much larger than
1b but similar in magnitude to each other. Also, some degree of
conformational mobility could cause the dipole moments of 1a—c
to fluctuate, contributing to the difficulty in predicting accurately
their relative order of elution.’” Another possible complicating
factor is the enantiopurity of 1a compared with the racemic 1c.

Conclusions

In summary, we have described the synthesis and evaluation of
three diastereoisomeric 2,3,4,5-tetrafluorohexanes. NMR analysis
of 1a—c confirms a different conformational preference for all three
hydrocarbon chains, which arises as a consequence of competing
1,3-difluoro repulsion, the dominating effect, and a preference for
vicinal 1,2-difluoro gauche alignments. This leads to la having
a helical solution conformation, 1b having an extended solution
conformation and 1c¢ having a conformation in which five of the
six carbon atoms are arranged in the zig-zag conformation. GC-
MS data reveal that this class of compounds is more polar than
perfluorocarbons and hydrocarbons, and that the polarity of the
individual diastereoisomers can vary significantly.

Experimental
General methods

Dy-Tetrahydrofuran was dried and stored over LiAlH,. Perflu-
orohexane was purchased from Aldrich in 95% purity as a
mixture of straight-chain and branched isomers, also contain-
ing perfluorocyclohexane and perfluoropentane (5%). All other
commercial reagents and solvents were purchased in the highest
available quality and were used as supplied. Reactions were
conducted in oven-dried glassware under nitrogen atmosphere
with magnetic stirring. Reactions were monitored by thin-layer
chromatography using Merck Kieselgel 60 plates; visualisation
was achieved by inspection under short-wave UV light followed
by staining with phosphomolybdic acid dip. Nuclear magnetic
resonance spectra were recorded using a Bruker AV-500, a Bruker
AV-400 or a Bruker AV-300 instrument. Samples were dissolved
in a mixture of CDCl; and Ds-THF, and the relative amounts
of these two solvents were calculated by integrating the residual
protio-solvent signals and comparing with a reference solvent
mixture. Where necessary, molecular connectivities were assigned
using two-dimensional (COSY, HSQC, homonuclear J-resolved)
experiments, and coupling constants for complex or non-first-
order spectra were determined by simulation/iteration sequences
using the Daisy module of the Bruker TopSpin software. The GC-
MS system was an Agilent 6890 GC directly linked to an Agilent

5973A MSD. A portion of the sample (1 pl) was automatically
injected into the GC, which was equipped with a Poraplot Q
capillary column (10 m x 0.32 mm with a 10 pm film thickness).
Helium was used as carrier gas at a constant flow of 1.8 ml min~'.
The GC injector port temperature was maintained at 250 °C and
the oven was programmed to hold at 50 °C for 1 min, then ramp
at 10 °C min~' to 200 °C and hold this temperature for 5 min. The
transfer line and MSD source temperatures were set at 200 °C and
230 °C respectively. The MSD was programmed to measure ion
currents between m/z 30 and 500 for both EI and CI ionisation
modes. Methane was used as the reagent gas for CI. Fragment
intensities are quoted as a percentage of the base peak.

Synthesis of 1a—c: general procedure

A solution of ditosylate 2 (5.8 mg, 0.012 mmol) in dry Dg-THF
(1 mL) was added via cannula to a suspension of LiAlH, (5 mg,
0.14 mmol) in dry Ds-THF (0.5 mL) under nitrogen. The resulting
mixture was stirred at 50 °C until TLC analysis indicated complete
consumption of the starting material (4-7 h). The mixture was
cooled to room temperature and filtered through a cotton wool
plug, washing with CDCl; (0.5 mL). The filtrate was cooled
to 0 °C, and excess LiAlH, was quenched by careful addition
of a few drops of aqueous sodium tartrate. The organic phase
was withdrawn and dried (MgSO,) to provide a clear colourless
solution of tetrafluorohexane 1, which was characterised without
further purification.

Data for 1a

"H NMR (400 MHz, 80 : 20 v/v CDCl;-Ds-THF) 6 4.52-4.30 (m,
2H), 4.24-3.99 (m, 2H), 0.92 (dddd, J = 24.1, 6.5, 0.9, 0.9 Hz, 6H);
YF NMR (376 MHz, 80 : 20 v/v CDCl;-Ds-THF) 6 —191.3 (m,
2F), —211.7 (m, 2F); “F {"H dec} NMR (376 MHz, 80 : 20 v/v
CDCl;-Ds-THF) 6 —191.3 (m, 2F), —211.7 (m, 2F); *C NMR
(125 MHz, 80 : 20 v/v CDCL,-Ds-THF) 6 91.3 (dm, J = 184 Hz),
86.8 (dm, J = 172 Hz), 14.6 (d, J = 22 Hz); MS (CI, +ve) m/z 139
(MH* — HF, 30%), 119 (MH* — 2 x HF, 100%), 99 (MH* — 3 x
HF, 42%), 79 (MH* — 4 x HF, 33%).

Data for 1b

"HNMR (400 MHz, 76 : 24 v/v CDCl;—Ds-THF) 6 4.46-4.28 (m,
2H), 4.25-4.01 (m, 2H), 0.98 (dddd, J = 25.2, 6.2, 1.5, 1.5 Hz, 6H);
YF NMR (376 MHz, 76 : 24 v/v CDCl,-D,-THF) 0 —185.8 (m,
2F), —216.2 (m, 2F); “F {"H dec} NMR (376 MHz, 76 : 24 v/v
CDCl;-Ds-THF) 6 —185.8 (AA'XX, 3Jax = 14.7 Hz, *Jyx =
2.7 Hz, *Jan = 0.4 Hz, 2F), —216.2 (AA'’XX/, *J,x = 14.7 Hz,
3Jxx = 8.2 Hz, *J,x = 2.7 Hz, 2F); ¥C NMR (125 MHz, 76 :
24 v/v CDCl;-Dg-THF) 6 89.9 (dm, J = 174 Hz), 85.8 (dm, J =
169 Hz), 16.6 (d, J = 26 Hz); MS (CI, +ve) m/z 139 (MH* — HF,
25%), 119 (MH* — 2 x HF, 100%), 99 (MH* — 3 x HE, 51%), 79
(MH* — 4 x HF, 58%).

Data for 1c

'H NMR (400 MHz, 81 : 19 v/v CDCl,-D-THF) 6 4.55-4.32 (m,
2H), 4.31-4.08 (m, 2H), 1.01 (dddd, J = 24.5, 6.5, 2.3, 0.5 Hz,
3H), 0.98 (dddd, J = 24.5, 6.5, 0.7, 0.7 Hz, 3H); *F NMR
(376 MHz, 81 : 19 v/v CDCl,-D,-THF) ¢ —187.0 (ddddddd,
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J =47.0,24.5,142,9.1, 3.4, 2.0, 1.6 Hz, 1F), —189.5 (ddddddd,
J=47.0,24.5,16.7,13.2, 1.6, 1.4,0.6 Hz, 1F), —211.7 (dddddddd,
J = 47.0, 26.0, 13.2, 13.0, 9.8, 3.4, 2.0, 0.5 Hz, IF), — 215.7
(dddddddd, J = 47.0, 24.0, 14.2, 12.0, 9.8, 2.0. 1.4, 0.5 Hz, 1F);
F {'H dec} NMR (376 MHz, 81 : 19 v/v CDCl,-D-THF) &
—187.0 (ddd, J = 14.2, 3.4, 1.6 Hz, 1F), —189.5 (ddd, J = 13.2,
1.6, 1.4 Hz, 1F), —211.7 (ddd, J = 13.2, 9.8, 3.4 Hz, IF), —215.7
(ddd, J = 14.2,9.8, 1.4 Hz, 1F); *C NMR (125 MHz, 81 : 19 v/v
CDCl,D,-THF)d 91.3 (dm, J = 178 Hz), 90.9 (dm, J = 183 Hz),
87.9 (dm, J = 173 Hz), 86.0 (dm, J = 173 Hz), 16.3 (m), 15.9 (m);
MS (CL, +ve) m/z 139 (MH* — HF, 29%), 119 (MH* — 2 x HF,
100%), 99 (MH* — 3 x HF, 43%), 79 (MH* — 4 x HF, 29%).
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A new approach to the enzymatic production of conjugated linoleic acid (CLA) ascorbyl ester with a
remarkably high volumetric productivity (120-200 g L") has been developed, in which strong solvation
by tOMA-TFA (methyltrioctylammonium trifluoroacetate) enables a high concentration of ascorbic
acid to be applied, and in which #-butanol enhances conversion by changing the equilibrium constant of
the activity coefficients. This work has experimentally demonstrated the practicability of achieving
efficient reactions of polar compounds at high concentrations in ionic liquids without significant loss of

enzyme activity.

Introduction

Tonic liquids (ILs) have been introduced as solvents into synthetic
chemistry to meet the increasing demand for clean technologies
in industrial processes.! Thanks to the possibility of tuning
their properties by modifying the anions or the cations that
comprise these liquid salts, ionic liquids are considered as the
ideal tailorable solvents.? Biocatalysis in ILs represents an exciting
area that couples environmentally benign biocatalytic approaches
with these new green solvent.® Tt is known that many enzymatic
processes operate under conditions where the position of chemical
equilibrium may control the final yield achieved; therefore, to
select or adjust the property of solvents in which the enzyme
operates is a crucial factor in enhancing the conversion and
product selectivity.* Tonic liquids compensate for the lack of
conventional solvents that are capable of dissolving a wide range
of compounds, and in addition offer the advantage of being able
to be adjusted to a particular application.** However, successfully
utilising the advantages of ILs depends primarily on formulating a
correct description of the multiple interactions between substrates,
products, ILs and enzymes, as well as the subsequent strategy.
Recently, we demonstrated an approach based on COSMO-RS
(conductor-like screening model for real solvents) that could be
employed in the fast screening of ILs with regard to their ability
to solubilise compounds with multiple hydroxyl groups.® Ascorbic
acid (Vitamin C) falls into this category (Scheme 1) and therefore
could benefit from this approach for establishing an efficient
enzymatic esterification system.

Since the fatty acid esters of ascorbic acid find attractive
applications in cosmetics, pharmaceuticals and food ingredients,
a lot of effort has been made in the enzymatic preparation of
these lipophilic derivatives in order to establish a protocol with
high volumetric productivity.” However, the advances are limited
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by the low solubility of ascorbic acid in conventional solvents.
Park et al.® reported the first successful attempt at using ILs to
host lipase-catalyzed esterification of ascorbic acid at relatively
high concentrations of ascorbic acid. In this paper, we report
our progress in setting up a highly productive reaction protocol
for the enzymatic preparation of fatty acid ascorbyl esters, using
conjugated linoleic acid (CLA) (which has multiple physiological
activities and antioxidation potential) as a model fatty acid’
(Scheme 1). This work attempts to verify the practicability of the
following technology evolution: COSMO-RS « priori screening of
commercially available ionic liquids, experimental validation of
screened systems, and protocol optimization based on a correct
understanding of multiple solvation interaction delineation by
COSMO-RS.

Results
Solvent dependency of reaction behaviours

As recently demonstrated, the solubility of the analogues with
multiple hydroxyl groups as H-bonding donors in ILs is largely
determined by the property of anions of ILs, and depending on
the basicity of the anions of ILs can be categorized into 3 groups.®
Based on these results, it would seem not to be too difficult to
identify commercially available ILs that can dissolve ascorbic
acid at high concentrations; however, most of these IL candidates
frustrate the activity of enzymes due to the strong coordinating
capacity of the anions.® Those ILs in which enzymes can work well
are incapable of dissolving ascorbic acid at a high concentration.
Therefore, the judicious selection of ILs is imperative, and the
COSMO-RS predictions™ and experimental results suggested
that we should focus on those ILs with considerable dissolving
ability but less coordinating capacity (Table 1). In our attempt
to obtain the results in Table 1, we have screened over 20 ILs
with different anions and cations. No detectable reaction was
observed in alkylimidazolium- and alkylammonium-type ILs with
the anions of 2-(2-methoxyethoxy)ethylsulfate (MDEGSO,"), n-
octylsulfate (OctSO, "), ethylsulfate (EtSO, ™), dimethylphosphate
(Me,HPO,") and toluene-4-sulfonate (OTs™). With paired an-
ions of tetrafluoroborate (BF,”), hexafluorophosphate (PF,~)
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activity coefficient of component i, respectively. K., and K, are the corresponding constants at mole fraction y and activity coefficient y, respectively.

and bis(trifluoromethylsulfonyl)imide (Tf,N~), we could achieve
similar conversions to those observed by Park e al. when lower
concentrations (around 20 mg mL™") were employed.® However,
when higher concentrations was used, <5% conversion of ascor-
bic acid after 24 h was observed in BMIM-BF,, BMIM-PF,
and tOMA-Tf,N (data not shown). It should be pointed out
that in this work the concentration of ascorbic acid applied
(1.22 mmol mL~" IL) is significantly higher than previous reports
for conventional solvents (0.1-0.3 mmol mL~" solvent)’ or the
ILs examined (200 mM).® There has been concern that the initial
reaction rate is controlled by the amount of substrates dissolved
and/or dissolution rate.*!* The increase in conversion of ascorbic
acid in going from z-butanol to tOMA-TFA shows a strong
correspondance with the solubility (Table 1). The solubility of
ascorbic acid in tOMA-TFA is around 3-fold that in #-butanol —
coincidentally the same as the ratio of the conversions (Table 1);
the conversion of ascorbic acid in BMIM-CF;SO; also seems to
match the solubility. Compared with the conversion in z-butanol
(one of the best solvents for bioconversion of ascorbic acid),” the
result of tOMA-TFA is pretty encouraging.

However, this method is still some way from being a high
volumetric productivity protocol due to the low conversion,
even though high substrate concentrations can be applied. Park
et al. ascribed the lower conversion of ascorbic acid in their
systems to the inhibiting action of the product accumulating
around the lipase, an effect that can be avoided by adding
hydrophobic solvents.? We therefore added hexane (entry 4) and
toluene (entry 5); an evident enhancement of conversion was
obtained (Table 1). With this observation and the COSMO-RS
prediction, we anticipated that this could be also applicable for
other solvents. This was verified by the result shown in entry
6, where over 70 mol% conversion of AA (86% by weight) was
achieved when an equal volume of z-butanol was mixed with
the IL. For BMIM.CF;SO; the addition of z-butanol results in
a conversion increase by a factor of 1.5. Fig. 1 depicted the time
course of enzymatic esterification of ascorbic acid in tOMA-TFA
with or without solvent addition.

Clearly, the addition of all solvents results in a marked increase
of initial rate (Fig. 1). In pure tOMA-TFA, little reaction was
detected in the first 1 h, while the presence of ¢-butanol gave 9.5%
conversion. Mass transfer hindrance could be a reason for the
lower initial rate in pure tOMA-TFA due to its high viscosity;"
therefore this might also represent one of the leading reasons for
the elevated initial rate, since the introduction of organic solvents

80
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Fig. 1 Effects of solvents on enzymatic esterification of ascorbic acid
in methyltris(octyl)ammonium trifluroacetate (fOMA-TFA). Reaction
conditions: 1.22mmol ascorbic acid (0.2148 g) and 6.1 mmol CLA (1.714 g)
were dissolved in 0.5 mL IL and 0.5 mL ¢-butanol ({J), heptane (A) or
toluene (O), or just 1 mL IL on its own (<). The reaction was conducted
in a jacketed reactor at 70 °C and 300 rpm, in the presence of 200 mg
activated molecular sieves and 200 mg of Novozym 435.

leads to a viscosity reduction of the system of the same order of
magnitude as t-butanol (Table 1). In the first 6 h, almost all systems
with organic solvents show a similar linear increase, but with
different final conversions (z-butanol 53% and toluene only 27%).
In the systems containing hexane and toluene, the stabilization in
the conversion after 12 h suggests that thermodynamic equilibrium
is being reached; while the reaction in the IL with #-butanol
continues to undergo a steady increase (Fig. 1). Another test
showed that prolonging the reaction time only leads to a slight
increase of conversion in fOMA-TFA (45-50%) or its mixture
with 7-butanol (70-75%) (data not shown).

Important parameters to affect volumetric productivity

Fig. 2A reveals how ascorbic acid concentrations affect AA
conversion and volumetric productivity of CLA ascorbyl ester. In
terms of conversion, the optimum concentration of ascorbic acid is
65-68 g L', and increasing the substrate loading further results in
a decrease in conversion. This optimum of concentration has also
been observed in a similar reaction, which is suggested to reflect the
change in the lipase/substrate concentration ratio.” However, the

This journal is © The Royal Society of Chemistry 2008
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used were provided by the suppliers. The IL-solvent mixtures were treated as ideal systems in the estimation of viscosity by the Grunberg correlation.!

volumetric productivity of CLA ascorbyl ester steadily increases
as substrate concentration increases, reaching 130 g L=". Tt is worth
noting that the concentrations of ascorbic acid shown in Fig. 2A
are based on total volume of solvent and substrates, in which the
volume of CLA occupies a larger proportion due to the excess CLA
applied. We therefore tested the reaction with various CLA/AA
mole ratios (1 : 1 to 10 : 1) using tOMA-TFA—¢-butanol (1 : 1,
v/v) (Fig. 2B). As can be seen, at an optimum substrate ratio
of CLA/AA 5 : 1, 74.5% conversion of AA could be achieved
when the reaction proceeds for 36 h. At lower substrate ratios
(CLA/AA from 1:1to 5: 1), the conversion rate of AA increases
steadily with increasing CLA dosage, while a decline appears when
the CLA/AA ratio is increased above 5 : 1. However, as shown
in Fig. 2B, the volumetric productivity seems to be unaffected
by the changing AA conversion. This result indicates that, in
such concentrated reaction systems, the volumetric productivity is
dependent on the total volume change rather than small changes
in conversion, since concentration variation of a substrate with
a larger molar volume (like CLA) would significantly change
the total volume of reaction mixture, thereby influencing the
volumetric productivity. It was also observed that the conversion
rate vs. substrate ratio is time-dependent; namely, the reactions
with higher CLA concentrations (CLA/AA 5 : 1 or higher)
are much faster. The equilibrium can be achieved around 24 h,
whereas, the equilibrium for the reaction with CLA/AA 1:1 was
achieved after 36 h. This result reflects the substantial influence
of the substrate on the property of the reaction medium in a
highly concentrated system, as well as its subsequent effect on
enzymatic reactions. Although higher volumetric productivity for
CLA ascorbyl ester (over 200 g L") at a lower ratio of CLA/AA
(Fig. 2B) could be obtained, it needs a longer time and also results
in a larger proportion of unconverted AA. Therefore, considering
the overall efficiency of the protocol, using a CLA/AA ratio of 4 :
1 to 6 : 1 would be preferable, giving a volumetric productivity of
120-150 g L~" after 36 h.

Effects of temperature and lipase dosage were also examined
in this work, and both were found to affect the reaction rate pro-
foundly. However, the conversion at equilibrium is not significantly
altered if the reaction proceeds for the proper time. The optimum
temperature and Novozym 435 concentration were found to be
70 °C and around 200 mg mL~' solvent, respectively, and these
values were thus employed in the these studies (Fig. 1 and 2).

Concerning the separation of product, we found that the
product could be precipitated by adding water after unreacted
CLA was removed by hexane extraction, as previously reported.?
Further investigations on product recovery and IL reusability are
in progress. The identification of the product in this work was
conducted by a model reaction of palmitic acid with ascorbic acid,
which has been well characterized previously.”® In agreement with
these studies, only one product was obtained, which was identified
as 6-O-L-ascorbyl palmitate. CLA 6-O-L-ascorbyl ester (only one
product peak) was therefore identified by comparison of retention
time with 6-O-L-ascorbyl palmitate in HPLC analysis.

Discussion

A solvent reaction system with high volumetric productivity
relies on high solubility and good conversion, both of which
depend mainly on the properties of the medium.* The highly
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Fig. 2 Effects of substrate concentrations and substrate ratios on the conversion of ascorbic acid and volumetric productivity of CLA ascorbyl ester in
tOMA-TFA-t-butanol. All reactions were conducted in a mixture of 0.5 mL tOMA-TFA and 0.5 mL z-butanol. (A) A fixed CLA/AA mole ratio (5: 1)
was applied, and the data shown acquired after 24 h. (B) The CLA/AA mole ratio was altered but the dosage of ascorbic acid was fixed at 1.22 mmol,
and the data shown acquired after 36 h. Other conditions are the same as in Fig. 1.

substrate-concentrated reaction system presented in this work,
with better conversion (over 70%) and remarkably high volumetric
productivity (120-200 g L"), can be principally attributed to
the good solubility of ascorbic acid in tOMA-TFA" (Table 1).
However, high solubility doesn’t naturally yield a good reaction if
the property of solvent doesn’t favour the formation of products
(Scheme 1). Sometimes the activity coefficients of reactants or
products, resulting from different interactions with the solvents,
can profoundly influence the selectivity and product yield by
shifting the reaction equilibrium.>> We have experimentally
proven that employing a lower concentration of ascorbic acid
or prolonging the reaction time do not significantly increase the
conversion in pure ftOMA-TFA. The effect of fatty acid solubility
and product inhibition could be also ruled out because both
are experimentally observed to be soluble in tOMA-TFA.? A
possible reason for the significant effects of organic solvents
added to fOMA-TFA on the conversion of ascorbic acid is that
the equilibrium is changed due to activity coefficient change of
substrates and products in the resulting mixed system, which has
been demonstrated in many enzymatic reactions.*'? Unfortunately
the direct measurement of activity coefficients of solids (herein
ascorbic acid) is methodologically difficult in ILs, but they can be
estimated by an independent and physically well-founded model,
COSMO-RS.*™ It has been known that for a specific reaction at a
certain temperature the equilibrium constant of thermodynamic
activity is a constant and is equal to K., K., (Scheme 1);
therefore, it is possible to shift the equilibrium to esterification
(increasing K., value) by reducing the equilibrium constant of the
activity coefficients K., (Scheme 1).** Table 1 shows COSMO-
RS-computed K., , values based on infinite dilution of substrates
and products in individual solvent systems."® Interestingly, all K., ,
values marked decreased when equal volumes of conventional
solvents are added to tOMA-TFA; t-butanol gives the most
significant reduction (from 36.67 to 7.76), following hexane
(18.12) and toluene (21.11). Surprisingly, this trend agrees with
the corresponding enhancement of the conversion of ascorbic
acid (from 44.44% to 71.01, 60.42 and 48.01%, respectively). Of
course, estimates of infinite dilution-based activity coefficients are
not sufficient to quantitatively correlate with equilibrium shifts,

but at least COSMO-RS is capable of giving a theoretically
correct qualitative evaluation on how the property change of a
medium affects equilibrium shifting.>* This is very useful for
better understanding the reaction behaviours in different media
or pre-evaluating a single or mixed solvent system.

It should be realized that direct thermodynamic computation
of such a concentrated system using the current models will
greatly deviate from the real values, because the strongly non-ideal
thermodynamic behaviour in this system is beyond the effective
range of the model." Despite this limitation, as mentioned earlier,
computations of solubility and activity coefficients based on
indefinite dilution-mode is still of great instructive value to clarify
some issues that are currently impossible by other methodologies.

In actual fact, the reaction behaviour in fOMA-TFA and its
mixtures with organic solvents at high substrate concentrations
can also be explained from an understanding of the mechanism.
There is no doubt that the strong coordinating capacity of
trifluoroacetate and its interaction with H-bonding donors in
ascorbic acid is the main reason for the high solubility of AA
in tOMA-TFA. The question is, then, how this coordination will
affect lipase activity. In the pure ionic liquid reaction system, we
do not know whether the lower enzyme activity or the thermody-
namically unfavourable formation of the product will result in a
lower conversion of AA at equilibrium. To address these questions,
we conducted several control tests. It turns out that the lipase
activity is indeed influenced by the coordination interaction in
tOMA -TFA; therefore, the introduction of some less-coordinating
solvents generally leads to an increase of initial reaction rate
(Fig. 1). However, it is found that the lower enzyme activity in IL
is not the main reason leading to a lower final conversion of AA,
because employing excessive biocatalyst, prolonging the reaction
time, or the batchwise addition of enzyme (to keep it continuously
available for reaction), didn’t significantly improve the conversion
of AA at equilibrium in the pure IL system. In fact, the influence of
the added solvents on the equilibrium shifting can be understood
from a thermodynamic point of view. The strong interaction
between substrate (AA) and tOMA-TFA heavily restricts the
freedom (activity) of substrate, which is essential for an effective
collision leading to reaction, while the moderate property change
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resulting from the introduction of organic solvents (i.e. becoming
more hydrophobic) could counteract the above effect and make
the substrate more active. On the other hand, the product (CLA
ascorbyl ester) becomes less active (negative for the reverse
reaction) with the introduction of organic solvents because the
product is more hydrophobic compared with substrate (AA) and
a stronger interaction occurs within a more hydrophobic environ-
ment. Thus both effects facilitate the shifting of the equilibrium
towards the formation of CLA ascorbyl ester, corresponding
to a higher conversion of AA at equilibrium (Scheme 1 and
Table 1).5" With these hypotheses, one can understand that the
contribution of substrate concentration to the conversion rate
in such concentrated system doesn’t resemble a normal solvent
reaction system, in which the property change of the reaction
system with the addition of substrate can be neglected. Substantial
addition of CLA (with a larger molecular volume) will change
not only the total volume but also the property of the reaction
system (Fig. 2A). Similar effects might be generated by varying
the CLA/AA ratio (Fig. 2B). Therefore, without consideration
of other effects, the increase of CLA dosage generally results in
an increased conversion rate. However, overload of CLA will
dramatically decrease the dissolution of AA in the resulting
mixture, leading to a decreased reaction rate. Possibly this might
be one of the reasons why an optimum appears in either substrate
concentrations (Fig. 2A) or CLA/AA ratios (Fig. 2B) in terms of
the conversion of AA.

Conclusions

In summary, we have demonstrated an efficient IL reaction system
for the production of fatty acid ascorbyl esters with very high
throughput (120-200 g L"). The strong solvation of tOMA-TFA
allows a high concentration of ascorbic acid to be applied and
addition of t-butanol increases conversion by changing the equilib-
rium constant of activity coefficients. The novelty and importance
of this work are, firstly, proving the feasibility and practicability of
the strategy to explore efficient IL reaction systems by a COSMO-
RS a priori screening from a large number of available structures,
and theoretical evaluation on multiple interactions within the
system, in combination with experimental validation. Secondly, we
have shown that the fOMA-TFA-¢-butanol system allows access to
a variety of compounds with multiple OH groups (e.g. flavonoids
and sugars) as an efficient system for enzymatic conversion (related
investigations are in progress in our group), indicating the general
value of this approach.

Experimental
Materials

L-Ascorbic acid (99%) was purchased from Sigma-Aldrich
Co. (St Louis, USA). Conjugated linoleic acid (CLA), with
>80% (9Z,11E)- and (10E,12Z)-isomer content, was pur-
chased from Cognis Deutschland GmbH (Manheim, Germany).
Methyltrioctylammonium trifluoroacetate ({OMA-TFA) of 99.7%
purity was from Merck KGaA (Darmstadt, Germany). 1-
Butyl-3-methylimidazolium trifluoromethanesulfonate ((BMIM]
[CF;SO;]) and all ionic liquids were procured from Solvent
Innovation GmbH (K&6In, Germany) and were of 98% minimum

purity. Novozym 435 (from Candida antarctica) was a gift from
Novozymes A/S (Bagsvaerd, Denmark).

Typical experimental procedure and analysis

In a typical reaction, 1.22 mmol ascorbic acid (0.2148 g) was
dissolved in 0.5 mL IL, and then 0.5 mL of #-butanol, heptane or
toluene was added, followed by the addition of 6.1 mmol CLA
(1.714 g) for mixing. For the reaction in pure ILs, 1.22 mmol
ascorbic acid was directly dissolved in 1 mL IL, followed by the
addition of 6.1 mmol CLA. The reaction was conducted in a
jacketed reactor at 70 °C with magnetic agitation at 500 rpm,
200 mg activated molecular sieves and 200 mg Novozym 435.
The evolution of the reaction was monitored by periodic sample
withdrawal and HPLC analysis after dissolving the samples in
dimethyl sulfoxide (DMSO).

Examination on the effects of temperature on the reactions were
performed under conditions identical to those above. Effects of
substrate concentrations were also examined, based on the above
reaction conditions with various concentrations of ascorbic acid.
The CLA/AA ratio was kept at 5 : 1, and the volume of solvent
(pure ILs or their mixture with molecular solvents) was also kept
constant at 1 mL. Effects of the substrate ratio were evaluated
by employing the above conditions with ascorbic acid fixed at
1.22 mmol and CLA varied from 1.22 to 12.2 mmol.

All reactions were performed in duplicate and the means of two
determinations were used for result evaluation.

HPLC analysis of reaction mixtures was carried out on an Agi-
lent HPLC system (1100 series, Agilent Technologies, Germany)
with an Ascentis RP-C8 column (25 cm x 4.6 mm, 5 pm,
Supelcosil Inc., Bellefonte, PA). This system was equipped with
an autosampler, on-line degasser, column heater, and ultraviolet
diode-array detector (UV-DAD). The detection wavelength was
set at 254 nm. A 20 uL aliquot was dissolved in 1 mL DMSO,
and the enzyme was removed by centrifugation. The binary
mobile phases were methanol and triethylamine—acetic acid buffer
(10 mM, pH 4.0). The elution gradient was as follows: start with
30% methanol and increase to 100% methanol over 10 min; hold
for 7 min and then reduce to 30% methanol over 3 min; hold at
this ratio for 10 min. The mobile phase flow rate was 1.0 mL min™"
and column oven temperature 35 °C.

Area percentages of ascorbic acid and CLA ascorbyl ester were
used as weight for the mole conversion calculation based on mass
balance. The volumetric productivity of CLA ascorbyl ester (g L™
or mol L") is defined as the amount of the product generated
per unit volume. This was estimated based on the concentration
of ascorbic acid and its conversion, and calibrated by the standard
curves of ascorbyl palmitate.

Model processing

Generation of molecular COSMO files was implemented on
Turbomole 5.8. Infinite dilution activity coefficients used for
K., thermodynamic calculations and solubilities of ascorbic acid
in ILs and #-butanol computation with a non-iterative mode
were carried out on CosmothermX_2.2 (COSMOlogic GmbH &
Co KG, Leverkusen, Germany).® Cavity radius (A) used is the
optimized data: C (2.00), H (1.30), O (1.72), N (1.83), S (2.16) and
P (2.100).
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The thermal and photochemical ring-opening of spiro(3H-naphtho[2,1-b]pyran-3,9'-thioxanthene-10,
10-dioxide) 3 results in the facile ring-contraction to 9-(naphtho[2,1-b]furan-2-yl)-9 H-thioxanthene-10,
10-dioxide 6. Similar behaviour is displayed by the isomeric spiro(2 H-naphtho[l,2-b]pyran-2,9'-
thioxanthene-10,10-dioxide) 9 affording 9-(naphtho[1,2-b]furan-2-y1)-9 H-thioxanthene-10,10-dioxide
12, though more severe reaction conditions were required. The comparative ease of this rearrangement

for the isomers 3 and 9 was rationalised on the basis of the relative isomer populations of the
ring-opened naphthopyrans. The rearrangement of simple mono- and bis-methylsulfonylphenyl
substituted photochromic naphthopyrans 18, 20 was examined; the former failed to rearrange
whereas the latter could be induced to rearrange only under prolonged UV irradiation. The
photochromism of diastereoisomerically pure sulfoxides derived from the oxidation of
spiro(3H-naphtho[2,1-b]pyran-3,9'-thioxanthene) 2a and spiro(2 H-naphtho[1,2-b]pyran-2,9'-
thioxanthene) 2b resulted in conversion to the most thermodynamically stable trans-isomer in

each case.

Introduction

The reversible 6m electrocyclic opening of the pyran ring has
attracted considerable attention particularly when the pyran
ring is fused to a naphthalene unit and where the photo-
chemical ring-opening—thermal ring-closing sequence is accom-
panied by a change in colour.! There are numerous reports
concerning the influence of substituents on the photochromic
properties of diarylnaphthopyrans.> However, none of these
accounts® discusses the influence of a single strong conjugating
electron withdrawing substituent in one of the geminal aryl
rings upon the photochromism of the pyran unit since such
groups are difficult to incorporate using the standard Claisen
rearrangement route* and suitable staring materials are not
readily available for the Ti(OEt), promoted route.’ We were
interested in investigating the synthesis of such substituted
naphthopyrans and thought that the use of electron donating
thioether substituents, which could be subsequently oxidised to
a sulfone unit, would be a convenient strategy to access such
compounds.

“Department of Colour Science, School of Chemistry, University of Leeds,
Leeds, UK LS2 9JT. E-mail: b.m.heron@leeds.ac.uk; Fax: +44 (0)113
3432947, Tel: +44 (0)113 3432925

tSchool of Chemistry, University of Leeds, Leeds, UK LS2 9JT
‘Department of Chemistry, University of Southampton, Highfield,
Southampton, UK SO17 1BJ

1 Electronic supplementary information (ESI) available: 'H, *C NMR
and UV-visible spectra for compounds. CCDC reference numbers 670085,
670086, 661552, 663292. For ESI and crystallographic data in CIF or other
electronic format see DOI: 10.1039/b807744d

Results and discussion

An obvious starting point was the preparation of the known
spirothioxanthene substituted compounds 2a, b® (Scheme 1),
which could be readily oxidised in a later step.

Addition of lithium trimethylsilylacetylide (LiTMSA) to thiox-
anthone, followed by base-promoted unmasking of the terminal
acetylene unit, proceeded cleanly to afford propynol 1 in excellent
yield (94%). Heating a PhMe solution of 2-naphthol with 1 in
the presence of acidic alumina for 1 h afforded 2a in 55% yield
[0y = 6.18, d, 6,y = 7.03, d (J = 10.2 Hz)].* Our attempts
to oxidise 2a with excess peracetic acid were unsuccessful, but
oxidation of a CH,Cl, solution of 2a with 1.5 equivalents of m-
CPBA gave three new components, which were readily separated
by flash chromatography (Scheme 2). The use of greater amounts
of m-CPBA for the oxidation of 2a resulted in the formation of
trace amounts of by-products, which proved difficult to remove by
flash column chromatography.

The compounds resulting from the oxidation were characterised
as the sulfone 3 (17%) [0,y = 6.36,d,0,.; = 7.08,d (J = 10.2 Hz)],
the cis-sulfoxide 4 (28%) [0, = 5.59,d,6, 4 =7.05,d (J/ = 10.0 Hz),
Fig. 17" and the trans-sulfoxide 5 (20%) [0y = 6.58, d, 0,y =
7.78, d (J/ = 10.2 Hz), Fig. 2].* The pronounced deshielding of
the alkene protons in the trans-sulfoxide 5 compared to the cis-
isomer 4 (Ad,y = 0.99; Ad,.x = 0.73) presumably stems from their
proximity to the anisotropic S=O unit. It is also noteworthy that
2-H in 4 resonates at an unusually high field position (J 5.59)
compared to those in 2a and 3 (6 ~ 6.2). A possible explanation
for this anomalous shift is provided by the X-ray crystal structure
(Fig. 1), which indicates that 2-H not only lies within a shielding
zone of one of the thioxanthene rings but also is in close proximity
to the sulfur lone pair of the sulfoxide unit.
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Fig. 1 X-Ray crystal structure of compound 4.

In both sulfoxide diastereoisomers 4 and 5 the sulfoxide oxygen
prefers a pseudo equatorial site with stereochemical differentiation
occurring through the arrangement of the pyran ring oxygen
and C-2 atoms about the spiro carbon (C-1, crystallographic
numbering). This preference for the equatorial orientation of the
sulfoxide oxygen atom in each of the isomers 4 and 5 precludes
the potential photochemical isomerisation of the sulfoxide group.’
The thioxanthene moiety adopts the typical boat conformation
leading to a ridge tile or “V-shaped’ arrangement.'

Attempts to obtain crystals of the sulfone 3 for a comparative
crystal study were unsuccessful due to the appreciable thermal
lability of this compound. Even brief heating during recrystalli-
sation (EtOAc-hexane) resulted in formation of a significant
quantity (TLC) of a new, non-photochromic product. Quantitative
conversion could be achieved by heating a solution of 3 in EtOAc—
hexane, 1 : 1 under reflux for 45 min. The instability of 3 stems
from its proclivity to undergo an irreversible ring contraction

Fig. 2 X-Ray crystal structure of compound 5.

and aromatisation to the naphtho[2,1-b]furan 6" [0(CDCl;)sy =
5.92, s, 0.y = 7.10, s], the constitution of which was established
by X-ray crystallography (Fig. 3)."

Each of the new naphthopyrans 3-5 displayed photochromism
and reversibly developed a yellow colour, with ca. A, 426 nm,
on irradiation of a toluene solution with a TLC inspection lamp
(365 nm, 8 Watt); A, is shifted hypsochromically relative to 2a
(481 nm) in keeping with the decrease in electron donating ability
of the S atom upon oxidation. Interestingly, the photochromism
of 3 was particularly short-lived with irradiation (TLC inspection
lamp, 365 nm) of a ds-toluene solution (ca. 20 mg/2.5 mL)
resulting in the complete loss of photochromism in less than
90 s (¢f. Fig. 4). Examination of the '"H NMR spectrum of this
solution revealed that facile ring contraction had again occurred
to afford 6. Irradiation (365 nm, 180 s) of a ds-toluene solution
of 4 resulted in the complete isomerisation of 4 into 5, whereas
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Fig. 3 X-Ray crystal structure of compound 6.

similar treatment of 5 resulted in no change, which suggests that
the trans-diastereoisomer 5 is the more thermodynamically stable
of the pair.

A mechanism for the facile ring contraction of 3 to 6 is presented
in Scheme 3. Thermal and photochemical ring-opening of the
pyran unit affords the isomeric dienones 8a, b. The ratio of these
two isomers is presumed to favour the less sterically congested
isomer 8b and is supported by studies on the photochemical ring-
opening of 3H-naphtho[2,1-b]pyrans, which have established the
predominance of the trans,cis-isomer (TC) cf. 8b, using NMR
spectroscopy.’® The geometry of 8b favours the intervention of a
rapid 5-exo-trig ring closure over the usual isomerisation and 67-

irradiation 365 nm PhMe

— unirradiated
irradiated 15 s
iradiated 30 s
irradiated 45 s
iradiated 60 s

wavelength (nm)

Fig. 4 UV-Visible spectra of naphthopyran 3 in toluene at various
irradiation times.

electrocylisation sequence to generate the aromatic thiaanthracene
and thence the thioxanthene upon proton transfer.

The isomeric 2H-naphtho[1,2-b]pyran 2b [0, = 6.16, d, 0,y =
6.43, d (J = 9.9 Hz)]® was obtained from 1-naphthol and alkynol
1in 45% yield. Oxidation of 2b with m-CPBA resulted in a similar
mixture of compounds, sulfone 9 (28%) [0y = 6.31, d, d,s = 6.50,
d (J = 9.9 Hz)], cis-sulfoxide 10 (24%) [05.4 = 5.55, d, 04y = 6.47,
d (J =9.7 Hz)] and trans-sulfoxide 11 (43%) [0s.y = 6.46,d, 04y =
7.19, d (J = 10.0 Hz), Fig. 5]"* (Scheme 4). It is noteworthy that
again the cis-sulfoxide 10 exhibits anomalous shifts of the pyran
ring protons in accord with those of cis-isomer 4. UV irradiation
of a toluene solution of each of the new naphthopyrans resulted in
the reversible development of an orange-yellow colour (ca. Ay =
470 nm), again shifted hypsochromically relative to the unoxidised
compound 2b (4, = 503 nm). Interestingly, for the naphtho[1,2-
b]lpyrans 9-11, the hypsochromic shift is ca. 30 nm, significantly

8a 8b
trans, trans trans, cis
(TT) isomer (TC) isomer
yellow

or reflux
EtOAc / hexane

Scheme 3 Proposed mechanism for the ring contraction of naphthopyran 3 to naphthofuran 6.
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Fig. 5 X-Ray crystal structure of compound 11.

smaller than that for the alternative series 2a, 3-5 of ca. 50 nm.
Irradiation of a dg-toluene solution of the sulfoxides 10 and 11
resulted in the complete isomerisation of the former into the most
stable diastercoisomer 11, whilst the trans-sulfoxide 11 remained
unchanged. Interestingly, for this naphtho[1,2-b]pyran isomer, the
sulfone 9 proved to be more resistant to ring contraction and
heating in toluene for 26 h was required in order to effect the

=

m-CPBA (1.5 eq)
CHZCIZ
0°C-RT

irradiation 365 nm
PhMe

contraction to naphthofuran 12 (72%) [0(CDCly)ey = 5.93, s,
Oy = 6.77, s] (Scheme 5). A longer period of UV irradiation
(3600 s, 8 Watt TLC lamp) was also required to effect the efficient
contraction to 12.

The reluctance of 9, compared with isomer 3, to undergo ring
contraction may be explained by considering the likely geometry
and relative abundance of the ring-opened coloured forms 13a,
b (Scheme 5). Steady state spectroscopic investigations of 2H-
naphtho[1,2-b]pyrans have revealed that ring-opened species with
trans,trans- (TT) geometries corresponding to 13a are longer
lived (more stable) than their cis,trans- (CT) isomers c¢f. 13b.'
Isomer 13a does not posses the appropriate geometry for a
facile ring contraction, however, the relatively small proportion
of 13b under the applied irradiation conditions can undergo ring
contraction with the result that the isomer ratio gradually adjusts
to compensate for the removal of 13b, which is manifest in the
slow conversion of 9 into 12.

We were interested to explore whether this rearrangement was
a consequence solely of the thioxanthene dioxide unit or was
more general and would operate with simple electron withdraw-
ing methylsulfonyl groups. Thus the monomethylthio- and bis-
methylthio- naphtho[2,1-b]pyrans 16 and 17, respectively, were
obtained according to Scheme 6. (Methylthio)benzophenones 14a,
b were obtained by a standard Friedel-Crafts acylation procedure

e )
0L ®
s

o@
‘s

7
’
,

:

|
0,

colourless

or reflux, PhMe

colourless

13a
trans, trans cis, trans
(TT) isomer (CT) isomer

yellow

Scheme 5 Proposed mechanism for the ring contraction of naphthopyran 9 to naphthofuran 12.
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18 X =H, Y = SO,Me (33 %)

19 X =H, Y = SOMe (65 %)
20 X =Y = SO,Me (34 %)
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O o, .0
X MeS X

14a X = H (80 %)
14b X = SMe (19 %)

15a X = H (72 %)
15b X = SMe (93 %)

(iii)

(iv)

\

16 X = H (52 %)
17 X = SMe(77%)

21 X =SOMe, Y = SO;Me (46 %)

22 X =Y = SOMe (18 %)

Reagents: (i) AICI3, PhH or PhSMe; (ii) TMS-acetylide, THF, N,, 0 °C - RT then KOH, MeOH RT;
(ii) 2-naphthol, acidic alumina, PhMe, reflux; (iv) m-CPBA, CH,Cl,

Scheme 6 Preparation of intermediates and naphthopyrans 16, 17 and their oxidised analogues 18-22.

and were converted to propynols 15a, b in excellent yield using
the preferred method of addition of LiTMSA with subsequent
in situ base promoted desilylation.* Propynols 15a, b were directly
converted into the naphthopyrans 16 and 17 respectively, upon
heating in toluene containing 2-naphthol and suspended acidic
alumina. Naphthopyran 17 has recently been prepared in 36%
yield through the addition of excess 4-methythiophenylmagnesium
bromide to 3H-naphtho[2,1-b]pyran-2-one,'® whilst 16 is surpris-
ingly unknown.

Oxidation of 16 gave the sulfone 18 [0, 6.25,d, J =9.9 Hz, 6\,
3.01] together with an inseparable mixture of diastereoisomeric
sulfoxides 19 [0,y 6.25 and 6.26, d, J = 9.9 Hz, dsom. 2.686 and
2.691]. Similarly, 17 gave the bis-sulfone 20 [0, 6.22,d,J =9.9 Hz,
Ome 3.02], the diastereoisomeric mixed sulfoxide-sulfones 21 [0,y
6.23 and 6.24, d, J = 9.9 Hz, dsom. 2.70 and 2.71, dy, 3.02] and
the bis-sulfoxide 22 as an inseparable mixture of diastereoisomers
[02n 6.24 m, Jsome 2.702 and 2.705]. The hypsochromic shifts
noted in A, upon oxidation of the S-atom(s) were ca. 35 nm
and 60 nm respectively, for the series derived from 16 and 17.
This ca. 60 nm shift in Z,,, upon oxidation of bis-methylthio
substituted naphthopyran 17 confirms the approximate additive
effect of substituents in the geminal aryl rings.!

Heating a solution of 18 in toluene under reflux for either 24 h or
irradiation for 15 min in an immersion well photochemical reactor
(125 Watt, medium pressure Hg lamp) failed to effect the ring
contraction to the naphthofuran. However, similar irradiation of
bis-sulfone 20 resulted in the contraction to 23, though all attempts
to effect the thermal contraction failed (Scheme 7).

The ring contraction of sulfones 3 and 9 that contain the
thioxanthene 10,10-dioxide moiety is far more facile than that
of 18 and 20. This may be a consequence of either a more
favourable cyclisation geometry for the 5-exo-trig closure when

SO,Me

=
O PhMe
o N/
SO,Me N
2 reflux

20

UV light
=,

Scheme 7 Photochemical ring contraction of naphthopyran 20.

the geminal aryl rings are conformationally constrained in a
thioxanthene unit or the stabilising influence of the aromatic
thiaanthracene intermediate.

Conclusion

The synthesis of naphthopyrans bearing electron withdrawing
substituents can be conveniently accomplished by manipulation
of the oxidation state of thioether units. Oxidation of the
thioether unit of the spiro(naphthopyran—thioxanthenes) 2a, 2b
affords sulfones and separable mixtures of the respective dias-
teroisomeric sulfoxides. The former, 3 and 9, display only transient
photochromism (UV irradiation) before efficient ring contraction
supervenes in the normal cyclisation process and results in the
formation of a naphthofuran in each case. Thermally induced
ring contraction of these sulfones to the respective naphthofurans
was also facile. Differentiation between the 3 H-naphtho[2,1-b]-
3 and 2H-naphtho[1,2-b]- 9 pyran systems was observed, with
the latter requiring longer irradiation/heating times for complete
ring contraction to be observed, a feature attributed to the
established valence isomer distribution under irradiation. The
sulfoxides derived from each naphthopyran isomer display good
photochromism with the reversible generation of yellow solutions.
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UV irradiation of the cis-isomer of each sulfoxide results in the
irreversible isomerisation to the more thermodynamically stable
trans-isomer. Different behaviour under UV irradiation was noted
for the mono- and bis-sulfones, 18 and 20 respectively, with 18
proving resistant to ring contraction under the applied conditions,
whereas 20 afforded naphthofuran 23 but only photochemically
and under more severe conditions.

Experimental

Unless otherwise stated, reagents were used as supplied. NMR
spectra were recorded on a 400 MHz spectrophotometer ('H NMR
400 MHz, "C NMR 100 MHz) for sample solution in CDCl;
with tetramethylsilane as an internal reference. FT-IR spectra
were recorded on either a spectrophotometer system equipped
with a diamond probe ATR attachment (neat sample) or in KBr
discs. UV-visible spectra were recorded for spectroscopic grade
toluene solutions of the naphthopyrans (ca. 1 x 10°mol dm)
using a diode array spectrophotometer with activating irradiation
provided by a TLC inspection lamp (Spectroline E Series 365 nm,
8 Watt). An immersion well photochemical reactor (Photochemi-
cal Reactors Ltd. UK) equipped with a 125 Watt, medium pressure
Hg lamp was used for the ring contraction of 20. Naphthopyrans
2a (mp 154-156 °C) and 2b (mp 161-163 °C) had physical and
spectroscopic data in good agreement with that reported by
Coelho et al® and methylthio substituted benzophenones 14a'’
and 14b™ had similar good agreement with literature reported
data. All compounds were homogeneous by TLC using a range of
eluent systems of differing polarity.

General method for the preparation of prop-yn-1-ols (15a) (15b)

n-Butyllithium (1.6 M in hexanes) (9.4 mL, 15 mmol) was
added slowly via syringe to a cold (—10 °C), stirred solution of
trimethylsilylacetylene (2.12 mL, 15 mmol) in anhydrous tetrahy-
drofuran (60 mL) under a nitrogen atmosphere. On completion
of the addition (ca. 5 min) the cold solution was allowed to stir
for 1 h. The benzophenone 14a or 14b (12 mmol) was added in
a single portion and the mixture stirred until TLC examination
of the reaction mixture indicated that none of the benzophenone
remained (ca. 3 h). The reaction mixture was re-cooled to 0 °C and
a solution of methanolic potassium hydroxide (from potassium
hydroxide (1.74 g, 31 mmol) in methanol (20 mL)) was added
in a single portion. The cooling bath was then removed and
the mixture warmed to room temperature; after ca. 15 min,
TLC examination indicated that deprotection was complete. The
mixture was acidified to pH ~ 7 using glacial acetic acid and then
poured into water (500 mL). The organic layer was separated and
the aqueous layer extracted with ethyl acetate (3 x 100 mL). The
organic phases were combined, washed with water (3 x 50 mL)
and dried (anhyd. Na,SO,). Removal of the solvent gave the prop-
2-yn-1-o0l, which was used directly without further purification.

1-(4-Methylthiophenyl)-1-phenylprop-2-yn-1-ol (15a)

(2.20 g, 72%) as a pale yellow oil, v,,., 3450, 3244, 1595, 1483, 1398,
995 cm™', oy 2.45 (3H, s, SMe), 2.86 (1H, s, alkyne-H), 2.87 (1H,
bs, OH), 7.18 (2H, m, Ar-H), 7.29 (3H, m, Ar-H), 7.50 (2H, m,
Ar-H), 7.58 (2H, m, Ar-H).

1,1-Bis(4-methylthiophenyl)prop-2-yn-1-ol (15b)

(3.35 g, 93%) as colourless microcrystals, mp 75.0-77.0 °C, vy«
3453, 3246, 1594, 1488, 1432, 1396, 1090, 1061, 993 cm™', 6, 2.46
(6H, s, SMe), 2.76 (1H, s, alkyne-H), 2.87 (1H, s, OH), 7.20 (4H,
m, Ar-H), 7.49 (4H, m, Ar-H).

General method for the preparation of methylthio substituted
naphthopyrans (16) and (17)

A stirred solution of 2-naphthol (1.89 g, 13.1 mmol) and the
prop-2-yn-1-ol (13.1 mmol) in toluene (60 mL) was warmed to
50 °C. Acidic alumina (2.0 g) was added and the mixture was
refluxed until TLC examination indicated that none of the prop-
2-yn-1-ol remained (ca. 1.5 h). The mixture was cooled to ~50 °C,
filtered and the alumina was washed with hot toluene (2 x 30 mL).
Removal of the toluene from the combined washings and filtrate
gave a red gum that was eluted from silica (50% ethyl acetate in
hexane), followed by recrystallisation from MeOH to afford the
naphthopyran.

3-(4-Methylthiophenyl)-3-phenyl-3 H-naphtho[2,1-b]pyran (16)

(2.59 g, 52%) as off-white microcrystals, mp 120-121 °C,
Amax(PhMe) 464 nm, v,,,, 1634, 1489, 1223, 1090, 1079, 1002, 950,
812,751,736,707,696 cm™,dy 2.44 (3H, s, SMe), 6.22 (1H, d, J =
9.8 Hz, 2-H), 7.19 (3H, m, Ar-H, 5-H), 7.25 (1-H, m, Ar-H), 7.33
(4H, m, Ar-H, 1-H), 7.39 (2H, m, Ar-H), 7.48 (3H, m, Ar-H),
7.65 (1H, d, J = 8.8 Hz, 6-H), 7.73 (1H, d, J = 8.8 Hz, 7-H),
7.95 (1H, d, J = 8.8 Hz, 10-H), o 15.6, 82.3, 114.0, 118.3, 119.7,
121.3,123.6, 126.0, 126.6, 126.9, 127.5, 127.6, 127.6, 128.1, 128.5,
129.3,129.8, 129.9, 137.9, 138.1, 141.6, 144.7, 150.5. Found M* =
380.1228. C,sH,,OS requires M* = 380.1229.

3,3-Bis(4-methylthiophenyl)-3 H-naphtho|2,1-b]pyran (17)

(4.3 g, 77%) as colourless microcrystals, mp 171-173 °C (mp
apparatus, uncorrected), 174 °C (DSC) [lit. mp = 142-143 °C*],
Amx(PhMe) 478 nm, v, 1627, 1486, 1093, 1082, 1002, 955, 820,
740 cm™, oy 2.45 (6H, s, SMe), 6.18 (1H, d, J = 9.9 Hz, 2-H),
7.18 (SH, m, Ar-H, 5-H), 7.31 (2H, m, Ar-H, 1-H), 7.38 (4H,
m, Ar-H), 7.46 (1H, m, Ar-H), 7.65 (1H, d, J = 8.8 Hz, 6-H),
7.72 (1H, d, J = 8.1 Hz, 7-H), 7.94 (1H, d, J = 8.5 Hz, 10-H), J
15.6, 82.0, 114.0, 118.3, 119.8, 121.3, 123.7, 126.0, 126.7, 127.3,
127.5,128.5,129.3, 129.7, 129.9, 137.9, 141.5, 150.4. Found M* =
426.1112. C;H,, 08, requires M* = 426.1107.

General method for the oxidation of thioether substituted
naphthopyrans (2a, 2b, 19, 20).

m-Chloroperoxybenzoic acid (1.34 g, 5.95 mmol, 77%,) was added
portionwise over 5 min to a cold (0 °C) stirred solution of the
photochromic thioether (3.97 mmol) in CH,Cl, (25 mL). On
completion of the addition, the cooling bath was removed and
the solution was stirred until TLC examination of the reaction
mixture indicated that no further thioether remained (15 min). The
reaction mixture was poured into water (200 mL) and the organic
layer separated. The aqueous layer was extracted with CH,Cl,
(2 x 50 mL) and the combined CH,Cl, layers were washed with
aqueous Na,SO; solution (2 x 50 mL, 2 M), saturated NaHCO;
solution (2 x 50 mL) and water (50 mL). Removal of the dried
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(anhydrous Na,SO,) CH,Cl, gave the crude product, which was
purified by flash column chromatography.

From spiro(3H-naphtho[2,1-b]pyran-3,9'-[9 H]-thioxanthene)
(2a) after elution with 25% EtOAc-hexane as three fractions:

Fraction 1:  spiro(3H-naphtho|2,1-b]pyran-3,9'-|9 H]-thio-
xanthene-10,10-dioxide) (3). (0.27 g, 17%) as pale yellow
microcrystals, mp 209-210 °C, A,.(PhMe) 426 nm, v,,, 1639,
1590, 1296, 1163, 1132, 1095, 1071, 1011, 806, 751 cm™, oy 6.36
(1H, d, J = 10.2 Hz, 2-H), 7.08 (1H, d, J = 10.2 Hz, 1-H), 7.35
(1H, d, J = 8.8 Hz, 5-H), 7.41 (1H, m, Ar-H), 7.49 (1H, m,
Ar-H), 7.57 (4H, m, Ar-H), 7.85 (2H, m, Ar-H), 7.93 (3H, m,
10-H, Ar-H), 8.18 (2H, m, Ar-H), J. 78.1, 110.6, 116.4, 116.6,
121.1, 123.8, 124.2, 125.0, 126.5, 127.2, 128.7, 129.0, 129.7, 129.8,
130.8, 133.3, 133.9, 138.1, 143.3, 150.9. Found C, 75.6; H, 4.0; S,
8.0; M + Na* = 419.0714. C,sH,,0;S requires C, 75.7; H, 4.1; S,
8.1%; M + Na* = 419.0712.

Fraction 2: cis-spiro(3H-naphtho|2,1-b]pyran-3,9'-[9 H]-thio-
xanthene-10-oxide) (4). (0.42 g, 28%) as pale yellow microcrys-
tals from EtOAc-hexane, mp 205-206 °C, A,..(PhMe) 426 nm,
Vmax 1632, 1588, 1239, 1204, 1098, 1045, 1011, 811, 749, 546 cm™!,
ou 5.59 (1H, d, J = 10.0 Hz, 2-H), 7.05 (1H, d, J = 10.0 Hz,
1-H), 7.40 (1H, m, Ar-H), 7.50 (4H, m, Ar—H), 7.57 2H, m, Ar-
H), 7.86 (SH, m, Ar-H), 8.04 (2H, m, Ar-H), . 78.8, 111.5,
116.9, 117.9, 121.2, 122.4, 124.18, 124.21, 124.7, 127.2, 128.4,
128.7, 129.7, 129.8, 130.5, 131.0, 137.5, 138.5, 151.1. Found M
+ H* = 381.0942. C,;H,40,S requires M + H* = 381.0944.

Fraction 3: trans-spiro(3 H-naphtho|2,1-b]pyran-3,9'-[9 H]-thio-
xanthene-10-oxide) (5). (0.30 g, 20%) as pale yellow microcrys-
tals from EtOAc-hexane, mp 210-211 °C, 4,,.,(PhMe) 427 nm, v,
1632, 1587, 1510, 1445, 1239, 1219, 1082, 1059, 1035, 1000, 930,
807, 777, 751, 736 cm™', Jy 6.58 (1H, d, J = 10.2 Hz, 2-H), 6.90
(1H,d, J =8.8 Hz, 5-H), 7.37 (1H, m, Ar—H), 7.45 (2H, m, Ar-H),
7.53 3H, m, Ar-H), 7.59 (1H, d, J = 8.8 Hz, 6-H), 7.71 (1H, d,
J=8.1Hz, Ar-H),7.76 2H,dd, J = 7.6, 1.2 Hz, Ar-H), 7.78 (1H,
d, J = 10.2 Hz, 1-H), 8.05 (1H, d, J = 8.5 Hz, 10-H), 8.12 (2H,
dd, J = 7.6, 1.3 Hz, Ar-H), . 77.8, 113.3, 117.5, 119.8, 121.1,
123.7, 124.1, 125.6, 127.03, 127.04, 128.7, 128.9, 129.6, 129.7,
130.0, 130.5, 135.8, 144.8, 149.9. Found M + H* = 381.0943.
CyH,40,S requires M + H* = 381.0944.

From spiro(2H-naphtho[l,2-b]pyran-2,9'-[9 H]-thioxanthene)
(2b) after elution with 25% EtOAc-hexane as three fractions:

Fraction 1: spiro(2 H-naphtho|1,2-b]pyran-2,9'-|9 H|-thio-
xanthene-10,10-dioxide) (9). (0.42 g, 28%) as pale yellow
microcrystals, mp 198-199 °C, A...(PhMe) 472 nm, v,,, 1646,
1569, 1466, 1440, 1393, 1295, 1264, 1164, 1147, 1134, 1104, 1068,
974, 920, 809, 765, 755, 723 cm™!, dy4 6.31 (1H, d, J = 9.9 Hz,
3-H), 6.50 (1H, d, J = 9.9 Hz, 4-H), 7.20 (1H, d, J = 8.3 Hz,
5-H), 7.55 (7TH, m, Ar-H), 7.86 (3H, m, Ar-H), 8.20 (2H, m, 4,
5-H), 8.27 (1H, m, Ar-H), . 78.7, 112.4, 121.2, 121.3, 121.6,
123.3, 123.8, 124.8, 124.8, 126.3, 126.7, 126.9, 128.0, 128.9, 133.4,
134.0, 135.1, 143.5, 147.6. Found C, 75.7; H, 4.0; S, 7.8; M* =
396.0817. C,sH (O5S requires C, 75.7; H, 4.1; S, 8.1%; M* =
396.0815.

Fraction 2: cis-spiro(2H-naphtho[1,2-b]pyran-2,9'-[9 H]-thio-
xanthene-10-oxide) (10). (0.36 g, 24%) as pale yellow microcrys-
tals from EtOAc-hexane, mp 204-206 °C, ,,.,(PhMe) 471 nm, v,
1651, 1617, 1568, 1442, 1392, 1265, 1206, 1108, 1087, 1070, 1040,
984,817,758,733cm™,0, 5.54 (1H, d, J =9.7 Hz, 3-H), 6.47 (1H,
d,J =9.7Hz 4-H), 7.17 (1H, d, J = 8.3 Hz, 5-H), 7.53 (7TH, m,
Ar-H),7.78 2H, dd, J =7.8, 1.1 Hz, Ar-H), 7.89 (1H, m, Ar-H),
8.06 (2H, dd, J = 7.7, 1.1 Hz, Ar-H), 8.42 (1H, m, Ar-H), J.
79.5,113.1, 121.4, 121.6, 122.3, 122.4, 123.5, 124.2, 124.7, 124.8,
126.4,127.0,128.1, 128.4,130.7, 135.2, 137.7, 138.5, 147.9. Found
C,78.7; H,4.2; S,8.2; M + H* = 381.0939. C,sH40,S requires C,
78.9; H, 4.3; S, 8.4%; M + H* = 381.0944.

Fraction 3: trans-spiro(2H-naphtho[1,2-b]pyran-2,9'-[9 H]-thio-
xanthene-10-oxide) (11). (0.65 g, 43%) as pale yellow microcrys-
tals from EtOAc-hexane, mp 157-158 °C, A,...(PhMe) 473 nm, v,
1650, 1619, 1444, 1374, 1264, 1168, 1094, 1054, 1036, 946,924, 822,
770, 765, 754, 739, 659 cm™', 64 6.46 (1H, d, J = 10.0 Hz, 3-H),
7.19 (1H, d, J = 10.0 Hz, 4-H), 7.22 (1H, d, J = 8.3, 5-H), 7.36
(3H, m, Ar-H), 7.50 (4H, m, Ar-H), 7.65 (1H, m, Ar-H), 7.76
(2H, dd, J = 7.6, 1.1 Hz, Ar-H), 8.05 (1H, m, Ar-H), 8.14 (2H,
dd, J = 7.6, 1.3 Hz, Ar-H), . 78.4, 114.6, 119.4, 121.2, 122.2,
124.4,124.5,125.5,125.9, 126.7, 127.2, 127.5, 128.5, 128.9, 130.0,
134.8, 136.0, 144.8, 147.2. Found M + H* = 381.0941. C,sH;O,S
requires M + H* = 381.0944.

From 3-(4-methylthiophenyl)-3-phenyl-3 H-naphtho[2,1-b]py-
ran (16) after elution with 25% EtOAc-hexane as two fractions:

Fraction 1: 3-(4-methylsulfonylphenyl)-3-phenyl-3H-naphtho-
[2,1-b]pyran (18). (0.54 g, 33%) as colourless microcrystals from
EtOAc-hexane, mp 180-181 °C, 1, (PhMe) 425 nm, v, 1631,
1587, 1513, 1489, 1310, 1295, 1246, 1217, 1148, 1089, 1081, 1008,
957, 821, 775, 756, 723, 711 cm™', Jy 3.01 (3H, s, SO,Me), 6.25
(1H, d, J = 9.9 Hz, 2-H), 7.21 (1H, d, J = 8.8, 5-H), 7.28 (1H,
m, Ar-H), 7.36 (3H, m, Ar-H), 7.38 (1H, d, J = 9.9 Hz, 1-H),
7.47 (3H, m, Ar-H), 7.68 (1H, d, J = 8.7 Hz, Ar-H), 7.72 (3H, m,
Ar-H), 7.87 (2H, m, Ar-H), 7.96 (1H, d, J = 8.6 Hz, 10-H),
Joc 44.5, 82.0, 114.1, 118.1, 120.7, 121.3, 124.0, 126.6, 126.9,
126.9, 127.3,127.9, 128.1, 128.4, 128.6, 129.5, 129.7, 130.3, 139.5,
143.7, 150.2, 151.0. Found C, 75.5; H, 4.8; S, 7.7; M + NH,* =
430.1473. CyxH,0;S requires C, 75.7; H,4.9; S, 7.8%; M + NH,* =
430.1471.

Fraction 2: 3-(4-methylsulfinylphenyl)-3-phenyl-3 H -naphtho|2,1-
blpyran (19). As an inseparable mixture of two diastereoisomers
(1.03 g, 65%) as colourless microcrystals from EtOAc-hexane, mp
195-197 °C, Aux(PhMe) 429 nm, v,,,,, 1629, 1586, 1447, 1394, 1243,
1220, 1079, 1048, 1007, 957, 819, 762, 751, 744, 734, 697 cm ™', 5y
all signals, 2.686 (3H, s, SOMe), 2.691 (3H, s, SOMe), 6.25 (1H, d,
J =9.9Hz 2-H), 6.26 (IH, d, J = 9.9 Hz, 2-H), 7.20 (1H, d, J =
8.8 Hz, 5-H), 7.21 (1H, d, J = 9.1 Hz, 5-H), 7.27 (1H, m, Ar-H),
7.33 (4H, m, Ar-H, 1-H), 7.46 (3H, m, Ar-H), 7.59 (2H, m, Ar—
H), 7.67 3H, m, Ar-H), 7.72 (1H, d, J = 8.3 Hz, Ar-H), 7.96 (1H,
d, J =8.5Hz, 10-H), . all signals, 43.8, 82.1, 114.0, 118.2, 120.3,
121.3,123.5,123.8, 126.8, 126.9, 127.0, 127.9, 128.0, 128.3, 128.6,
129.4,129.7,130.1, 138.1, 144.1, 144.1, 144.7, 148.2, 150.3. Found
C,78.6;H,5.0,S,8.1; M + H* = 397.1258. C,sH,,0,S requires C,
78.7;H, 5.1; S, 8.1%; M + H* = 397.1257.
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From  3,3-bis(4-methylthiophenyl)-3 H-naphtho[2,1-b]pyran
(17) after elution with 25% EtOAc-hexane as three fractions:

Fraction 1: 3,3-bis(4-methylsulfonylphenyl)-3H-naphtho[2,1-
blpyran (20). (0.66 g, 34%) as colourless microcrystals from
EtOAc-hexane, mp 171-172 °C, A,.(PhMe) 415 nm, v, 1633,
1588, 1395, 1311, 1291, 1146, 1086, 1007, 952, 769 cm™", 5, 3.02
(6H, s, SO,Me), 6.22 (1H, d, J = 9.9 Hz, 2-H), 7.22 (1H, d, J =
8.8 Hz, 5-H), 7.37 (1H, m, Ar-H), 7.45 (1H, d, J = 9.9 Hz, 1-H),
7.52 (1H, m, Ar-H), 7.70 (6H, m, Ar-H), 7.92 (4H, m, Ar-H), 7.97
(1H,d,J =8.4Hz, 10-H), 0. 44.4,81.5,114.2,117.9, 121.3, 121.8,
124.3,125.4,127.2,127.6, 127.8, 128.7, 129.6, 129.7, 130.8, 138.1,
140.1, 149.7, 149.8. Found C, 66.1; H, 4.5; S, 13.0, M + NH,* =
508.1249. C,;H,,0O5S, requires C, 66.1; H, 4.5; S, 13.1%; M +
NH,* = 508.1247.

Fraction 2: 3-(4-methylsulfinylphenyl)-3-(4-methylsulfonyl-
phenyl)-3H-naphtho|2,1-b]pyran (21). As an inseparable mixture
of two diastereoisomers (0.86 g, 46%) as colourless microcrystals
from EtOAc-hexane, mp 207.0-209.0 °C, ,..(PhMe) 423 nm,
Vmax 1633, 1394, 1307, 1293, 1147, 1084, 1047, 1006, 951, 827, 812,
774 cm™', dy all signals 2.704 (3H, s, SOMe), 2.706 (3H, s, SOMe),
3.02 (3H, s, SO,Me), 6.23 (1H, d, J = 9.9 Hz, 2-H), 6.24 (1H, d,
J=99Hz 2-H), 7.21 (1H, d, / = 8.8 Hz, 5-H), 7.22 (1H, d, J =
8.9 Hz, 5-H), 7.37 (1H, m, 8-H), 7.43 (1H, d, J = 9.9 Hz, 1-H),
7.51 (1H, m, 9-H), 7.63 (4H, m, Ar-H), 7.72 (3H, m, Ar-H), 7.74
(1H, d, J = 8.1 Hz, Ar-H), 7.90 2H, m, Ar-H), 7.97 (1H, d, J =
8.6 Hz, 10-H), J. all signals 43.8, 44.4, 81.6, 114.1, 118.0, 121.3,
121.4,123.8,124.2, 125.8, 127.1, 127.5, 127.9, 128.0, 128.6, 129.6,
129.7, 130.6, 139.9, 145.5, 146.9, 149.9, 150.2. Found C, 68.1; H,
4.6, S, 13.5; M* = 474.0952. C;H,,0,S, requires C, 68.3; H, 4.7;
S, 13.5%; M* = 474.0954.

Fraction 3: 3,3-bis(4-methylsulfinylphenyl)-3 H-naphtho|2,1-
blpyran (22). As an inseparable mixture of diasterecoisomers
(0.32 g, 18%) as colourless microcrystals from EtOAc-hexane,
mp 191-193 °C, 1,...(PhMe) 426 nm, v,,,, 1629, 1214, 1084, 1044,
1006, 950, 813, 741 cm™, Jy all signals 2.702 (3H, s, SOMe),
2.705 (3H, s, SOMe), 6.24 (1H, m, 2-H), 7.20 (1H, d, J = 8.7 Hz,
Ar-H), 7.36 (1H, m, Ar-H), 7.41 (1H, d, J = 9.6 Hz, 1-H), 7.50
(1H, m, Ar-H), 7.62 (8H, m, Ar-H), 7.70 (1H, d, J = 9.2 Hz,
Ar-H), 7.74 (1H, d, J = 8.0 Hz, Ar-H), 7.97 (1H, d, J = 8.4 Hz,
10-H), Jc all signals 43.8, 43.8, 81.8, 114.1, 118.1, 121.0, 121.3,
123.7,124.1, 126.2, 127.0, 127.9, 128.6, 129.5, 129.7, 130.4, 145.3,
147.4, 150.0. Found M* = 458.1006. C,;H,,0;S, requires M* =
458.1005.

Procedure for the thermal rearrangement of spiro(3H-
naphtho|2,1-b]pyran-3,9'-thioxanthene-10,10-dioxide (3)

A solution of naphthopyran (3) (0.25 g, 0.63 mmol) in EtOAc
(30 mL) and hexane (30 mL) was heated under reflux until TLC
examination of the mixture indicated that no reactant remained
(ca. 45 min). Removal of the solvent gave:

9-(naphtho|2,1-b]furan-2-yl)-9 H-thioxanthene-10,10-dioxide (6).
(0.25 g, 100%) as pale brown plates from EtOAc-hexane, mp 239—
241 °C, v, 1566, 1445, 1385, 1293, 1270, 1163, 1143, 1129, 797,
740, 726, 578, 567,499 cm™', 5y 5.92 (1H, s, 9-H), 7.10 (1H, s, 1'-
H), 7.42 2H, m, Ar-H), 7.48 (1H, m, Ar—H), 7.58 (6H, m, Ar-H),
7.73 (1H, d, J = 8.9 Hz, Ar-H), 7.93 (1H, d, J = 8.1 Hz, Ar-H),

8.07 (1H, d, J = 8.2 Hz, Ar-H), 8.21 2H, m, Ar-H), 5. 43.5,
106.4, 112.2, 123.4,123.5, 124.1, 124.7, 125.5, 126.5, 127.6, 128.4,
128.7, 129.3, 130.3, 132.7, 137.3, 138.0, 152.7, 153.1. Found M +
NH,* = 414.1158. C,sH,,0S requires M + NH,* = 414.1158.

Procedure for the thermal rearrangement of spiro(2H-
naphtho|[1,2-b]pyran-2,9'-thioxanthene-10,10-dioxide (9)

A solution of naphthopyran (9) (0.25 g, 0.63 mmol) in toluene
(75 mL) was heated under reflux until TLC examination of the
mixture indicated that no reactant remained (ca. 26 h). Removal
of the solvent gave:

9-(naphtho[1,2-b]furan-2-yl)-9 H-thioxanthene-10,10-dioxide (12).
(0.18 g, 72%) as pale brown plates upon recrystallisation from
PhMe, mp 243-244 °C, v, 1581, 1570, 1472, 1445, 1385, 1290,
1273, 1158, 1142, 1124, 1056, 962, 807, 760, 745, 734, 680 cm™',
on 5.93 (1H, s, 9-H), 6.77 (1H, s, 3-H), 7.42 (3H, m, Ar-H), 7.50
(1H, m, Ar-H), 7.56 (5H, m, Ar-H), 7.66 (1H, d, J = 8.3, Ar-H),
791 (1H, d, J = 8.1, Ar-H), 8.21 (3H, m, Ar—H), d 43.5, 108.4,
119.7,119.9, 121.2. 123.6, 123.8, 124.1, 125.3, 126.4, 128.4, 128 .4,
129.2, 131.5, 132.7, 137.3, 138.1, 150.9, 153.0. Found C, 75.7; H,
4.0; S, 7.9; M* = 396.0817. C,sH,O;S requires C, 75.7; H, 4.1; S,
8.1%; M* = 396.0815.

Photochemical rearrangement of (20)

A stirred solution of naphthopyran (20) (0.40 g, 0.81 mmol) in
toluene (100 mL) in an immersion well photochemical reactor
was degassed with nitrogen and irradiated until TLC examination
of the reaction mixture indicated that no further change in the
composition of the reaction mixture had occurred (ca. 15 min).
The toluene was removed and the crude product was recrystallised
from EtOAc and hexane to afford:

2 -[1,1 - bis(4 - methylsulfonylphenyl)methyl|naphtho|2,1 - b]furan
(23). (0.34 g, 85%) as colourless microcrystals from PhMe, mp
235-237°C, Vnax 1593, 1302, 1144, 1089, 954, 805, 762 cm ™", y; 3.09
(6H, s, SO,Me), 5.86 (1H, s, methine), 6.84 (1H, s, 1-H), 7.47 (SH,
m, Ar-H), 7.57 (1H, m. Ar-H), 7.59 (1H, d, J = 9.2, 5-H), 7.73
(1H,d, J =9.0, Ar-H), 7.95 (SH, m, Ar-H), 8.03 (1H, d, J = 8.0,
9-H), o 44.5, 50.9, 105.7, 112.1, 123.1, 123.3, 124.8, 125.6, 126.6,
127.4,128.1, 128.8, 129.9, 130.3, 139.8, 146.1, 152.8, 155.6. Found
C, 659; H, 4.5; S, 12.9; HM + NH,* = 508.1253. C,;H,0;S,
requires C, 66.1; H, 4.5; S, 13.1%; M + NH,* = 508.1247.
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A new 4-amino-1,8-naphthalimide-based fluorescent chemo-
sensor bearing a guanidiniocarbonyl pyrrole moiety has
been synthesized. The sensor displays a selective fluorescent
enhancement with pyrophosphate over ATP, ADP, AMP and
other inorganic anions in aqueous solution.

The recognition and sensing of anions have received considerable
attention for their important roles in biological, industrial and
environmental processes.! However, there are only a few artificial
receptors that allow the recognition of anions in aqueous solution.?
The reason is that the hydrogen bond and ion pairing interaction
between host and guest molecules for molecular recognition
would be weakened significantly by the competitive influence
of protic solvents. Therefore, the receptors reported so far for
the effective recognition of target molecules in water all need a
combination of multiple nocovalent interactions, such as multiple
hydrogen bonds,? ion pairing interaction* or metal coordination,®
to overcome the competitive influence of water. Among them,
the guanidiniocarbonyl pyrroles introduced by Schmuck can
strongly bind carboxylate or phosphate anions even in aqueous
solvents through a combination of ion pairing and multiple
hydrogen bonds.® Excellent work has been done in studying the
complexation between guanidiniocarbonyl pyrroles and amino
acid carboxylates by NMR spectroscopy,’ but there are few reports
about fluorescent sensors based on guanidiniocarbonyl pyrroles.?
Compared with other chemosensors, fluorescent sensors appear
to be particularly attractive due to the simplicity and sensitivity of
fluorescence, as well as providing on-line and real-time analysis,*'
so we are interested in developing luminescent chemosensors for
the detection of anions based on the guanidiniocarbonyl pyrrole
moiety.

Among the various anionic analytes, pyrophosphate (PPi) is a
biologically important target because it is the product of ATP
hydrolysis under cellular conditions.!! PPi also plays an important
role in energy transduction in organisms and could control
metabolic processes by participating in enzymatic reactions.'?
The recognition effect of guanidiniocarbonyl pyrrole receptors
with sugar phosphates in aqueous solution® led us to expand
our approach to the detection of PPi by guanidiniocarbonyl
pyrroles. In this communication, we report the synthesis of a new
long-wavelength intramolecular charge-transfer (ICT) fluorescent
receptor 1, in which the guanidiniocarbonyl pyrrole cation is
covalently attached to a N-butyl-4-hydrazino-1,8-naphthalimide
moiety. The employment of 4-amino-1,8-naphthlimide as a

Hubei Key Laboratory on Organic and Polymeric Optoelectronic Materials,
Department of Chemistry, Wuhan University, Wuhan, 430072, P. R. China.
E-mail: Fueq@whu.edu.cn; Tel: +86 27-87219044

T Electronic supplementary information (ESI) available: Experimental
details; NMR spectra of compounds 1 and 6. See DOI: 10.1039/b808422j

fluorophore is ascribed to its high fluorescence quantum yield and
long wavelength emission.” On the other hand, Gunnlaugsson
and Pfeffer have shown that the 4-amino proton in the 4-amino-
1,8-naphthalimide structure, which is quite acidic, can be used
to enhance both the strength and selectivity for the binding of
phosphate anions.’ Therefore, we designed this naphthalimide—
hydrazino—guanidiniocarbonyl pyrrole structure (a fluorophore—
spacer—receptor structure'’) to satisfy the geometrical require-
ments of PPi and enable effective fluorescent sensing. It is
expected that the electrostatic interactions and multiple hydrogen
bonds of guanidiniocarbonyl pyrrole, combined with the increased
acidity of the 4-amino proton, would favor the receptor-anion
interaction and geometrical complementarity, thus producing
effective fluorescent sensing of the recognition event. Investigation
into the fluorescent sensing property of the receptor 1 has revealed
that receptor 1 is a highly selective fluorescent probe for PPi over
other anions, including its analogues ATP, AMP, ADP and Pi in
aqueous solution.

Receptor 1 was synthesized according to Scheme 1 (see ESIT).
N-Butyl-4-bromo-1,8-naphthalimde 2 reacted with hydrazine
monohydrate to give 3 as a yellow solid in 90% yield. 5-
(Methoxycarbonyl)-1 H-pyrrole-2-carboxylic acid 4 was converted
into the acyl chloride 5 by reaction with oxalyl chloride in CH,Cl,
in the presence of a catalytic amount of DMF. Without further
purification, the crude acyl chloride was then treated with 3 in
CH,Cl, to give 6 in 55% yield. The guanidinylation of 6 was
achieved by heating the ester and an excess of guanidine in DMF
under nitrogen. Upon acidification with hydrochloric acid, the
crude product (hydrochloric salt) precipitated in 40% yield. After
reaction with picric acid, host 1 was obtained as the picrate salt.

Like other amino-containing ICT systems, the fluorescence of
1 is pH-sensitive (Fig. 1). When 6.97 < pH < 11.08, the hydrogen
bond interaction between the 4-amino proton and hydroxide
enhances the intramolecular charge transfer (ICT) of receptor
1, which leads to the fluorescence intensity increase significantly.
When pH > 11.08, the deprontonation of the 4-amino-1,8-
naphthalimide quenches the fluorescence of receptor 1, which is
the same as that described by Gunnlaugsson and Pfeffer.'>® The
mechanism is supported by the UV-vis spectrum of receptor 1 at
different pH values (Fig. S5, S67).

Knowing that changes in solvent property can have a dramatic
effect on molecular recognition, fluorescence titrations were
performed in H,O-DMSO (in the range 60-99% water (10 mM
HEPES buffer, pH = 7.4)) in an effort to gauge the effect of solvent
composition on spectroscopy and association. The spectroscopic
properties and binding constants are shown in Table 1. As DMSO
is an extremely good H-bond acceptor, its electron donor capacity
is even higher than that of water,’® so the fluorescence maxima
of 1 undergoes a red shift with increasing DMSO content. Such
behavior is also indicative of the ICT character of receptor 1 upon
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Scheme 1 Synthesis of guanidiniocarbonyl pyrrole receptor 1.
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Fig. 1 pH dependence of the fluorescence emission peak of receptor 1.

Table 1 Spectrum characters and association constants for receptor 1
with PPi (sodium salt) in water—-DMSO

H,0/(H,0 + DMSO) Je/NM Jem/ DM K. /M F/F,*
99% 456 505 24 4.55
90% 460 510 78 2.48
80% 466 518 216 1.55
70% 472 522 nd¢ 1.17
60% 480 525 nd* 1.06

“ Association constants K, were calculated by nonlinear least-squares
fitting with a 1 : 1 association model; error limits in K, were estimated to
be £10%. ® Fluorescence intensities are corrected. < Not determined; the
changes in the spectra were too small to calculate the association constants
precisely.

excitation. Meanwhile, DMSO effectively displaces PPi from the
4-amino moiety, which is why the more DMSO that is present,
the less the fluorescence intensity of receptor 1 increases. The
association constants for PPi are relatively small, which may due
to the ‘salt effect’ caused by the substrate itself and the buffer.”
The recognition properties of 1 (10 pm) were studied in 90%
water—-DMSO (v/v, 10 mM HEPES buffer, pH = 7.4) with
various anions as substrates. Fluorescence titration experiments
were recorded on excitation at 460 nm and emission at 510 nm,
respectively. As shown in Fig. 2(a), receptor 1 displayed a

PPi b

Blank, ATP, ADP, AMP, Pi, F,
CI, 50,7, HCO,, AcO’,NO,

L \ s L L s ' N il s s ' '
480 500 520 540 560 580 600 620 640 520.0 560.0 600.0 640.0

wavelength/nm

Fig.2 (a) Fluorescence titration of receptor 1 (10 pm) with PPi (2000 eq.)
in 90% water-DMSO (pH = 7.4, 10 mM HEPES buffer). (b) Fluorescence
emission changes of receptor 1 (10 um) upon addition of sodium salts
of PPi, ATP, ADP, AMP, Pi, F-, Cl-, SO,>~, HCO;~, AcO~ and NO;"~
(0-2000 eq.) in 90% water—-DMSO (pH = 7.4, 10 mM HEPES buffer).

chelation-enhanced fluorescence (CHEF) effect with PPi (0—
2000 eq.). The emission maximum of 1 showed a bathochromic
shift from 510 to 514 nm. The job-plot analysis indicated that
receptor 1 formed a 1 : 1 complex with PPi (Fig. S7t); the associa-
tion constant was 78 M~ as obtained by a nonlinear least-squares
fitting method. In contrast, no significant fluorescence changes
were observed when ATP, ADP, AMP, Pi, F-, CI-, SO,>, HCO;~,
AcO~ or NO;~ were added (Fig. 2(b)). These results suggested
that receptor 1 has a higher selectivity for PPi over other anions.

In order to obtain a better idea about the nature of the
interactions between the guanidiniocarbonyl pyrrole receptor 1
and anionic species considered and the high selectivity of receptor
1 for PPi, the pK, value of the guanidiniocarbonyl pyrrole receptor
1 was determined by using the Henderson-Hasselbach equation;*
molecular modeling studies (PM3 of MOPAC 2007 softwware)
were also used to obtain the possible interaction models of receptor
1 with either PPi or ATP.

The calculated pK, value for receptor 1 is 8.18, which is
a little higher than that of other guanidiniocarbonyl pyrrole
receptors reported by Schmuck (pK, 6.9-7.9).*' This means
that the acidity (pH 7.4) of the solution that we used for the
fluorescence titration of receptor 1 is suitable for the protonation
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of guanidiniocarbonyl pyrrole receptor 1. Under this condition,
the guanidinium cation can form an ion pair with the phosphate
anion, which is simultaneously hydrogen bonded by the pyrrole
NH and another amide NH. Meanwhile, the 4-amino moiety in
the 4-amino-1,8-naphthalimide structure is quite acid,' favoring
the formation of a hydrogen bond between receptor 1 and PPi.

According to the molecular modeling studies (PM3 of MOPAC
2007 software), the rational preorganisation of receptor 1 provides
excellent geometric and charge complementarity to PPi (Fig. 3).
Due to the appropriate size and geometry of the pyrophosphate
anion, it is possible that the proton of the 4-amino moiety could
interact with the negative oxygen atom of PPi. The hydrogen
bond would promote the ICT of 4-amino-1,8-naphthalimide,
resulting in the fluorescence enhancement of receptor 1. Therefore,
the strength and selectivity of receptor 1 for the PPi binding
can be ascribed to the combined binding modes, namely, the
electrostatic interaction, multiple hydrogen bonds and geometric
complementarity between receptor 1 and PPi.

Fig. 3 Calculated energy-minimized structure for the complex between
receptor 1 and PPi.

The selectivity of receptor 1 for PPi over ATP can be understood
on the basis of the structure of the guest and the charge density of
O-P oxygen atoms of the guest involved in complexation. From
the energy-minimized structure of the receptor-ATP complex
(Fig. 4), we can see that the m—mr stacking interaction between
the naphthalimide moiety and the adenine fragment, combined
with the electrostatic interaction and hydrogen bonds between the
guanidiniocarbonyl pyrrole moiety and the phosphate fragment,
make the conformation of the receptor—ATP complex relatively

Fig. 4 Calculated energy-minimized structure for the complex between
receptor 1 and ATP.

stable. The O-P oxygen atom of ATP cannot form a hydrogen
bond effectively with the 4-amino moiety, so the fluorescence of
receptor 1 changes by a small amount relative to that when PPi
binds. On the other hand, the total anionic charge density of the O—
P oxygen atoms involved in the complexation between ATP and
guanidiniocarbonyl pyrrole acyl hydrazine sites is smaller than
that of the O-P oxygen atoms of PPi."> Therefore, the binding
affinity of receptor 1 to ATP is relatively weak. We have tried
to get the complexation-induced shift of receptor 1 to confirm
the interaction models, but unfortunately, the '"H NMR titrations
could not be performed because receptor 1 is not soluble enough
(millimolar concentrations would be required) in solvent systems
with the necessary higher water contents.

In conclusion, we have developed a fluorescent sensor based on
the guanidiniocarbonyl pyrrole moiety with high selectivity for
PPi in aqueous solution. The receptor shows excellent shape, size
and charge complementarity to PPi, which makes it an efficient
PPi sensor with the potential for bioanalytical applications.
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Three novel chiral ionic liquids (CILs) containing two
chiral centers in the side chain bonded to the 2-position
of the imidazolium cation and different anions have been
synthesized, characterized and used as chiral solvents for
asymmetric Baylis—Hillman (BH) reactions; good yields and
fair enantioselectivities were obtained.

The toxic and volatile nature of many organic solvents that are
widely used in organic synthesis has posed a serious threat to
the environment. Efforts aimed at replacing these volatile organic
solvents with environmentally friendly ones as reaction media have
been pursued in recent years. Performing organic reactions in ionic
liquids (ILs) has received considerable attention owing to the in-
triguing properties of ILs, which include lack of measurable vapor
pressure, high chemical and thermal stability, noncombustibility,
and high ionic conductivity, compared to typical organic solvents.!
Moreover, the solubility of ILs can be tuned readily by modifying
their cations and anions so that they can be separated easily from
organic solvents as well as aqueous media. As a result, numerous
important organic reactions have been successfully conducted in
ILs. Recently, chiral ionic liquids (CILs) have been the focus
of attention, especially their effect on asymmetric reactions.?
To date, there are only a few CILs that have been designed,
synthesized, and used effectively as solvents and catalysts for
asymmetric reactions; examples of reactions include the Baylis—
Hillman (BH) reaction,* Michael addition,® aldol reactions,® and
many other reactions.” A review of the literature reveals that most
CILs that have been successfully used to influence asymmetric
reactions contain one chiral center, and only a limited number
contain two chiral centers. Such bistereogenic CILs have been
successfully used for chiral discrimination and other applications
in asymmetric synthesis;**® examples of bistereogenic chiral ionic
liquids are shown in Fig. 1. This ‘designer’ feature of ionic liquids
opens up new areas of research for their design and use as solvents

/
- OBz N /
': /:\+)\/ +/\(ler\/ TNz CaH
NN <) ) Hoﬁ/‘\ PFe
B n—) OBz 2x~
Ph
, /" X=Br, BF,, PFq

Fig. 1 Examples of known bistereogenic CILs.
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for asymmetric reactions. Herein, we wish to report the synthesis
of bistereogenic CILs and their use as solvents for asymmetric BH
reactions.

The BH reaction has attracted much attention as a useful C—-C
bond formation reaction in organic synthesis, mainly because it
efficiently converts simple starting materials into highly function-
alized products. Recently, a highly enantioselective asymmetric
BH reaction of acrylates and aldehydes has been achieved by the
use of chiral Brensted acids,” chiral lanthanide Lewis acids,'® and
quinidine-derived chiral nucleophilic amine catalysts.!! In all these
cases, a volatile organic solvent, such as THF, DMF, or CH;CN
was necessary. Recent research on the BH reaction, in which
nonvolatile achiral ILs were used as solvents, has demonstrated
that such IL media can accelerate the reaction rate.'>? However,
low yields were obtained when the reaction was conducted in
the presence of imidazolium-based ILs under basic conditions,
due to the deprotonation that occurs in the C-2 position of the
imidazolium cation, which results in undesired side products.’®
Owing to the versatility in the design of chiral ionic liquids to
accomplish various tasks and to explore the use of imidazolium
type CILs in the BH reaction, we have chosen to design a new
type of CIL that contains the imidazolium cation as well as a side
chain that contains two chiral centers, which is bonded to the 2-
position of the imidazolium cation.’* An important feature in the
design is that there is not an acidic hydrogen at the C-2 position
of the imidazolium ring. In addition, the hydroxyl and NH groups
are present, which are propitious for the transfer of chirality via
hydrogen bonding.

The synthesis is similar to that reported earlier;* the imidazole
precursor was synthesized from commercially available 1-methyl-
2-imidazole carboxaldehyde and (1S,2R)-norephedrine by a con-
densation reaction, and the intermediate imine was reduced by
sodium borohydride, quenched with hydrochloric acid, followed
by neutralization to form product 1. The alkylation reaction is
carried out under reflux using toluene for 12 hours to form
the imidazolium bromide salt 2 in good yields and high purity.
The syntheses of the corresponding bistereogenic CILs with
different anions were carried out using anion exchange of the
bromide anion with BF, and NTf, anions to form CILs 3, and
4 respectively, which were purified with flash chromatography
with a suitable solvent system (Scheme 1). The CIL 4 with
NTf, as anion was a good liquid at room temperature and was
found to be very soluble in common solvents, such as alcohols,
CH,Cl,, ethyl acetate, DMF, and DMSO, but was immiscible
with ether, hexane, and H,O. The CILs 2 and 3 were highly
viscous liquids at room temperature and were found to be only
soluble in high polarity solvents, such as alcohols, DMF, H,O and
DMSO.
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Scheme 1

Optimization of asymmetric induction reaction conditions of
CILs as chiral solvents was examined by using the BH reaction
of benzaldehyde and methyl acrylate and DABCO was used as a
Lewis base; the results are summarized in Table 1. Using CIL 4
with THF or toluene as co-solvents, the reaction gave the desired
product 6a in moderate yields and fair enantioselectivities with
80-85% CIL recovery (Table 1, entries 1-2). While using CH,Cl,
as co-solvent with CIL 4, no enantioselectivity was observed
(Table 1, entry 3). When protic solvents MeOH and H,O were
used as co-solvents with CILs 2, 3, and 4, only minimal to no
enantioselectivity was observed, although CILs 2 and 3 have good
solubility in water (Table 1, entries 4-7). One possible explanation
for the low or no enantiomeric excess in the presence of H,O
and MeOH is that there is a competition for hydrogen bonding
with the substrate and such interactions are stronger with the
substrate molecules, compared to those with the chiral ionic
liquid, which in turn affect the stereoselectivity. However, when
the CIL 4 was used as the solvent without a co-solvent, the desired
adduct was obtained in 80% yield and 19% ee (Table 1, entry 8§).
The enantioselectivity was further increased to 25% ee when the
reaction temperature was lowered to 4 °C without reduction in
the reaction rate (Table 1, entry 9). Interestingly, using one chiral
center ionic liquid 5 only resulted in 5% ee (Table 1, entry 10). The

Table 1 Optimization of asymmetric BH reaction of benzaldehyde and
methyl acrylate®

o (0] OH O
)J\ oM ClL/co-Solvent :
P H T © DABCO, rt Ph OMe
6a
Entry CIL Co-solvent 7/d Yield (%)* Ee(%)° CIL-recovery
1 4 THF 7 50 14 80%
2 4 Toluene 7 50 14 85%
3 4 CH,Cl, 7 45 Racemic 97%
4 4 MeOH 7 78 Racemic  91%
5 2 H,O 2 80 5 96%
6 3 H,O 2 20 3 55%
7 4 H,0 7 <5 Racemic  95%
8 4 None 7 80 19 96%
9¢ 4 None 7 82 25 97%
10 5 None 6 80 5 98%

“Reaction conditions: benzaldehyde (0.5 mmol), methyl acrylate
(1.5 mmol), DABCO (1.0 mmol), CIL (4.0 mmol), co-solvent (0.5 mL).
b Isolated yield. ¢ Determined by HPLC (chiralpak AS-H). ¢ The reaction
temperature at 4 °C.

3, X =BF,4 (85%)
4, X = NTf, (92%)

TN _N /N\/\/

n- C4HgBI’

L
/KA/OH

Ph 2 Ph

NN~
I%

ﬁ\‘ E/OH

toluene reflux
OH 95%

The synthesis of bistereogenic CILs.

absolute configuration of 6a was determined to be S, by comparing
the specific rotation of 6a with that reported elsewhere.'s Although
the research on chiral ionic liquids as solvents for asymmetric
reactions is still at a preliminary stage and the enatioselectivities
are often poor and even zero,? the results obtained for these
bistereogenic chiral ionic liquids are promising.

Next, investigations on asymmetric induction of CIL 4 as
chiral solvent were carried out by using the BH reaction with
a series of aldehydes and acrylates under the optimized reaction
conditions of entry 9 (Table 1) and the results are summarized in
Table 2. As shown in Table 2, all reactions occurred smoothly
in the presence of CIL 4 under these standard conditions,
giving the corresponding products 6a—-g in moderate to high
yields. Typically, substituents on the aromatic aldehydes and
acrylates influenced the enantioselectivities as well as the yields.
For example, the reaction of the more steric t-butyl acrylate
with benzaldehyde afforded adduct 6b with a decreased yield
and enantioselectivity compared to the methyl acrylate (Table 2,
entries 1-2). Low enantioselectivities were observed in the cases
of 4-chlorobenzaldehde and 4-nitrobenzaldehyde (Table 2, entries
3-4). While the reaction of 4-methoxybenzaldehyde with methyl
acrylate gave adduct 6e with a slightly increased ee, the reaction
rate was slow (Table 2, entry 5). When the aliphatic aldehydes were
used as substrates, very low enantioselectivities were observed,
although the yields were high (Table 2, entries 6-7).

The enantioselectivities observed in the BH reactions could be
explained by the presence of the hydroxyl and NH groups, which
play an important role in the transfer of chirality via hydrogen

Table 2 BH reactions of aldehydes and acrylates using CIL 4 as solvent'®

o QH O
/U\ oR DABCO :
R™H 2 clL4, 4%, 7d Ri ORz
6
Entry R, R, Product Yield (%)* Ee (%)® CIL-recovery
1¢ Ph Me 6a 80 24 95%
2 Ph t-Bu 6b 60 7 98%
3 4-CI-C¢H, Me 6¢ 97 12 98%
4 4-NO,-CiH, Me 6d 80 18 95%
5 4-MeO-CsH, Me 6e 38 23 95%
6 i-Pr Me 6f 91 3 97%
7 PhCH,CH, ¢ 6g 90 2 95%

“Isolated yield. * Determined by HPLC (chiralpak AS-H). ¢ The recycled
CIL 4 was used as solvent. ¢ Cyclohexenone was used.
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bonding with the aldehyde substrate in a manner such that C-C
bond formation would take place by the zwitterionic intermediate
addition to the less hindered Re face of the aldehyde. A depiction
of the bifurcated hydrogen bonding that is expected to stabilize
the transition state and make the selectivity possible is shown in
Fig. 2.

) 4%’17 .

0 MeO >
Ph
[ ome -o) H—<\8' OH O
I~ . T
+ DABCO o H\o — Ph/\rkOMe
(e] N \N
L [ — Ph
Ph™ "H N NTF,
\

= n-Bu -

Fig. 2 Proposed mechanism for BH reaction using bistereogenic CIL as
solvent.

In conclusion, three novel chiral ionic liquids have been designed
and synthesized. These CILs were assembled by incorporating
chiral side chains on the C-2 position of the imidazolium
cation rings; this avoids the shortcomings of their traditional
counterparts that can participate in deprotonation side reactions
on their C-2 positions. Application of these new CILs as green
media for asymmetric Baylis—Hillman reaction has been studied
and afforded moderate to high yields (up to 97%) with fair
enantioselectivities (up to 25% ee). Based on these preliminary
results, the design of novel CILs, which is expected to afford higher
levels of enantioselectivities for asymmetric reactions, is currently
being investigated in our laboratory.
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Typical procedure for BH reaction: A mixture of aldehyde (1 mmol),

acrylate (3 mmol), DABCO (1.5 mmol) and CIL 4 (4 mmol) was stirred

for a period of time at the required temperature. The mixture was
extracted with ether (2 mL x 3), concentrated and purified by flash
chromatography and analyzed with 'H-NMR. The ether insoluble CIL

4 was diluted in dichloromethane (15 mL) and washed with water

(5mL x 2). The organic layer was dried with anhydrous CaCl,, filtered

and evaporated in vacuum to afford the recycled CIL 4. The CIL 4 was

tested for its purity with spectral data and was found to be identical
with the initial one. The recycled CIL was reused without significant

loss of efficiency (Table 2, entry 1).
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Single molecule methods have emerged as a powerful new tool for exploring biological phenomena. We
provide a brief overview of the scope of current experiments and assess the limitations of both

fluorescent labels and the means to achieve protein modification for single molecule microscopy.

Why single molecule fluorescence?

Over the last decade, techniques capable of resolving the fluores-
cence from individual molecules have become a powerful tool for
probing the biological world. Such methods have improved our un-
derstanding of a wide range of biological phenomena, including:
the dynamic changes in catalytic rate present in many enzymes,'
the mechanism of translocation of motor proteins,** telomerase
assembly,® RNA polymerase translocation,” the activation and
regulation of individual genes,*® infection from a single virus,"
the transport of molecules through the nucleopore complex,' and
the clustering and movement of receptors in the cell membrane.'***

The success of these experiments relies on two key advantages of
single molecule methods: first, by resolving individual molecules,
the distribution of a molecular property can be measured with-
out ensemble averaging. This enables the observation of sub-
populations and intermediates that would not be measurable in
a corresponding bulk experiment. Second, temporal changes in
the behaviour of individual molecules can be resolved. As kinetics
can be measured without the need to synchronize the entire
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population, pathways and rare intermediates can be probed at
equilibrium.

Single molecule methods have been the subject of considerable
review."*?* We instead focus on some of the current limitations of
single molecule methods, and the role of chemistry in overcoming
these limits.

In order to achieve single molecule detection, we must be
able to detect the emitted light from a single molecule in the
presence of background noise. Most single molecule methods
achieve this by restricting the volume from which light is collected.
Through volume restriction, the background light is reduced
while the signal from the fluorescent molecule remains constant.
Although different techniques vary in the methods used to achieve
this restriction, all methods have an upper limit on fluorophore
concentration of approximately one nanomolar. Consider the
constraints this places on a bimolecular reaction such as the
turnover of a fluorogenic substrate by an enzyme: Michaelis
constants for many enzymes are much higher than nanomolar,?-**
and although it is possible to study such reactions at low substrate
concentrations, this places a serious limitation on the time required
to observe a statistically significant number of events. Recent
single molecule methods exploiting photo-activation® can excite a
small number of fluorophores allowing single molecule detection
at higher concentrations. However, it is important to realise that
the concentration of photoactivated molecules at any one instant
is still low, and hence there are still significant limitations on the
range of biological processes that can be probed. For example,
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it would still be difficult to study weak bimolecular interactions
between two fluorescently-labelled species using photoactivation.
In the future, methods capable of enhanced volume reduction may
enable single molecule methods to operate over a wider range of
fluorophore concentrations.?**

The second major obstacle, and the focus of this article, lies in
the limitations of the fluorescent labels themselves, both in their
photophysical properties and in the means to attach a label without
perturbing protein behaviour.

Fluorophore properties

In general, the requirements for single molecule fluorophores are
common with other optical imaging techniques such as confocal
microscopy.”’

Brightness

For SMF detection we must discriminate a weak fluorescent emis-
sion from background noise. Hence, for a constant background
signal, the problem is one of the rate and number of photons emit-
ted by a molecule. In designing new fluorescent labels, one must
therefore attempt to maximise the rate of photon emission whilst
minimising the potential for photo-induced chemical changes that
might lead to a molecule becoming non-fluorescent.

Maximising the rate of photon emission from a fluorophore can
be achieved either through high quantum yields, or high absorp-
tion cross sections. A good experimental measure of the suitability
of a fluorophore is the molecular brightness that encompasses
these two requirements.®®* An experimental comparison of the
brightness of a synthetic fluorophore and intrinsically fluorescent
protein is shown in Fig. 1.

The need for high brightness is further compounded by the
transmission characteristics of microscope optics and the wave-
length range of detectors. In practice, our selection of fluorophore
is restricted to the visible spectrum. Table 1 summarises the
properties of several fluorophores typically used for SMF.

For many synthetic fluorophores, we can approach the theo-
retical limit for the maximum rate of photon emission from a

Table 1 Properties of typical single molecule fluorophores*

Fig. 1 200 ms 300 x 300 um Total internal reflection fluorescence
image of an Alexa488/eGFP mixture giving an indication of difference in
brightness. Suggested Alexa488 (A) and eGFP (B) molecules are marked.

particular molecule.* Much recent effort has thus focused on
attempts to enhance fluorophore photostability.

Photostability

Photostability can be divided into two categories: (1) photo-
blinking, the intermittent changes in fluorophore intensity due to
triplet state population. (2) Photobleaching, the irreversible loss of
fluorescence in a molecule due to changes in its structure following
a light-induced chemical reaction. For an individual fluorophore,
these processes are observed as stepwise changes in fluorescence in-
tensity (Fig. 2). Photoblinking on the measurement timescale can
prevent accurate single-molecule measurement. This is in contrast
to conventional confocal microscopy, where such blinking could

RRERI RSN
0 60 300 360

120 180 240
time /ms

Fig.2 Photobleaching of a single Cy3b-labelled biomolecule is observed
as a single stepwise event. (Top) TIRF microscopy of spot intensity,
(bottom) CCD images.

Excitation Emission Absorption cross Approximate
maximum/nm maximum/nm Quantum Yield section/M~'cm™! photobleaching rate*/s™'! Reference
Fluorescein 494 521 0.95 76 000 5x 1072 18
R6G 488 530 0.95 116000 6.5 x 1072 19.20
TMR 540 565 0.38 95000 2.2 x 1072 19.21
Cy3b 558 572 0.67 130000 3.0 x 1072 2
Cy5 620 649 0.27 250000 0.8 x 1072
AlexaFluor488 494 517 0.92 73000 49 x 107? =
eGFP 489 508 0.60 55000 3.3x 1072 2

“ Experimental conditions vary in the cited references. Direct comparison between different fluorophores is of limited use; this is especially true of

photobleaching rate, which is highly dependent on the excitation intensity.
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be tolerated. Stepwise changes in fluorescence intensity are not
always unwelcome; for example, counting photobleaching steps
can be used to determine the stoichiometry of macromolecular
complexes. 33

The primary mechanism for photobleaching is photo-oxidation
of a fluorophore by molecular oxygen. Singlet oxygen is created
by reaction of triplet oxygen with a fluorophore excited to a triplet
state during photoexcitation. This singlet oxygen can then react
with the fluorophore and cause photobleaching. Photo-ionization
of excited dye molecules provides an alternative mechanism to
produce reactive species capable of causing photobleaching, and
this second pathway may even dominate in the case of multi-
photon excitation.*

Several attempts have been made to improve the photostability
of the current generation of fluorophores, including the rigidifica-
tion of cyanine dyes,** the use of larger near-infrared terrylene
dimide dyes,®® and the encapsulation of fluorophores within
rotaxanes*® or supramolecular hosts such as cucurbituril.*3*
Improved stability may also be achieved through the use of
different laser pulse schemes designed to suppress population of
fluorophore triplet states.?”*

Another simple indirect method to limit photobleaching is
to reduce the effect of dissolved oxygen. This can be achieved
by either suppressing triplet-state excitation of the fluorophore,
or by the removal of oxygen from the system using degassing
and/or oxygen scavenging. The effectiveness of many such photo-
protective agents has been tested recently.***!

Semiconductor nanoparticles* and nanodiamonds® provide
two other alternatives for single molecule imaging. Quantum
dots are approximately 10 times brighter and 100 times more
resistant to photobleaching than their chemical dye counterparts.
However, these advantages must be taken in the context of the
increased size of such a label. In addition to label size, significant
photoblinking also limits the usefulness of quantum dots for many
single molecule experiments.*

Fluorescent reporters

Beyond the requirements for photostability and brightness, many
experiments require further properties from the fluorophore. For
example, changes in Forster resonance energy transfer (FRET),
fluorescence quenching, and electron-transfer have all been used to
probe changes in biomolecule conformation.'>**¢ Given suitably
robust fluorophores, many properties routinely measured in bulk
can be probed at the single molecule level, including pH,*
voltage,* and ion concentration.® Recent techniques exploiting
photoactivation of fluorophores have created the demand for new
molecules capable of efficient photoswitching between dark and
bright states.”

Protein modification techniques

The requirements for labelling applied to single molecule exper-
iments are similar to those for conventional bulk approaches.
However, highly-specific labelling methodologies are required for
successful orthogonal labelling, which is often important for single
molecule measurements. This importance is due to the ability of
single molecule methods to reveal the dynamics associated with
protein conformational changes. The independent labelling of

multiple sites with different fluorophores, either within the same
protein of interest (POI), or on multiple different POIs will open up
new directions in the study of protein conformational fluctuations,
or intermolecular protein—protein interactions using, for example,
FRET or fluorescence cross correlation spectroscopy.

Recent research at the interface of chemistry and biochemistry
has greatly diversified the tools available for protein modification
with fluorescent labels (Fig. 3 and Table 2). Such techniques may
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Fig. 3 Approaches for the fluorescent modification of proteins. A gener-
alised fluorophore is shown as a yellow star throughout, and the protein-
of-interest (POI) is a blue circle. See text for further details of the
methods shown. A. Direct chemical labelling. The example given is the
labelling of a free thiol with an iodoacetamide conjugate. B. Labelling of
peptide/protein tags illustrated by the modification of a Q-tag motif with a
fluorophore—cadaverine conjugate catalysed by transglutaminase (TGase).
C. Auto-labelling of fusion proteins. In this example, a POI-AGT fusion
is auto-catalytically labelled using a fluorescent benzylguanine derivative.
D. Protein ligation techniques. In this expressed-enzyme ligation method,
the POl is produced with a C-terminal thioester, allowing chemical ligation
with a fluorescently labelled peptide/protein containing an N-terminal
cysteine residue. E. Fusion to intrinsically fluorescent proteins, such as
GFP, provides a simple means for in vivo labelling. F. Fluorescent ligand
binding. A POI-DHFR fusion is shown binding to fluorescently labelled
methotrexate as an example.
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Table 2 Summary of protein modification techniques

Approach

Examples

Pros

Cons

Direct chemical
labelling.

Fusion to intrinsically

Labelling at cysteine residues.
Labelling at lysine residues.

Labelling of non-natural amino acids.

Fluorescent proteins and their derivatives.

Very small modification.

Exceptionally wide range of
fluorophores available.
Simple and robust labelling
methodology.

Precise positioning of
fluorophore.

Appropriate as a general

Only suitable for labelling of highly
purified protein for use in vitro.
High-resolution structural
information desirable.

Not appropriate as a general
method: every POI will

behave differently.

(New techniques for non-natural
amino acid incorporation may
help alleviate these problems.)
Rather large tag with the potential

fluorescent proteins.

Labelling of
peptide/protein tags.

Peptide carrier protein domains-Sfp
phosphopantetheinyl transferase
Q-tag-transglutaminase FIAsH and
ReAsH.

Biotin carboxyl carrier
protein/AviTag-BirA.

CVIA motif-protein farnesyltransferase.
Auto-labelling of SnapTag.
fusion proteins.

HaloTag.

Protein ligation
techniques.

Native chemical ligation.
Expressed protein ligation.
Expressed enzyme ligation.

Sortase-mediated ligation.
Fluorescent ligand Ni:NTA labelling of his tag HisZiFiT.

binding.

Dihydrofolate reductase-methotrexate
FKBP12-SLF'.
Immunolabelling.

method. to oligomerize or degrade.

e Simple in vivo labelling. e Broad excitation and emission
spectra.
e Well-developed technology. e Limited opportunity to improve
photostability of fluorophore.
e Appropriate as a general e Range of fluorophores limited.
method.

e (See text for method-specific

drawbacks.)

e Appropriate as a general e Rather large tag.
method.

e Cell permeable substrates e Range of fluorophores limited.
allow in vivo labelling.

e Appropriate as a general e Intracellular imaging not possible.
method.

e Streamlined purification
and labelling process (EPL).

e Applicable to a wide range
of fluorophores.

e Reversible binding may e Generally a rather large tag size.
circumvent photoblea-
ching problem.

e Potential for in vivo o (See text for method-specific
labelling (SLF’). drawbacks.)

be classified as direct, if amino acids intrinsic to the POI are
modified, or indirect, if protein or peptide tags are attached to
the POI. Indirect labelling may be achieved using an intrinsically
fluorescent tag, or via subsequent modification of a tag with a
fluorescent probe. They may also be differentiated on the basis of
whether the modification is achieved via covalent attachment of
the fluorophore or simply via reversible binding.

Direct chemical labelling

A well-established technique for in vitro modification of purified
proteins involves reaction with cysteine residues. The relative
infrequency of cysteine residues in proteins may allow specific,
stoichiometric labelling with small molecules. The robust re-
action of solvent-accessible thiols with maleimide—fluorophore
conjugates is specific (in the sense that it occurs mainly at
cysteine residues) and occurs rapidly under “protein-friendly”
conditions in biological buffers of moderate pH and temperature.
Todoacetamide-conjugates are also widely used to modify thiols
and benefit from being less sensitive to the presence of reducing
agents such as DTT and TCEP, which are often employed before
labelling to ensure that cysteines are in the reduced form.* If the

POI contains multiple cysteine residues then labelling is likely to
result in a non-homogenous preparation and/or reduced activity.
This problem may be circumvented by site-directed mutagenesis
of the POI to replace the native cysteine residues. If tolerated,
this “Cys-light” derivative can be used as a blank canvas for the
re-introduction of surface-accessible cysteines. Clearly, this design
process is made far easier by the availability of high-resolution
structural information for the POI.

Chemical modification of lysine g-amino groups can be achieved
with amine-reactive conjugates (commonly succinimidyl esters).
Unfortunately, the high frequency of lysine residues generally
results in multiple labelling, and subsequent detrimental effects on
protein activity. However, the relatively low pK, value of the N-
terminal g-amino group allows moderately specific modification
by reaction with succinimidyl ester conjugates at near-neutral
pH. For example, this technique was successfully applied to label
the bacterial RecA protein and to observe the assembly and
disassembly of RecA nucleoprotein filaments on single DNA
molecules.*

An important drawback of labelling natural amino acids is
that the reaction is not specific with respect to other proteins.
Consequently, these techniques are applied to highly purified
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proteins and are not useful for in vivo labelling. Orthogonal
labelling at two cysteine residues with different fluorophores is also
difficult. It may be possible to chromatographically separate the
differentially labelled products, or to exploit two cysteine residues
with dramatically different reactivities. New strategies for indepen-
dent labelling of cysteine residues include the reversible protection
of thiols by metal-chelation or redox control mechanisms.*

To overcome the limitations imposed by the 20 commonly oc-
curring amino acids, the Schultz lab has pioneered co-translational
protein modification methods in which unnatural amino acids are
incorporated into proteins in vivo (for review and methodology
see Wang et al.*®). These techniques exploit modified aminoacyl
tRNA synthetases that charge tRNAs with unnatural amino acids
to recognise nonsense, quadruplet or (potentially) degenerate
codons. This expands the available genetic code allowing site-
directed mutagenesis with over 30 novel amino acids, including
the fluorescent dansyl-alanine.® Several of these amino acids
possess orthogonal chemical reactivities, including keto, azide and
thioester groups, which can be used to modify the POI with
fluorophore conjugates. For example, p-acetyl-L-phenylalanine
was incorporated into a Z domain protein and modified with
fluorescein hydrazide.®® Unnatural amino acids have also been
incorporated into proteins using modified in vitro translation
techniques.®*® These co-translational methods are potentially
powerful as they incorporate the advantages of conventional
amino acid labelling with small molecules (precise positioning and
small tag size) with the added benefits of higher specificity.

Fusion to intrinsically fluorescent proteins

Using recombinant DNA technology, the POI may be fused to
a fluorescent protein (FP) at either the N- or C-terminus. The
jellyfish green fluorescent protein (GFP) was first heterologously
expressed as a fluorescent marker in 1994.% Since then, the
widespread use of FP-fusions in cell imaging has fuelled the
development of many GFP variants and the isolation of novel
classes of FP with improved or novel properties with respect
to excitation/emission spectra, brightness, photostability and a
reduced propensity to oligomerize (for reviews see Zhang et al;*!
Shaner et al®®). A major advantage of this approach is the
potential to image the POI in vivo without the need to develop
cell permeable small molecule dyes. Single molecule imaging
requires controlled low-level expression, which in turn alleviates
the potential complexities associated with oligomerisation of FPs.
There are now many examples of single molecule imaging using
POI-GFP fusions in both live cells®® and for in vitro single molecule
detection.** Disadvantages of FPs include their relatively large
size (~30 kDa), which may inhibit POI activity, their reduced
brightness in comparison to chemical labels, their tendency to
oligomerize, and their potential for in vivo degradation. Moreover,
for FRET, dual-colour or multi-colour work, FPs are generally
outperformed by small molecule dyes, which display narrower
excitation and emission spectra.

Labelling of protein/peptide tags

Several methods employ relatively small protein tags that can
be fused to the POI and enzymatically-labelled with moderate
to high specificity. Peptide carrier protein domains (~10 kDa)

allow modification with phosphopantetheinyl-conjugates via Sfp
phosphopantetheinyl transferase.*®” Much smaller are the Q-tag
peptide motifs targeted by transglutaminase (TGase): a protein
crosslinking agent that catalyses amide bond formation between
glutamine and lysine residues. The guinea pig TGase is promiscu-
ous, such that the lysine substrate can be substituted with a variety
of primary amine donors, including cadaverine-conjugates.®*
The specificity is moderate and probably not sufficient for unique
labelling of the POI in a complex protein mixture. Nevertheless,
a two-step TGase-based modification was used to label proteins
on the surface of live cells.® Notably, orthogonal labelling of
chymotrypsin inhibitor 2 with AlexaFluor647-cadaverine and
AlexaFluor488-maleimide for single molecule FRET analysis was
also demonstrated.” The Tsien lab has developed the biarsenical—-
tetracysteine system for labelling a short motif (CCPGCC) with
a membrane permeable dye.” These tetra-cysteine tags, which
form reversible chemical bonds with the fluorescent biarsenical
compounds FIAsH and ReAsH, have shown some promise for
imaging in live cells. However, important drawbacks include
arsenical toxicity, the redox sensitivity of the binding reaction,
and the non-specific labelling of other cysteine rich motifs.

Fluorescent labelling of the POI can also be achieved in
two steps if a biotin moiety is first attached to the target.
Biotin carboxyl carrier protein (BCCP) fusions are modified at
a conserved lysine with biotin by E. coli biotin ligase (BirA) both
in vivo and in vitro. However, BCCP is undesirably large and this
led to the development of a 14mer biotin acceptor peptide that
is efficiently modified by BirA.”™ This technology is commercially
available under the name AviTag (Avidity). The biotin-labelled
POI can subsequently be imaged using fluorophore-streptavidin
conjugates, but the streptavidin is large and exists as a tetramer
that can bind four biotin molecules. In a modification of this
approach, it was demonstrated that a ketone isostere of biotin
also served as a substrate for BirA. This allows subsequent
reaction with a hydrazide or hydroxylamine for which many
fluorescent derivatives are available.” The use of biotin—acceptor
peptide technology was extended further by the isolation of an
orthogonal BirA-biotin acceptor peptide pair from yeast. Use
of the E. coli and yeast systems together allows independent
labelling of two different acceptor peptides for dual-colour or
FRET studies.™ It is important to note that two-step methods
involving biotin labelling may be of particular interest to the
single molecule biologist: the biotin—avidin interaction can also
be used for immobilisation and purification of the POI, giving
the biotin tag triple functionality. A second example of two-
step labelling employs protein farnesyltransferase (PFTase) to
catalyse the covalent attachment of farnesyl molecules to the
small tetrapeptide motif CVIA. Proteins containing this sequence
at their C-terminus can be alkyne-functionalised using modified
PFTase substrates and subsequently modified with reporter groups
using azide conjugates.”

Auto-labelling of fusion proteins

These methods ‘hijack’ natural enzymatic mechanisms for cova-
lent auto-modification of fusion constructs. For example, the DNA
repair protein O°-alkylguanine-DNA alkyltransferase (hAGT) is
able to modify itself with an alkyl group from its natural substrate
Of-alkylguanine-DNA, but also tolerates O®-benzylguanine and
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a variety of fluorescent derivatives as substrates.” A potential
difficulty of this method, commercially available under the
name SnapTag (Covalys), is non-specific labelling of endogenous
AGT. The HaloTag method (Promega) exploits auto-labelling of
a mutant halogen dehalogenase with chloro-alkane derivatives.
This system benefits from high specificity, as halogen dehalogenase
activity is not present in E. coli or mammalian cells. Both methods
provide the opportunity to label in vivo as the fluorescent substrates
are cell-permeable. However, a general drawback of auto-labelling
methods is that the tag must be relatively large to maintain its
catalytic integrity.

Protein ligation techniques

Protein and peptide tags may be attached to proteins using native
chemical ligation.” Proteins produced with N-terminal cysteines
can be modified with synthetic, fluorescent peptides containing
C-terminal thioesters or with fluorophore-thioester conjugates,
which are easily derived from commercially available succinimidyl
esters.”® Nature has harnessed a similar chemistry in the form
of inteins: self-splicing protein elements. Excision of genetically-
modified inteins from expressed proteins can generate C-terminal
thioesters or N-terminal cysteines, which can be ligated to small
synthetic peptides or other proteins in a technique called expressed
protein ligation.”®" This technology was recently exploited to
create a general method for C-terminal fluorescence labelling.*
Expressed enzyme ligation techniques resemble expressed protein
ligation, but make use of a V8 protease to ligate N-terminal serines
to C-terminal thioesters.®® Sortase-mediated ligation is a further
enzyme-based ligation method that exploits the ability of sortases
to attach proteins containing a short C-terminal “sorting signal”
to the cell surface of bacteria.* They are able to both cleave a POI-
sorting signal fusion and attach it to the N-terminal amino group
of pentaglycine peptides. Sortase-based methods were recently
used to image proteins on the surface of live cells.®®

Fluorescent ligand binding by protein tags

One potential advantage of reversible binding of fluorophores, as
opposed to covalent labelling, is that the POI can be repeatedly
re-labelled to circumvent the photobleaching problems that are
a critical limiting factor in single molecule investigations. In
one recent example, single molecule imaging of histidine-tagged
proteins was achieved on the surface of live cells using Ni:NTA-
Atto647.% Although the histidine-tag is small and compatible
with many existing recombinant DNA technologies, the use of
a nickel-based label may cause toxicity in cells. A zinc-based
alternative, HisZiFiT, was developed for histidine-tag labelling
with fluorescein.®” The tight binding of dihydrofolate reductase
to methotrexate-conjugates, which are readily cell-permeable, has
also been exploited for labelling.®® Likewise, an FKBP12 mutant
protein binds very tightly to the synthetic ligand SLF'. Conjugates
of SLF’ to fluorescein are cell permeable and non-toxic, and have
been used to label FKBP12-POI fusions in mammalian cells.®

A final way in which to exploit binding for labelling is to harness
the specificity of antibody—antigen interactions. For example, one
may fuse the POI to an antigen for which a fluorescent antibody
is available. This was applied to monitor the translocation of a
GST-Rad54 fusion along a single DNA molecule using a FITC-

labelled anti-GST antibody.® In another method, the POI is
fused to a single chain anti-fluorescein antibody to allow labelling
with cell-permeable hapten—fluorophore conjugates.”’ An obvious
drawback of such techniques is the large size of the antibody.

Conclusions

This array of new strategies for protein modification presents
many opportunities for new single molecule measurements. This
is particularly true for single molecule FRET, where the targeting
of two labels to particular sites on a biomolecule is required.
Although dual-labelling is possible in vitro for purified proteins,
a robust means to introduce specific orthogonal functionality in
vivo would greatly expand the utility of single molecule methods.
In contrast to the vast number of new labelling techniques, many
problems still remain for the fluorescent label itself. In particular,
photobleaching remains a major challenge. New, more stable
fluorophores would greatly expand the timescale of single molecule
experiments and allow a wider range of biological phenomena to
be explored.
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The nucleophilic nature of cyanide is used to create a
simple, sensitive, and highly effective sensor, 2-(trifluoro-
acetylamino)anthraquinone 2 (2-TFAQ), for the easy “naked-
eye” detection of very low concentrations of cyanide in an
aqueous environment.

Anions are ubiquitous in both the organic and mineral worlds,
and play important roles in biology, medicine, catalysis, and in the
environment.! Considerable attention has been paid to the design
and synthesis of abiotic receptors for anionic species in the past
two decades, which makes anion recognition one of the fastest
growing disciplines in the field of supramolecular chemistry.? In
particular, cyanide is one of the most toxic anions and is harmful
to the environment and human health. The binding of cyanide
to cytochrome oxidase reduces the activity of this enzyme and
inhibits oxygen utilization by cells.> However, the use of cyanide
can not be avoided completely due to its wide application in the
production of organic chemicals and polymers, such as nitriles,
nylon, and acrylic plastics.* In addition, it is critical to the gold-
extraction process.’ For these reasons, receptors capable of sensing
or binding cyanide selectively are highly desirable. While a number
of receptors for anions have been designed and synthesized,
relatively few have been developed for cyanide, especially in the
aqueous environment.

Several strategies have been developed to detect cyanide,
including the formation of cyanide complexes with transition
metals,® boron derivatives’ and CdSe quantum dots,® nucle-
ophilic addition reactions to carbonyl groups,® the displacement
approach,' hydrogen-bonding interactions," deprotonation'? and
luminescence lifetime measurement.”® However, many receptors
for cyanide reported to date have several limitations as follows: (i)
poor selectivity, especially in the presence of fluoride or acetate,
(ii) requiring specific conditions, such as high temperature or basic
media, (iii) not instantaneously registering the addition of cyanide,
(iv) requiring the use of instruments such as luminoscopes, or UV
light, (v) running the risk of releasing HCN, (vi) only working
in an organic environment, and (vii) complicated synthesis. With
these considerations in mind, we now report a simple yet effective
colorimetric sensor 2-(trifluoroacetylamino)anthraquinone 2 (2-
TFAQ), which overcomes the above limitations, and can achieve
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T Electronic supplementary information (ESI) available: Synthesis, ex-
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number 688682. For ESI and crystallographic data in CIF or other
electronic format see DOI: 10.1039/b808589¢g

the so-called “naked eye” detection of cyanide in an aqueous
environment. Our strategy is based on the fact that cyanide is
a well known nucleophile and can attack the carbon atom of a
electron-deficient carbonyl group easily.

Compounds 1-(trifluoroacetylamino)anthraquinone 1 (1-
TFAQ) and 2-(trifluoroacetylamino)anthraquinone 2 (2-TFAQ)
(Fig. 1) were synthesized in a single step according to the liter-
ature method:" l-aminoanthraquinone/2-aminoanthraquinone
and trifluoroacetic anhydride were stirred in nitrobenzene at room
temperature for one hour. Then the mixture was filtered and puri-
fied via column chromatography (yield >90%). Both compounds
were characterized by 'H NMR, *C NMR, elemental analysis and
mass spectra. A single crystal of 2 suitable for X-ray diffraction
analysis was obtained by diffusion of water into a DMSO solution
of 2. In the solid state, two intramolecular hydrogen bonds (C1AB—
H1AB---O3AB and N2AB-H2AB - - - F1AB hydrogen bonds in
Fig. 2a) are present, and a one-dimensional chain is formed
through intermolecular C-H---O hydrogen bonds (Fig. 2a).
Fig. 2b shows the trimer induced by one DM SO molecule through
one N-H---O hydrogen bond and two C-H---O hydrogen
bonds. Selected hydrogen bond parameters are listed in the ESI
(Table S2)t.

o)
0 HNJ\CFs o) H
NT]/CFg,
CO QO
o} ol
1 2

Fig. 1 Structures of anthraquinone-based receptor 2-TFAQ 2 and
reference compound 1-TFAQ 1.

Addition of cyanide to an organic-aqueous solution
(acetonitrile-water mixture) of 2 (50 uM) causes a color change
from colorless to yellow accompanying a new absorption band at
Amax = 429 nm. To confirm the interaction mechanism between
the cyanide and the receptor, 'H NMR titration experiments
were carried out by addition of Bu,NCN to a acetonitrile-d;
solution of 2 (Fig. 3). All the aromatic protons exhibited an upfield
shift, which is compatible with the proposed switching mechanism
(Scheme 1). The UV-vis spectra changes and the corresponding
color changes of 2 are highly solvent sensitive, especially to the
amount of water present in the medium, probably due to the
strong solvation effect in water. Consequently, a 95 : 5 (v/v)
CH,CN-H,O0 solvent system was used as the optimized condition
for the titration experiments at room temperature. In the case of the
reference compound 1, addition of cyanide produced no obvious
color changes even in a large excess, which can be ascribed to the
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Fig. 2 a) One-dimensional chain formed through intermolecular
C-H - - - O hydrogen bonds; b) DMSO-induced trimer of receptor 2.
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Fig. 3 'H NMR spectra of a solution of 2 in acetonitrile-d; upon the

addition of Bu,NCN.
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Scheme 1  Suggested mechanism for off—on switching in the presence of

CN- anion.

strong intramolecular hydrogen bond between the NH and the
anthraquinone oxygen forming a six-membered ring; hence the
intermediate (cyanohydrin) can not be stabilized by the NH.**

To further investigate the selectivity of the sensor 2, 12 anions
of interest, namely, CN-, F~, AcO-, H,PO,~, CI-, Br, I,
HSO,~, NO;~, ClO,~, SCN-, and N;~ were added (as their
tetrabutylammonium salts) to a solution of 2 in CH;CN-H,0
(95 : 5, v/v) respectively. It can be seen that only CN~ induced
a color change from colorless to yellow (Fig. 4a), and addition
of other anions caused no obvious changes either in color or
in the UV-vis spectra, even in a large excess (Fig. 4b). The
resultant Job plot indicated a 1 : 1 receptor—cyanide binding
stoichiometry (Fig. 4c).’® The binding constants calculated from a

204
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Fig. 4 a) The corresponding color changes and b) absorption spectra
when 2-TFAQ 2 (50 uM) was treated with 2.0 equiv of various anions
(vials from the left: 2 only, CN—, F~, AcO~, H,PO,~, Cl-, Br—, I, HSO,",
NO;~, ClO,~, SCN-, N;7) in CH;CN-H,O0 (95 : 5, v/v); ¢) Job plot of
2-TFAQ 2 with CN~.

1 : 1 stoichiometry using nonlinear curve fitting analysis,"” based
on the absorption spectral changes at 4,,,, = 429 nm, yields K =
7.7 x 10* M~'. The response time upon exposure to cyanide
is instantaneous, and the selectivity over F~ and AcO~ is high
(Fig. 5). This is very important because F~ and AcO™ are the main
interfering ions in cyanide sensing.

The detection limit of cyanide in aqueous environment was
determined. Fig. S31 shows the plot of 4 — A4, versus the cyanide
concentration in CH;CN-H,O (95 : 5, v/v) solution. A linear
response was observed in the 10-50 uM range. A detection limit
as low as 0.51 uM was found, which makes sensor 2 a powerful
tool for the detection of cyanide in water.

In summary, we have reported the use of 2-(trifluoro-
acetylamino)anthraquinone as a probe for the sensing of cyanide.
Our method is safe, fast, simple to use and inexpensive. The probe
is easy to synthesize and allows sensitive and highly selective
detection of very low concentrations of cyanide in an aqueous
environment.

This journal is © The Royal Society of Chemistry 2008
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Competition experiments have been carried out to deter-
mine the extent to which deuterium can be used as a
protecting group for carbon-hydrogen bonds in radical-based
intramolecular hydrogen atom transfer processes.

Translocation of carbon-centred radicals via intramolecular hy-
drogen atom transfer, in particular from highly reactive aryl
and vinyl radicals, represents a popular and powerful method
for the remote functionalisation of positions in molecules which
would traditionally be regarded as unreactive.! High regioselec-
tivity in the hydrogen atom removal/radical generation is of
prime importance for such a process to be of synthetic value,
and the stereoelectronic desirability for a linear transition state
often results in an overwhelming preference for 1,5-hydrogen
atom transfer over other possible modes of radical translocation
(Scheme 1).

H _H

5 1 5 1

C L
3 3
Scheme 1 1,5-Hydrogen atom transfer.

In certain instances when using radical-based methodology
however, hydrogen atom transfer may occur as an unwanted side-
reaction. For example, in the total synthesis of the antitumour
agent fredericamycin A,? Clive et al. found that 1,7-hydrogen
atom transfer from an aryl methoxy group (used as a protecting
group) to an intermediate vinyl radical occurred after a radical
spirocyclisation onto an alkyne. This led to the formation of
a substantial quantity of an undesired by-product with the
intramolecular hydrogen atom transfer process being found to be
competitive with the required quenching of the vinyl radical with
triphenyltin hydride.> A solution to this problem was found in
deuteration of the methyl group, with the primary kinetic isotope
effect for deuterium vs. hydrogen atom transfer efficiently retarding
the competing side-reaction.’*

During our initial studies into the radical-based functionali-
sation of B-amino alcohols, via 1,5-hydrogen atom transfer,® we
encountered a similar problem.®

The extent to which deuterium can be used to block intramolec-
ular hydrogen atom transfer is not straightforward to predict, as
extremely high kinetic isotope effects have been observed in cases
where the predominant mechanism involves quantum mechanical

“School of Biosciences (originally Department of Chemistry), University
of Exeter, Geoffrey Pope Building, Stocker Road, Exeter, EX4 40D, UK.
E-mail: m.e.wood@exeter.ac.uk; Tel: +44 1392 263450

*UCB Celltech, Granta Park, Great Abington, Cambridge, CB21 6GS, UK

tunneling.” Whilst there are many examples of the exploitation
of the primary kinetic isotope effect in mechanistic studies, there
are relatively few in synthetic applications® and hence, we initiated
the systematic studies described herein into the effectiveness of
deuterium as a “protecting group” for hydrogen atoms bonded to
a carbon atom a-to nitrogen. a-Aminoalkyl radicals are valuable
reactive intermediates in the preparation of a wide range of amine
and amino acid derivatives’ and their regioselective generation is
the key to their effective synthetic use.

Competition experiments using two heterocyclic systems were
chosen for these studies, in which protecting-radical translocating
(PRT) groups™ were positioned such that 1,5-transfer of hydrogen
or deuterium could occur after initial radical generation using
standard tin hydride-based methodology. Initial studies were
carried out with di-deuterated N-(2-iodobenzyl)pyrrolidine 1,
a modified analogue of the substrates originally used in a-
aminoalkyl radical alkylation procedures reported by Undheim
et al.™* After generation of the highly reactive radical intermediate
2, rapid 1,5-hydrogen or deuterium atom transfer would give rise to
a-aminoalkyl radicals 3 and 4 respectively for subsequent trapping
with either tributyltin hydride or unsaturated radicalphiles such
as acrylonitrile (Scheme 2).

1,5- H -transfer

D BU3Sn

\@

1,5-D-transfer

4

Scheme 2 Hydrogen vs. deuterium atom transfer.

In order to investigate the extent to which a more stabilised, later
transition state can override the primary kinetic isotope effect,
similar radical reactions of di-deuterated morpholinone derivative
5 were also examined. In this system, hydrogen atom transfer from
C-5tointermediate aryl radical 6 would be expected to occur via an
earlier, less stable transition state (to give 7) than the corresponding
deuterium transfer process resulting in captodatively stabilised
radical 8 (Scheme 3). Hence, these experiments would give some
indication of the relative importance of kinetic vs. thermodynamic
control in determining the regioselectivity of 1,5-hydrogen atom
transfer.
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Scheme 3 Radical/transition state stability vs. kinetic isotope effect.

In addition, radical precursors 9 (a deuterated version of
the derivative used by Robertson in the preparation of (&+)-
heliotridane') and 10 (Fig. 1) were prepared, incorporating vinyl
groups suitably positioned for 5-exo-trig trapping of a-aminoalkyl
radical intermediates.

O L

Br
Br

9 10

Fig. 1 Radical cyclisation precursors.

Radical reactions were carried out firstly on pyrrolidine sub-
strate 1. Reduction reactions were performed using both trib-
utyltin hydride (Scheme 4) and tributyltin deuteride (Scheme 5),
in order to assess the efficiency of 1,5-hydrogen atom transfer in
intermediate aryl radical 2 and also the extent to which the primary
kinetic isotope effect could influence the regioselectivity of this
process. The results from these studies are shown in Table 1.}

Scheme 4 Reduction of di-deuterated pyrrolidine 1 with tributyltin
hydride. Reagents and conditions: Bu;SnH (1.3 equiv.), AIBN, C¢Hy or
C¢H;F, heat or UV irradiation.

Scheme 5 Reduction of di-deuterated pyrrolidine 1 with tributyltin
deuteride. Reagents and conditions: Bu;SnD (1.3 equiv.), AIBN, C¢Hy or
C¢H;F, heat or UV irradiation.

Table 1 Results for reduction of di-deuterated pyrrolidine 1

Entry  Bu;SnH/D Temp/°C Products  Ratio Yield (%)
1 H 80 11,12 3:1 55
2 H 25 11,12 12:1 58
3 H -50 11,12 49:1 66
4 D 80 13,14 1:2 58
5 D 25 13,14 7:1 70
6 D -50 13,14 7:1 55

All of the reduction experiments were carried out using
azobisisobutyronitrile as the initiator with either thermal or
photochemical radical generation, depending on the reaction
temperature required. The reactions were carried out in either
benzene (or fluorobenzene for experiments at —50 °C) in the
presence of 1.3 equiv. of tributyltin hydride or deuteride, at
a substrate concentration of 50-60 mM. In all of the radical
reactions carried out, the polar nature of the amine products,
combined with the use of tin-based reagents, resulted in significant
difficulties with product purification. Although these problems
could be alleviated to some extent by using chromatography with
silica gel containing potassium fluoride,” the relatively low yields
can be partly attributed to the need for repeated chromatographic
purification. In all cases, 11, 12, 13 and 14 were the only isolable
pyrrolidine-containing products.

Products 11 and 14 could of course, result from either direct
aryliodide reduction or 1,5-hydrogen (for 11) or deuterium (for 14)
transfer, followed by a-aminoalkyl radical trapping with tributyltin
hydride or deuteride respectively. It is therefore not possible to
determine accurate ky/kp values from these data, although it is
possible to make useful qualitative deductions. The results shown
in Table 1 (entries 1 to 3) suggest ku/kp values ranging between 3
and 49, depending on temperature, with entries 4 to 6 suggesting a
maximum ky /kp, value of 7, although these values should clearly be
treated with appropriate caution. Most importantly, these results
suggested that the selectivity for hydrogen over deuterium atom
transfer increases, as expected, at lower temperatures.

Similar radical reactions were carried out using 1, in the presence
of acrylonitrile as an a-aminoalkyl radical trap (Scheme 6). The
optimal conditions used a 5-fold excess of acrylonitrile and
2 equiv. of tributyltin hydride, at a substrate 1 concentration of
60 mM. Table 2 summarises the results from these studies, with
the inseparable mixture of alkylated products 15 and 16 being the
only detectable/isolable pyrrolidine-containing material obtained.

Scheme 6 Intermediate radical trapping with acrylonitrile. Reagents and
conditions: Bu;SnH ( 2 equiv.), CH,=CHCN (5 equiv.), AIBN, C4H, or
C¢H;F, heat or UV irradiation.

In these experiments, both products 15 and 16 can only be
produced by 1,5-hydrogen (or deuterium) atom transfer, and hence
these results give a clearer estimate of the effectiveness of the
isotope protecting group in diverting the course of this process.
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Table 2 Results for intermediate radical trapping with acrylonitrile

Entry Temp/°C Products Ratio Yield (%)
1 80 15, 16 32:1 15

25 15,16 44:1 23
3 -50 15,16 5.5:1 56

The kinetic isotope effect (ky/kp) of 5.5, observed at —50 °C
(Table 2, entry 3) represents a significant and measurable increase
on the selectivity observed at 80 °C (entry 1).

Intramolecular trapping of the pyrrolidine-derived intermediate
o-aminoalkyl radicals was also investigated using substrate 9
(Scheme 7). A cascade process involving vinyl radical generation,
1,5-hydrogen (or deuterium) atom transfer and S5-exo-trig o-
aminoalkyl radical cyclisation, resulted in a mixture of products
17 and 18. Slow addition of tributyltin hydride (2.8 equiv.) at
80 °C and a substrate concentration of 12 mM gave rise to
a 20% overall isolated yield of the two products, in a 5.5 : 1
ratio,I favouring the product 17 from hydrogen atom transfer
and suggesting a kinetic isotope effect (ky/kp) of 5.5. (The
17/18 product mixture constituted the only isolable pyrrolidine-
containing material from this reaction with the low yield being
attributable, in part, to the well-documented problems associated
with product isolation.?) Analogous reactions conducted at 20
and —50 °C, with photochemical cleavage of AIBN, failed to give
any of the desired bicyclic product.

Scheme 7 Intramolecular o-aminoalkyl radical trapping. Reagents and
conditions: (a) Bu;SnH (2.8 equiv.), AIBN, C¢Hg, 80 °C; (b) PhSH.

These experiments indicate that the primary kinetic isotope
effect can give rise to significant selectivity for hydrogen rather
than deuterium atom transfer to a highly reactive aryl radical
when the resulting intermediate radical, and hence its immediately
preceding transition state, is only partially stabilised. Analogous
radical reactions were therefore carried out using di-deuterated
morpholinone substrates 5 and 10, in order to assess the influence
of transition state stability on this process.

Under optimised conditions, 42 mM solutions of N-2-iodo-
benzyl morpholinone 5 (in benzene or fluorobenzene as appropri-
ate) were reduced with tributyltin hydride (1.5 equiv.) and AIBN
at 80, 20 and —50 °C (Scheme 8 and Table 3). (Photochemical
cleavage of AIBN was used for the experiments at 20 and —50 °C.)
In all cases, the only morpholinone-containing product obtained
was the symmetrical dimer 19,§ and attempts to favour monomeric
product formation, by increasing either the substrate 5 dilution or
the concentration of tributyltin hydride, gave the same result.

Attempts to intercept intermediate o-aminoalkyl radicals using
a 5-exo-trig cyclisation were made using N-2-bromobut-1-enyl
morpholinone 10 but again, only the dimeric product 20 could
be isolated from these reactions, all of which were carried out at
80 °C (Scheme 9). Standard approaches to obtaining monomeric

C 40>
5 <:§ 6
Scheme 8 Reduction of di-deuterated morpholinone 5 with tributyltin

hydride. Reagents and conditions: Bu;SnH (1.5 equiv.), AIBN, C¢Hg or
C4H,F, heat or UV irradiation.

Table 3 Results for reduction of di-deuterated morpholinone 5

Entry Temp/°C Yield (%)
1 80 68
25 59
3 -50 59
o o O O
0 N
N D a,borc N D N
D D
Br 20

10

Scheme 9 Reduction of di-deuterated morpholinone 10 with tributyltin-
hydride. Reagents and conditions: (a) Bu;SnH (1.1 equiv.), AIBN, C;Hg,
80 °C; (b) slow addition of Bu;SnH (1.1 equiv.), AIBN, C4Hg, 80 °C or (c)
Bu,SnCl (0.1 equiv.), NaBH,CN (2.0 equiv.), 'BuOH, 80 °C.

Table 4 Results for reduction of morpholinone 10 (for conditions a—c,
see Scheme 9)

Entry Conditions Yield (%)
1 a 30
2 b 10
3 c 10

products were also investigated, but neither slow addition nor in
situ generation of tributyltin hydride resulted in the formation of
any other identifiable morpholinone-containing product and only
gave substantially lower isolated yields of 20 (Table 4).

The studies carried out on morpholinones 5 and 10 clearly
illustrate the fact that hydrogen atom transfer to a highly reactive
aryl or vinyl radical is not always a kinetically controlled process.
Atom transfer leading to a stabilised radical intermediate will
have a later, more “product-like” transition state, and the results
obtained here show that captodative stabilisation can completely
override the primary kinetic isotope effect in determining the
regioselectivity of such processes. (Curran et al. have previously
shown that hydrogen atom transfer is most efficient when a tertiary
alkyl radical is generated,'* and the radical dimerisation of amino
acids® and related morpholinone-based systems' has also been
observed.)

In summary, we have carried out fundamental, systematic
studies into the factors that can influence the regioselectivity of
hydrogen atom transfer in radical-based processes. Exploitation of
the primary kinetic isotope effect facilitates the use of deuterium
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as a “protecting group” for carbon-hydrogen bonds, unless the
atom transfer process has a highly stabilised, late transition state,
in which case, formation of the most stable radical intermediate
will be favoured. Reasonable selectivity of hydrogen vs. deuterium
atom transfer for a-aminoalkyl radical generation in pyrrolidine
systems such as 1, 5 and 9, even at elevated temperatures, suggests
that this methodology could be used for carbon-hydrogen bond
protection in synthetic schemes if the products arising from the
different transfer processes are separable. The radical dimerisation
of morpholinone systems such as 5 and 10 via exclusive deuterium
rather than hydrogen atom transfer adds support to the concept
of captodative radical stabilisation, and this system could offer
further opportunities for the study of this phenomenon, which
has seen recent interest in synthetic applications.'
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