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We report for the first time the application of chlorofullerene C4 Cl, as a substrate for straightforward

preparation of highly water-soluble fullerene derivatives, promising compounds for investigation of the
biological action of fullerenes in vitro and in vivo. Methyl esters of phenylacetic and benzylmalonic

acids were used as reagents in the Friedel-Crafts arylation of C4Cl, that resulted in the corresponding
Cgo(Ar);Cl compounds with 50-60% yields. The following cleavage of ester groups in phenylacetic and

benzylmalonic residues was accomplished almost quantitatively to yield the corresponding
fullerene-based acids bearing 5 and 10 carboxylic groups, respectively. The relatively-low solubility of
these acids in water can be strongly enhanced (up to 150-200 mg ml~') by their conversion to salts with
alkali metal cations. These fullerene salt derivatives showed pronounced anti-HIV action and low

toxicity; these two findings point to the necessity for further investigation of the biological properties of

the here-reported compounds.

1 Introduction

The list of exciting biological activities of water-soluble fullerene
derivatives includes the inhibition of enzymes of human im-
munodeficiency and hepatitis C viruses,** anticancer action,
antiproliferative effects,* photodynamic therapy*® and efficient
neuroprotective activity.” Some fullerene derivatives can be suc-
cessfully applied as advanced bacteriostatic agents** and contrast
materials in X-ray and magnetic resonance imaging.®® There are
numerous published reviews that describe the state of the art in
this field.'113.14

The development of the biological chemistry of fullerenes is
now mostly limited by the availability of novel truly water-soluble
fullerene derivatives with specific and well-defined structures.
The most detailed investigations were carried out with a family
of fullerene-based carboxylic acids represented by two isomers
(C; and D;) of malonic acid derivative Cg[C(COOH),]; and
symmetrical dendro[60]fullerene that have 18 carboxylic groups
reaching a solubility of 30 mgml " at pH = 7.4 and ~250 mgml ' at
pH = 10. Preparation of these compounds is quite challenging and
this, perhaps, hinders their wide application. A fullerene derivative
bearing five residues of benzoic acid was synthesized recently from
Cy in three steps.” However, the availability of this compound
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can be also questioned because the first stage of the synthesis
is based on application of organocopper reagents and requires a
vigorously-deoxygenated atmosphere, decreased temperatures and
HPLC processing for product isolation.

The aim of the present work was to develop a straightforward
route for high-yield preparation of water-soluble fullerene-based
polycarboxylic acids using cheap and readily-available precursors.
Conventional cycloaddition reactions are not efficient enough due
to the poor selectivity of multiple additions. Therefore, readily-
available chlorofullerene C,,Cl; was considered as a substrate of
choice. There are five labile halogen atoms in the molecule of C¢,Cl,
arranged around one 5-membered ring in the [60]fullerene cage
that can be selectively substituted by allyl,’® methyl,'” alcoxide™
and aromatic hydrocarbon residues.” Very recently, a substitution
of chlorine atoms in CgClg by amine residues was used for
preparation of water-soluble compounds.”® Here we modified the
Friedel-Crafts arylation procedure of Cy,Cly reported previously"
and applied esters of phenylacetic and benzylmalonic acids as
reagents to prepare fullerene-based polycarboxylic acids.

2 Results and discussion
2.1 Preparation of C,Cl,

Synthesis and structural characterization of chlorofullerene C4Cl,
was reported in 1993, thus this compound was among the first
halides discovered for [60]fullerene.? The reaction of Cg, with IC1
in dry benzene within 3 days was the first procedure used for
the preparation of CgCl,.?' During early studies on the reactivity
of CgClg, it was shown that a preparation of CgCl, in benzene
is accompanied by its reaction with the solvent (I, is known to
participate as a catalyst in such reactions) and the formation
of various CgPh,Cl,, species that can represent up to 25% of
the crude CyClg sample. The isolation and X-ray single-crystal

This journal is © The Royal Society of Chemistry 2007

Org. Biomol. Chem., 2007, 5, 2783-2791 | 2783





structure characterization of pure C4Me,PhO,OH derived from
CgPhCl; unambiguously proved this."”

These findings showed quite obviously that one should use
less reactive solvents for fullerene chlorination to obtain high-
purity CClg samples. The first encouraging results were reported
when 1,2-dichlorobenzene (1,2-DCB) was applied as a solvent
for the chlorination of C4 by ICI and ICl;.>* Tt was shown that
the duration of chlorination and reagent ratios are the two main
factors that govern the selectivity of the reaction and product
composition. In particular, it was shown that pure C,4Cl, can be
prepared within 5 minutes if the chlorinating reagent is used in
large excess (40 eq. of ICl or 20 eq. of ICl;).*

Some time later, a similar short-time chlorination method was
reported, called the “seven minute synthesis of pure CgCl,”.
According to the described procedure, Cg, was treated with 30 eq.
of IClI in chlorobenzene within 7 minutes. MALDI TOF mass
spectrometry and HPLC analysis showed that the short-time
chlorination in chlorobenzene results in an increased purity of
C¢Cl; samples in comparison with the reference syntheses in
benzene. Unfortunately, this “seven minute” procedure® was not
compared with the short-time chlorination of fullerene in 1,2-DCB
reported before.

It was proved here that the short-time chlorination of fullerene
in 1,2-DCB can be used for preparation of C¢Cl; and gives as good
results as reported recently “seven minute” synthesis. In particular,
the reaction of Cy, with 30 eq. of ICl was conducted indry 1,2-DCB
at a conventional rotary evaporator within 4-8 min at 40 °C under
a pressure of ~1 mbar. It was found that a rotary evaporator also
gives perfect results with chlorobenzene and, therefore, there is no
need for the special equipment designed earlier.”® The synthesis of
C¢Clg in 1,2-DCB is described in more detail in the Experimental
section.

The "C NMR spectrum confirmed the high purity of the CqCl,
sample prepared in 1,2-DCB: no signals from any impurities were
detected (see the ESI, Fig. S1t). The *C NMR spectrum of the
reference batch of C4,Cl, synthesized in accordance with the “seven
minute” procedure was identical. It is notable that C,Cl used as
a starting material in this work and in our previous studies® was
synthesized using 1,2-DCB as a solvent according to the method
described here and in earlier work.?

1a-b

R

Notable also is the application of POCI; for chlorination of Cy,
in the sealed tubes in the absence of any solvent.?* This method
allows preparation of pure C¢Cl, at the 20-30 mg scale, but it
seems to be less promising for bulk preparations.

2.2 Synthesis of compounds 2a—b from C,Cl,

All previously-reported Friedel-Crafts arylation reactions of
CyClg were carried out with liquid aromatics such as benzene,
toluene, fluorobenzene, anisole, tert-butylbenzene, thiophene and
phenyltrimethylsilane. A large excess of the reagent served as a
solvent in most of these cases.?® Very active aromatics react with
C4Cl, in dichloromethane at low temperatures (30-40 °C).*

Methyl esters of phenylacetic and benzylmalonic acids 1a-b
were found to be quite inert towards CgClg; the corresponding
solvent-free reactions catalyzed by FeCl; can be initiated only
at elevated temperatures (above 90 °C). These syntheses were very
reagent-consuming (>10 g of 1a-b to 100 mg of C4Cls) and did not
give high yields of the expected Cy4ArsCl compounds because of
the formation of elimination products such as CgAr, and CgAr,.

To decrease the amount of reagents consumed and improve
the selectivity of the reactions, several solvents were examined as
potentially-suitable media for these syntheses. It was shown that
both chlorobenzene and 1,2-DCB compete with 1a in the reaction
with C¢Cls. A column chromatography separation of the resulting
reaction mixture gave multiple badly-resolved fractions that were
represented by CgAr,(Ar)s..Cl (Ar’ corresponds to the solvent
residue) species was revealed by MALDI TOF mass spectrometry.

Nitrobenzene] was the optimal solvent, since it does not
undergo a detectable reaction with CgClg in the presence of 1a-b
and gives high yields of corresponding products 2a-b (Scheme 1).
Compounds 2a-b were eluted as broad bright-orange fractions
during chromatographic separation on silica; their high composi-
tional purity was evidenced by MALDI-TOF mass spectrometry,
"H and “C NMR spectroscopy (Fig. 1). It is important that these
compounds can be isolated without the use of expensive and time-
consuming HPLC processing, thus allowing for easy up-scaling of
these preparations.

1 CAUTION: A TOXIC SOLVENT.

PhNO,, 1 h

2a: R=COOMe
2b: R=CH(COOMe),

Scheme 1
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Fig.1 The “C NMR spectra of compounds 2a (a) and 2b (b) (CS,-acetone-D6). Insets show corresponding MALDI TOF mass spectra.

The MALDI-TOF mass-spectra of 2a—b exhibited intense
peaks corresponding to the fragment ions [C¢Ars-H]* (1466 and
1826 amu for 2a and 2b, respectively). The parent molecular
ions of C4ArsCl have not been detected due to a facile loss
of chlorine atom; similar results were observed previously for
fluorophenyl derivatives under EI mass spectrometry conditions.?!
The low-intensity peaks corresponding to the ions [C4Ar;OH]*
(1842 amu) and [CexArsOHNal* (1865 amu) were observed in
the mass spectrum of 2b. CyAr;Cl probably undergoes partial

hydrolysis to C¢ArsOH during the sample preparation for the
MALDI TOF measurements. The replacement of Cl by OH was
documented before for similar compounds.?!

Nearly 30 independent syntheses were performed where the
methyl ester of phenylacetic acid (1a) was treated with CyClg
in nitrobenzene. The obtained samples of 2a, as well as small
amounts of other isolated products, were analyzed by MALDI
TOF MS. It was shown that both Cg(C,H,CH,COOMe), and
Ce(CsH,CH,COOMe), are formed along with 2a and can be
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isolated with a satisfactory compositional purity (see the ESI,
Fig. S21). However, the amounts of these two compounds were
not sufficient for *C NMR characterization.

Interestingly, Na*-containing positive ions frequently appeared
in the MALDI TOF mass spectra of 2a and related by-products.
For example, the signals of [Cg(C,H,CH,COOMe),+Na]* are
virtually equal in intensity to the signals of the parent
[Ceo(CH,CH,COOMe),]* ions (n = 5 and 6; see the ESI,
Fig. S2b7). The statistics allowed us to conclude that Na* comes
from sodium sulfate used in the workup procedure before the
chromatographic separation (see the Experimental section). No
Na*-containing species were observed in the mass-spectra when
sodium sulfate was replaced by MgSO, and this effect was very
reproducible. It seems that 2a and related products have a strong
affinity for Na* ions. Indeed, 2a has 10 oxygen atoms with their
lone electron pairs that can be arranged in the right geometry for
complex formation with Na*, like in the case of crown ethers.

The “C NMR spectra of 2a-b confirmed the high compo-
sitional purity of these compounds. Both spectra were similar
and corresponded to the C, symmetrical structures shown in
Scheme 1. Particularly, there are 31 fullerene sp” carbon signals
along with four peaks from sp® cage carbons in each spectrum.
Three resonances at 57-64 ppm correspond to the fullerene
carbons bearing organic addends, while the signal at ca. 76 ppm
was assigned to the C-Cl moiety. Similar chemical shifts of these
signals were observed in the C NMR spectra of other CgAr;Cl
derivatives reported previously.” The '"H NMR spectra of 2a-b
(not shown) consisted of six doublets with integration intensities
1:1:2:2:2:2asitcan be expected for their structures.

2.3 Cleavage of ester groups in 2a-b and isolation of
polycarboxylic acids 3a—b

The hydrolysis of the ester groups in fullerene derivatives is a
quite challenging task. Fullerene cages undergo rapid, irreversible
polyhydroxylation in alkaline media,? so saponification of ester
groups can hardly be applied in this case.

The treatment of fullerene derivatives bearing ester groups with
NaH, quenching of the reaction mixture with MeOH and the
following acidification was reported to yield the corresponding
acids.”? Attempted hydrolysis of ester 2a according to this
procedure gave a mixture of products (instead of the expected
acid 3a), as was revealed by '"H NMR, chemical analysis and
MALDI TOF mass spectrometry (Scheme 2). Identified from
the mass spectrum components of this mixture were oxidized
fullerenols C4O,(OH), (x + y = 2-8) (that is in line with other
studies®) and toluene addition products C4(PhCH,),H,, n = 1-6.
The peaks corresponding to the fragment ions of the parent ester
2a (1466 amu, [2a-Cl]-H*) and partially-hydrolyzed compound
[C4(CsH,CH,COOMe),(C4H,CH,COOH)-H]* were also quite
intensive. Very intensive peaks due to Cs* and Cs;O* ions were
also observed, most likely due to the fragmentation of oxidized
species C4O,(OH),, as it was observed before.”!

An alternative, very mild hydrolysis procedure utilizing
(CH,),Sil as a reagent was reported to give good results with
fullerene-based esters.” However, 2a was not hydrolyzed com-
pletely, even after 5 days stirring at 50 °C in CCl,.

Finally, continuous heating of fullerene derivatives bearing ester
groups in 1,2-DCB-HCI-CH;COOH mixtures was reported to

produce corresponding acids in good yields.** This procedure

was also beneficial for our systems and allowed us to accomplish
hydrolysis of 2a—b to corresponding acids 3a—b with almost quan-
titative yields (>85%, Scheme 2). Addition of trifluoroacetic acid
into the mixture CH,;COOH-HCI strongly accelerated hydrolysis
as it was monitored by TLC. Chlorobenzene was used instead of
1,2-dichlorobenzene since the optimal reaction temperature in our
experiments was relatively low (60 °C).

Fullerene-based acid 3a was initially characterized by high-
resolution negative mode ESI-MS (Fig. 2). The ESI mass spectrum
of 3a, similarly to the MALDI TOF mass spectrum of 2a, did
not show the parent Cl-containing molecular ion because of
facile dechlorination. However, the presence of chlorine in 3a was
evidenced by chemical analysis data that were in a good agreement
with the structure shown in Scheme 2. The mass spectrum of 3a
was represented by intense signals at m/z 1412.20 ([3a-C1+OH] "),
1396.22 ([3a-CI+H]"), 705.60 ([3a-Cl+OJ]*), 697.62 ([3a-Cl]*")

a
[3a-CI+OH]

>

(Uh [3a-Cl]

>
=

o 3a-Cl+0

c | ‘ [ | 2]

[J)
-—
£

T
1520
b

75 70 65 60 55 50
8, ppm

M

175 165

145 135 125
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155

Fig. 2 (a) A part of the ESI mass spectrum which shows the signals of
[3a—H]~ and other detected monoanions. A part of the spectrum where
the signals of [3a-2H]*~ and [3a—-3H]*~ appeared is not shown. (b) The *C
NMR spectrum of 3a (DMSO-D6). The inset shows the high-field part of
the spectrum. The signals due to the CH, groups, presumably overlapped
with the DMSO-D6 peak at 38-41 ppm, are not shown.

2786 | Org. Biomol. Chem., 2007, 5, 2783-2791

This journal is © The Royal Society of Chemistry 2007





1) NaH, toluene

2) MeOH, HCl mixture of

products

CF3COOH-CH3COOH-HCI-H,0-PhClI
60C,3d

2a

Me;Sil, CCl,
5d,60C

mixture of
products

CF;COOH-CH,COOH-
HCI-H,0-PhCl

60C,3d

2b

Scheme 2

amu corresponding to the title compound 3a. There were also quite
pronounced peaks at m/z 1530.33 ([Cq(CsH,CH,COOH)(]"),
764.61 (([Ce(CsH,CH,COOH),-H]*")) and 713.59 ([3a-Cl+0O,]*")
amu. Since the starting sample of 2a cannot contain more than 5-
8% of impurities (NMR data), the presence of substantial amounts
of C(CsH,CH,COOH), or oxidized species as admixtures to 3a
is hardly probable. Perhaps oxygen-containing compounds ([3a-
Cl+OH], [3a-Cl+0O,]) were formed from 3a via in situ oxidation
under the ESI conditions.

The “C NMR spectrum of 3a also supported the high
compositional purity of this compound (Fig. 2). The sp* part
of the spectrum consisted of 44 signals, including three peaks
due to the -COOH groups and a number of broadened signals
corresponding to five aryl residues. This allows one to make
conclusions about the C, molecular symmetry of 3a. The absence
of signals corresponding to MeO- groups in the high-field part
of the spectrum provides evidence of complete hydrolysis of
the parent ester 2a. The signals at 57.88, 60.59 and 63.16 ppm
correspond to the fullerene cage sp*® carbons bearing aryl groups,
while the peak at 76.42 was assigned to the carbon bearing
chlorine atom. Thus, both the ESI MS and “C NMR data
confirmed that hydrolysis of 2a to 3a was accomplished with high
selectivity.

In contrast, hydrolysis of 2b proceeded less smoothly. The ESI
MS spectrum (see the ESI, Fig. S37) of the crude product revealed
the presence of several major components: the target compound
3b1 (1720.32 amu) and two other products: 3b2 (1676.33 amu)
and 3b3 (1632.29 amu) formed from 3bl via the loss of one or
two carboxylic groups, respectively (Scheme 2). Interestingly, the
parent molecular ions [3b1-3]" appeared in the spectrum with
comparable intensities to the ions of corresponding dechlorinated

species [(3b1-3)-Cl+H]~. The “C NMR spectrum of 3b also
revealed the presence of at least four components in the sample;
there are 3-4 detectable independent sets of signals in the sp’
region and numerous badly-resolved peaks in the sp* part of the
spectrum (see the ESI, Fig. S37).

The formation of 3b2 and 3b3 is a result of decarboxylation
under the hydrolysis conditions; this result is very typical for
substituted malonic acids. A mixture of acids 3b1-3 gives highly
water-soluble salts that were also used for biological investigations.

2.4 Solubility of polycarboxylic acids 3a—b and their salts in
water

The fullerene acids 3a-b are almost completely insoluble in water.
However, they can be easily dissolved in a drop of DMSO and then
diluted with a large amount of water (10-100 volumes with respect
to the volume of DMSO) without any sign of precipitation. Such
a character of solubility was observed for many other “water-
soluble” fullerene derivatives and, particularly, for malonic acid
derivatives C¢,[C(COOH),];.”

The solubility of 3a-b in water can be strongly enhanced by their
conversion to corresponding ionic potassium salts. These salts can
be obtained by addition of a concentrated solution of 3a and 3b1-
3 (ca. 10 mg ml™") in THF or other hydrophilic solvents (DMSO,
1,4-dioxane, acetone) to aqueous solution containing 2.5 (for 3a)
or 5 (for 3b1-3) equivalents of K,CO;. The resulting transparent
solutions can be concentrated to dryness on the rotary evaporator
to give bright orange solids which are readily soluble in water. The
solubility of potassium salts of 3a and 3b1-3 in water was 50—
100 mg ml~"' at pH < 7.5 that is among the highest values reported
for fullerene derivatives.
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2.5 Antiviral activity of the synthesized fullerene derivatives

The peculiarity of the molecular structures of 3a-b is in ar-
rangement of all organic addends around one five-membered ring
(Fig. 3), while the main part of the fullerene cage remains free
and available for interactions with biological targets. Therefore,
the synthesized fullerene-based acids can be considered as very
interesting entities for biological studies.

Fig. 3 The optimized 3D molecular structure of compound 3a.

Here we report the preliminary results of anti-HIV screening of
3a-b in the form of their potassium salts 4a and 4b, respectively.
All tests were performed in lymphocyte CEM cell cultures infected
with HIV-1 or HIV-2.3' They were based on inhibition of virus-
induced cytopathicity (giant cell formation) at day 4-5 post
infection by the test compounds. The cytostatic activity (inhibition
of cell proliferation) of the compounds was studied in the same cell
cultures at day 3 or 4 upon incubation with the test compounds.
The results are shown in Table 1, where the anti-HIV data for
two recently investigated compounds 5 and 6 are also given for
comparison. Note that these two isomeric bispyrrolidinofullerenes
are among the best known fullerene-based inhibitors of HIV.?

As follows from Table 1, compounds 4a and 4b also possess
pronounced anti-HIV activity with respect to both virus subtypes.
According to the commonly-accepted mechanism of the anti-HIV
action of fullerene derivatives, the carbon sphere of Cy, fits well
to the active site of some HIV enzymes (i.e. the HIV-protease).!
Bulky organic groups attached to the fullerene cage can prohibit
such interactions between the fullerene derivative and the HIV-
encoded enzymes. In the case of our compounds, 4b is slightly
(~2-fold) less active than 4a, perhaps, because the former has
more bulky addends than the latter.

The absolute IC50 values for 4a are 3-6 times higher than for
5 and 6. However, 4a is 6-20 times less cytostatic than 5 and 6.
Thus, 4a can be considered as a more-selective and, perhaps, more
promising fullerene-based anti-HIV agent.

In addition, the synthesis of 4a is straightforward, the yield is
reasonably high and there is no need for using the time-consuming
HPLC separation. The solubility of 4a in water approaches
100 mg ml~'; this is an important prerequisite for easy intravenous
administration of this compound. A study of the action of 4a—
b against other viruses is currently in progress. No pronounced,
if any, activity was observed against a variety of viruses, other
than HIV, including herpes simplex virus type 1 (KOS), HSV-
2 (G), vaccinia virus, vesicular stomatitis virus, Coxsackie virus
B4, respiratory syncytial virus, parainfluenza virus-3, reovirus-1,
Sindbis virus and Punta Toro virus. At the same time, 4a is a good

starting point for further design of polycarboxylic derivatives of
fullerenes that are more active with respect to HIV inhibition.

3. Conclusions

It was shown that chlorofullerene Cg Cl, is a versatile substrate
for the preparation of highly water-soluble fullerene derivatives.
Particularly, Friedel-Crafts arylation of C4Cl, with methyl esters
of phenylacetic and benzylmalonic acids was applied in this work
for synthesis of two novel polycarboxylic fullerene compounds in
good yields. The developed procedures are straightforward and
can be used for large-scale preparations.

The synthesized fullerene-based acids possess high solubility in
water in the form of alkali metal salts (ca. 50-100 mg ml™" at
pH < 7.5). Moreover, these compounds exhibited a pronounced
anti-HIV activity and low cytotoxity. On the one hand, these
findings should stimulate intensive biological studies of the
reported fullerene-based polycarboxylic acids. On the other hand,
the developed synthetic route allows for the preparation and
investigation of a series of other water-soluble compounds that
can reveal important structure-biological-activity relationships.

4. Experimental
General remarks

All commercially-available solvents and reagents were purchased
from Acros or Aldrich and used as received. Nitrobenzene was
vigorously dried after repeated (3—4 times) distillation over phos-
phorus anhydride. NMR spectra were recorded from solutions in
[Dg¢Jacetone (3a-b) or CS,—[D,Jacetone solvent mixture (2a-b), on
Bruker Avance (600 MHz-'H) instrument with the solvent residual
proton signal or tetramethylsilane (TMS) as a standard. A custom-
made high resolution ESI O-TOF MS?** was used to obtain ESI
mass spectra.

Preparation of C,Cl,

Fullerene C4 (120 mg, 0.167 mmol) was dissolved in 1,2-DCB
(30 ml) under stirring in air within 2 h in a 250-ml round-bottom
flask. Then freshly-prepared solution of ICI (800 mg, 4.92 mmol)
in 10 ml of 1,2-DCB was added in one run to the fullerene solution.
The resulting reagent mixture was immediately connected to the
rotary evaporator, pumped down within 1 minute to ca. | mm Hg
and put into a warm water bath (40 °C). Evaporation of 1,2-DCB
usually takes 4-8 minutes. Bright red solid was recrystallized from
PhCl, washed with hexane and dried in air. Yield of C4Cl; was
120 mg (77%). Spectroscopic characteristics of the product (IR,
BC NMR) were identical to reported previously.?!

Synthesis of 2a—b

Chlorofullerene C4Clg (200 mg, 0.214 mmol) was dissolved in
100 ml of vigorously-dried nitrobenzene under stirring at 100 °C
within 2 h in argon atmosphere. Then 8 ml of ester 1a-b and
several crystals of anhydrous FeCl; were added to the hot solution
of CCly. Resulting mixture was stirred at 100 °C within 1 h, then
cooled down to the room temperature and quenched with 10 ml of
CF;COOH. Afterwards, 100 ml CCl, was added, resulting solution
was washed three times with 150-200 ml of water, dried over
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Table 1 The anti-HIV activity of the 6a and 6b salts and reference compounds 7 and 8

Structure CC50/pM

HIV-1 HIV-2

EC50/uM CC50/EC50 EC50/uM CC50/EC50

K00

>63

>48

2.9

9.0

8 (trans-3)

1.24+0.44 >52 44+09 >14
2.74+0.7 >17 8.5+4.2 >6
0.21 14 0.2-1.0 3-14
0.35 26 0.7 13

anhydrous Na,SO, or MgSO,, filtered and poured at the top of a
silica gel column (silica gel 40-100 p, 60 A). Elution with a mixture
of MeOH-toluene 0.5-99.5 (v/v) gave a first fraction represented
by C4Ar, and other elimination products. Compounds 2a-b were
eluted with MeOH-toluene 0.8-99.2 (v/v) as bright-orange broad
fractions. Yields: 2a: 193 mg, 60%; 3a: 200 mg, 50%.

Compound 2a. 'H NMR (600 MHz, CS,-(CD;),CO 10 : 1):
0 =3.40-3.80 (CH,, O-CH;, m, 25H), 6.98 (d, 2H), 7.11 (d, 2H),
7.17 (d, 4H), 7.25 (d, 4H), 7.53 (d, 4H), 7.83 (d, 4H) ppm. “C
NMR (150 MHz, CS,-(CD;),CO 10 : 1): 6 = 40.58 (CH,), 40.65
(CH,), 40.71 (CH,), 51.47 (OCH;), 51.57 (OCH;), 51.69 (OCH,),
57.86 (cage), 60.52 (cage), 63.16 (cage), 76.26 (cage), 127.02
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(A1), 127.25 (Ar), 127.81 (Ar), 128.77 (Ar), 128.84 (Ar), 128.96
(Ar), 129.95 (Ar), 129.99 (Ar), 130.06, 130.29, 133.47, 134.12,
134.16, 135.79, 137.28, 142.06, 143.10, 143.43, 143.52, 143.73,
143.76, 144.05, 144.39, 144.48, 144.55, 144.75, 145.29, 145.40,
146.70, 147.32, 147.46, 147.94, 148.23, 148.36, 148.56, 148.76,
148.81, 148.86, 150.40, 151.07, 153.54, 156.72, 169.84(C=0),
170.05(C=0), 170.10(C=0) ppm.

Compound 2b. 'H NMR (600 MHz, CS,-(CD;),CO 10 : 1):
0 = 3.02 (CH,, d, 2H), 3.16 (CH,, d, 8H), 3.50-3.70 (CH, O-
CH,, m, 35H), 6.91 (d, 2H), 7.03 (d, 2H), 7.11 (d, 4H), 7.16 (d,
4H), 7.44 (d, 4H), 7.75 (d, 4H) ppm. “*C NMR (150 MHz, CS,-
(CDs),CO 10 : 1): 6 = 34.37 (CH,), 34.47 (CH,), 34.56 (CH,),
51.90 (OCH;), 52.01 (OCHj;), 52.06 (OCHj;), 52.97 (CH), 53.26
(CH), 57.84 (cage), 60.47 (cage), 63.07 (cage), 76.47 (cage), 128.48
(Ar), 128.73 (Ar), 128.87 (Ar), 129.47 (Ar), 130.26 (Ar), 135.41,
136.92, 137.47, 137.91, 138.02, 141.76, 143.08, 143.40, 143.58,
143.67, 143.78, 144.07, 144.37, 144.45, 144.50, 144.72, 145.26,
145.42, 146.71, 147.30, 147.44, 147.91, 148.22, 148.34, 148.54,
148.73, 148.72, 148.74, 148.78, 148.83, 150.32, 151.10, 153.43,
156.62, 167.92(C=0), 167.95(C=0) ppm.

Synthesis of 3a—b

A portion of 2a or b (100 mg) was dissolved in 30 ml of
chlorobenzene and then added to a mixture of 80 ml of CF;COOH,
70 ml of CH;COOH and 30 ml of 10 M aqueous HCl in a 1-L
round-bottom flask. The resulting mixture was heated at 60 °C
within 3 days and then concentrated in vacuum to dryness. Residue
was dried in vacuum (ca. 10~* mbar) for 4 h to remove remaining
traces of acids and water. Yields of 3a—b: 80-85 mg.

Compound 3a. 'H NMR (600 MHz, DMSO-D6): 6 = 3.49
(CH,, d, 2H), 3.63 (CH,, d, 8H), 7.03 (d, 2H), 7.15 (d, 2H), 7.25
(d, 4H), 7.30 (d, 4H), 7.61 (d, 4H), 7.83 (d, 4H), 12.35 (COOH,
br.s, 5H) ppm. "*C NMR (150 MHz, DMSO-D6): 6 = 57.88 (cage),
60.59 (cage), 63.16 (cage), 76.42 (cage), 128.23 (Ar), 128.44 (Ar),
129.88 (Ar), 130.72 (Ar), 135.01, 135.3, 135.62, 135.76, 136.8,
141.82, 141.88, 142.84, 143.41, 143.53, 143.59, 143.63, 143.71,
143.75, 143.86, 144.1, 144.25, 14442, 144.47, 145.44, 145.51,
145.55, 146.94, 147.2, 147.24, 147.34, 147.81, 148.12, 148.2,
148.44, 148.59, 148.65, 148.75, 150.58, 151.37, 154.14, 156.73,
172.52 (C=0), 172.85 (C=0), 172.99 (C=0) ppm. ESI MS
(THF-Et;N): 1412.24 ([3a-C1+OH]"), calcd 1412.26 amu. Anal.
found/caled (%): C, 83.61/83.89; H, 2.68/2.46; Cl, 2.74/2.48.

Compounds 3b1-3. 'H NMR (600 MHz, DMSO-D6): 6 =
3.30-3.60 (broad m, 15H), 7.04 (br. d, 2H), 7.11 (br. d., 2H), 7.29
(br. d, 4H), 7.49 (br. d, 4H), 7.76 (br. d, 4H) ppm. ESI MS (THF-
Et;N): 1720.32 ([3b1]"), caled 1720.22; 1686.36 ([3b1-CIl+H]"),
caled 1686.26; 1676.33 ([3b2]), caled 1676.23; 1642.27 ([3b2-
CI+H]") caled 1613.33 amu; 1632.29 ([3b3]"), calcd 1632.24 amu;
1598.36 ([3b3-Cl1+H]"), caled 1598.28 amu.

Antiviral activity assays

The methodology of the anti-HIV assays was as follows: CEM cells
(4.5 x 10° cells per ml) were suspended in fresh culture medium
and infected with HIV-1 at 100 CCIDs, (cell culture infective
dose-50) per ml of cell suspension. Then 100 pl of the infected
cell suspension were transferred to microplate wells, mixed with

100 ul of the appropriate dilutions of the test compounds, and
further incubated at 37 °C. After 4-5 days, giant cell formation
was recorded microscopically in the CEM cell cultures. The 50%
effective concentration (EC50) corresponded to the compound
concentrations required to prevent syncytium formation by 50%
in the virus-infected CEM cell cultures.

The antiviral assays other than HIV were based on an inhi-
bition of virus-induced cytopathicity in either Hela, Vero or
HEL cell cultures. Herpes simplex virus type 1 (HSV-1) (KOS),
HSV-2 (G), vaccinia virus, vesicular stomatitis virus (VSV) and
the thymidine kinase-deficient HSV-1 TK~ (B2005) strain were
exposed to HEL cell cultures, parainfluenza-3 virus, reovirus-1,
Sindbis virus, Coxsackie B4 virus and Punta Toro virus to Vero
cell cultures, respiratory syncytial virus to Hela cell cultures,
and cytomegalovirus (CMV) (AD-169, Davis) and varicella-zoster
virus (VSV) (YS, OKA), and the thymidine kinase-deficient VZV
(07/1, YS/R) strains to HEL cell cultures. Confluent cell cultures
in 96-well microtiter trays were incubated with 100 CCIDy, of
virus, 1 CCIDs, being the virus dose required to infect 50% of the
cell cultures. After a 1 h virus adsorption period, residual virus was
removed, and the cell cultures were incubated in the presence of
varying concentrations of the test compounds. Viral cytopathicity
was recorded as soon as it reached completion in the control virus-
infected cell cultures.

The cytostatic activity assays for the CEM cells were as follows:
6 x 10* cells suspended in growth medium were allowed to
proliferate in 200-pul wells of microtiter plates in the presence of
five-fold dilutions of the test compounds at 37 °C in a humidified
CO,-controlled atmosphere. After 72 h, the number of cells was
counted in a Coulter counter. The I1Cs, value was defined as the
compound concentration required to inhibit cell proliferation by
50%.
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The carotene-like polyenes decapreno-f-carotene (Cs,), Cs,-B-carotene (Cs,, first synthesis) and
dodecapreno-f-carotene (Cy) with 15, 17 and 19 conjugated double bonds, respectively, were
synthesized by double Wittig reactions. Introduction of a leaving group in allylic position failed, and
cations were obtained by hydride elimination effected by i) triphenylcarbenium tetrafluoroborate-d,s,
prepared by a new method, or ii) treatment with trifluoroacetic acid-d. Deuterated reagents were
employed for product analysis by '"H NMR. Parallel experiments were performed with ,3-carotene
(Cy). NIR spectra at room temperature and at —15 °C were employed for characterisation and stability
studies of the cationic products. In CH,Cl, A, in the 900—1350 nm region was recorded. NMR data for
the cationic product of 3,B-carotene obtained by the two new preparation methods were consistent with
the two monocations previously characterised. The cationic products of the longer polyenes provided
downfield-shifted, broadened signals, compatible with Cs;-monocation, mixed Cs,-mono- and dication
and Cg-dication. Combined NIR and NMR data suggest that the extent of charge delocalisation is
limited by the maximum soliton width for cations obtained from linear polyenes with more than ca. 20

sp>-hybridized carbon atoms.

Introduction

The theoretical fundament of charge distribution in very long
polyenes, such as doped polyacetylene, was provided by Heeger
and co-workers, leading to the Su-Schrieffer-Heeger (SSH)
model.’? According to this model, charges are carried in holes
or defects in the polyene structure, called solitons. They consist
of regions of intermediate bond lengths, in contrast to the strict
alternating nature of single and double bonds surrounding them.
The charge inside a soliton can mathematically be described as a
charge density wave, in the case of a delocalised cation oscillating
between finite positive values and zero on alternating carbon
atoms, with the highest values in the center of the soliton. In
this respect, the model is in agreement with the more familiar
concept of resonance structures for smaller delocalised charged
species. However, whereas the drawing of resonance structures
imposes no limitations as to the extent of delocalisation in the
molecule, the SSH-model implies a limiting value for how far a
polyenyl cation or anion can delocalise, described by the soliton
half-width, /. This remains one of the more controversial aspects
of the soliton theory.® Physically, the parameter / describes the
width of the region containing half of the charge of the soliton, in
terms of the number of bonds.

Experimental studies of soliton properties have been carried
out mostly with polyacetylene, both doped and undoped, em-
ploying techniques such as resonance Raman spectroscopy, cyclic
voltammetry, NIR spectroscopy, EPR and ENDOR.>*7 Using
doped polyacetylene, the properties of the bulk of the polyene
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region) of cations from f,B-carotene (1), decapreno-p-carotene (4) and
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are superimposed on the characteristics of the solitons contained
in the polyacetylene. For accurate description of the physical
properties of the soliton itself, its availability in a pure compound is
desired. Experimental information about bond lengths and charge
distributions is of particular interest.

Carotenoids, such as ,B-carotene (1, Scheme 1), are a con-
venient source of long polyenes. Charged carotenoids, including
radical cations, monocations and dications, have been studied
experimentally using the techniques mentioned above.® Moreover,
it is possible through the study of smaller molecules to prepare
spinless charge-delocalised polyenes in a controlled manner, and
thereby study the charged polyene by 'H and *C NMR. The *C
chemical shift is of particular importance in this respect, because

=

" 2 2 4
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Scheme 1
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of the empirical correlation of the shift with atomic charge, as
first shown by Spiesecke and Schneider for aromatic compounds,’
and later extended to other systems with sp’-hybridised carbon
atoms.’” NMR studies of a,m-diphenylpolyene anions of various
length have been reported, employing these empirical correlations
to give a description of the charge distribution 12

We have previously reported on the formation of delocalised
carotenoid monocations formed by acid-induced dehydration of
the allylic alcohol B,B-caroten-4-ol (2, isocryptoxanthin), creating
the longest delocalised carbocation 3a,b fully characterised by
NMR to date (Scheme 1)."*'* By comparison of the *C chemical
shifts of the resulting monocations 3a,b with model compounds,
we were able to provide an estimate for the charge distribution, and
thereby also the extent of delocalisation, as described by the soliton
half-width /, yielding / = 7.8. In the present work we aimed at
the preparation of even longer delocalised polyenyl carbocations,
and by NIR and NMR studies to gain insight on the extent of
delocalisation in these systems.

Results
Preparation of substrates

The elongated, carotene-like compounds referred to as decapreno-
B-carotene (4, Cs), Cs-p-carotene (5) and dodecapreno-f-
carotene (6, C4) were prepared as substrates. Decapreno--
carotene (4) has previously been synthesized via a 15,15 -didehydro
derivative,' and dodecapreno-fB-carotene (6) by a C5 + C;y + Cy5
approach.’ In the present work the Csy- (4), Cs,- (5) and Cg- (6)
polyenes were prepared by an analogous scheme by Wittig cou-
pling reaction between B-ionylidenethyltriphenylphosphonium
bromide (7), synthesised from B-ionone (8) via vinyl-B-ionol
(9), and the appropriate diapocarotenals 10-12, using NaH for
generation of the ylide' (Scheme 2). This approach yielded the
desired target molecules in satisfactory quantities.

Various strategies were employed for the introduction of a
leaving group in allylic position of the parent polyene (Scheme 3).
Addition of NBS in the presence of excess acetic acid to f3,p-
carotene (1) gave the diacetate, as reported by others,'® whereas
attempts to obtain the monoacetate failed. Reaction with BF;—

NBS

X" CH,COOH
—_—

l i) BF3(OEty) OAc

ii) H,0

X

Scheme 3

diethyl etherate, followed by quenching with water,"* gave the
desired mono-ol product 2, albeit in a poor yield in experiments
with fB,B-carotene (1). When applied to the longer Cs, polyene 5,
it became apparent that the resulting allylic alcohol was rather
labile, and another strategy had to be considered.

We have previously noted the ability of carotenoids to eliminate
hydride in allylic positions under acidic conditions.”?! This was
first observed by the formation of blue oxonium ions from
a 5,8-furanoid derivative neochrome (13) (Scheme 4, i), and
later during NMR studies of fB,B-caroten-4-one (14, echinenone,
Scheme 1) treated with dilute trifluoroacetic acid-d (Scheme 4,
ii).”® Tt is known that hydride abstractions can be achieved by
treatment with triphenylcarbenium ions.* Triphenylcarbenium
tetrafluoroborate-d;s (15) was therefore prepared as an NMR-
compatible hydride abstraction reagent. The initial triple Grig-
nard reaction from bromobenzene-ds (16) and diethyl carbonate
offered a convenient pathway to triphenylmethanol-d,s (17), and
represented an alternative to a published method.?® Treatment of
17 with tetrafluoroboric acid in propionic anhydride provided the
carbenium ion 15 (Scheme 5).%

Preparation of polyenyl cations

The polyenyl cations were prepared from the parent polyenes
1, 4, 5 and 6 using two main strategies, i) either by employing
triphenylcarbenium tetrafluoroborate, or ii) by treatment with
trifluoroacetic acid. Both reagents were used in dilute solution in
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chlorinated solvents. For NMR experiments, deuterated analogs
were employed.

VIS/NIR spectra

i) With triphenylcarbenium tetrafluoroborate. The VIS/NIR
absorption spectra were recorded for B,B-carotene (1) and
the polyenes 4-6 both at room temperature and at —15 °C
in a dichloromethane solution containing triphenylcarbenium
tetrafluoroborate. Large bathochromic shifts, characteristic for
the formation of positively charged polyenes, were observed at
both temperatures, illustrated by the initial room temperature
absorptions depicted in Fig. 1.

At room temperature, the stability of the cationic products from
the polyenes 4-6 was considerably lower than for the products
from B,B-carotene (1). The position of the absorption maxima
also drifted during the experiments. When the temperature was
lowered to —15 °C, constant absorptions were observed. Data for
stability and A, are given in Table 1.

%
Q
<
T T T T T
600 800 1000 1200 1400 1600
Anm
Fig. 1 Initial absorptions at room temperature of cationic products

from B,B-carotene (1), decapreno-f-carotene (4), Cs,-B-carotene (5) and
dodecapreno-B-carotene (6) in dichloromethane containing 4 mg mL™"
Ph;CBF,.

Table 1 Absoption maxima and relative stability of cationic products
formed in 4-6 mg mL~" solution of triphenylcarbenium tetrafluoroborate
in CH,Cl,

Room temperature —15°C

Starting polyene Ama/NM, 0h A, /nm, 1h Rel.g, 1h A,,/nm*
B,B-Carotene (1) 1011 966 0.88 1033
Csy-p-Carotene (4) 1123 1031 0.40 1130
Cs,-p-Carotene (5) 1180 1140 0.57 1215

Cy-p-Carotene (6) 1229° 1241 0.60 1290

“ Constant for 1 h. ? After 5 min A, 1260 nm was measured.

ii) With trifluoroacetic acid. VIS/NIR measurements of the
absorption spectra for the polyenyl cations from the polyenes 1 and
4-6 were performed in an analogous manner to that described
above. In addition to varying the temperature from —15 °C to
room temperature, two different acid concentrations were used.
Data for the lower concentration, 0.013 M, are given in Table 2,
and for the higher concentration, 1.3 M, in Table 3.

The influence of the acid concentration is obvious; a higher
concentration of acid gives in general a hypsochromic shift
of the /. of the resulting polyenyl cation. Compared to the
trityl experiments above, the stability at room temperature is
considerably higher when trifluoroacetic acid is used, although
higher acid concentrations reduce the stability.

Table 2 Absoption maxima and relative stability of cationic products
formed in 0.013 M solution of trifluoroacetic acid in CH,Cl,

Room temperature —-15°C

Starting polyene  A,../nm,0h /Z,,/nm,1h Rel.¢,1h 4., /nm*
B,B-Carotene (1) 1022 1010 2.00 980
Cs-B-Carotene (4) 1207 1199 0.99 1153
Cs,-B-Carotene (5) 1277 1263 0.96 1238
Cg-p-Carotene (6) 1330 1307 0.99 1300

“ All absorptions unstable, with 4, drifting significantly. Initial values are
given.

This journal is © The Royal Society of Chemistry 2007
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Table 3 Absoption maxima and relative stability of cationic products
formed in 1.3 M solution of trifluoroacetic acid in CH,Cl,

Room temperature —15°C

Starting polyene  A,./nm,0h /,,/nm,1h Rel.g1lh 4,,/nm*
B,p-Carotene (1) 997 967" 0.49 853,922
C-p-Carotene (4) 1099 1076 0.80 1123
Cy-p-Carotene (5) 1152 1154 0.88 1216
Cg-B-Carotene (6) 1236 1222 0.88 1308

“ Unstable absorptions with significant drift. > Another peak at 4,,,, 798 nm
apparent after 1 h.

NMR spectra

Several polyenes were treated with the deuterated trityl reagent
15, namely B,B-carotene (1), decapreno-p-carotene (4), echinenone
(14, Scheme 1) and neochrome (13, Scheme 4) for NMR char-
acterisation. All polyene/trityl cation mixtures yielded blue or
green solutions, compatible with the formation of delocalised
cations.® However, except for B,B-carotene (1), no detailed inter-
pretation of the 'H spectra was possible. For B,B-carotene (1),
the expected monocationic product 3 was observed, as part of a
mixture with other unidentified polyene compounds. The chemical
shifts deviated significantly from those earlier reported for 3a,b
(Scheme 1),"* which may be ascribed to different counterions, i.e.
tetrafluoroborate versus trifluoroacetate.

B,p-Carotene (1) treated with trifluoroacetic acid-d in CDCl; at
—15 °C also gave the monocation 3, with only minor differences
in '"H and "C chemical shifts from values reported earlier in
CD,CL."* NMR chemical shift data of the main isomer 3a are
given for the two new preparation methods in Table 4, as well
as a chemical shift comparison of their respective *C chemical
shifts.

The NMR spectra of Cs-f-carotene (4), Cs,-B-carotene (5)
and Cy-B-carotene (6) treated with trifluoroacetic acid-d yielded
downfield-shifted, but severely broadened signals. No accurate
assignments of the olefinic parts could be made for either cationic
product. However, the mean chemical shifts of olefinic protons
were calculated from the broadened signals using Simpson’s
formula,* giving average chemical shifts of 6.88 ppm and 7.11 ppm
for the cations formed from 4 and 6, respectively. For the cations
formed from 5, an initial product with an average chemical
shift of 6.80 ppm is formed, which later shifts further downfield
to 7.13 ppm. These numerical estimates of the average olefinic
chemical shift compared to the average chemical shift of the
neutral polyenes gives a total change of chemical shift of 10.0 ppm
and 18.5 ppm for cations prepared from 4 and 6, respectively, and
10.3 ppm and 18.2 ppm for the two different forms from 5. This
was calculated by multiplying the difference in average shift by
20 (for 4), 24 (for 5) and 26 (for 6), which equals the number of
sp*-hybridised protons for the three polyenes.

Quenching experiments

Addition of water as a nucleophile to 3,B-carotene (1) treated
with triphenylcarbenium tetrafluoroborate yielded products com-
patible with formation via cation intermediates. Judging by
UV/VIS spectra and HPLC-DAD analysis, B,B-caroten-4-ol (2)

Table4 Chemical shifts of C,-monocations 3a, prepared from B,B-
carotene (1) in CDCIl; at —15 °C by treatment with (a) deuterated trityl
reagent 15 and (b) CF;COOD

Oy/ppm dc/ppm Adc/ppm

(a) — (b)

Carotenoid numbering®  (a) (b) (a) (b)

1 359 36.0 —0.1
2 1.58 1.59 39.7 39.7 0
3 2.24 2.25 23.2 23.2 0
4 6.18 6.21 1373  137.8 —0.5
5 1355  135.1 0.4
6 159.9 160.1 —0.2
7 6.55 6.58 1214 1217 —-0.3
8 7.63 7.57 1475 1473 0.2
9 1385 138.7 —0.2
10 7.51 7.29 160.6  158.9 1.7
11 6.92 6.97 126.5  126.6 —0.1
12 7.71 7.29 1623 159.5 2.8
13 140.5 140.4 0.1
14 7.95 7.41 164.6 161.4 32
15 6.98 6.97 132.0 131.8 0.2
16 1.38 1.36 29.1 29.1 0
17 1.38 1.36 29.1 29.1 0
18 1.97 1.97 21.5 21.4 0.1
19 2.06 2.08 11.8 11.8 0
20 2.12 2.14 12.4 125 0.1
I 34.1 34.1 0
2 1.48 1.49 39.7 39.5 0.2
3 1.62 1.62 18.9 18.6 0.3
4 2.10 2.13 33.6 340 -—-04
5 1357 138.7 =3.0
6 137.7  138.0 —0.3
7 6.71 6.88 135.1 1374 23
& 6.38 6.47 136.7  136.6 0.1
9 1509 1535 -2.6
10 6.45 6.52 1323  133.1  —0.8
1 7.55 7.67 140.6 1426 2.0
12 6.67 6.71 137.2 1373 —0.1
13 —* 163.1 —
14 6.78 6.79 1359 1363 —04
15 8.08 7.76 156.0 153.9 2.1
16 1.08 1.10 28.8 289 0.1
17 1.08 1.10 28.8 289 —0.1
18 1.81 1.84 22.1 22.1 0
19 2.19 222 13.5 13.5 0
20 2.38 2.35 14.4 14.0 0.4

“See Scheme 1. ®* Not observed due to missing long-range correlation
from 20'-CH; caused by broadening in the 'H dimension. A d. value
of 163.1 ppm was used for 13'-C in subsequent calculations.

and isocarotene (18, Scheme 1) were formed, demonstrating an
alternative pathway for the introduction of new functional groups
in an allylic postition to the polyene chain (Scheme 6). Both
products can mechanistically be explained by initial removal of a
hydride by the trityl reagent, and subsequent nucleophilic addition
or deprotonation. Exchange of water for aqueous potassium
acetate yielded a mixture of the mono-ol 2 and its corresponding
acetate, in addition to small amounts of isocarotene (18).

Ph;CBF, nu. addition 2
(or CF3COOH) H,0
1 — = 3 o
S elimination
-H 4>® 18
-H
Scheme 6
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Discussion
Hydride abstraction

Due to the steric requirements of the triphenylcarbenium ion,
the competition between hydride abstraction and addition to
the polyene chain should favour the former reaction, which
is in agreement with the NMR data and the quenching trials
for B,B-carotene (1). However, the preference for elimination of
hydride over protonation of B,B-carotene (1) treated with dilute
trifluoroacetic acid (0.01-0.2 M) was surprising. In concentrated
trifluoroacetic acid-d, only complicated mixtures were previously
observed in the NMR spectra.” In dilute solutions a mixture of
C-7 and C-5 protonated products was expected, as suggested by
previous AMI1 studies.?

NMR data

From earlier experience, we expected the polyenyl cations from
the extended polyenes 4-6 to yield readily interpretable NMR
spectra, in which downfield shifts could be assigned to specific
positions in the chain.®* It turned out that for the longer
symmetrical polyenes 4-6, treatment with trifluoroacetic acid-d
yielded broad '"H NMR spectra with few distinct spectral features
in the olefinic region. The broadening could be caused by various
reasons, including aggregation, precipitation, free radicals and
dynamic aspects. Care was taken to ensure non-viscous solutions
at lowered temperatures, and the samples were visually inspected
for precipitates. Although aggregation can not be ruled out, the
broadening most likely arises from other phenomena. It has been
noted during work with long polyene anions that the longest
polyene anions gave broadened spectra, and EPR analysis revealed
the formation of radicals, although no radical initiators were
present.' Radical formation has also been observed by treatment
of concentrated carotenoid solutions with trifluoroacetic acid.?
Radical species cannot be definitely ruled out in our experiments.

If the longer charge-delocalised cations contain free solitons,
the charge density wave may travel along the polyene chain with
only little cost of energy,*®’ a dynamic process which hypo-
thetically may give rise to signal broadening in the NMR spectra.
Consequently, NMR may not be a suitable method for the study
of free solitons, as the continuous rapid translational motion of
the delocalised charge would yield averaged signals only, and
would not provide information about the charge distribution of
the soliton itself. This phenomenon seems to have been overlooked
in the past, where the preparation of longer, charged polyenes
was proposed as a solution to the soliton half-width problem,?”
and followed up here. The broadened appearance of the polyenyl
cation from the longer Cs-, Cs4- and Cy-polyenes (4, 5 and 6)
may suggest signal averaging, whereas the sharper signals of the
C, monocation 3 is compatible with restricted movement of the
soliton.

Although broadened, the "H NMR data of the polyenes 4-6
treated with trifluoroacetic acid-d in CDCl; and CD,Cl, show
considerable downfield shifts in the olefinic region, compared to
the parent polyenes. The calculated values for total downfield shift
correspond nicely with values found for other polyenyl cations of
carotenoid origin.”** For instance, in the monocation 3 prepared
from B,B-caroten-4-o0l (2), a value of 9.7 ppm per charge is obtained
when only the protons originally in the polyene chain are taken

in account, whereas the Spiesecke—Schneider relationship for 'H
estimates 10.6 ppm per charge.” The value of 10.0 ppm for the
cationic product of the Cs,-polyene (4) and 10.3 ppm for the initial
product of the Cs,-polyene (5) indicates formation of monocations.
The higher values found for the second product of 5 and from
the Cg-polyene (6), 18.2 ppm and 18.5 ppm, respectively, point
towards dication formation. Additional information on the charge
distribution of the longer polyenyl cations is not provided by
this crude numerical treatment. However, according to previous
experience it would be expected that the charge was located at
the centre of the polyene for monocations, whereas electrostatic
repulsion would force the two solitons in a dication towards the
ends of the polyene chain.!31420

The data for the monocation 3a prepared from f,B-carotene
(1), as given in Table 4, show only small differences from earlier
published results.’* Most notably, by employing the deuterated
trityl cation 15, some characteristics of the soliton shape are
altered. The centre has shifted slightly, ¢/ the values of Ad¢ in
Table 4 for C-10,12,14,15 compared to C-5,7,9',11". The soliton
half-width, determined empirically as given previously," is also
10% smaller (calculation not included here). This shows that in
addition to the averaging effects discussed above, the picture is
further complicated by the influence of different counterions, here
CF,COO™ and BF,".

NIR data

The free-electron model, in which electrons are allowed to move
freely along the polyene chain at a constant potential energy, states
alinear correlation between absorption maxima and polyene chain
length.?® Work on shorter polyenes revealed a good linear fit to
data for polyenyl monocations in the range of 3-13 sp*-carbons
involved in the delocalisation, with the absorption maxima varying
from 300 nm to 700 nm (Fig. 2).* In the upper end of the
spectrum, measurement of the so-called midgap absorption in
doped polyacetylenes has been determined to be 0.65-0.75 eV, or
1650-1900 nm when converted to wavelength units.*> The NIR
absorption of charged polyenes is therefore expected to converge
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Fig. 2 Absorption maxima 4,,, at room temperature as function of the
number of conjugated sp? carbon atoms in polyenyl cations. @: Data from
monocations in ref. 29, measured in 80-96% sulfuric acid. O: Present data,
polyenes 1, 4-6 dissolved in 0.013 M trifluoroacetic acid in CH,Cl,.
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in this range. Absorption maxima for radical cations of the Cs,-
and Cy-polyenes 4 and 6 are reported at 1250 nm and 1480 nm,
respectively.® For shorter polyenes, similar values are expected for
their spinless counterparts.® However, lower values are measured
in our experiments.

The ease with which dications are formed, as demonstrated by
NMR experiments for 5 (Cs;) and 6 (Cg), add uncertainty to
the interpretation of the NIR results. Formation of dications is
expected to shift the absorption to lower wavelengths relative to
monocations.*’ With the exception of the monocation 3 from B,f-
carotene (1), the relatively low values in Table 1 point towards
dication formation upon treatment with triphenylcarbenium
tetrafluoroborate. When trifluoroacetic acid is employed (Tables 2
and 3), the effect of the concentration is compatible with dication
formation at the highest acid concentration. Shortening of the
polyene chain by in-chain protonations can also be envisaged.
However, the values in Tables 1 and 3 are in fair agreement,
disfavouring in-chain protonation.

The assumption is made that the absorptions measured in dilute
trifluoroacetic acid in Table 2 correspond to monocation forma-
tion. Compared to the linear fit for the shorter monocations,” all
our measured values are markedly lower, as shown in Fig. 2, for
the room temperature absorptions. This result indicates deviations
from the free-electron model, and may instead be taken as evidence
for the emergence of free solitons in these longer polyenes.

Delocalisation limits

The extent of delocalisation can be described through the soliton
half-width /, and the physical implications of / on bond lengths
and distribution of charge are thoroughly discussed elsewhere.?”
In the absence of bond length and charge distribution data,
a more qualitative approach has been employed by several
workers,'®3? using the absolute number of double bonds in which
the charge resides. Due to the shape of the charge distribution
as a hyperbolical cosine function,' these numbers are not easily
correlated. The latter approach will now be considered here.

We interpret the deviation of linearity in Fig. 2 as an indication
of at which stage the primary assumption of the free-electron
model, namely delocalisation over the entire m-electron system,
is no longer valid. This occurs at approximately 20 sp* carbon
atoms, which corresponds to 10 conjugated double bonds. It is
interesting to note that the electronic properties of long dicationic
polyenes examined by cyclic voltammetry has shown that a
limiting oxidation potential is reached for conjugation lengths
of 25-30 double bonds,' implying that two positively charged
solitons in the same polyenyl dication can reach a state of minimal
energy with 12.5-15 double bonds per charge. These results are
in fair agreement with our findings. For polyenes, a charge carrier
length of more than 20 double bonds, which has been suggested,*
is not supported by our data.

Conclusions

Elimination of hydride ion from f,B-carotene (1) was demon-
strated upon treatment with both trifluoroacetic acid and triph-
enylcarbenium tetrafluoroborate. Characterisation of the resulting
carotenyl monocation 3 by NMR was supported by product
analyses after quenching of the cation with nucleophiles.

For polyenes with longer polyene chains, Cs-f-carotene (4),
Cs-B-carotene (5) and Cy-p-carotene (6), NMR spectra after
trifluoroacetic acid-d treatment revealed broadened peaks. Charge
distributions of these longer cations were therefore not deter-
mined. The number of delocalised charges in the polyenes could
be estimated by numerical methods. The two longest polyenes, 5
(Csy) and 6 (Cy), were susceptible to dication formation.

NIR data recorded for the cationic products of the longer
polyenes showed deviations from the linearity expected from the
free-electron model for delocalised elctrons.®* The lower than
expected bathochromic shifts for the linear polyenes with 20 or
more sp*-hybridized carbon atoms indicate the transition from
charge delocalisation limited by chain length to delocalisation
limited by the maximum soliton width.

Experimental
Materials

Synthetic samples of B,B-carotene (1), echinenone (14), 2,7-
dimethyl-2,4,6-octatriene-1,8-dial (10), 6,6'-diapo-\y,y-carotene-
dial (11) and 4,4-diapo-y,y-carotenedial (12) were obtained
from Hoffmann—La Roche. Neoxanthin, extracted from Spinacea
oleracea, was converted to neochrome (13) according to literature
procedures.® B-Ionone (8, pract. 90%) was obained from Fluka.
Vinyl chloride was supplied by Matheson Gas Products. All
other reagents were available in analytical grade from commer-
cial chemical suppliers and used without further purification.
Dichloromethane, diethyl ether and tetrahydrofuran were dried
and distilled before use. The ethanol stabiliser present in chloro-
form was removed prior to quenching trials by running the solvent
through an alumina column.

Methods

All polyenes were stored in a freezer (—20 °C) under nitrogen
atmosphere. Reactions and manipulations were carried out as
far as possible in darkness and under nitrogen atmosphere.
Ultraviolet (UV) and visible light (VIS) spectra were recorded
on a Varian Cary 50 UV-VIS spectrophotometer or a Shimadzu
UV160-A spectrophotometer. Visible light (VIS) and near infrared
(NIR) spectra of charged compounds, with cooling as described
previously for the characterisation of charged species, was per-
formed on a Varian Cary 5 UV-VIS-NIR spectrophotometer.?
For quantitative estimates, E;, ., = 2500 at 4,.. was employed
throughout. EI mass spectra were recorded on a Finnigan MAT
95XL ThermoQuest spectrometer. NMR spectra of intermediates
were obtained on a Bruker Avance DPX 400 MHz instrument
usinga S mm “C/'H dual probe, whereas data for the polyenes was
recorded on a Bruker Avance 600 MHz instrument, using a 5 mm
cryoprobe (TCI). Spectra of charged species at temperatures below
0 °C were obtained on a Bruker Avance DRX 500 MHz instru-
ment, using a 5 mm inverse probe (TXI), equipped with a nitrogen
dewar for cooling. Multidimensional pulse sequences were used
for complete assignment, i.e. COSY, ROESY, HMSC,* HSQC,
HSQC-TOCSY. Chemical shifts are cited relative to TMS with
calibration against residual CHDCI, at 5.32 ppm and 53.8 ppm
for "H and BC respectively for samples with dichloromethane-d,,
or against residual chloroform at 7.27 ppm for 'H in chloroform-d
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and 77.0 ppm for “C. HPLC was carried out on a Hewlett
Packard Series 1050 instrument equipped with a diode array
detector (DAD). Detection wavelength was set according to 4,,,, of
the crude products recorded by VIS-spectroscopy. For analytical
separations, a 250 x 4.6 mm Interchrom Uptisphere 5 ODB
column was employed. Mobile phase: 0 min: methanol-acetone
(90 : 10 v/v, 1.0 mL min~"), 60 min: methanol-acetone (30 : 70
v/v, 1.0 mL min~"). A similar column with 10 mm inner diameter
was used for preparative separations.

Vinyl-$-ionol (9)

Alcohol 9 was prepared in a Grignard reaction,* using gaseous
vinyl chloride bubbled through a tetrahydrofuran suspension of
magnesium (6.5 g, 0.27 mol, activated with iodine and ethyl
bromide) for preparation of the Grignard reagent. Addition of
B-ionone (8, 30.1 g, 0.156 mol) gave after work-up 33.1 g crude
product, 96% yield. d;(400 MHz, CDCl;) 0.99 (s, 6H), 1.43 (s,
3H), 1.45 (m, 2H), 1.61 (m, 2H), 1.67 (d, 3H, J = 0.9 Hz), 1.98
(m, 2H), 5.09 (dd, 1H, J = 1.2 Hz, J = 10.6 Hz), 5.28 (dd, 1H,
J=12Hz,J=17.3Hz),5.55(d, 1H, 16.2 Hz), 6.02 (dd, IH, J =
10.6 Hz, J = 17.3 Hz), 6.09 (m, 1H); m/z (EI) 221 (5.5%, M + 1),
220 (M*, 12.6), 205 (43), 202 (23), 193 (32), 189 (31), 187 (35), 177
(100), 175 (34), 161 (39), 159 (32), 149 (32), 147 (41), 145 (29), 137
(67), 121 (75).

p-Ionylidenethyltriphenylphosphonium bromide (7)

Vinyl-B-ionol (9, 10.0 g, 45.5 mmol) and triphenylphosponium
hydrobromide (15.5 g, 45.2 mmol) were mixed in tetrahydrofuran
solution.*® The product salt failed to crystallize, and was used as
a crude oil in subsequent reactions.

General procedure for preparation of polyenes'’

B-Ionylidenethyltriphenylphosphonium bromide (7, ca. 800 mg),
sodium hydride (ca. 300 mg) and the appropriate diapocarotene-
dial (10-12, 10-20 mg) was stirred in dichloromethane overnight.
Excess sodium hydride was decomposed by dropwise addition
of acetic acid. The products were extracted with hexane, and
washed with water and saturated sodium chloride solution. Initial
purification was carried out by column chromatography on a
silica column, with 1-2% acetone in hexane as eluent. Final
purification was achieved by preparative HPLC (mobile phase:
various methanol-acetone gradients, 2.5 mL min~"). Multiple
injections of each compounds from dichloromethane solution
were required.

3,7,11,16,20,24-Hexamethyl-1,26-bis(2,6,6-trimethylcyclohex-
1-enyl)hexacosa-1,3,5,7,9,11,13,15,17,19,21,23,25-tridecaene (de-
capreno-f-carotene,4). Yield 77%, spectrophotometrically deter-
mined. A,../nm (acetone) 477sh, 502, 534; %III/11 15; Ry = 45.6
(7%, Ama/nm 473sh, 497, 531), Ry = 46.8 (84%, An./nm 477sh,
501, 535), Ry = 48.0 (8%, A /nm 479sh, 501, 525); 6(600 MHz,
CDCl;) 1.04 (6'/6"-CH;), 1.48 (5'/5"-CH,), 1.63 (4 /4"-CH,), 1.73
(2/2"-CH;), 1.98 (3/24-CH5;), 1.99(11/16-CH;), 2.00 (7/20-CH,),
2.03 (3/3"-CH,), 6.16 (2/4/23/25-CH), 6.18 (1/26-CH), 6.24
(8/19-CH), 6.29 (12/15-CH), 6.38 (6/21-CH), 6.39 (10/17-CH),
6.65 (13/14-CH), 6.66 (5/9/18/22-CH); 6.(150 MHz, CDCl;)
12.6 (3/7/20/24-CH,), 12.7 (11/16-CH,), 19.1 (4/4"-CH,), 21.6

(2'/2'-CHj;), 28.8 (6'/6"-CH;), 32.9 (3'/3’-CH,), 34.1 (6'/6-
QO), 39.4 (5/5"-CH,), 124.8 (5/22-CH), 125.0 (9/18-CH), 126.4
(1/26-CH), 129.2 (2'/2"-C), 130.0 (13/14-CH), 130.7 (4/23-CH),
132.3 (8/19-CH), 132.8 (12/15-CH), 135.8 (3/24-C), 136.3 (7/20-
QO), 136.5 (11/16-C), 137.2 (6/21-CH), 137.6 (2/25-CH), 137.7
(10/17-CH/1'/17-C); m/z (EI) 670 (21%, M + 2), 669 (24, M +
1), 668 (M*, 46), 666 (11, M — H,), 563 (10), 562 (22, M —
106), 510 (9), 91 (100); cf. properties reported in early work,"
and compatible with reported VIS, '"H NMR and MS data.'®

3,9,13,18,22,28-Hexamethyl-1,30-bis(2,6,6-trimethylcyclohex-
1-enyl)triaconta-1,3,5,7,9,11,13,15,17,19,21,23,25,27,29-pentade-
caene (Csy-p-carotene, 5). Yield 66%, spectrophotometrically
determined. A,,,,/nm (hexane) 487, 513, 548; %I11/1129; Ry = 50.6
(99%, Amax/nm 493sh, 521 553); 6,,(600 MHz, CDCl;) 1.04 (6'/6"-
CH;), 1.48 (§/5"-CH,), 1.63 (4/4’-CH,), 1.73 (2'/2"-CH;), 1.96
(13/18-CHj;), 1.98 (9/22-CHj3), 1.99 (3/28-CHj;), 2.03 (3'/3"-CH,),
6.15 (2/29-CH), 6.16 (10/21-CH), 6.18 (1/30-CH), 6.21 (4/27-
CH), 6.28 (14/17-CH), 6.36 (8/12/19/23-CH), 6.40 (6/25-CH),
6.47 (7/24-CH), 6.64 (15/16-CH), 6.65 (5/26-CH), 6.66 (11/20-
CH); 6.(150 MHz, CDCl;) 12.5 (13/18-CHj;), 12.6 (3/9/22/28-
CH,), 19.2 (4/4"-CH,), 21.7 (2'/2"-CH;), 28.9 (6'/6”-CH3), 33.0
(3'/3"-CH,), 34.1 (6'/6"-C), 39.5 (5/5"-CH,), 124.9 (11/20-CH),
126.7 (1/30-CH), 129.2 (7/24-CH/2'/2"-C), 129.7 (15/16-CH),
130.0 (5/26-CH), 130.7 (10/21-CH), 131.9 (4/27-CH), 132.8
(14/17-CH), 133.9 (6/25-CH), 134.5 (9/22-C), 135.9 (3/28-C),
136.3(13/18-C), 137.2(8/12/19/23-CH), 137.6 (2/29-CH), 137.7
(1'/17-C); m/z (EI) 722 (19%, M + 2), 721 (29, M + 1), 720 (M*,
51), 628 (16, M — 92), 91 (100).

3,7,11,15,20,24,28,32-Octamethyl-1,34-bis(2,6,6-trimethylcyclo-
hex-1-enyl)tetratriaconta-1,3,5,7,9,11,13,15,17,19,21,23,25,27,29,
31,33-heptadecaene (dodecapreno-p-carotene, 6). Yield 67%,
spectrophotometrically determined. 7,./nm (hexane) 503sh,
530, 564; %III/IT 14; Ry = 56.9 (42%, Anw/nm 504sh, 529,
561sh), Ry = 57.9 (58%, Amw/nm 509sh, 536, 571); 6,(600 MHz,
CDCl;) 1.04 (6/6"-CH;), 1.48 (5/5'-CH,), 1.63 (4/4"-CH,),
1.73 (2/2"-CHj;), 1.99 (3/32-CH;), 2.00 (7/11/24/28-CH,),
2.01 (15/20-CH;), 2.03 (3'/3"-CH,), 6.16 (1/2/33/34-CH), 6.17
(4/31-CH), 6.25 (8/27-CH), 6.27 (12/23-CH), 6.30 (16/19-CH),
6.39 (6/29-CH), 6.41 (10/14/21/25-CH), 6.65 (5/9/26/30-CH),
6.66 (17/18-CH), 6.67 (13/22-CH); 6.(150 MHz, CDCl;) 12.6
(3/32-CH;), 12.7 (7/11/15/20/24/28-CH;), 19.1 (4/4"-CH,),
21.7 (2'/2"-CHj;), 28.8 (6'/6"-CHj), 32.9 (3'/3"-CH,), 34.1 (6'/6"-
C), 39.4 (5/5"-CH,), 124.6 (5/30-CH), 124.7 (9/26-CH), 125.0
(13/22-CH), 126.3 (1/34-CH), 129.2 (2'/2"-C), 130.1 (17/18-
CH), 130.7 (4/31-CH), 132.4 (8/27-CH), 132.9 (12/23-CH),
133.0 (16/19-CH), 135.8 (3/32-C), 136.5 (7/11/24/28-C), 136.7
(15/20-C), 137.1 (6/29-CH), 137.6 (2/33-CH), 137.7 (1'/1"-C),
137.8 (10/25-CH), 137.9 (14/21-CH); m/z (EI) 802 (10%, M +
2), 801 (22, M + 1), 800 (M*, 35), 695 (12), 694 (21, M-106), 386
(16), 119 (100); compatible with reported VIS, '"H NMR and MS
data.'s

Allylic functionalization of polyenes

a) With NBS. ' To f,B-carotene (1, 5.9 mg, 11 umol) in 5 mL
CHCl;, cooled to —20 °C in a CO,—ethylene glycol bath, a mixture
of N-bromosuccinimide (1.8 mg, 10 umol) and acetic acid (50 pL,
0.87 mmol) in 4 mL CHCI; was added, giving a brown solution.
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After 1 min, methylmorpholine (40 uL, 0.36 mmol) was added,
restoring the orange colour. The organic phase was washed with
water and saturated NaCl (aq.). After purification on a neutral
alumina column, developed with 10% acetone in hexane, HPLC
analysis revealed two main peaks: Ry = 13.4 (43%, A /nm 427sh,
450, 477; %III/11 29), Ry = 14.7 (31%, Ann/nm 423sh, 445,
473; 9%III/I1 33). An authentic sample of the monoacetate of
f.p-caroten-4-ol gave: Ry = 22.8 (A, /nm 425sh, 451, 481; %II1/11
54). Alteration of the B,B-carotene/acetic acid stoichiometry from
~1:100 to 1 : 4 gave destruction of the carotenoid, as evidenced
by HPLC.

b) With BF;—diethyl etherate. The 3,-carotene dication, pre-
pared from addition of BF;—diethyl etherate to B,B-carotene (1),
was reacted with water in the same manner as reported before,*
except for modification of the temperature to —20 °C. Pigment
recovery was 23%. HPLC analysis showed only one main region
containing peaks, and only traces of other compounds: Ry = 16.4
(72%, Amax/nm 427sh, 450, 476; %I1/11 16), Ry = 17.0 (12%,
Amax/0m 422sh, 446, 471; %II/11 25), Ry = 17.6 (5%, Ay /nm
421sh, 445, 473; %I11/11 45). An authentic sample of B,B-caroten-
4-0l (2) gave: Ry = 17.0 (A /nm 427sh, 451, 479; %I11/11 32).

Employing the same methodology with Cs,-B-carotene (5, 5.7
mg), a pigment recovery of 50% was obtained. The HPLC analysis
showed peaks appearing in two main regions, Ry = 29.0-35.0
(57%, functionalised polyenes) and Ry = 47.8-53.2 (38%, unpolar
polyenes). Main peaks: Ry = 30.1 (22%, An./nm 491, 517, 553;
%I/ 30), Ry = 48.8 (16%, An./nm 493, 518, 554; %IIT/11
25). The more polar fraction was purified by preparative HPLC
and partially characterised by NMR; J,(500 MHz, CD,Cl,)
1.47 (5’-CH,), 1.62 (4’-CH,), 1.66 (4-CH,H;), 1.71 (2"-CH;),
1.89 (4-CH Hy), 2.02 (3"-CH,), 3.97 (3'-CHOH). Decomposition
products arising from elimination of the allylic hydroxy group
emerged during acquisition in one of two samples.

Triphenylmethanol-d,s (17)

Bromobenzene-ds; (16, 5.17 g, 31.9 mmol) was mixed with
10 mL diethyl ether and added dropwise to magnesium (0.78 g,
32.1 mmol) containing a few iodine crystals. The reaction started
immediately and the mixture was refluxed for 1 h. Diethyl
carbonate (1.22 g, 10.3 mmol) in 5 mL diethyl ether,*” was added
dropwise, and spontaneous boiling started. After addition of the
carbonate and reflux for another hour, the mixture was poured
over 20 g ice and 25 mL 1 M H,SO,. The organic phase was
washed with additional 1 M H,SO, and saturated sodium chloride
solution and then dried over anhydrous MgSO,. Hexane (20 mL)
was added and the ether was boiled off under an aspirator until
crystalization was initiated. This afforded 1.48 g white crystals,
52% overall yield; mp 158-161 °C; m/z (EI) 276 (4.6%, M + 1),
275 (20, M*), 194 (16), 193 (100), 192 (22), 174 (16), 165 (21), 164
(19), 110 (82), 82 (39).

Triphenylcarbenium tetrafluoroborate-d;s (15)

From 0.78 g triphenylmethanol-d,s (17), 0.62 g of a red/orange
crystalline product was obtained.” NMR of the corresponding
undeuterated product is given below. Traces of propanoic acid and
some unreacted triphenylmethanol were observed. 04(600 MHz,
CDCly) 7.71 (d, 2H, ortho-CH, J = 7.4 Hz), 7.88 (t, 2H, meta-CH,

J = 7.6 Hz), 8.23 (t, 1H, para-CH, J = 7.4 Hz); 0.(150 MHz,
CDCl;) 130.4 (meta-CH), 140.1 (1-CH), 142.8 (ortho-CH), 143.2
(para-CH), 211.3 (Ph;C).

VIS/NIR experiments

a) With triphenylcarbenium tetrafluoroborate. To 3 mL of a
4-6 mg mL~" dichloromethane solution of triphenylcarbenium
tetrafluoroborate (from a commercial source) in a cuvette, were
added polyenes via a syringe from dichloromethane stock solu-
tions. The VIS/NIR spectra (500-1600 nm) were recorded repeat-
edly at maximum 10 min intervals for at least 1 h. Experiments were
performed both at room temperature and at —15 °C, although
the latter experiments suffered from condensation problems.
Polyenes employed: f3,B-carotene (1), decapreno-f-carotene (4),
Cs,-B-carotene (5) and dodecapreno-p-carotene (6).

b) With trifluoroacetic acid. VIS/NIR spectra were recorded
in the same manner as described above for the four polyenes 1, 4,
5 and 6 in dichloromethane solutions of trifluoroacetic acid, using
concentrations of 0.013 M and 1.3 M. The measurements were
performed both at room temperature and at —15 °C.

NMR of polyenes reacted with triphenylcarbenium
tetrafluoroborate-d,s (16)

a) Low temperature preparation. The polyene (1-2 mg) was
dissolved in 0.25 mL CDCI,, and cooled to —78 °C under N,.
Trityl cation 16 (2-4 mg), dissolved in 0.25 CDCl;, was added,
and the mixture was allowed to heat slowly. NMR spectra were
recorded at 5 °C. Polyenes employed: B,B-carotene (1), decapreno-
B-carotene (4) and neochrome (13).

b) Ordinary preparation. To 1 mg trityl cation dissolved in
0.5 mL CDCl;, solid polyene (1-2 mg) was added. NMR spectra
of the mixture were recorded at 5 °C. Polyenes employed: B,f-
carotene (1), echinenone (14).

c) Low temperature NMR. The polyene (1-2 mg) was dissolved
in 0.4 mL CDCl;, and kept at —15 °C while 2-4 mg of the trityl
reagent, dissolved in 0.1 mL CDCl;, was added. NMR spectra
were obtained at —15 °C. Polyenes employed: B,B-carotene (1),
decapreno-B-carotene (4) and neochrome (13).

All polyene/trityl cation mixtures yielded blue or green solu-
tions. In the case of neochrome (13), precipitates were formed
upon addition of the trityl reagent 15. Initially, '"H and 'H,'H
COSY were recorded, with additional 2D experiments performed
on samples showing promising proton spectra.

NMR of polyenes reacted with trifluoroacetic acid-d

To a solution of polyene (1-2 mg) in CDCl; at —15 °C (for
Cs,-B-carotene (5) and dodecapreno-f-carotene (6) in CD,Cl,),
10 pL of trifluoroacetic acid-d was added. NMR spectra were
recorded at this temperature or slightly higher, as indicated below.
Polyenes employed: B,B-carotene (1), decapreno-B-carotene (4),
Cs,-B-carotene (5, spectra recorded at —10 °C) and dodecapreno-
B-carotene (6, spectra recorded at —5 °C).

The average olefinic chemical shift for the cations from from 4,
5 and 6 was estimated using Simpson’s formula?* on 1D 'H spectra
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for evaluation of the integrals in the quotient
J/ (intensity x 64) ddy
J (intensity) ddy,

Quenching trials with B,p-carotene (1)

To a stirred solution of triphenylcarbenium tetrafluoroborate
(72 mg) in 5 mL CHCI,, B,B-carotene (1, 5 mg), dissolved in
5 mL CHCl;, was added. The resulting green solution was mixed
with water in a separation funnel and washed with 2% aqueous
sodium bicarbonate solution until the orange colour was restored.
The organic phase was washed with saturated NaCl (aq.), and
VIS/NIR analysis showed a pigment recovery of 16%. HPLC
analysis revealed three main peaks: Ry = 16.8 (55%, Ap./nm
427sh, 450, 477; %IIL/1I 25; 2), Ry = 34.4 (15%, Ay, /nm 442,
465, 491; %II1/TI 29; 18), Ry = 35.2 (17%, Amw/nm 449, 472, 505;
Y%III/1I 40; 18).

When the resulting green solution instead was shaken with
20 mL 5% potassium acetate, the following results were obtained
by HPLC analysis: Ry = 16.7 (26%, An./nm 427sh, 450, 476;
YIII/TI 215 2), Ry = 22.7 (15%, Anw/nm 427sh, 451, 478; Y%II1/11
21; monoacetate of 2), Ry = 25.2 (3%, Ap/nm 457), Ry = 34.2
(5%, Amax/NM 463, 491; 18), Ry = 35.0 (6%, Ame/nm 449, 473, 499;
18).
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The discovery, understanding and synthetic exploitation of the photochemical transformation of
pyridinium salts are described. The investigations surrounding the remarkable transformation of
pyridinium salts into a host of structurally complex motifs have helped extend the comprehension of
aromatic and heteroaromatic photochemistry. The synthetic community has, in recent years, recognised

the potential inherent in these compounds and has since exploited the irradiation of variously

substituted pyridinium salts as key steps in the preparation of advanced intermediates in numerous

synthetic programmes.

1. Introduction

Photochemical reactions can transform structurally simple
molecules into compounds with complex skeletons, often with
high stereo- and regiocontrol.! Recently, during a detailed study
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of a range of photochemical transformations,> methods have been
developed that enable photochemical reactions to be routinely
performed on a large scale, making these processes more accessible
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pyridinium salts provides the facile, stereocontrolled synthesis of a
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This review covers several aspects of the photochemical reactions
of pyridinium salts: their mechanism, their scope and limitations
in synthetic chemistry and their exploitation in the synthesis of a
variety of biologically active molecules.

1.1. Phototransformations of aromatic compounds

Aromatic compounds have been found to undergo a remarkable
range of photochemical reactions. The diversity of scaffolds and
transformations accessible through irradiation of aromatic sub-
strates has inspired chemists for over forty years. Key landmarks
in the study of the photochemistry of benzene (Scheme 1) include
the characterisation of Dewar benzene 2 (in 1962).® benzvalene
(or tricyclo[2.1.1.0%¢]hex-2-ene) 1 (in 1964)* and fulvene 3 (in
1967).5 These and many other investigations® have contributed
to build a detailed mechanistic and theoretical understanding of
equilibria under photochemical conditions.”® Tt was from this
intense period of investigation that the initial exploration of
pyridine and pyridinium salt photochemistry emerged, a logical
extension of the fundamental studies into the photochemistry of
benzene. In 1970, Wilzbach and Rausch reported their findings
on the photoirradiation of pyridine, in which Dewar pyridine was
identified and described for the first time.® In 1972, Wilzbach,
Kaplan and Pavlik expanded upon these studies, describing the
photoirradiation of a range of N-methyl pyridinium chlorides.'
Photosolvolysis of pyridinium salts (such as 4) in basic aqueous so-
lution gave the exo-6-methylazabicyclo[3.1.0]hex-3-en-2-ols (such
as 5) with high stereoselectivity (Scheme 2). In more recent years
the bicyclic aziridine product 5 has become recognised as a key
synthetic intermediate in the preparation of molecules with more
complex skeletons.
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Scheme 1 Photoisomerisation of benzene.
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Scheme 2 Photochemical transformation of N-methylpyridinium chlo-
ride under basic conditions.

2. Mechanistic and theoretical studies on the
photochemistry of pyridinium salts

2.1 [Initial contributions of Kaplan, Pavlik and Wilzbach

In 1972, Kaplan, Pavlik and Wilzbach described the irradiation of
several substituted N-methylpyridinium chlorides 6 (Scheme 3).'
Irradiation of the pyridinium salts 6 at 254 nm in aqueous base
furnished the bicyclic aziridines 10-12. The methylether analogues
of the aziridines were obtained when the reaction was performed

HO,
, ;
5 6 N
&Y, ;
3
7 10
+
] HO,
N® i
XY hy (254nm) 50
| @ .4 2 I N
ND, KOH 3 |
| Gl H0
i 8 1
| +.
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4 f/®-_ 2 N
3 J
9 | 12

Scheme 3 Photosolvation of 1,4-dimethylpyridinium chloride.

in methanol. Moreover, it was found that irradiation of the
more substituted pyridinium derivatives, ie. the 3,5-lutidinium
salts, furnished analogous products in comparable yields. A key
observation was the transposition of the substituents around
the ring (as in 10, 11 and 12), which was thought to originate
from the involvement of a key intermediate: the azabenzvalene
cation 8 (see Scheme 3). The relative configuration of the bicyclic
aziridine products 10-12 stems from exo addition of the incoming
nucleophile, anti to the aziridine ring of the bicyclic cations 7
and 9.

The proposed involvement of the azabenzvalene cationic inter-
mediate highlights a key difference between the photochemistry
of pyridine derivatives and pyridinium salts: the formation of the
azabenzvalene is a consequence of a T — w* excitation, whereas
the irradiation of pyridine, resulting in a n — 7* excitation,
leads to the bicyclic valence isomer, Dewar pyridine.'®'? Thus, the
phototransformation of pyridinium salts is more reminiscent of
the photochemistry of benzene, where hydration of benzvalene
1 leads to bicyclo[3.1.0]hex-3-en-2-exo-ol 14 (Scheme 4). The
mechanism of the photochemical transformation of benzene
(= 1 - 13 — 14) was proposed by Wilzbach, Kaplan and
Rischter,” and later ratified by others.'**

O | B — &

H,O
13 14
Scheme 4 Photohydration of benzene.

HO.,,
@OH O

2.2. Theoretical and mechanistic studies of Burger and
co-workers

Extensive theoretical studies of the mechanisms of the photochem-
ical reactions of benzene'® and pyridine®!'” have been carried out,
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however the photochemical reactions of pyridinium salts have only
recently received significant attention. In 2001, prompted by the
renaissance of the synthetic photochemistry of pyridinium salts,
Burger and Liithi et al. reported their insights into the events
originating from © — p* excitation.'®

Completely optimised geometries for the equilibrium, inter-
mediate and transition state structures of species arising from
pyridinium and methyl pyridinium ions were determined using
a combination of restricted Hartree-Fock (RHF) and density
functional theory DFT (B3LYP) calculations (Fig. 1). Both the
endo- and exo-methyl bicyclic ions (endo- and exo-15) were
minima on the potential energy surface: the RHF calculations
predicted that both endo- and exo-15 would have Cs symmetry,
while B3LYP predicted some distortion of the exo- form towards
the azabenzvalene structure. The azabenzvalene structure 16 was
predicted to be Cs-symmetric. These three structures (exo-15,
endo-15 and 16) were found to be the only optimisable structures
following the initial photoexcitation event. The presence of the
nitrogen atom, unsurprisingly, caused the electronic structures of
the species 15 and 16 to differ significantly from the analogous
species derived from benzene (see Scheme 3 and 4). The exo-
bicyclic cation 15 was stabilised through overlap of the nitrogen
lone-pair with the m-system. The Cg-symmetric nature of the
azabenzvalene structure 16 demanded that it would equilibrate
with the bicyclic cation exo-15 through statistical cleavage of
its enantiotopic allylic C-N bonds, of course, in the case of a

R~N N/R R\N@
H: H-
/A O JAnN
exo-15 endo-15 16
R =H, Me

Fig. 1 Geometric structure of the initial photoproducts.

D
D D
‘ N hy
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N @CI H,O
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27 SOoH 28
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substituted azabenzvalene, unselective ring-opening would lead to
transposition of the nitrogen atom around the cyclopentene ring
(for an example of this transposition see Scheme 3).

Having established a detailed picture of the species involved,
Burger and Liithi then turned their focus to the investigation of
the reaction mechanism. The study supported a mechanism which
was broadly analogous to that of benzene (see Scheme 4); the
initial 1 — p* excitation resulted in rearrangement to the exo-
bicyclic ion 15 via a 2,6-bridging mechanism (Fig. 2). For both
the pyridinium and methylpyridinium-derived species, there was
a strong preference for the exo-invertomers exo-18 and exo-23. In
both cases, the transition state for pyramidalisation of the aziridine
nitrogen (19 and 24) was around 17 kcal mol™' above the exo
invertomer, a result which was in excellent agreement with the
barriers found for other N-alkyl aziridines."

The conversion of the exo-bicyclic cations 18 and 23 into the
corresponding azabenzvalene species was found to proceed via
a low-lying transition state (exo-18 — 20 — 21 and exo0-23 —
25 — 26). These low-lying transition states are reached through
twisting of the cyclopentyl ring to allow attack of the aziridine
nitrogen lone pair onto one of the ends of the allylic cation.
The facile equilibration between exo-18 and the corresponding
azabenzvalene species 21 (Fig. 2) was also observed in more
substituted systems.

A series of deuterium labelling experiments have provided
further insight into the rearrangement process (Scheme 5)." 3,4,5-
Trideuterio-N-(3-hydroxypropyl)pyridinium chloride was used as
the substrate for these studies, as the resulting photoproduct was
not prone to Grob fragmentation. The major product 31, obtained
in 80% yield, was clearly the result of rapid trapping of the initially
formed allylic cation 28. The remaining material was presumed
to be formed by rearrangement of 28 to the azabenzvalene ion 29
and, hence, 30, with subsequent trapping with water. Presuming no
secondary isotope effects, it was suggested the observed unequal
mixture of 32 and 33 was due to some of 32 being formed through
direct trapping of the azabenzvalene ion intemediate.

RS

29 30

N N N
D
D D
HO” D HO OH HO” D
oH D D D

31
80%

OH
32 33
12% 8%

Scheme 5 Deuterium labelling studies of pyridinium salt phototransformations.
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Fig. 2 Adaptation of Burger and Liithi’s representation of the relative energies for the phototransformation of pyridinium and N-methylpyridinium

salts (kcal mol™").

The effect of substitution on the rearrangement process was
also probed (Scheme 6)." A 4-methyl substituent—as in 1,4-
dimethylpyridinium chloride 6—did not have a significant effect
on the product distribution of the photosolvolysis reaction. The
major product 10 (80%) was formed through direct trapping of
the initially formed allylic cation, and the mass balance (— 11
and 12) stemmed from rearrangement, followed by trapping.
However, with a 3-methyl substituent (34), there was no evidence
for rearrangement: the equimolar mixture of the products, 11 and
12, arose from unselective trapping of the initially formed allylic
cation. Conversely, with a 2-methyl substituent (35), an equimolar
mixture of products, 11 and 12, was formed, this time the products
stemmed solely from rearrangement, followed by trapping.

To try and gain an understanding of the effect of methyl
substituents on the regioselectivity of the hydration reaction,
Burger and Liithi conducted further theoretical studies (see Fig. 3).
With a 4-methyl substituent on the pyridinium ring, the energy
profile was rather similar to that for an unsubstituted pyridinium
salt (starting at 40). However, the additional methyl group meant
that the allylic C-N bonds in the azabenzvalene 38 were no
longer enantiotopic: ring-opening to give 36 was favoured over
ring-opening to give 40 due to stabilisation of the developing
allylic cation 37 by the methyl group. In contrast, with a 3-
methyl group, the initially formed bicyclic cation exo-36 was
highly stabilised by the additional methyl group, and was trapped
to give both 11 and 12. With a 2-methyl group in the starting

This journal is © The Royal Society of Chemistry 2007
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Scheme 6 Product distribution and yields for the photohydration of the picoline derivatives 6, 34 and 35.
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Fig. 3 Adaptation of Burger and Liithi’s representation of the schematic
relative energies for reaction of dimethylpyridinium salts (kcal mol™").

material, the presence of an additional methyl group on the
aziridine bridgehead destabilised the initially formed bicyclic
cation. Rapid rearrangement to the stabilised bicyclic cation
36—via the azabenzvalene cation 38—was therefore expected.
Indeed with 1,2-dialkylated pyridinium salts, rearrangement of
the initially formed allylic cation, prior to nucleophilic addition,
is generally observed. These general principles may also be used
to rationalise the reactivity of 1,3,5-substituted lutidinium salts.'®

3. Phototransformation of substituted pyridinium
salts

3.1. Photosolvation under acidic conditions

The synthetic potential of this remarkable transformation had
remained largely unexplored for over ten years. In 1982 however,

Mariano and co-workers almost succeeded in reviving the interest
in the photochemistry of pyridinium salts.?® Irradiation of a
methanolic solution of the N-allylpyridinium perchlorate 41,
followed by neutralisation and distillation, yielded the trans,trans-
aminocyclopentene 44 in 86% yield (Scheme 7). The authors
proposed that attack of methanol on the bicyclic allylic cation 42
was followed by methanolysis of the resulting protonated aziridine
43 to give the trisubstituted cyclopentene 44.

B =) =
ﬁg 1. hv, MeOH N MeOH oN_,
ClOs 2. OH
s 20 @ @ Scio,
| Clo,
MeO
M 42 43
-HCIO,
OMe
MeO
44

Scheme7 Photosolvation of N-allylpyridinium perchlorates in methanol.

In 1996, Mariano extended his approach to the synthesis
of more highly substituted aminocyclopentene derivatives and
dramatically revitalised interest in the synthetic photochemistry
of pyridinium salts.** Photoreaction of the pyridinium salts 45a—c
gave mixtures of the bicyclic aziridine 46 and 4-aminocyclopentene
47 products (Scheme 8). Remarkably, with the pyridinium per-
chlorates 45b and 45¢, participation of the tethered nucleophile
was not observed. Indeed, even with less nucleophilic solvents,
cyclisation was not observed, presumably because the resulting
products would be highly strained. A pertinent observation from
these studies was that the efficiency of the phototransformation
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Scheme 8 Photosolvation of N-substituted pyridinium salts in methano-
lic solution.

was strongly dependent upon the polarity of the solvent employed,
with more polar solvents affording higher yields. The ratio of
the products depended on the work-up procedure: neutralisation
prior to concentration allowed the partial survival of the bicyclic
aziridine 46, with the deprotonated bicyclic aziridine 46 not being
so susceptible to methanolysis. On the other hand concentration
prior to treatment with base gave the resultant methanolysis
products, the aminocyclopentenes 47, exclusively.

3.2. Photosolvation under basic conditions

The photochemical reaction of the 4-(3-hydroxybutyl)pyridinium
perchlorate 48 provided new mechanistic insights. Participation of
the tethered alcohol did not occur and the tricyclic product was
not obtained (Scheme 9). Further, the bicyclic aziridine 51 was
formed in high yield and regioselectivity, and the transposition
of substituents around the ring was not observed. The authors
suggested that the high levels of regioselectivity observed for
this transformation were due to the rapid capture of the bicyclic
cation 49, preventing the involvement of the azabenzvalene cation
50.

/
N, OH ) N MeO..., OH
v
o) .9 | ——
Ng MeOH MeOH
| "o,  KoH N
OH |
48 49 51
65%
* /
N®
4
OH

Scheme 9 Regioselective photoreaction of 4-hydroxybutylpyridinium
perchlorate.

To extend their exploration of the scope of photohydration
of pyridinium salts, Mariano and co-workers examined the
reaction in both methanolic and aqueous potassium hydroxide
solution (Scheme 10). The respective hydroxyl- (52) and methoxy-
substituted (46) bicyclic aziridines were formed in good yield.

R'0.,,
N hv !
| o
N©

R'OH N
g C% koH i}
With R'OH = MeOH  With R'OH = H,0
45aR =Pr 46a R' = Me 53% 52aR'=H57%

45b R = CH,CONH,
45¢ R = CH,CH,OH

52b R'=H 41%
52c R' = H 90%

46b R" = Me 90%
46¢ R' = Me 98%

Scheme 10 Photoirradiation of pyridinium salts in methanolic and
aqueous potassium hydroxide solutions.

3.3. Photosolvation of C-substituted hydroxyalkylpyridinium
salts

Burger and co-workers* explored the photohydration of the 2-,
3- and 4-hydroxymethylpyridinium halides (53-55) in basic media.
The photoreactions were typically done on a 0.07 to 0.1 mmol
scale, over a period of 45 to 65 h. Photocontraction of the meta-
substituted derivatives 53 afforded equimolar mixtures of two
bridged aziridines, 57 and 58 (Scheme 11), in poor to reasonable
(10-49%) yield. The relative configuration of the products 57
and 58 (R = Et) was confirmed by X-ray crystallography
(Fig. 4). In accord with the observations of Mariano,*" partic-
ipation of hydroxyl-substituted N-substituents (R = (CH,);OH
and CH,CH(OH)CH,OH) was not observed. Irradiation of the
ortho-substituted pyridinium salt 54 under the same conditions,
provided, in comparable yield (43%), the same equimolar mixture
of the 1,2-diol 57 and 1,4-diol 58. The outcome of these reactions
is consistent with attack of the nucleophile onto the exo face of
the allylic cation 56.

57 58

Fig.4 X-Ray structure of the bridged aziridines 57 and 58 (R = Et).

Irradiation of the para-substituted derivatives 55 afforded, in
modest yield, an equimolar mixture of two bridged aziridines
(Scheme 11): 58, identical to that obtained from irradiation of
the ortho- and meta-substituted pyridinium salts (Scheme 11),
and 63.

3.4. Photosolvation of 3-alkoxypyridinium salts

Penkett and Simpson studied the effect of an electron donating
substituent at the 3-position of the pyridinium ring.® Irra-
diation of 5-methoxy-1,2-dimethylpyridinium tetrafluoroborate
64 in methanolic sodium hydroxide gave the intermediate 65
(Scheme 12).1

The presence of the electron donating methoxy substituent
directed the regioselective formation of the ketal product, 66

+ For safety reasons, and ease of preparation, the reactions of the
pyridinium tetrafluoroborate salts were studied.
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Scheme 11 Photohydration of 2-, 3- and 4-hydroxymethylated pyridinium halides.

(Scheme 12). The ketal 66 was formed under basic conditions, and
hence was not susceptible to equilibration. To demonstrate that
the regiochemistry was kinetically controlled, a series of mixed
ketals were prepared (Scheme 13). It was possible to prepare
both diastereomers through judicious choice of substrates and
conditions (compare entries 11 and 13, Table 1). Initially, the
configuration of the product, assigned through NOE studies, was
believed to be consistent with attack of the alcohol nucleophile on
the endo face of the cationic intermediate.”* However, later work,
in which the X-ray crystal structure of an adduct was obtained,
suggested that the configuration of the product may have been
misassigned, and that exo attack was favoured.?*

The scope and limitations of the photochemistry of 3-
alkoxypyridinium salts in aqueous solution were explored in
more detail.®® Under these conditions, B-hydroxycyclopentenone

derivatives 69 were obtained (Scheme 14). Hydrolysis of the
cation would yield a hemi-ketal 67 and, hence, an enone 68;
conjugate addition of a second molecule of hydroxide would yield
the observed product 69. The configuration of the products 69
has been tentatively assigned using NOE experiments, and was
consistent with addition of nucleophile to the endo face of the
bicyclic enone 68. The size of the group at the 2-position of the
pyridinium ring had a direct influence on the yield of the reaction:
with R? = H, very poor yields were observed (6%, Table 1, entry 1
and <5%, Table 2, entry 1), which improved with larger R? groups
[Table 1, R* = Me, 41% (entry 3); R? = Et, 77% (entry 4); R? =
Pr, 70% (entry 5); Table 2, R> = Me, 38% (entry 2), R* = Et, 40%
(entry 3), R? = Pr, 44% (entry 4)].

Thus through careful choice of solvent and conditions, Penkett
developed methods for the synthesis of two different scaffolds.
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Table 1 Scope and limitations of the photosolvation of 3-alkoxypyri-
dinium salts in alcoholic sodium hydroxide solution

Table 2 Scope and limitations of the photosolvation of 3-alkoxypyri-
dinium salts in aqueous sodium hydroxide solution

Entry Substrate R*OH R' R? R’ Product*  Yield (%) Entry  Substrate R! R? R} Product  Yield (%)
1 64a MeOH Me H Me 66a 6 1 64a Me H Me 69a <5
2 64b MeOH Me H Et 66b 17 2 64c Me Me Me 69c 38
3 64c MeOH Me Me Me 66¢ 41 3 64d Me Et Me 69d 40
4 64d MeOH Me Et Me 66d 77 4 64de Me Pr Me  69e 44
5 64de MecOH Me Pr Me 66e 70 5 o64f Me Me Et 69f 34
6 64f MeOH Me Me Et 66f 65 6 64g Me Et Et 69g 35
7 64g MeOH Me Et Et 66g 92 7 64k Pr Me Et 69k 42
8 64h MeOH Me Me allyl- 66h 46
9 604i MeOH Me Me Bn- 66i 22
10 64j MeOH Pr H Et 66j 50
11 64k MeOH Pr Me Et 66k 81 . . T
2 64b PrOH Me H Et 66b 0 3.5. Phototransformation of polycyclic fused pyridinium salts
13 64f PrOH Me Me Et 66f 42

“ See text for a discussion of the configuration of the products.
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Scheme 12 Photoirradiation of 3-alkoxypyridinium tetrafluoroborates in
basic methanol.
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Scheme 13 Photosolvation of 3-alkoxypyridinium salts in alcohol.

Reaction in basic alcoholic media afforded cyclopentenone ketals
(such as 66), whilst in water, f-hydroxycyclopentanones (such as
69) were obtained.
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R H,0
R
OR!
64 67

-R'OH

Irradiation of the berberinephenolbetaine analogues 72a-c in
methanol afforded the corresponding aziridines 73 in high
yield (70-85%) (Scheme 15).* These results were remarkable as
previous studies had shown that irradiation of the 3-oxido-1-
phenylpyridinium betaine 70 gave the corresponding aziridine 71
in only 6% yield.” Interestingly this phototransformation was
shown to be reversible. Irradiation of a methanolic solution of
betaine 72 with a 100 W mercury lamp fitted with a Pyrex filter
afforded the aziridine 73, while on the other hand irradiation
of a methanolic solution of aziridine 73 with a 400 W mercury
lamp furnished the aziridine 72 in 55% yield. Though there is a
clear change in the conjugation of this system upon phototransfor-
mation, the authors reported no observations regarding possible
photochromic properties of the system.

70 7

72aR=H 73aR=H 70%
72b R =Me 73b R = Me 85%
72cR=Et 73cR=Et 77%

Scheme 15 Irradiation of a series of berberinephenolbetaines.
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H,O
R2- R2
" N
o R
68 69

Scheme 14 Photohydration of 3-alkoxypyridinium salts in water.
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3.6. Phototransformation of bicyclic fused pyridinium salts

Mariano et al. studied the photochemical reactions of fused
pyridinium salts 74.”7 Initial investigations examined the irradi-
ation of the fused pyridinium perchlorate 74 under basic aqueous
conditions. Irradiation of 74 furnished a complex mixture of
photolysis products, from which the tricyclic allylic alcohol 75 and
the dihydropyridone 76, presumably originating from elimination
of 75, could be isolated (Scheme 16). In contrast, irradiation
of 74 under aqueous acidic conditions, followed by treatment
with acetic anhydride in pyridine, led to the formation of the
spirocyclic diester 81 and the fused hydroazepine 80 (Scheme 17).
Presumably, addition of water to the exo face of the cation 77

74 75 76
5% 23 %

Scheme 16 Photoirradiation of the cyclohexa-fused pyridinium salt
under basic conditions.

5
Yy of
|®/ hy
N — N
@C|O4 aqg. HCIO, u

74 77

80 81
20% 3%

Scheme 17 Photoirradiation of the cyclohexa-fused pyridinium salt
under acidic conditions.

occurred preferentially at the less hindered C-5 position, giving a
7 . 1 mixture of the tricycles 78 and 79; S\2' (78 — 80) or S\2
(79 — 81) ring opening, and peracetylation, would then give the
observed products. Irradiation of the cyclopenta-fused pyridinium
salt 82 in methanolic potassium hydroxide gave the tricyclic allylic
alcohol 84 as the major product (Scheme 18).?” S\2 ring-opening
of 84, followed by peracetylation, furnished the meso diester 85 in
high yield. To understand the selectivity of the process, a series of
DFT calculations were undertaken. The authors proposed that the
unusual regioselectivity in the nucleophilic attack on the cation 83
stemmed from the strained conformation of the tricyclic aziridine
83 which is peculiar to the cyclopenta-fused ring system.

3.7. Photocyclisation of aryl-substituted pyridinium salts

Lyle et al. examined the reaction of a series of 1-(2-chloro-
benzyl)pyridinium chlorides 86-88 (Scheme 19).?® Irradiation of
the pyridinium chlorides 86-88 afforded the cyclisation products
89-91, in low to modest yield (20-47%). It was found that,
even with greater substitution, alkaloid-like skeletons could be
prepared with good regiocontrol. Furthermore photocyclisation
was shown to be favoured ortho- to the methyl substituent on
the pyridinium ring. Cyclisation of 87 afforded exclusively 90 and

| x
\
@ hv ‘
Cl "Ny D
cl 10 N
2
86 89
20%
| RS
=
@
Cl N@ v ‘@/
@) Cl H,0 N
87 20
33%
S
L@ e B
L~
¢l NG i @ % @,
cl N N
H,0
88 91a (2:1) 91b
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Scheme 19 Photocyclisation of 1-(2-chlorobenzyl)pyridinium chlorides.
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Scheme 18 Photoirradiation of penta-fused pyridinium salts under basic conditions.
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transformation of 88 furnished a mixture of 91a and 91bina2: 1
ratio.

3.8. Asymmetric photosolvation of pyridinium salts

Burger and co-workers* employed a chiral auxiliary approach
to control the absolute configuration of the products of pho-
tochemical reactions (Scheme 20). Photoirradiation of the
(+)-0-glucopyranosyl-N-pyridinium chloride 92%° under basic
conditions gave the diastereomeric bridged aziridines 93 and 94 in
a 1 : 1 ratio. Peracetylation, and separation by re-crystallisation,
gave the enantiomerically pure bicyclic aziridine (+)-a-95 whose
relative and absolute configuration was determined by X-ray
crystallography. The product 95 was subsequently used in a formal
total synthesis of (+)-mannostatin A (see Section 6.2).

e

hv (254nm)

K,CO,
—_—

H,0
— - 1. peracetylation
OH 2. crystallisation

OH

O/~on
N“HO

Scheme 20 Photohydration of the enantiomerically pure pyridinium
salt 92.

4. Single electron transfer (SET) photochemistry of
pyridinium salts

Mariano has investigated the single electron transfer (SET) photo-
chemistry of pyridinium salts bearing an appropriately positioned
electron-rich alkene donor.*! Irradiation of N-prenylpyridinium
perchlorate 96 in methanol, followed by hydrogenation, neutral-
isation and distillation, gave the perhydroindolizidine 97 in good
yield (Scheme 21).

The hexahydroindolizidine 98 was produced exclusively when
the hydrogenation step was omitted. The proposed mechanism
of the photoreaction of the pyridinium salt 96 is summarised in
Scheme 22. Excited-state electron transfer would yield a diradical
cationic intermediate 99; subsequent nucleophilic addition to 99,

L 1.hv. MeOH BN ~ "
2.H,P10, || ® 1. hv, MeOH
N o NG N
3.0H ¢, 2.OH
Pz
OMe OMe
97 96 98
60% 60%

at 50% conv. at 50% conv.

Scheme 21 Irradiation of N-prenylpyridinium perchlorate 96.
| ®\ 1hy @ MeOH @
NG 2 SET N N
_ \A
ot
OMe
96 99 100
~ 1.hv | N
N 2. SET N
OMe OMe
98 101

Scheme 22 Proposed intramolecular SET reaction of electron rich olefins
and N-substituted heteroaromatic salts.

and cyclisation of the resulting 1,5-diradical 100, would yield the
1,2-dihydropyridine 101.

The remarkable photochemical reduction of the dihydropyri-
dine 101 (— 98) merits further comment. Mariano proposed that
the dihydropyridine 101 may be in dynamic equilibrium with the
iminium ion 102 (Scheme 23).3! Single electron transfer from 101
to 102 would yield the o-amino radical 104 and the radical cation
103. Abstraction of a hydrogen atom from methanol by 104 would
give the observed indolizidine 98. This mechanism was supported
by deuterium labelling studies.

Mariano then focused on the effect of substitution on the
electron-transfer process.’® While it was found that 3-alkoxy
substituents could be tolerated, and yielded the expected per-
hydroindolizidines, incorporation of alkenyl side chain at other
positions led to unexpected reactions and complex mixtures of
products.

5. Studies on the reactivity of the photoisomerisation
products

5.1. Nucleophilic aziridine opening with overall retention at the
allylic carbon

The bridged aziridines 105 could be opened with overall retention
of configuration at the allylic carbon a to the nitrogen. For
instance, application of the Sepulveda-Arques conditions*? to the
aziridine 105 led to the formation of the oxazolidinone 106*
(Scheme 24). The opening of the aziridine ring by iodide was
followed by in situ protection, and participation of the resulting
carbamate: the oxazolidinone 106 was obtained in good yield.
With an unprotected aziridine, however, substitution did not occur,
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Scheme 23 Proposed photoreduction mechanism for the formation of indolizidine 98.
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Scheme 24  Synthesis of the oxazolidinone derivatives by the Sepulveda-
Arques reaction.

instead, only a product derived from a Grob fragmentation was
observed.?**

Treatment of the aziridines 107 with iron nonacarbonyl afforded
air-sensitive complexes 108.% Oxidation of the complexes 108 with
cerium ammonium nitrate (CAN) led to the formation of the
B-lactams 109 in poor to good yield (Scheme 25).

5.2. Nucleophilic aziridine opening with inversion at the allylic
carbon

Treatment of the bridged aziridines 110 with oxygen- or sulfur-
based nucleophiles resulted in regioselective opening of the
aziridine ring with clean inversion of configuration. The cy-
clopentenes 111, obtained by substitution at the allylic carbon
o to the nitrogen, were obtained in variable yield (Scheme 26 and
Table 3). The ring-opened products 111 have been exploited as
advanced intermediates in the synthesis of glycosidase inhibitors
(Section 6.5).

R20:.,, NuH R0,
—_—
see table 3
l;l R{HN Nu
Ry
110 111a-h

Scheme 26 Stereocontrolled opening of the bicyclic aziridine 110 with
various nucleophiles.

5.3. S\2' Opening with organocuprate reagents

Penkett and Simpson* have studied the reaction of bicyclic
aziridines 66 with organocuprates. The aminocyclopentenes 112,
stemming from Sy2’ attack of the nucleophile anti to the aziridine,
were obtained in modest to good yield (Scheme 27, Table 4).

R
R,CuLi D oMe
OMe  gr .OEt, OMe
OMe > OMe
THF, -78°C
N NHR, EtHN Me
I

R4
66 112af 113

Scheme 27 Formation of aminocyclopenteneketals by organocuprate
addition.
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Ry =Me, R, =TBS 81% 38%

Scheme 25  Synthesis of the B-lactam derivatives 109.
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Table 3 Stereocontrolled opening of the bicyclic aziridine 110 with various nucleophiles

Entry Substrate R! R? NuH; conditions Product Yield (%) Ref.
1 110a (CH,);OH H PhCO,H; CHCl,, r.t. 111a 92 33
2 110b (CH,);OH H PhCH(OACc)CO,H; CHCl;, r.t. 111b 87 33
3 110c (CH,);0Cbz PhCO MeSH; BF;-OEt,, CH,Cl,, —48 °C 111c 82 21
4 110d Pr Me MeOH; HCIO,, r.t. 111d 42 21
5 110d Pr Me H,O; HCIO,, r.t. 111e 81 21
6 110d Pr Me AcOH; r.t. 111f 36 21
7 110d Pr Me AcSH; r.t. 111g 74 21
8 110d Pr Me EtO,CCl; CHCl;, 1.t 111h 90° 21
9 110e Pr H MeOH; HCIO,, r.t. 111i 67 21

10 110e Pr H AcSH; r.t. 111k 34 21

11 110f CH,CONH, Me MeOH; HCIO,, r.t. 1115 93 21

12 110f CH,CONH, Me EtOH; HCIO,, r.t. 1111 79 21

13 110f CH,CONH, Me AcOH; MeCN, reflux 111m 54 21

14 110f CH,CONH, Me EtO,CCl; CHCI,, r.t. 111n 186+ 21

15 110g (CH,),OH Me MeOH 1110 99 21

16 110h (CH,),OH H MeOH; HCIO,, r.t. 111p 99 21

@ Of the N-acylated derivative. ® Of the N-ethoxycarbonyl derivative, Nu = Cl. ¢ 40% of a six-membered azalactone also isolated

Table 4 Formation of aminocyclopentencketals by organocuprate

addition
Entry Substrate R! R? Product Yield (%)
1 66a Et Me 112a 40
2 662 Et Bu 112b 39
3 66a Et Vinyl 112¢ 45
4 66b Allyl Me 112d 51
5 66b Allyl Bu 112e 62
6 66b Allyl Vinyl 112f 35
“ Also isolated 13% of 113.

5.4. Ocxidation of the phototransformation products

Penkett and Simpson have reported the oxidative rearrangement
of the bicyclic aziridine 66a.** Treatment of 66a with mCPBA
in a basic medium gave the endo N-oxide 114, which underwent
Meisenheimer rearrangement to the oxa-azabicycloheptene 115;
further oxidation (— 116) and elimination afforded the nitrone
117 (Scheme 28).

mCPBA (2 equiv.) OH
OMe NaHCO; (5 equiv.) oM
polar solvent e
OMe —_— OMe
@
N N—G~
Et &
66a 117
1st equiv.
mCPBA
2nd equiv. - 8
mCPBA T g
i B ,ij(@?
MeQO OMe
114 115 116

Scheme 28 Oxidation of the ketalaziridine 66a.

Burger and co-workers have investigated the stereocontrolled
epoxidation of N-protected cyclopentenols (118, 120 and 122),
using mCPBA, trifluoroperacetic acid (derived from urea-

hydroperoxide, UHP, and trifluoroacetic anhydride), and DDO
(Scheme 29).2>3371 A high level of stereoselectivity was observed,
with epoxidation occurring exclusively syn to the allylic alcohol.

6. Applications in the total synthesis of natural
products

A rigorous test of a new synthetic methodology is its application
in total synthesis. This section provides a chronological summary
of the application of the photochemistry of pyridinium salts in the
total synthesis of natural products.

6.1. (%)-Dihydrofumariline-1

In 1985, Hanaoka et al. reported the stereoselective total synthesis
of (£)-dihydrofumariline-1 126, with the irradiation of a berberine
betaine as the key stereoselective step (Scheme 30).*® Irradiation
of the betaine 124 in methanol afforded the aziridine 125,
which was converted into the spirobenzylisoquinoline alkaloid,
dihydrofumariline-1, 126, in four further steps. Unlike earlier stud-
ies in this area, the reversibility of this reaction was not examined,*
furthermore no observations on the potential photochromism of
the system were reported.

6.2. (+)-Mannostatin A

In 1998, Mariano and Ling reported the total synthesis of
mannostatin A 132,* a mannosidase inhibitor (Scheme 31).%
The aminocyclopentene 128 was obtained by photosolvolysis of
pyridinium perchlorate (127) under acidic conditions, followed by
peracetylation. Enzymatic desymmetrisation of 128 using electric
eel acetylcholinesterase (EEACE) afforded the key intermediate
129 in 80% ee. Palladium-catalysed substitution of 130,*" with
overall retention of configuration, gave the thioether 131. In-
version of the configuration of the allylic alcohol 131 following
Wipf’s procedure,* and directed dihydroxylation,® afforded, after

1 The relative configuration of the epoxide 119 was initially mis-assigned
and later corrected by the authors (ref. 38). Here we report the corrected
one.
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Scheme 29  Stereoselective epoxidation of the aminocyclopentenols.

64%

Scheme 30 Photochemical transformation of berberine betaine in the
stereoselective synthesis of dihydrofumariline-1 126.

deprotection, the hydrochloride salt of (+)-mannostatin A (132).
The hydrochloride salt of the natural product was obtained in 11%
overall yield in eleven synthetic steps.

The versatility of Mariano’s synthetic strategy for the con-
struction of (+)-mannostatin A was later exemplified by the
preparation of a series of stereo- and regioisomeric ana-
logues.*

In Burger’s approach to mannostatin A, a chiral auxiliary
was used to induce asymmetry in the photochemical step (see
Section 3.8 and Scheme 20). The enantiomerically pure aziridine
95 was opened with thioacetic acid to afford 134 (Scheme 32).
It is worth noting that the regio- and stereocontrolled attack of
the nucleophile was accompanied by inversion of the anomeric
centre.”” Finally, ester hydrolysis, methylation, removal of the
chiral auxiliary, and acetylation, gave the advanced intermediate
131, in Mariano’s synthesis of mannostatin A, obtained in 20%
overall yield and 96% ee.’’

AcO..,, HO.., 1-TBSC; TBSO:.,
| = 1. hv, aq. HCIO, EEACE imidazole, DMF
o / / / OEt
N 2. Ac,0, Py, H,0, pH 6.9 " 2. NaOMe, MeOH
© OAC 2V, AcHN OAc ' AcHN (e}
H%i0,  DMAP AgiN 3. EtOCOCI, Py, o
DMAP, THF
127 128 129 130
42% 68% 87%
80% ee
1. (dba)sPd,CHCl3,
dppp, TMSSMe,
THF
2. aq. HF
o C>}—43Me q
Et;N—S0,-N
1.133
Burgess Reagent 133 OH 2.0s04 TMEDA, HO..,,
DCM
CI™HaN “SMe 3. HCI6M, AGHN “SMe
100 °C
132 131
48% 91%

Scheme 31

Total synthesis of (+)-mannostatin A by Mariano and co-workers.
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co-workers.

Formal total synthesis of (+)-mannostatin A by Burger and

6.3. The aminocyclopentanol core of allosamidine

In 2001 Mariano et al.* completed the synthesis of the aminocy-
clopentanol core of (—)-allosamizoline,* the aglycone of the
chitinase inhibitor allosamidine 140 (Scheme 33).*” Inversion of
the configuration of the allylic alcohol 129, an intermediate in their
total synthesis of mannostatin A, was accomplished using Burgess’
reagent 133; silylation and ester hydrolysis gave the cyclopentenol

135. A [2,3]-Wittig rearrangement®® was used to prepare the
alcohol 136. Stereoselective epoxidation of the N,O-acetal 137
gave the epoxide 138 in 84% yield. Regioselective opening of the
epoxide 138 under basic conditions and deprotection afforded
the aminocyclopentanol core of allosamidine, 139, in 17% overall
yield.

6.4. Trehazoline

Burger and co-workers have worked on a synthetic approach to tre-
hazolamine analogues (Scheme 34).>> Trehazolamine 146 is the cy-
clopentenol component of the trehalase inhibitor trehazolamine.*
Irradiation of meta-hydroxymethylpyridinium bromide 53 af-
forded the separable bridged aziridines 57 and 58 (Section 3.3).
The aziridine 141 was converted into the oxazolidinone 143
with overall retention of configuration of the allylic carbon a
to nitrogen, hence, inversion of this stereocenter of 142 was
followed by Boc-protection of the resulting amine, and cyclisation
(— 143).§ Basic cleavage of the oxazolidinone afforded the allylic
alcohol 144 which directed an epoxidation reaction to yield the
syn diastereomeric epoxide 145.

Recently, Mariano and co-workers® have reported the total
synthesis of the peracetylated trehazolamine using a similar
approach (Scheme 35).

Photohydration of the meta-substituted pyridinium salt 147
afforded a mixture of the aziridines 148 and 149. After suitable
protecting group manipulations, inversion of the configuration
of the allylic alcohol 152 was accomplished using Burgess’ reagent
133 and opening of the resulting oxazolidine with sodium dihydro-
gen phosphate. Opening of the epoxide 154 with aqueous sodium

§ The one-pot Sepulveda-Arques methodology was not successful with this
substrate (see Section 5.1).

_OH
HO..,, TBSO 1. KH, THF :
| = 1. hv, ag. HCIO, 1.133, ag. HCI ICH,SnBu 7850 -
®/ S B — e -, D —————
NG 2. Ac0, Py, AcHN ‘DAc 2 TBSCI, imidazole  acHN ‘OH 2. BuLi, THF
H~clo, DMAP 3. NaOMe, MeOH
3. EEACE AcHN
127 129 135 136
68% 56% 48%
80% ee
TBAF
HO Me,C(OMe),
: PTSA
& OH
MezN/(\ "
N “OH
_-OH _/OH _OH
140 : 1.0.5 M NaOH : :
HO OH H,O/THF o : mCPBA 5
7 -—
/O
2. 4MHCl %Nﬁ DCM 7& Q
HoN OH , r?l
Ac Ac
139 138 137
91% 84% 82%

Scheme 33  Synthetic approach to allosamidine by Mariano and co-workers.
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Scheme 34 Synthetic approach to the trehazolamine analogue by Burger
and co-workers.

benzoate, hydrolysis and peracetylation, afforded the known*
peracetylated trehazolamine derivative 155 in 9.3% overall yield
over 12 steps. In the same paper, the use of Burger’s chiral auxiliary
(see Section 3.8) in an asymmetric synthesis of 150 was also
reported.

6.5. Aminosugars

In 2002, Mariano et al. reported stereodivergent syntheses of both
enantiomers of the aldehyde 158 from the enantiomerically en-
riched cyclopentenol 129 (Scheme 36).%> Ozonolysis and reduction
of the orthogonally-protected aminocyclopentenol 156 afforded
the tetrol 157; desilylation, acetonide formation and Swern oxida-
tion afforded the D-aminosaccharide 158. By changing the order
of the protection steps, the enantiomeric aminocyclopentenol ent-
156 was prepared which could, in principle, be converted into the
enantiomeric product ent-158.

Starting from the key intermediate 129, the authors also
prepared an advanced intermediate, 163, in a synthesis of N-
acetylneuraminic acid 164 (Scheme 37).% In this instance, the
synthetic strategy began by inverting the configuration of the
allylic alcohol 129 (— 159). Aldehyde 161 was homologated using
a stabilised ylide reagent (— 162). The Z-isomer of 162 underwent
Hg(11)-mediated cyclisation to give the intermediate 163 in 30%
overall yield over 12 steps.

OPiv
. HO..,
] " OPiV  hy (254nm)
@~ +
NaHCO.
NS¢io, e N
MEM 2 MEM
147 148 149
20% 16%
1. AcOH, MeCN
2.0.1 M HCI
3. Ac,0, DMAP, Py
HO
HO™ NaOMe
AcHN “OH MeOH “oAc
151 150
83% 80%
Me,C(OMe),
()-CsA
MeCN

1.133

ey

/2 NaH,PO,
AcHN oH ad THF AcHN OH
152 153
87% 82%
mCPBA
DCM
A OAc
\ OAc 1. ag. NaOBz 0 o
AcO™
& 2. 80% aq. AcOH%O
3. Ac,0, DMAP
AcHN oAc P;Q ACHN »
155 154
0% 87%

Scheme 35 Synthesis of the peracetylated trehazolamine by Mariano and
co-workers.

6.6. (—)-Swainsonine

In 2004 Mariano et al. prepared (—)-swainsonine, a potent
glycosidase inhibitor (Scheme 38).% Photoirradiation of pyri-
dinium chloride in acidic aqueous medium, was followed by
conversion into the functionalised cyclopentene 165. Ru-catalysed
ring rearrangement metathesis (RRM), and protecting group
manipulation, gave the key intermediate 166. Dihydroxylation of
166 using catalytic OsO,, with NMO as co-oxidant, provided a
diastereomeric 81 : 19 mixture of diols 167. The major diol was
converted into (—)-swainsonine with 80% ee.

6.7. (+)-Castanospermine

In 2005, as a further demonstration of the flexibility of their
methodology, Mariano and co-workers applied their RRM strat-
egy to the total synthesis of (+)-castanospermine, a glycosidase
inhibitor (Scheme 39).>* The key intermediate 165, obtained as
previously reported from photohydroxylation of the pyridinium
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Scheme 37 Formal synthesis of N-acetylneuraminic acid.

perchlorate and suitable functional group manipulation, under-
went smooth RRM to afford tetrahydropyridine 170.

Regio- and stereoselective epoxidation of the endocyclic double
bond was achieved with vanadyl acetylacetonate to afford, after
benzylation, the tetraol 171. Oxidative hydroboration of the termi-
nal alkene afforded the desired primary alcohol with concomitant
deacetylation of the nitrogen. Mitsunobu cyclisation followed by
hydrogenolytic debenzylation afforded (+)-castanospermine 173
in 6.2% yield over 8 steps (starting from 165).

6.8. (—)-Cephalotaxine

In 2006, Mariano and Zhao described the preparation of two
late-stage intermediates in the synthesis of (—)-cephalotaxine 177

(Scheme 40).% Trradiation of the cyclopenta-fused pyridinium salt
82 (see Section 3.6) gave the spiro-fused diester 85 which was
desymmetrised in an enzymatic reaction.*® The rapid assembly of
the complex aza-spiro-skeleton 174 was used to great effect to
prepare advanced intermediates in two formal syntheses of (—)-
cephalotaxine (Scheme 40).

Mariano synthesised the spirocyclic amido-allylic alcohol 174
from the pyridinium salt 82 in eleven steps and 11% yield,
the alcohol 176 had previously been prepared by Mori and
Isono in the first nonracemic total synthesis of the natu-
ral product.’® Yoshida et al* and Tietze and Schirok®® have
independently reported approaches towards (—)-cephalotaxine
which exploit a Heck reaction of 176 as a key synthetic
step.

2750 | Org. Biomol. Chem., 2007, 5, 2735-2752

This journal is © The Royal Society of Chemistry 2007





1. Grubbs 2nd

TBSO.,,, gen. cat.
CH,Cl,
:\_ —_—
N OBn 2. TBAF
\Ac 3. Ac,0, Py
165 166
59% 53%
0s04/NMO
MEQCO
1.6 M HCI, THF
A 2. DEAD
PPh;, Py
- H OBn 3 Ac0
OAc DMAP, Py
168 167
47% 81%

(81:19)

Scheme 38 The total synthesis of (—)-swainsonine.
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Scheme 39 Total synthesis of (+)-castanospermine 173 by Mariano and co-workers.

7. Summary and perspectives

Despite the only sporadic attention paid to the phototransfor-
mation of pyridinium salts during the first twenty years since
its discovery, the concerted effort now apparent from a number
of groups demonstrates that the potential of this powerful
transformation has begun to be realised. Strategies have emerged
that exploit this remarkable rearrangement, the rapid construction
of dense functionality and stereochemistry from simple, planar

aromatic substrates has inspired the chemical community. The
synthetic utility of variously substituted pyridinium salts has been
examined and annealed into techniques that provide facile access
to advanced intermediates toward biologically active species and
synthetically powerful stereochemically enriched synthons. The
interest in this transformation is expanding, and with improving
photochemical reaction technologies, doubtless there will be
further advancements and applications in the photochemistry of
pyridinium salts.
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A new staining reagent was prepared and its ability to stain several azide-containing agents on TLC

plates was determined.

A multiplicity of methods for the synthesis of organic azides
for different purposes are known, but their TLC detection is
sometimes still problematic. If the organic core of the azide
compound does not bear UV active groups or functional groups
allowing visualization on TLC plates with a fluorescent indicator,
selective and effective staining will not be possible by common
methods. In these cases, reaction control via TLC detection is
difficult or impossible. Currently, there are only a few azide
staining reagents available, e.g. molybdato phosphoric acid, “See-
bach staining solution”f or a colorimetric test, which contains
triphenyl phosphine.! The main disadvantage of using molybdato
phosphoric acid as a staining reagent for azides is the lack of
selectivity in terms of different functional groups. Molybdato
phosphoric acid, as well as potassium permanganate, stains
almost every functional group, hence a differentiation between
several products or product and starting material by staining
is not possible. The colorimetric test described by Finn and
Punna comprises the reduction of azides to amines by means
of triphenyl phosphine and can mainly be used for polymers
and resins.! However, this triphenyl phosphine staining method
bears considerable problems like the need of several ingredients
to observe a positive staining, as well as the complexity of the
procedure for staining the azide compounds on TLC plates.

The concept of click chemistry, in particular the Cu(1)-
catalyzed Huisgen 1,3-dipolar cycloaddition reaction between a
dipolarophile and a compound containing a 1,3-dipolar functional
group, has become more and more attractive in the past few years,?
e.g. in combinatorial drug research,® material science* and biocon-
jugate chemistry.’ One 1,3-dipolar functional group that is suitable
for use in click chemistry is the azide group, which has been
under intense investigation as well.® To circumvent the outlined
problems that emerge from conventional azide staining methods,
we thought about utilizing click chemistry to stain organic azides.
Consequently, we developed an azide-staining reagent based on
click chemistry which is an interesting extension and a very useful
advancement regarding the existing methods.

“Universitdt Karlsruhe (TH ), Institut fiir Organische Chemie, Fritz-Haber-
Weg 6, 76131 Karlsruhe, Germany. E-mail: braese@ioc.uka.de; Fax: (+)49
(0)721 608 8581; Tel: (+)49 (0)721 608 2902

*Forschungszentrum Karlsruhe, Institut fiir Toxikologie und Genetik,
Hermann-von-Helmholtz-Platz 1, 76344  Eggenstein-Leopoldshafen,
Germany

T Electronic supplementary information (ESI) available: TLC analyses
of a diazide and of a diazide compared to an azido-amine. See DOI:
10.1039/b706719b

I “Seebach staining solution” is a mixture of molybdato phosphoric acid,
cerium(1v)-sulfate tetrahydrate, sulfuric acid and water.

The new “click-staining-reagent” consisting of ethanol, propar-
gylic alcohol (as a dipolarophile) and copper(1) is a fast and
readily prepared mixture,§ which improves the TLC detection of
azides. This azide staining reagent was tested with several different
functionalized organic azides (Table 1). We observed that this
“click-staining-reagent” only stains organic azides and amines.
Sulfonyl azides do not react under these conditions and gave no
visible spots (not shown). While amines lead to intense yellow
spots, azides locally decolorize the TLC plate and give white spots
on a slightly yellow background. The yellow background results
from the propargylic alcohol that tints the TLC plate after heating
with a heat gun and therefore makes the azide spot visible. To verify
a selectivity with regard to azides (and amines) the staining reagent
was also tested with compounds that bear functional groups other
than azide groups (Table 2). We observed that neither aromatic or
aliphatic alcohols nor halides or esters were stained by the “click-
reagent”. Thus, a high selectivity is given. Even though amines as
well as azides are stained, the characteristic colour (amines tint
strong yellow, while azides occur white) of each species allows
their differentiation in mixtures (e.g. in a conversion of amines
into azides) (for photographs, see Fig. 2 in the ESIY).

The supposed click reaction that takes place on the surface
of the TLC plate seems to be very fast, as dipping the TLC
plate into the “click-staining-reagent” for one second followed
by heating with a heat gun is sufficient for most spots to appear.
Furthermore, this high reaction rate implies that the spot on the
TLC plate surface does not enlarge significantly when dipping the
plate into the “click-staining-reagent” for short periods of time.
Hence, a well-defined spot is visible after the staining procedure.
The staining intensity can be enhanced, by dipping the TLC plate
subsequently into “Seebach staining solution”; for photographs,
see Fig. 1 in the ESIf.

As copper(1) could be oxidized to copper(11), which would cer-
tainly lead to inactivation of this “click-staining-reagent”, we also
investigated the storage stability of this mixture at room tempera-
ture. After a storage time of two months, the staining ability of
the “click-staining-reagent” was only slightly reduced (leading to
a negligible reduced staining intensity) compared to the use of
a freshly prepared “click-staining-reagent”. This observation sug-
gests that oxidation of copper(1) occurs very slowly in this mixture.

The supposed mechanism of the described staining method
is based on a 1,3-dipolar cycloaddition of the azide and the
propargylic alcohol that leads to the corresponding triazole

§ The “click-staining-reagent” is prepared by mixing 40 ml of ethanol,
40 ml of propargylic alcohol and a small amount (tip of a spatula) of
copper(1)-bromide. No further additives are required.
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Table 1 Examples of different azides and detection by the “click-staining-reagent™

Entry  Azide containing compound Classical staining Click-staining-reagent Staining intensity”
1 (0] None Positive detection of azide group S
Me o)k/\/\/ N3
2 0 None Positive detection of azide group m
J\/\/\/ N
HO ’
3 N Ao~~~ N Seebach staining reagent Alternative method to classical staining s
3
4 N AN~ NH2 Ninhydrin staining reagent®  Alternative method to classical staining® s (yellow)?
3
5 N3 N Seebach staining reagent Alternative method to classical staining s (red)
: N
H
6 N3 Seebach staining reagent® Alternative method to classical staining s
O,oN —< :>—'
7 NO, Seebach staining reagent® Positive detection of azide group s
1
3 3
8 O=H Seebach staining reagent Positive detection of azide group s
HO
n
N3
9 Seebach staining reagent® Positive detection of azide group s

10 N3y O Seebach staining reagent* Positive detection of azide group S
N3 O)l\
N3
11 Potassium permanganate® Alternative method to classical staining w
N3
12 Potassium permanganate® Alternative method to classical staining s
o}
il
O—?—O
N3
13 Me3SiN; Potassium permanganate® Alternative method to classical staining s
14 N3 None® Positive detection of azide group w

@
IBRSN

N3

“Staining intensity: w = weak, m = medium, s = strong. * Detection with Seebach staining reagent also possible. ¢ Staining with Seebach reagent possible
after staining with “click-staining-reagent”. ¢ Free amines tint strong yellow. ¢ Substance is also detectable in UV light on TLC plates with fluorescent
indicator.
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Table 2 Staining of azide-free compounds with the “click-staining-
reagent”

Detection with the

Entry Compound “click-staining-reagent™
1 AN Br No staining
Br
2 HO/\/\/\OH No staining
3 HO No staining
4 HO No staining
Br
5 [e) No staining
/\O )J\/ Br
6 (0] s
)J\/\/\/ NH
HO z
7 NH s
H2N /\/\/ 2

“ Staining intensity: s = strong. * Free amines tint strong yellow.

(Scheme 1).” Presumably, the copper ion coordinates the azide as
well as the propargylic alcohol when the TLC plate is dipped into
the staining reagent. The remaining part of the TLC plate is only
coated with propargylic alcohol and copper ions. Consequently,
the click reaction only takes place in the small area where the azide
is located. The rest of the TLC plate remains unaffected because of
the lack of the required azide group. After heating, the occurring
spot could have a white colour resulting from the formed triazole
that occurs as a white spot in front of a slightly yellow background
caused by heating propargylic alcohol.

N
O, N 0B A w0y
— . bt —
= N ethanol N{
R

Scheme 1  Possible reaction equation for the staining of organic azides on
TLC plates. Before heating, no spot could be observed.

We found that aromatic or sterically hindered azides stain
weaker than aliphatic ones. These staining intensities are in ac-
cordance with the reaction rates that were typically found for click
reactions with these types of compounds.® In general, aromatic
or sterically hindered azides react slower in click reactions than
aliphatic azides, which consequently leads to a lower colorization
in the intensity of the occurring spot.

Additionally, the use of other alkynes in the “click-staining-
reagent” was investigated to evaluate if they exert their influence
on the staining intensity. For example, the staining reagent was

prepared with phenyl acetylene instead of propargylic alcohol,
because strongly colorized spots as a consequence of the supposed
conjugated triazole system were expected to be obtained. These
differently composed “click-staining-reagents” were tested with
some of the azides of Table 1 and also with the azide-free
compounds (Table 2). We observed no staining at all for phenyl
acetylene as a dipolarophile. Only after prolonged heating (about
one minute), did azide spots for some high energetic polyazides
occur (entries 7-10, Table 1) due to their decomposition.

Conclusions

In summary, we have developed and tested a new and selective
staining reagent for organic azides based on the Cu(1)-catalyzed
Huisgen 1,3-dipolar cycloaddition reaction known from click
chemistry. So far, no satisfying method for staining azide-
containing organic compounds had been available and some azides
that were difficult or impossible to detect with classical staining
methods could be selectively stained by the new method. This
procedure is convenient, fast to accomplish and the resulting TLC
spots have, in general, a sufficient to strong intensity with sharp,
well-defined shapes. Additionally, the reagent is storable at room
temperature for several months without significant deterioration
of quality. Thus, the introduced “click-staining-reagent” is a
valuable extension regarding the existing methods for staining
azides on TLC plates.
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UV-A radiation (320-400 nm) induces damages to the DNA molecule and its components through
photosensitized reactions. Pterins, heterocyclic compounds widespread in biological systems,
participate in relevant biological processes and are able to act as photosensitizers. We have investigated
the photosensitization of 2'-deoxyadenosine-5'-monophosphate (1AMP) by pterin (PT) in aqueous
solution under UV-A radiation. The effect of pH was evaluated, the participation of oxygen was
investigated and the products analyzed. Kinetic studies revealed that the reactivity of dAMP towards
singlet oxygen ('O,) is very low and that this reactive oxygen species does not participate in the
mechanism of photosensitization, although it is produced by PT upon UV-A excitation. In contrast,
analysis of irradiated solutions by means of electrospray ionization mass spectrometry strongly
suggested that §8-oxo-7,8-dihydro-2'-deoxyadenosine-5'-monophosphate (8-oxo-d AMP) was produced,
indicating that the photosensitized oxidation takes place via a type I mechanism (electron transfer).

Introduction

Solar radiation is known to be mutagenic and carcinogenic and is
implicated in the induction of human skin cancers."* Damage to
DNA results from direct excitation of the nucleobases by UV-B
radiation (280-320 nm), and, although nucleobases absorb very
weakly above 320 nm, from photosensitized reactions induced
by UV-A radiation (320-400 nm).>* This indirect action may be
mediated by endogeneous or exogeneous sensitizers.

The chemical changes to DNA and its components via photo-
sensitized reactions can take place through different mechanisms.
Energy transfer from the triplet state of the photosensitizer to
pyrimidine bases leads to the formation of pyrimidine dimers.**
However, the main processes responsible for DNA damage in-
duced by UV-A radiation involve an electron transfer or hydrogen
abstraction (type I) and/or the production of singlet molecular
oxygen ('O,) (type IT).” The nucleobases are the preferential DNA
substrates of type I oxidation.* Although guanine is the main
target because of its low ionization potential® and is the only
DNA component that significantly reacts with 'O,,” adenine is
also a target in type I sensitized oxidations, being more reactive
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tra of air-equilibrated solutions of dAMP irradiated in the presence of
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than pyrimidine bases. The study of the photoinduced oxidation
of adenine in isolated and cellular DNA is difficult due to
the drawbacks of the analytical methods used to assess the
oxidative damage. In addition, it has been demonstrated that hole
transfer occurs in double-stranded DNA from adenine radical to
guanine.'™ As a consequence, the amount of modified adenine
bases in a DNA molecule is lower than the total amount of
adenine bases that underwent electron-transfer. This problem may
be avoided by working with adenine in the absence of guanine, i.e.
using nucleosides, nucleotides or oligonucleotides containing only
adenine as a base.

Pterins, heterocyclic compounds widespread in biological sys-
tems, are derived from 2-aminopteridin-4(1H)-one or pterin
(PT) (Fig. 1). Several pterin derivatives participate in important
biological processes such as the synthesis of amino acids™ and
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Fig. 1 Molecular structure of PT and dAMP, and the corresponding
absorption spectra in air-equilibrated aqueous solutions; solid line: acid
form of PT (pH = 5.5); dashed line: basic form of PT (pH = 10.5);
dashed-dotted lines: dAMP.
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nucleobases,' nitric oxide metabolism'® and the activation of cell-
mediated immune responses.’® Pterins behave as weak acids in
aqueous solutions, the dominant equilibrium at pH > 5 involving
an amide group (acid form) and a phenolate group (basic form)"’
(Fig. 1, pK, = 7.9 for PT®). The participation of pterins in
photobiological processes has been suggested or demonstrated
in the past decade, and interest in the photochemistry and
photophysics of these compounds has subsequently increased.”
Under UV-A excitation, these biomolecules can fluoresce, undergo
photooxidation to produce different photoproducts and generate
reactive oxygen species such as '0,.? Interestingly, some pterin
derivatives (e.g. biopterin, 6-formylpterin, 6-carboxypterin) accu-
mulate in the skin of patients affected by vitiligo, a depigmentation
disorder, where protection against UV radiation fails due to the
lack of melanin.?** Kawanishi and Tto demonstrated for the
first time in 1997* that pterins are also able to photoinduce
DNA damage. In a later study, cleavage of plasmid pUCIS8
photosensitized by PT was demonstrated.* Finally, a more recent
investigation supported the hypothesis that pterins are able to
damage DNA through a type I photosensitized oxidation.”

In this work, we report the photosensitization of 2'-
deoxyadenosine-5'-monophosphate (1AMP) by PT in aqueous
solution under UV-A radiation (Fig. 1). We have evaluated the
effect of pH, investigated the participation of oxygen and analyzed
the products. Mechanistic aspects and the biological implications
of the results obtained are discussed. To the best of our knowledge,
the photosensitization of isolated nucleotides by pterins has not
been investigated so far. Moreover, the photoinduced chemical
modification of adenine by pterins has not been reported in
oligonucleotides nor in DNA molecules.

Results

The first aim of this work was to find out if pterin was able
to photosensitize 2'-deoxyadenosine-5'-monophosphate (dAMP)
in aqueous solutions under UV-A irradiation. Therefore air-
equilibrated solutions containing PT (50 uM) and dAMP (100-
1000 uM) were irradiated at 350 nm during different times (10 min
to 240 min). Under these experimental conditions, PT was excited,
whereas dAMP did not absorb radiation. The corresponding
absorption spectra are shown in Fig. 1. In order to avoid
interferences between the acid and the basic forms of PT, the
experiments were performed in the pH ranges 5.0-5.8, where PT is
present at more than 99% in its acid form, and 10.2-10.7, where PT
is present at more than 99% in the basic form. The photochemical
reactions were followed by UV-visible spectrophotometry and
HPLC. Control experiments showed that no reaction occurred
between PT and dAMP in the dark and that, as expected, the
dAMP molecule was stable under irradiation at 350 nm in the
absence of PT.

In acidic media (pH = 5.5), significant changes in the absorption
spectra of the solutions were observed after irradiation. These
changes are illustrated in Fig. S1 (ESIT), where isosbestic points
at ca. 220, 240 and 280 nm can be observed. Under the same
pH conditions, the concentration profiles of PT and dAMP
were determined by HPLC (Fig. 2). A decrease of the dAMP
concentration was observed as a function of irradiation time,
whereas the PT concentration did not change in the analyzed time-
window. These results show that in the studied process AAMP was
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Fig. 2 Evolution of dAMP and PT concentrations in air-equilibrated
aqueous solutions under UV-A irradiation (350 nm) as a function of time
(pH = 5.5.; concentrations were determined by HPLC analysis). Inset:
evolution of O, concentration in an irradiated solution containing PT
(94 uM) and dAMP (380 uM) at pH 5.6 as a function of irradiation time.

chemically modified by UV-A irradiation of PT. To the best of our
knowledge, this is the first time that evidence of photosensitization
of dAMP (isolated or included in a nucleic acid molecule) by a
pterin has been reported.

In contrast, no evidence of a photochemical reaction induced
by the basic form of PT was observed. No spectral changes and no
decrease of the dAMP concentration were detected in experiments
carried out at pH = 10.5. Photosensitization was not observed
even at relatively high concentration of dAMP (1 mM) and long
irradiation times (more than 2 hours). These results show that,
whereas the acid form of PT is able to photosensitize and induce
chemical modification of the nucleotide dAMP, this is not the case
for the basic form of PT.

The role of oxygen

Solutions containing PT (50 uM) and dAMP (100 uM), previously
purged with Ar, were irradiated. No significant changes were
observed in the absorption spectra of the solutions after more
than 100 min of irradiation in acidic (pH 5.0-5.5) or in alkaline
(pH 10.2-10.6) media.

The evolution of the O, concentration during the irradiation
of air-equilibrated solutions was monitored using an oxygen
electrode in a closed cell. In acidic solutions containing dAMP and
PT the O, concentration decreased as a function of irradiation time
(Fig. 2). This result strongly suggests that the process described
in the previous section consists in the oxidation of dAMP. In
contrast, no significant O, consumption was observed in alkaline
media. This observation supports the hypothesis that only the acid
form of PT acts as a photosensitizer.

In several experiments performed at pH 5.5, the O, concentra-
tion was monitored with the oxygen electrode and the concen-
tration of dAMP was measured by HPLC, before and after irra-
diation. The relationship between O, and dAMP consumptions
(A[O,]/A[dAMP)) was calculated for different irradiation times

This journal is © The Royal Society of Chemistry 2007
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and a value of 2.4 £ 0.3 was obtained, thus suggesting that the
stoichiometry of the process is not simple (vide infra).

The formation of H,0, was investigated in acidic solutions
(pH 5.5) containing PT and dAMP irradiated (4, = 350 nm)
in the presence of O,. Series of experiments were performed at
different initial concentrations of PT and dAMP. H,O, was found
to be generated and its concentration increased as a function of
irradiation time. The rate of H,0O, generated was of the same
order of magnitude as the rate of dAAMP consumption for the
different experiments carried out. In alkaline medium, no H,O,
was detected even after 2 hours of irradiation. This result is in
agreement with the absence of O, consumption in this medium as
indicated above.

Singlet oxygen quenching by dAMP

It has been reported that adenine does not significantly react with
'0,.> However, taking into account that PT is a rather good 'O,
sensitizer under UV-A irradiation in aqueous solutions (quantum
yield of 'O, production: @, = 0.18-0.27 depending on the pH*)
and the lack of reports on the interaction of 'O, with dAMP,
we have determined the rate constant of the chemical reaction
between the two species, as well as that of 'O, physical quenching
by the studied nucleotide. The experiments have been performed in
acidic media (pD ~ 5.5) because the photosensitization of dAMP
by PT is only observed under such conditions.

Singlet oxygen was produced by photosensitization, using the
standard 1H-phenalen-1-one (PHE)*?" as a sensitizer. In this
process, 'O, is generated by energy transfer from the excited
triplet state of the sensitizer (*Sens*) to dissolved molecular oxygen

(eqn (1)).
3Sens* + 0, & 1Sens +'0, (1)

Singlet oxygen relaxes to its ground state (*O,) through deac-
tivation by solvent molecules and a weak near-IR luminescence
emission. If a substance (e.g. dAMP) in solution is able to trap or
quench 'O,, the chemical reaction (eqn (2)) and physical quenching
(eqn (3)) must be considered.

Q+'0,—5Qo, @)

kq
Q+'0,—Q+°0; (©)

The rate constant of 'O, total quenching (k, = k, + k,) by
dAMP was determined by Stern—Volmer analysis of the 'O, near-
IR luminescence quenching under continuous irradiation of the
sensitizer (Experimental section, eqn (8)). The Stern—Volmer plot
was linear within the range of concentrations used (Fig. 3). From
the slope of this plot (Kgy = 25 £ 2 M) and the 'O, lifetime
(zp) in D,O (62 ps),?® a value of (4.1 £ 0.4) x 10° M' s7! was
calculated for k,, at pD 5.5. This low value of k, is of the same
order of magnitude as others previously obtained in time-resolved
experiments performed in D,O using different 'O, sensitizers.*

Singlet oxygen quenching by dAMP using PT as a sensitizer

When the experiments for the determination of k, were performed
using PT as 'O, sensitizer under otherwise the same experimental
conditions, the Ky value was much higher ((1.21 4+ 0.05) x
10> M) (Fig. 3). This result shows that, in this case, the decrease
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Fig. 3 Stern—Volmer plots of the quenching of 'O, near-infrared lumi-
nescence by dAMP in D,0 (Experimental section, PHE and PT were used
as sensitizers, A, = 367 nm).

of the 'O, emission as the dAMP concentration increased was
not due to 'O, quenching by dAMP only. In order to explain such
behavior, a quenching of the excited states, most likely of the triplet
state, of PT by dAMP may be assumed: this process competes with
energy transfer to molecular oxygen (eqn (1)), resulting in a lower
production of 'O, and therefore in an apparently more efficient
'0, quenching when PT was used as a sensitizer. Electron transfer
between excited states of pterins and guanine in DNA molecules
has been already suggested,”* and a similar reaction may be
proposed for dAAMP (eqn (4)).

’Sens* + dAMP — Sens™* + dAMP** 4

The free energy change (AG) of this process can be estimated
with eqn (5):*

AG (eV) = [E(dAMP+°/dAMP) - E(PT/P’T’.) - (eoz/gRD-#A—)] - AEO‘O (5)

where Egamp:e/aampy and Eprpr e, are the standard electron po-
tentials of electron donor and acceptor, respectively. These values
have already been reported for dAMP (Eampse/aampy = 1.44 V vs.
NHE?*) and PT (Eprprey = —0.55 V vs. NHE*). AE,, is the
energy of the triplet excited state of PT and has been estimated
from its phosphorescence spectra (AE; = 2.52 eV*). The term
e,2/eRp ., o_ 18 the solvation energy of an ion pair D*A~ and can
be ignored in the case of strong polar solvents. The calculated
AG value was —0.55 eV, thus indicating that electron transfer
from dAMP to the triplet excited state of PT can spontaneously
occur.

Rate constant of the chemical reaction between singlet oxygen and
dAMP

The rate constant of the chemical reaction between 'O, and dAMP
(k.) was determined in D,O solutions (pD = 5.5) from the analysis
of dAMP disappearance (by HPLC) during photosensitized
oxidation, using PHE as an 'O, sensitizer (Experimental section).
The value obtained for k, ((8 & 3) x 10°* M~! s7!) has a relatively
large error due to very little consumption of dAMP (~4%), but
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it is more than one order of magnitude lower than &, ((4.1 £
0.4) x 10° M~" s7"). Therefore, the chemical reaction between 'O,
and dAMP (eqn (2)) is negligible in comparison with the physical
quenching (eqn (3)).

The k, value, determined for the first time in this study, is very
low compared to values reported for other biological heterocyclic
compounds, for instance, for pterins themselves.* The comparison
of k. of dAMP with that of dGMP ((1.7 £ 0.3) x 10" M~'s7")*
reveals that the latter nucleotide is much more reactive towards
'0, than the former, in agreement with other studies.’

Taking into account the value of k., the contribution of 'O, to
the photosensitized oxidation of dAMP by PT can be evaluated by
comparing the experimental initial rate of dAMP consumption to
the initial rate of the reaction between 'O, and dAMP calculated
from eqn (6).

—d[dAMP]/dt = k, ['O,] [dAMP], (©6)
The steady-state concentration of 'O, is given by eqn (7),
['0.] = (P.®4)/ (ks + ki [AAMP],) (7

where P, and @, are, in this case, the photon flux absorbed by
PT and the quantum yield of 'O, production by the acid form
of PT (@, = 0.18%), respectively; k, is the rate constant of 'O,
deactivation by the solvent (1/7,). Assuming that k, in H,O is
similar to that determined in D,O (no deuterium isotopic effect),
a value of 3.3 x 10~* uM min~' was calculated for the initial rate
of the reaction between 'O, and dAMP ([dAMP], = 110 uM),
using eqn (6) and (7); this value is negligible in comparison
with the experimental rate of dAMP consumption ((0.91 =+
0.08) uM min~"). Therefore, these results indicate that 'O, is most
probably not involved in the mechanism of the oxidation of dAMP
photoinduced by PT.

To confirm this point, comparative photolysis experiments were
performed in H,O and D,O: taking into account the longer 'O,
lifetime in D,O than in H,0,%* the photosensitized oxidation of
dAMP should be faster in the deuterated solvent if 'O, would
contribute significantly to the reaction. Air-equilibrated solutions
containing PT (50 uM) and dAMP (155 uM) in H,O and D,0O
at pH and pD 5.7 and 5.9, respectively, were irradiated under
otherwise identical conditions. Changes in the absorption spectra
and evolution of the concentrations of PT, dAMP and H,O, as a
function of the irradiation time showed that the reaction was not
faster in D,O than in H,O. On the contrary, slightly lower rates of
dAMP disappearance and H,0O, formation were observed in D,O
((0.37 £ 0.04) uM min~"' and (0.3 & 0.1) uM min~!, respectively)
than in H,O ((0.55 # 0.06) uM min~" and (0.5 & 0.1) uM min~',
respectively). The decrease in the rate of the process observed in
D,O0 cannot be easily explained and requires further investigation.

Mass spectrometry analysis

Electrospray ionization (ESI) mass spectra of irradiated and non-
irradiated solutions containing dAMP and PT were registered
and compared. The analysis was carried out in both positive
and negative ion modes (ESI* and ESI~, respectively). The signal
corresponding to the intact molecular ion of dAAMP as [M — H]~
species at m/z 330.1 Da ((M — H]" = [dAMPO,H] ) and 352.1 Da
(M — H]" = [dAMPO,Na] ) were observed in ESI- mode,
together with new signals at m/z 328.1 and 346.1 Da (Fig. 4)

a)

5¢° 330.1
4eb
3ed
2eb 352.1

1e° !L
n_l : . -~

Intensity (cps)

300 320 340 360 380 400
m/z (amu)
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300 320 340 360 380 400
m/z (amu)

Fig. 4 Electrospray ionization mass spectra of solutions containing
dAMP and PT. Analysis carried out in negative mode. Voltage =
50 V. Dilution 1 : 10 with 50 : 50 (v/v) MeOH-10 mM NH,OAc in H,O.
(a) Non-irradiated solution. (b) Solution irradiated for 4 h at 367 nm.

after photosensitization by PT. In addition, in ESI* mode the
intact molecular dJAMP ion as [M + H]*, and adducts [M + Na]*
and [M + 2Na]* were detected at m/z 332.1 Da (M + H]" =
[dAMPO,H;]*), 354.0 Da ((M + NaJ]* = [{AMPO,NaH,]*) and
376.0 Da (IM + 2Na]" =[dAMPO,Na,H]"), together with new sig-
nals at 330.1, 347.9 and 352.2 Da (Fig. 5) after photosensitization
by PT.

332.1 a)
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7
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Fig. 5 Electrospray ionization mass spectra of a solution containing
dAMP and PT. Analysis carried out in positive mode. Voltage =
50 V. Dilution 1 : 10 with 50 : 50 (v/v) MeOH-10 mM NH,OAc in
H,O. Inset: (a) non-irradiated solution. (b) Solution irradiated for 4 h at
367 nm.

The new signals were observed in spectra corresponding to both
2 and 4 hours of irradiation and indicate the presence of, at least,
two products (arbitrarily named P1 and P2). The molecular weight
of product P1 is 347 (signals at m/z 346 and 348 in ESI~ and EST*
modes, respectively), whereas the molecular weight of product
P2 is 329 (signals at m/z 328 and 330 in ESI~ and ESI* modes,
respectively). The signal at m/z 352.2 observed in ESI* mode very
likely corresponds to a Na-adduct of product P2.
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The MS/MS spectra in the ESI- mode of dAMP and the
photoproducts were obtained and the fragmentations compared
(Fig. 6(a), (b) and (c)). The fragmentation characterisation of
oligonucleotides by using soft ionization MS methods, FAB and
ESI, have been previously described. According to McLuckey
et al¥ the loss of the adenine (A) base is a prominent reaction
and occurs via a 1,2-elimination reaction (Scheme 1). In negative
ion mode, if the charge resides on base A, then the loss of the base
as a deprotonated anion ([A — H]") is preferred (Fig. 6(a), signal at
m/z133.9 Da; R1 100%; Scheme 1, step (b)). Otherwise, the neutral
base A is lost yielding the signal at m/z 195.0 Da (Scheme 1, step
(al)). Following the loss of base A, the 3'-C-OH and 4'-C-H bonds
are cleaved to yield the [ M — H — A — H,O] ion at m/z 177 Da
(Scheme 1, step (a2)). The typical species [PO;]~ and [PH,O,]™ at
m/z 79 (78.9) and 97 Da were also detected (Fig. 6(a)).

NH»
N X
N
4
o ] P Q o
I N~ HO—P—O" Lo
—P—0O ) HO—P—0O
(al) o 2 © k ° Ve
1,2 Eliminati /H - N /H
,2 Elimination HOH H H H
330 b 195 177
[M-H]= [{AMPO,H] [M-H-AT [M-H-A-H,0T
NH,
X
N
]
Z
2
134
[A-H

Scheme 1 Fragmentation of dAMP via a 1,2-elimination reaction ob-
tained using soft ionization MS methods. The peaks corresponding to
each fragment are shown in Fig. 6(a).

The typical fragment corresponding to the base adenine at
m/z = 134 Da, present in the MS/MS spectrum of dAMP
as expected (Fig. 6(a)), is missing in the MS/MS spectrum
of the product P1 (Fig. 6(b)) with a signal at m/z 346.1 Da
shown in Fig. 4(b). The same result was observed in MS/MS
spectra obtained at different voltages. Besides, a signal corre-
sponding to adenine containing an oxygen atom in its structure
was observed at m/z 150 Da (Fig. 6(b)). The analysis of this
MS/MS spectrum shows the expected fragmentation pattern of
the 8-oxo-7,8-dihydro-2'-deoxyadenosine-5'-monophosphate (8-
oxo-dAMP),*® which is detailed in Scheme 2. Thus, 8-oxo-dAMP
is most probably one of the products (P1) formed during the
photochemical process. As shown in Scheme 2 and in Fig. 6(b),
for this compound, the loss of both the neutral and the charged
oxo-base occurs yielding signals at m/z 195.1 Da and m/z 149.9
Da, respectively (Scheme 2, steps (al) and (b)). The characteristic
signal observed at m/z 230 Da can be rationalized, as is shown
in Scheme 2 (step (c)), by a PO;™ intramolecular rearrangement
followed by the loss of the §-phosphate-adenosine anion ([8-oxo-
A-PO;H]").

The identification of 8-oxo-dAMP as a product of the photosen-
sitized oxidation of dAMP is important, since §-oxo-7,8-dihydro-
2'-deoxyadenosine (8-oxo-dAdo) has been proposed as a product
of the photosensitized oxidation of 2'-deoxyadenosine (dAdo) in

1339
24e7{ @)

2.2e7
2,007
1.8e7 789
1.8e7
1407
12e7 195.0
1.0e7 97.0
8.06
6.0e6
4.0e6
2.0e6 3300

1

50 100 150 200 250 300 350
miz (amu)

Intensity (cps)

176.9

97.0
2.2¢6

b)

2.08¢
1.0e6

1.666

=
@
@

149.9
195.1

Intensity (cps)
5 B
@ @ @
o (=} @

789
6.0e5

4065 230.0

2.085 176.9
AT 460

50 100 150 200 250 300 350
m/z (amu)

78.9
6,065
c)
5565

blebd 970
4565
4.0l
3.505
3.005

7565 176.2
2.065 150.0

1565

Intensity (cps)

2299

2118
o ‘xi'a 32?.0

| bl ook .

50 100 150 200 250 300 350
miz (amu)

1 0eb

Fig. 6 MS/MS spectra obtained in ESI™ mode. (a) dAMP, (b) product
P1 and (c) product P2.

DNA via a type I mechanism.® Moreover, the efficient conversion
of the radical cation of dAdo into 8-oxo-dAdo has been reported.*
Therefore, the results obtained in ESI mass analysis support the
hypothesis proposed in the previous section of an electron transfer
from dAMP to excited PT (eqn (4)). The generated cation radical
dAMP** may react further to yield 8-oxo-d AMP.

The corresponding MS/MS study for the product P2 is dis-
played in Fig. 6(c). The simultaneous presence of the fragments
at m/z 133.8, 150.0, 176.2 and 229.9 Da suggests that a —
OP(=0)(OH)O- bridge has been formed between the deoxyribose
phosphate substituent and the C-§8 of the adenine moiety, as
shown in Scheme 3 (8-P-dAMP). In this Scheme, all the fragments
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Scheme 2 Fragmentation of 8-oxo-d AMP observed in MS/MS analysis.
The peaks corresponding to each fragment are shown in Fig. 6(b).

mentioned above (with corresponding signals shown in Fig. 6(c))
are indicated. The optimized geometry obtained by semiempirical
AMI calculations for the product 8-P-dAMP is shown in Scheme
S1 (ESIt). The structure of this stable tetracyclic photoproduct
detected in the reaction mixture can be compared with the
rearranged intermediate proposed to explain the formation of the
fragment observed at m/z 230 Da in the MS/MS analysis of 8-
o0x0-dAMP (see Fig. 6; Scheme 2, step (c) and Scheme 3).

150
| r_133H NH3
D NS
Ho—T—-i»o—§—<N | N P
H A 1;176
229§ ©
Hon mh

Scheme 3 Proposed chemical structure and fragmentation of product P2
(M = 329).

These results indicate that 8-oxo-dAMP and the tetracyclic 8-
P-dAMP are formed during the photosensitization of dAMP by
pterin. 8-Oxo-dAMP and the tetracyclic compound 8-P-dAMP
have a molecular weight of 347 and 329 Da, respectively. The
full patterns of fragmentation obtained for each compound in the
ESI™ mode (Fig. 6(b) and Fig. 6(c)) compared with that of JAMP
(Fig. 6(a)) support these assignments.

Finally, it is interesting to mention that, although a previous
LC-MS/MS analysis of 8-oxo-dAdo in ESI* mode has been
reported,’”*® only the molecular ion as [M + H]* (m/z = 268) and
the 8-0x0-7,8-dihydro-adenosine fragment as [A + H]* (m/z =
152) due to the splitting of the N-glycosidic bond were detected.
To the best of our knowledge, we describe in this work for the first
time the full fragmentation patterns of dAMP and 8-oxo-dAMP
in negative ion mode.

Conclusion

The photosensitization of 2'-deoxyadenosine-5-monophosphate
(dAMP) by pterin (PT) in aqueous solution under UV-A irra-
diation was investigated. We have shown that when an aerated
solution containing dAMP and the acid form of PT was exposed
to UV-A radiation the molecule of dAMP was consumed,
whereas the photosensitizer (PT) concentration did not change
significantly. During this process, O, was consumed and H,O,
was generated. To the best of our knowledge, this is the first time
that evidence of photosensitized oxidation of dAMP by a pterin
has been reported. In contrast, no evidence of a photochemical
reaction induced by the basic form of PT was observed.

The rate constant of 'O, total quenching (k,) by dAMP and the
rate constant of the chemical reaction (k,) between 'O, and dAMP
in D,0 were determined and values of (4.1 £ 0.4) x 10° M~' s7!
and (8 £ 3) x 10° M s7! were obtained, respectively. These
values reveal that the reactivity of the studied nucleotide towards
'0, is very low. Calculations performed with these values and
comparison of experiments carried out in H,O and D,O confirm
that 'O, does not participate in the photosensitization of dAMP
by PT.

The products of the studied process were analyzed by means
of electrospray ionization (ESI) mass spectra. Two products with
molecular weights of 347 and 329 (P1 and P2) were detected.
MS/MS analysis strongly suggests that the former product is
8-0x0-7,8-dihydro-2'-deoxyadenosine-5'-monophosphate (8-oxo-
dAMP), indicating that the photosensitized oxidation takes place
via a type | mechanism. The pattern found in MS/MS spectra for
P2 suggests that this compound contains a bridge formed between
the deoxyribose phosphate substituent and the C-8 of the adenine
moiety.

Finally, taking into account all the results shown in this work,
the mechanism of the photosensitized oxidation of dAAMP by PT
can be summarized as follows:

PT + hv — PT*

PT* + dAMP — PT—* + dAMP**

PT—+0,—PT+0,

0, — - — H,0,

dAMP** + O, — 8-0xo-dAMP

The excitation of pterin is followed by an electron transfer
reaction between dAMP and the pterin excited state, leading to the
formation of the corresponding ion radicals (PT~* and dAMP*").
In the following step, the electron transfer from PT™" to O,
regenerates the pterin (in agreement with the experimental results)
and forms the superoxide anion. The latter may disproportionate
with its conjugated acid HO,* to form H,0, and react with the
dAMP radical cation leading to the §-oxo-dAMP.

Experimental
General

Pterin (PT) was purchased from Schircks Laboratories (Switzer-
land), and used without further purification. 2’-Deoxyadenosine-
5’-monophosphate (JAMP) and ammonium acetate (NH,OAc)
were obtained from Sigma Chemical Co. Methanol (MeOH) was
purchased from VWR. 1H-Phenalen-1-one (perinaphthenone,
Merck) was purified as indicated in ref. 26. The pH of aqueous
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solutions was adjusted by adding drops of 0.1-0.2 M aqueous
NaOH or HCI solutions with a micropipette. The ionic strength
was ca. 107 M in all experiments.

In experiments using D, 0 as solvent, D,O (>99.9%; Euriso-top
or Aldrich), DCI (99.5%; Aldrich) in D,0, and NaOD (CEA) in
D,O were employed.

For mass spectrometry analysis, the pH of samples was adjusted
with a solution of NHj; instead of NaOH in order to reduce the Na*
concentration. Before analysis, samples were diluted with MeOH-
10 mM NH,OAc in H,O (50 : 50 v/v).

Steady-state irradiation

Irradiation set-up. Aqueous solutions containing PT and
dAMP were irradiated in 1 cm quartz cells at room temperature
with a Rayonet RPR lamp emitting at 350 nm (Southern N.E. Ul-
traviolet Co.). The experiments were performed in the presence
and in the absence of air. Oxygen-free solutions were obtained by
bubbling with argon for 20 min.

Actinometry. Aberchrome 540 (Aberchromics Ltd.) was used
as an actinometer for the measurements of the incident pho-
ton flux (P,) at the excitation wavelength. Aberchrome 540
is the anhydride form of (E)a-(2,5-dimethyl-3-furylethylidene)-
(isopropylidene)succinic acid which, under irradiation in the
spectral range 316-366 nm, leads to a cyclized form. The reverse
reaction to ring opening is induced by visible light. The method for
the determination of P, has been described in detail elsewhere.*®
Values of the photon flux absorbed (P,), were calculated from P,
according to the Lambert-Beer law (P, = P, (1-10~), where 4 is
the absorbance of the sensitizer at the excitation wavelength).

UV-VIS Analysis. Electronic absorption spectra were
recorded on a Varian Cary-3 spectrophotometer. Measurements
were made in quartz cells of 1 cm optical path length. The
absorption spectra of the solutions were recorded at regular
intervals of irradiation time, and the signals were averaged and
smoothed with the Varian software. Experimental difference (ED)
spectra were obtained by subtracting the spectrum at time 1 = 0
from the subsequent spectra recorded at different times z. Each ED
spectrum was normalized yielding the normalized experimental
difference (NED) spectrum.

High-performance liquid chromatography (HPLC). A System
Gold HPLC setup (Beckman Instruments) was used to monitor
and quantify the photosensitized reactions and photoproducts.
A Pinnacle-IT C18 column (250 x 4.6 mm, 5 mm; Restek) was
used for product separation, eluting with a solution containing
a mixture of 3% acetonitrile and 97% of a 20 mM potassium
phosphate aqueous solution (pH 5.5). HPLC runs were monitored
by UV-VIS spectroscopy at 260 nm.

Determination of the concentration of O,. The O, consumption
during irradiation was measured with an O,-selective electrode
(Orion 37-08-99). The solutions and the electrode were placed in
a closed glass-cell of 130 ml.

Detection and quantification of H,0,. For the determination
of H,0,, a Cholesterol Kit (Wiener Laboratorios S.A.I.C.) was
used. H,0, was quantified after reaction with 4-aminophenazone
and phenol.*** Briefly, 400 ul of irradiated solution were added
to 1.8 ml of reagent. The absorbance at 505 nm of the resulting

mixture was measured after 30 min at room temperature, using the
reagent as a blank. Aqueous H,O, solutions prepared from com-
mercial standards were employed for obtaining the corresponding
calibration curves.

Singlet oxygen (*O,) studies

Determination of the rate constants of ' O, total quenching (k) by
dAMP. Therateconstant of 'O, total quenching (k) by dAMP in
acidic media (pD = 5.5) was determined by Stern—Volmer analysis
of the 'O, luminescence quenching. The relationship between the
ratio of the 'O, luminescence signals observed in the absence (S.°)
and in the presence (S.) of quencher (Q: dAMP) and the quencher
concentration is given by,

SeO/Se = 1 + KSV [Q] (8)

where Ky is the Stern—Volmer constant. If Q interacts only with
'0,, Kgv = k.75, where 1, is the 'O, lifetime in the solvent used
(D,0) in the absence of Q, and the Stern—Volmer plot is linear.
The main features of the method have been described
elsewhere.?* Singlet oxygen was generated by photosensitization,
using 1H-phenalen-1-one (PHE) (4, = 367 nm, @, = 0.97%%%)
as a sensitizer. Because of the short 'O, lifetime (z,) in H,O
(3.8 pus), D,O (where 7, is much longer: 62 4 3 ps) was used in all
luminescence experiments.*® Groups of experiments were carried
out irradiating solutions of dAMP and PHE at 367 nm; at this
wavelength, the investigated nucleotide does not absorb (Fig. 1).
The solutions were irradiated in a 1 cm x 1 cm spectroscopic
cell, under magnetic stirring, using a xenon/mercury arc (I kW)
through a water filter, focusing optics and a monochromator (ISA
Jobin-Yvon B204, 6 nm bandwidth). The sensitizer (PHE) con-
centration was kept constant, whereas the dAMP concentration
was varied within a series of experiments. A similar series of
experiments were performed using PT as an 'O, sensitizer.

Determination of the rate constant of the chemical reaction
between 'O, and dAMP (k,). The rate of the sensitized photoox-
idation of dAMP was evaluated by following its disappearance by
HPLC ([JdAMP], = 100 uM). The main features of the method have
already been described in detail.?® Briefly, the rate of disappearance
of a compound Q reacting with 'O, produced by sensitization is
given by,

—d[Ql/dt =k, ['O,] [Q] )

If there is no interference by the oxidation product(s) and
considering the steady-state approximation for the concentration
of '0,, eqn (10) is obtained:

—d[Q]/dt = (P, @k, [Q])/ (ks + k. [Q]) (10)

where P, (einstein L™ s7') is the photon flux absorbed by the
sensitizer, @, is the quantum yield of 'O, production by the sen-
sitizer and k, is the rate constant of 'O, deactivation by the solvent
(1/74). In the case of dAAMP (Q), k, [Q] << kg, and the conversion
rate was very low (approx. 4%). As a consequence, the plot of
[dAMP] vs. irradiation time was linear and, knowing P,, @, and
kq, k. could be calculated from the slope of this plot ((P, @4k,
[dAMP]y)/ k).

For determining k., D,O solutions (3 cm®) containing dAMP
(Q) and PHE as a sensitizer (4, = 367 nm) were irradiated.
The incident photon flux (P,) at the wavelength of excitation of
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the sensitizer was determined by actinometry (vide supra). The
concentration of dAMP was determined by HPLC at different
irradiation times. HPLC equipment (Hewlett Packard Series 1100)
with a RP 18 LiChro CART 125-4 column was used for the
determination of the dAMP concentration in this experiment. A
solution containing a mixture of 2% acetonitrile and 98% of a
20 mM potassium phosphate aqueous solution (pH = 5.5) was
used as eluent.

Comparison of continuous photolysis in H,O and D,0O. Solu-
tions of PT and dAMP were prepared in H,O and D,0O. Couples
of both types of solutions containing PT and dAMP at the
same concentration were irradiated under identical experimental
conditions. The effect of D,O was evaluated by comparing results
of UV-visible spectrophotometric analysis, HPLC analysis and
determination of H,O, concentration.

Mass spectrometry analysis

Irradiated and non-irradiated aqueous solutions of dAMP and
PT were analyzed using mass spectrometry. The experiments
were performed using an API 4000 Quadrupol mass spectrometer
(Applied Biosystems) equipped with an electrospray ion (ESI)
source (Turbo V(tm) Source, TurbolonSpray® probe, Applied
Biosystems) operating in the positive and negative ion mode.
N, was used as nebulizer, curtain, collision and auxiliary gas.
Instrument control and data acquisition were carried out using the
Analyst Software V 1.4 (Applied Biosystems). All parameter set-
tings were optimized by flow injection experiments with standard
solutions infused into the mass spectrometer using a syringe pump
(Harvard Apparatus Inc) at an infusion flow rate of 10 uL min~".
A mass calibration and optimization was performed using a
polypropylene glycol standard solution from the manufacturer.
Tonspray voltage was set to +4500 V and —4500 V, when the ESI
source operated in positive and negative mode, respectively.
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An improved method for the synthesis of glycosylated
N-carboxyanhydrides, which are monomers for glycopeptide
synthesis, is presented.

o-Amino acid N-carboxyanhydrides (NCAs) have been used
extensively as monomers for the synthesis of high molecular
weight homopolypeptides.! Addition of a suitable initiator (base
or nucleophile) leads to ring-opening polymerisation with the
expulsion of a molecule of CO,. In recent years it has been shown
that this polymerisation can be controlled by either transition
metal complexes,”> ammonium ions,> or by using ultra pure
monomers* and inert conditions,’® leading to well-defined polymers
of predictable degree of polymerization and narrow polydispersity.
The materials produced are both biocompatible and biodegrad-
able, leading to a plethora of potential biomedical applications.®
Currently there is a great interest in the synthesis and properties of
carbohydrate bearing polymers, known as “glycopolymers™’ (and
also synthetic glycoproteins.?) These have applications in drug
delivery,’ lectin binding assays'® and nanotechnology. However,
glycopolypeptides synthesized by the NCA method" have not
received the same attention as glycopolymers synthesised from
acrylates, methacrylates, efc. This may be due to the extreme
sensitivity of NCAs to all nucleophilic functionalities (including
water), which makes synthesis, handling and storage difficult.
There is currently only one method described in the literature
for the synthesis of carbohydrate bearing NCAs (glycoNCAs)."2
N-Carbobenzoxy-L-serine benzyl ester and an acetobromosugar
were coupled by a Koenigs—Knorr reaction with mercuric cyanide,
followed by removal of both protecting groups by hydrogena-
tion. The amino acids were then phosgenated to give the first
glycoNCAs with yields between 15 and 40%. This atom inefficient
strategy requires revision to take advantage of modern synthetic
carbohydrate chemistry. In particular, the use of highly toxic
and environmentally damaging mercury salts’® as promoters
is no longer necessary and atom efficiency can be improved
by removing the requirement to protect the carboxylic acid
functionality in amino acids."* In this work, our strategy was to
prepare glycosylated N-Boc amino acids then use the well-known
cyclisation of these to their corresponding NCAs'" (Scheme 1).
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Scheme 1 Cyclisation of N-Boc (O-Bzl) L-threonine to the corresponding
NCA.

To access the N-Boc glycosylated amino acids we utilised the
method of Field et al,'* which employs acetobromosugars as
glycosyl donors and iodine as the Lewis acid promoter (Scheme 2
and Table 1). Iodine is a much more benign promoter than mer-
curic cyanide and is compatible with the Boc group, unlike more
commonly used Lewis acids such as BF;'” and AICI;." Purification
was achieved by flash column chromatography. In all the cases,
the B-anomer was formed exclusively (single anomeric peak in *C
NMR, see ESIT) due to neighbouring group participation from
the equatorial 2-O-acetate group. The generality of this method
is demonstrated by the synthesis of S-linked glycosides 6a and 7b
from L-cysteine.

HX R I, K2CO3, CHsCN R-X R
R-(0)Br + _
H 5h., RT
BocNHL{O BocNHL{OH
(o] (e}
1a-7a

Scheme 2 Synthesis of N-Boc glycosylated amino acids by iodine
promoted glycosylation. R, R" and X are defined in Table 1.

Treatment of these compounds under the conditions shown
in Scheme 1 did not result in NCA formation. The reasons for
this remain unclear, but the IR absorption band for N-H shifted
from 3372 cm™! for BocThr(bzl) to 3439 cm™' for BocThr(GluAc)

Table 1 Iodine promoted glycosylation of various N-Boc glycosylated
amino acids

Entry R «? X R’ Yield (%)°
1a Ac,Gal (0] Me 59
2a Ac,Glu (6] Me 55
3a Ac,Gal (0] H 57
4a Ac,Glu (0] H 54
Sa Ac;Lac (0] H 43
6a Ac,Glu S H 47
Ta Ac,Gal S H 49

“ Acetobromosugar used. ®Ac,Gal = (2,3,4,6)-tetraacetyl galactopy-
ranose; Ac,Glu = (2,3,4,6)-tetraacetyl glucopyranose; Ac;Lac =
(2,3,6,2',3',4',6')-heptaacetyl lactose. °Isolated yield following column
chromatography (silica, hexane-THF 1 : 0 — 3:7).
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suggesting the involvement of this group in hydrogen bonding,
presumably to an acetate carbonyl. Such an interaction may
hinder cyclisation of the Boc-protected amine. This obstacle was
overcome by cleaving selectively the Boc group by treatment
with TFA in DCM, which proceeds rapidly at room temperature
without anomerisation (Scheme 3).” Further purification was not
required as the side products are gaseous, expediting the process.

1) TFA, DCM R’x R
2) AcOH(aq), hexane
1-7a — -+ OH
100% yield AcO H3N
(0]
1b-7b
R-X_R'
Triphosgene, a-pinene, EtOAc HN (o]
o
(0]
1c-7c

Scheme 3 Synthesis of glycoNCAs, 1¢—7¢, from their N-Boc glycosylated
amino acids, 1a—7a. R, R’ and X as for 1a—7a (see Table 1).

The resulting glycosylated amino acids were then treated with
triphosgene® in the presence of o-pinene,* an unsaturated terpene
that scavenges residual HCI, to give the glycosylated NCAs 1e-7¢
in moderate to good yields following recrystallisation (Table 2;
the yields are compromised by the inherent instability of NCAs).
Recent work has shown that the precision polymerisation of NCAs
requires a further, more rigorous purification step*® (involving
an aqueous extraction) to remove the small, but ever-present
residual impurities (see ESIT). This is best done immediately before
polymerisation, so was not undertaken in the present work. Of
particular note here is the syntheses of 6¢ and 7¢, which represent
the first synthesis of an S-linked glycoNCA. S-Linked sugars show
higher stability towards glycosidases than O-linked analogues,

Table 2 Overall yields of glycosylated N-carboxyanhydrides

Entry R X R’ Yield (%)*
1c Ac,Gal O Me 51
2c Ac,Glu O Me 48
3¢ Ac,Gal O H 50
4c Ac,Glu O H 49
5¢ Ac,Lac O H 37
6¢ Ac,Glu S H 30
Tc Ac,Gal S H 26

“ Isolated yield following recrystallisation.

thus these S-linked glycoNCAs may lead to new and interesting
materials that are models of biologically occurring glycoproteins.

In summary we have applied modern synthetic carbohydrate
chemistry to update and improve the synthesis of glycoNCAs and
shown that it can be used to create a diverse set of functional
monomers. We anticipate that this will allow access to a range of
glycosylated polypeptides that could be employed in a wide range
of applications, including drug delivery and tissue engineering.
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Several N-alkyl and N-phenyl derivatives of 6-amino- (1) and 6,6'-diamino-2,2":6',2"-terpyridine (6)
were synthesized, and their fluorescence properties were studied. A successive red-shift was observed as
the number of the N-substituted groups increased. It was also shown that the susceptivity of the
fluorophores to a solvent varied considerably according to the mode of the N-substitution. While the
monoamino-tpys 1-5 (tpy: 2,2":6',2"-terpyridine) suffered almost complete quenching of their
fluorescence in ethanol, the fully N-alkylated diamino-tpys 8 and 9 retained their fluorescence. The
results show that N-substitution is a useful way to tune both the radiation energy and solvent

susceptivity of the fluorescence of the amino-tpys.

Introduction

Fluorescent compounds have found a wide range of applications,
such as OLEDs,! probes? and markers,® plus phototherapeutic
reagents,* and their uses are still expanding. Accordingly, there
has been an increasing demand for fluorescent compounds with
specific functions, and a variety of new fluorescent compounds
have been developed so far. For these fluorophores, fine-tuning
of their fluorescence colour is frequently required for better
performance of photofunctional systems such as Forster-type
energy-transfer systems, multiple fluorescent staining of cell tissues
and multi-colour luminescent devices. Thus, tuning and switching
of fluorophoric properties by modification of the electronic state
is one of the major topics in developing fluorescent compounds.
However, it is generally difficult to tune known fluorophores to
desirable photophysical properties by chemical modification, since
slight structural alteration frequently impairs their fluorescence
properties.

2,2":6',2"-Terpyridine (tpy) is a chemically and thermally stable
compound, and is well known to serve as an excellent chelate
owing to its suitably arranged three ring nitrogens. A wide
variety of transition metal complexes with tpy ligands have been
synthesized and their unique photophysical properties, including
luminescence, have been studied extensively.® However, tpy and
its derivatives are generally non-fluorescent, and relatively few
fluorescent derivatives, either in solution®' or in the solid state,!!
have been reported. The non-fluorescent nature of tpy is ascribed
to the relatively close-lying n—n* and n—n* singlet excited states,
through which very rapid inter-system crossing and/or internal
conversion proceeds. It is known as the ‘proximity effect’ of
electronic states,> which is often observed in aza-aromatics. We
previously reported’ that 6-amino-tpy 1 exhibited a strong blue
fluorescence in organic solutions. The key for the dominant
radiative decay process is that the ‘allowed’ m—m* transition band

Institute of Industrial Science, University of Tokyo, 4-6-1, Komaba, Meguro-
ku, Tokyo, 153-8505, Japan. E-mail: araki@iis.u-tokyo.ac.jp

T Electronic supplementary information (ESI) available: Additional
spectra, Lippert-Mataga plot, and orbital diagrams. See DOI:
10.1039/b707662b

lies much lower than the n—nt* transition band, and is the lowest
energy excitation, which has been shown by a molecular orbital
calculation.

There is a wide variety of fluorescent nitrogen-, oxygen- and
other heteroaromatics with highly electronegative atoms. The
major drawback of these compounds is that their fluorescent
nature is prone to impairment in protic solvents due to a
solute-solvent hydrogen-bonding interaction, though this feature
can be used for fluorescence sensing.’® Except for 4'-[p-(N,N-
diphenylamino)phenyl]-tpy, reported by Goodall et al.,* 6-amino-
tpys” and 4’ -phenyl-tpys® also fall into this category and their fluo-
rescence quantum yields decrease dramatically in protic solvents,
which limits their availability as novel and useful fluorophores.
We previously showed' that amino-tpys and a series of N-
substituted amino-tpys could be synthesized conveniently in good
yields (65-90%) by Pd-catalyzed amination of bromo-tpys with
the corresponding amines (Buchwald-Hartwig reaction').

In this report, we describe the fluorescence properties of a series
of N-substituted 6-amino- and 6,6"-diamino-tpys, and demon-
strate the effectiveness of N-substitution for the fluorescence
tuning of these novel fluorophores. It is to be emphasized that,
unlike the parent amino-tpys (1 and 6) and monoamino derivatives
(2-5), fully N-alkylated diamino-tpys 8 and 9 display efficient
fluorescence even in a protic solvent, ethanol, thus extending the
application of tpy-based fluorophores to protic media.

Results
Absorption and fluorescence properties in organic solution

The molecular structures of the parent 6-amino- (1) and 6,6"-
diamino-tpys (6) and their N-substituted derivatives are shown in
Fig. 1. The absorption and fluorescence maxima of 6-amino-tpys
1-5 and 6,6"-diamino-tpys 6-10 in cyclohexane, dichloromethane
and ethanol are tabulated in Table 1. The lowest energy absorption
band of 1 appeared at around 320 nm (loge ~ 4), which is
presumably due to the m—n* transition. The first N-substitution
of the amino group with an alkyl or phenyl group (2 and 4)
caused a red-shift to about 340 nm, and the second N-substitution
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Table 1 Absorption and fluorescence maxima of N-substituted 6-amino and 6,6"-diamino-tpys in various of solution at 20 °C

Cyclohexane Dichloromethane Ethanol
Compound Aws/nm (log &) Ag/nm (@) Aws/nm (log &) Ag/nm (@) Aws/nm (log &) Jg/nm (@)
1 320 (4.13) 366 (0.56) 319 (4.17) 386 (0.70) 324 (4.07) 402 (0.01)
2 336 (3.97) 383 (0.54) 339 (3.96) 407 (0.41) 341 (3.91) 421 (0.03)
3 349 (3.87) 388 (0.39) 350 (3.85) 428 (0.57) 349 (3.85) 436 (0.02)
4 339 (3.88) 388 (0.19) 341 (3.92) 443 (0.14) 350 (3.84) 453 (0.04)
5 355(3.79) 400 (0.10) 353 (3.77) 455(0.17) 355 (3.76) 466 (0.09)
6 324 (—*) 364 (0.30) 327 (4.31) 386 (0.48) 330 (4.27) 408 (0.07)
7 337 (4.27) 381 (0.58) 341 (4.24) 404 (0.50) 342 (4.22) 423 (0.19)
8 348 (4.17) 386 (0.45) 352 (4.15) 422 (0.57) 352 (4.07) 434 (0.38)
9 353 (4.18) 387 (0.54) 359 (4.14) 428 (0.61) 355 (4.16) 433 (0.40)
10 357 (3.94) 397 (0.14) 357 (4.14) 453 (0.20) 358 (—?) 462 (0.11)

“ Relative quantum yields were determined by using 2-aminopyridine (@ = 0.37, excitation at 285 nm, in ethanol) as the standard compound. * Not

determined due to low solubility.

R' R?

X 1 H H

_ 2 Bt H

X X

N 3 Me Me

Z N~ 4 Ph H
NR1R2 5 -Ph -Ph

R' R?

6 H -H

7 Bt H
8 -Me -Me

9 -Et -Et

NR'R®> 10 -Ph -Ph

Fig. 1 Molecular structure of the monoamino-tpys (1-5) and diamino-
tpys (6-10).

(3 and 5) further shifted the absorption to around 355 nm.
The phenyl-substitution caused a large red-shift compared to
the alkyl-substitution. Similar to monoamino-tpys 1-5, diamino-
tpys 610 showed a red-shift in the absorption band upon N-
substitution with alkyl or phenyl groups. The absorption maxima
of the diamino-tpys are essentially the same as those of the
corresponding monoamino-tpys. Thus, the type and the number
of substituent(s) in the amino group(s) is critical to the position
of the lowest energy absorption band, but the number of amino
groups in the tpy core hardly affects the absorption maximum. It
is remarkable that the absorption maximum was essentially the
same in cyclohexane, dichloromethane and ethanol, showing that
the lowest energy absorption band was not sensitive to the solvent.

Upon excitation at 285 nm, all compounds (1-10) in the
cyclohexane and dichloromethane solutions exhibited a purple-to-
blue fluorescence (366-455 nm) with moderate to high quantum
yields. The shapes of the excitation spectra of these compounds
were similar to their absorption spectra (Fig. S17), indicating that
the emitting state was the lowest excited state and efficient internal
conversion to this state took place within these compounds. The
fluorescence band showed a successive red-shift as the number
of N-substituted groups increased (Table 1). Fluorescence of the
phenyl-substituted derivatives appeared in a lower-energy region
compared to the alkyl-substituted derivatives (Fig. 2). The results

Fluorescence

Absorption

b
o

Relative intensity (a.u.)

£/ 10% dm3 mol! cm-!
N
=3

0.0

300 400 500
Wavelength/nm

Fig. 2 Absorption and fluorescence spectra of 1 (dotted line), 3 (dashed
line) and 5 (solid line) in dichloromethane solution.

demonstrate that fine-tuning of the fluorescence colour of amino-
tpys can be achieved simply by N-substitution of the amino group
without impairment of its fluorescent nature. There was no marked
difference in the fluorescence maximum wavelength between the
monoamino-tpys and the corresponding diamino-tpys.

Unlike the absorption spectra, considerable changes in the flu-
orescence spectra were observed in solvents of varying polarities.
The fluorescence maxima of these compounds red-shifted as the
polarity of the solvent increased from cyclohexane to ethanol,
suggesting that the photoexcited state of these compounds has a
relatively polar nature. Furthermore, the fluorescence of parent
compound 1 was almost completely quenched in ethanol. Regard-
less of the type and number of the substituent, monoamino-tpys
2-5 showed a drastic decrease in their fluorescence quantum yield.
The fluorescence lifetime of 3 became much shorter in ethanol
(0.8 ns) compared to that in dichloromethane (10.4 ns), indicating
the presence of an efficient non-radiative decay process from the
emitting excited state in ethanol. In contrast, fully N-alkylated
diamino-tpys 8 and 9 retained their fluorescence properties even in
a protic solvent (@ = 0.38-0.40). Partially N-alkylated diamino-
tpy 7, bearing N-H protons, showed a moderate decrease in its
fluorescence, and parent diamino-tpy 6 suffered a much larger
fluorescence quenching. Since the fluorescence quantum yields
of monoamino-tpys 2 and 3 and diamino-tpys 7 and 8 were
sufficiently large and comparable to each other in acetonitrile
(an aprotic polar solvent), the observed fluorescence quenching in
ethanol was not due to the polarity of the solvent and, therefore,
the hydrogen bonding interaction has to be taken in to account.

This journal is © The Royal Society of Chemistry 2007
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Thus, the solvent effect on the fluorophore can also be tuned by the
N-substitution; in particular, the fully N-substituted diamino-tpys
are shown to be good fluorophores, even in protic solvents.

Discussion
Effect of NV-substitution

Chemical alteration of a fluorophore frequently imparts unde-
sirable perturbation to its emissive electronic state and results
in impairment of its fluorescence properties. In the case of
amino-tpys 1-10, however, N-substitution of the amino group(s)
successfully altered the fluorescence wavelength by ~20 nm steps
in dichloromethane with reasonable fluorescence efficiency (@ >
0.1), allowing fine-tuning of the fluorescence colour. Since N-
substituted tpys can be easily prepared in one step from varieties
of commercially available amines in good yield, N-substitution
is a simple and useful method for fine-tuning the fluorescence of
amino-tpys (ranging from 385 to 455 nm) without damaging the
fluorescent nature of parent compounds 1 and 6.

To understand the effect of N-substitution further, the electronic
state of monoamino-tpys 1-5 was studied by molecular orbital
calculation. The geometry optimized by HF/6-31G(d) calculation
was applied to the time-dependent density functional theory (TD-
DFT) using the B3LYP/6-31G(d) basis set. The tpy core of
the optimized molecular structures showed a nearly planar s-
trans conformation. The lowest and the second-lowest transition
bands of 1-5 were HOMO—LUMO and HOMO—LUMO + 1,
respectively. The electronic configurations of the HOMO, and that
of the LUMO and LUMO + 1 as well, were practically identical
for 1-5. The HOMO orbital located significantly on the amino
nitrogen, while LUMO and LUMO + 1 did not (Fig. 3, Fig. S3).
The energy levels of the LUMO and LUMO + 1 were only slightly
affected by the N-substitution, probably due to the negligibly small

~
0.0+ L\

—. LUMO+1 (-0.95 &V/)
_-.,..
“ LUMO (-1.12 eV)

§ 4 & f 1\)
1 N
i ,::I/‘\/ e

Fig. 3 Electronic state of 3 simulated by TD-DFT calculation.

electron density of these orbitals in the amino group. On the other
hand, a successive rise in the HOMO energy level was indicated as
the number of N-substitutions increased. Therefore, the effect of
N-substitution was observed mostly at the HOMO level, and the
red-shift of the fluorescence upon N-substitution can be explained
by the decreased HOMO-LUMO gap.

The lowest energy absorption bands of 1-5, estimated by TD-
DFT, were plotted against the observed absorption bands in
cyclohexane (Fig. 4a). Though the calculated transition energy
was somewhat higher (850-1400 cm™') than the observed energy,
they showed reasonably good linear correlation (R = 0.96), and
the observed absorption spectra were qualitatively reproduced by
simulation.

w
N

w
o

Calc. Wavenumber / 103 cm-!

28 30 28 30
Obsd. Wavenumber / 103 cm?

Fig. 4 Plot of the calculated against the measured lowest absorption
energy of the monoamino-tpys (a) and diamino-tpys (b).

The TD-DFT calculation for the diamino-tpys 6-10 gave similar
results for both the electronic state (Fig. S3) and the lowest
absorption energy (Fig. 4b).

Effect of solvent

Though the solvent effect on the lowest energy absorption bands
of 1-10 was negligibly small, a notable red-shift of the fluorescence
band was observed in polar solvents (Table 1). Consideration
of the solvent effect in the TD-DFT calculation using the
polarizable continuum model (PCM)*¢ gave only a slight difference
in the electronic states and the lowest energy absorption bands,
coinciding with the experimental results. Therefore, the excited
state is thought to have a considerable charge-transfer (CT)
character. To examine the CT character of the excited state, the
difference between the excited and ground state dipole moment
(Au) was estimated for monoamino-tpy 3 and diamino-tpy 8 by
the Lippert-Mataga equation (eqn (1)):"7

2(Auy
Av, =
T hea?

where Af is Lippert’s solvent polarity parameter:

_e—l n—1
T 2—-1 2m+1’

Af + constant, (1)

Af

¢ and n are the relative permittivity and the optical refractive
index of solvents, respectively, and « is the effective radius of the
Onsager cavity'® of a compound. The plots of the Stokes shift (Avy)
of 3 and 8 against Af" were reasonably fitted linearly (Fig. S2).
Assuming the value of @ as 0.5 nm, Au for 3 and 8 was determined
to be 11.2 and 10.5 Debye, respectively, indicating a moderate
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Table 2 The rate constants of the radiative and non-radiative decay processes

Dichloromethane Acetonitrile Ethanol
Compound Ag/nm (@) t/ns k,/10"s™" k,/107s™"  Ay/nm (@) </ns k/107s™" k,/10"s™"  Jy/nm (D) t/ns k/107s™' k., /10" s
3 428 (0.57) 104 5.5 4.1 439 (0.30) 8.1 3.7 8.6 436 (0.02) 08 2.5 1.2 x 10?
8 422 (0.57) 9.6 59 4.5 433(0.38) 8.0 4.7 7.8 434(0.38) 10.7 3.6 5.8

CT character. Thus, it is suggested that the more polar excited
state is stabilized by reorganization of the polar solvent molecules,
inducing the red-shift in the fluorescence. Because of this CT
character, the choice of solvent can also be an effective tool for fine-
tuning of the fluorescence colour. For example, the fluorescence
maximum of 8 shifted from 386 nm in non-polar cyclohexane to
434 nm in polar ethanol.

In a protic ethanol solvent, fluorescence of the monoamino-
tpys 1-5 showed a drastic decrease regardless of the mode
of N-substitution, but fully N-alkylated diamino-tpys 8 and 9
retained their fluorescence properties (@ ~ 0.4). This pronounced
difference in fluorescence quenching between the monoamino-
and diamino-tpys in the protic solvent is of remarkable interest,
and we further analyzed the photophysical properties of 3 and 8.
The rate constants of radiative (k,) and non-radiative (k,,) decay
processes were calculated from the fluorescence quantum yield
and the fluorescence lifetime (Table 2). In dichloromethane, the
values of k. and k,, were of the same order of magnitude (107 s™"),
typical of efficient fluorescence of organic compounds. Both rate
constants showed no substantial difference between 3 and 8. In
ethanol, while the k, values of 3 and 8, and k,, of 8, were similar to
those in dichloromethane, the k,, value of 3 significantly increased.
Therefore, the pronounced fluorescence quenching of 3 was mainly
due to acceleration of the non-radiative decay process from the
excited state.

It is well documented that fluorescence is prone to be quenched
in protic solvents due to the formation of solute—solvent hydrogen
bonds,” and this could be the reason for the observed acceler-
ation of the non-radiative decay of 3 in ethanol. It has to be
pointed out that this discussion does not give any reason for the
strong fluorescence of diamino-tpy 8 in ethanol. Diamino-tpy 8
and monoamino-tpy 3 have the same dialkylamino and pyridyl
nitrogens as the hydrogen-bond acceptors, but 8 does not suffer
fluorescence quenching at all in ethanol. Therefore, the effect of
the protic solvent is not so simple, and has to be studied further.

Conclusion

In this report, the effect of N-substitution on the fluorescence
properties of 6-amino-tpy (1) and 6,6”-diamino-tpy (6) were
studied. The fluorescence band showed a successive red-shift as
the number of N-substituted groups increased. The N-phenyl
substitution resulted in a larger red-shift compared to that of the
N-alkyl substitution. It was also shown that the susceptivity of
the fluorescence to the solvent varied considerably according to
the mode of N-substitution. Of particular interest, we obtained
N-substituted derivatives 8 and 9 that exhibited an efficient
fluorescence even in ethanol. While the mechanism still needs to be
studied, this finding will lead to new tpy derivatives that are capable
of exhibiting strong emission even in protic media, and also make
tpy a useful fluorophore in a wider range of applications. The

results show that N-substitution is a useful way to tune both the
radiation energy and solvent susceptivity of the fluorescence of
amino-tpys.

Experimental

Syntheses of aminoterpyridines 1,7 2-5,"* 6, and 7-10" are
described elsewhere. The purity of 1-10 was checked by elemental
analysis and the melting point. Spectrophotometric-grade cyclo-
hexane, dichloromethane, acetonitrile and ethanol were obtained
commercially.

UV-Vis absorption and fluorescence spectra in the organic
solutions were measured with a Shimadzu UV-2500PC spec-
trophotometer and a Shimadzu RF-5300PC spectrofluorometer,
respectively, at 20 °C. The fluorescence quantum yield was
calculated using 2-aminopyridine (excitation 285 nm; @ = 0.37;
ethanol) as the standard. Time-resolved emission decay was
measured by exciting sample solutions with a nitrogen laser
pulse (337 nm). The emission was dispersed with a Hamamatsu
Photonics C-2830 disperser and monitored on a Hamamasu
Photonics M-2548 streak camera. The rate constants of the
radiative (k,) and non-radiative (k,,) decay were calculated from
the following equations, T = (k, + k,,) ', ® = k./(k, + k,), where ©
and @ are the fluorescence lifetime and the fluorescence quantum
yield, respectively.

The ground-state energies of 1-10 were calculated by the DFT
method after geometry optimization (B3LYP/6-31G(d)//HF/6-
31G(d)).* The absorption bands were simulated by the time-
dependent DFT method (B3LYP/6-31G(d)//HF/6-31G(d)). The
solvation effect was introduced using the polarizable continuum
model (PCM)* with the solvent parameter of ethanol, &, set at
24.55. These calculations were performed on a Gaussian 03W
package,”® and the results were processed on a Fujitsu CAChe
WorkSystem (version 5.5).
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Conjugate addition of lithium dibenzylamide to (S)-N(3)-acryloyl-4-isopropyl-5,5-
dimethyloxazolidin-2-one (derived from L-valine) and alkylation of the resultant lithium B-amino
enolate provides, after deprotection, a range of (S)-2-alkyl-3-aminopropanoic acids in good yield and
high ee. Alternatively, via a complementary pathway, conjugate addition of a range of secondary
lithium amides to (S)-N(3)-(2'-alkylacryloyl)-4-isopropyl-5,5-dimethyloxazolidin-2-ones,
diastereoselective protonation with 2-pyridone, and subsequent deprotection furnishes a range of
(R)-2-alkyl- and (R)-2-aryl-3-aminopropanoic acids in good yield and high ee. Additionally, the
boron-mediated aldol reaction of f-amino N-acyl oxazolidinones is a highly diastereoselective method
for the synthesis of a range of f-amino-f'-hydroxy N-acyl oxazolidinones.

Introduction

a-Substituted-B-amino acids (p*-amino acids), like their -
substituted-p-amino acid counterparts (f*-amino acids), are of
immense chemical and biological interest.! They occur naturally
within pseudopeptides® and highly potent biological effects are
observed with both naturally occurring and synthetic derivatives.?
They have also been shown to display interesting structural
properties as constituents of B-peptides.* Despite their importance
in biology and peptide chemistry, the synthesis of p*-amino acids
has received little attention in the literature when compared to
their B-amino acid counterparts.’ To date the stereoselective
Mannich reaction® and the asymmetric alkylation of chiral B-
alanine derivatives™ have received most attention as synthetic
routes to P*-amino acids; other routes based upon conjugate
addition,”® Curtius rearrangement,' catalytic C-H insertion,"
dynamic kinetic resolution,”® enantioselective hydrogenation™
and catalytic asymmetric addition of cyanide to a,B-unsaturated
imides'® amongst others' have also proved successful. Previous
investigations from this laboratory have shown that the conjugate
addition of a homochiral secondary lithium amide derived from
a-methylbenzylamine to an o,f-unsaturated ester or amide rep-
resents an efficient entry to B*-amino acids and derivatives.”” We
wished to extend our methodology to incorporate the synthesis
of B*-amino acids and their derivatives, and report herein our full
investigations within this area concerning the conjugate addition
of lithium amides to N-acryloyl SuperQuat derivatives, followed
by stereoselective enolate functionalisation. Part of this work has
been communicated previously.'®

Department of Organic Chemistry, Chemistry Research Laboratory, Uni-
versity of Oxford, Mansfield Road, Oxford, UK OXI 3TA. E-mail:
steve.davies@chem.ox.ac.uk

T Electronic supplementary information (ESI) available: Experimental
details. See DOI: 10.1039/b707689d

Results and discussion

Conjugate addition of lithium amides to N-acryloyl
oxazolidin-2-ones

Although a range of amines have been shown to add in a conjugate
fashion to acrylates,” conjugate addition of metal amides to
this type of a,pf-unsaturated carbonyl system is rare, presumably
due to facile polymerisation of the activated olefin.”” In order
to test the susceptibility of N-acryloyl oxazolidinones toward
conjugate addition of lithium amides, N-acryloyl oxazolidin-2-
ones 3 and 4 were prepared.*® The standard protocol for N-
acylation of an oxazolidin-2-one (via the lithium anion) could
not by employed in the synthesis of the 3-acryloyl acceptors, as
the oxazolidin-2-one anion is itself able to undergo a conjugate
addition reaction with an acrylate® A milder procedure using
acrylic anhydride was therefore employed,” giving N-acryloyl
Evans derivative 3 and N-acryloyl SuperQuat 4 in 65 and 72%
yield, respectively (Scheme 1). The conjugate addition reaction of
lithium dibenzylamide 5 to N-acryloyl Evans 3 was attempted
at high dilution (40 uM w. r. t. 3) in an attempt to suppress
polymerisation; however, a mixture of products was obtained
from which 6 was isolated in 66% yield. Similar reaction of
N-acryloyl SuperQuat 4 under identical conditions gave, after
5 min, complete conversion to a single product 7, which was
isolated in 92% yield (Scheme 1). The incorporation of the 5,5-
dimethyl group into the oxazolidin-2-one skeleton not only serves
to suppress the endocyclic cleavage pathway upon cleavage but also
restricts the conformation of the C(4)-stereodirecting isopropyl
group such that it mimics the steric demands of a fert-butyl
group.”? It is apparent from this study that the conformational
restriction also decreases the extent of unwanted side reactions
of N-acryloyl SuperQuat 4 upon conjugate addition of lithium
dibenzylamide 5, relative to the corresponding N-acryloyl Evans
derivative 3. The conjugate addition of both antipodes of lithium
N-benzyl-N-(o-methylbenzyl)amide 8 to N-acryloyl SuperQuat
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Scheme 1 Reagents and conditions: (i) acrylic anhydride, Et;N, LiCl,

THEF, rt, 2 h; (ii) lithium dibenzylamide 5, THF, —78 °C, 5 min, then
NH,CI (sat., aq.); (iii) lithium (R)-N-benzyl-N-(a-methylbenzyl)amide
8, THF, —78 °C, 5 min, then NH,Cl (sat., aq.); (iv) lithium (S)-N-
benzyl-N-(a-methylbenzyl)amide 8, THF, —78 °C, 5 min, then NH,Cl
(sat., aq.).

4 was next investigated and, in each case, the corresponding f3-
alanine derivatives (4S,aR)-9 and (4S,05)-10 were isolated in 75
and 85% yields respectively (Scheme 1).

Tandem conjugate addition and enolate alkylation

Having demonstrated that the conjugate addition of lithium
dibenzylamide 5 to N-acryloyl SuperQuat 4 proceeds efficiently,
the utility of this methodology for the synthesis of a-alkyl-p*-
amino acid derivatives was probed via the in situ alkylation of
the lithium B-amino enolate arising from the conjugate addition
reaction; methyl iodide was chosen as a representative electrophile
for pilot studies. In this manner, conjugate addition of lithium
dibenzylamide 5 to N-acryloyl SuperQuat 4 followed by addition
of 1.5 eq. of methyl iodide after 5 min gave anti-11 as the major
diastereoisomer in 96% de.?* Purification gave anti-11 in 88% yield
and 96% de (Scheme 2). The relative stereochemistry of the major
diastereoisomer anti-11 was determined unambiguously by single
crystal X-ray analysis, with the absolute (4S5,2'S) configuration
assigned from the L-valine derived stereocentre of the oxazolidin-
2-one (Fig. 1). The effect of incorporation of a homochiral
a-methylbenzyl substituent within the lithium amide upon the

0 0O 0 0
W W
g_f\ %J Me g—f\

A\ N\

4 anti-11, R = benzyl, 88%, 96% de
anti-(48,2'S,aR)-12, R = (R)-o-methylbenzyl, 76%, 93% de
anti-(45,2'S,aS)-13, R = (S)-a-methylbenzyl, 65%, 95% de

Scheme 2 Reagents and conditions: (i) lithium dibenzylamide 5, THF,
—78 °C, 5 min, then Mel, —78 °C to rt; (ii) lithium (R)-N-benzyl-
N-(a-methylbenzyl)amide 8, THF, —78 °C, 5 min, then Mel, —78 °C to
rt; (iii) lithium (S)-N-benzyl-N-(a-methylbenzyl)amide 8, THF, —78 °C,
5 min, then Mel, —78 °C to rt.

Fig. 1 Chem 3D representation of the X-ray crystal structure of anti-11
(some H atoms removed for clarity).

reaction diastereoselectivity was next assessed. Conjugate addition
of lithium amide (R)-8 to N-acryloyl SuperQuat 4 and quenching
with methyl iodide gave anti-12 in 93% de, whilst an analogous
reaction using lithium amide (S)-8 gave anti-13 in 95% de,
indicating that the oxazolidinone auxiliary has the dominant effect
on determining the alkylation selectivity, with the configuration of
the a-methylbenzyl stereocentre having little effect (Scheme 2).

A stepwise procedure was next investigated, with deprotonation
of 7 with LIHMDS followed by alkylation with methyl iodide
giving anti-11 in an identical 96% de to that observed in the tandem
reaction, indicating that both tandem and stepwise alkylation
procedures may be employed with equal efficiency within this
system (Scheme 3). Deprotonation of (4S,aR)-9 and (4S,aS)-10
gave preferentially the corresponding anti diastereoisomers, 12 and
13 respectively, in 96% de in each case, indicating that the presence
of a homochiral a-methylbenzyl stereocentre has no effect on the
reaction diastereoselectivity of the stepwise alkylation reaction
(Scheme 3).

anti-11, 94%, 96% de
anti-(48,2'S,aR)-12, 86%, 96% de
anti-(4S,2'S,aS)-13, 87%, 96% de

(4S,aR)-9, R = (R)-a-methylbenzyl

7. R =benzyl
(48,aS)-10, R = (S)-a-methylbenzy!

Scheme 3 Reagents and conditions: (i) LIHMDS, THF, —78 °C, 30 min;
(ii) Mel, —78 °C to rt.

With these results in hand, the generality of this conjugate
addition and enolate alkylation protocol was explored further by
employing the conjugate addition of lithium dibenzylamide fol-
lowed by quenching with a range of alkylating agents (Scheme 4).
In all cases, the diastereoselectivity for the alkylation was excellent
(>96% de); alkylation with the activated electrophiles benzyl
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Scheme 4  Reagents and conditions: (i) lithium dibenzylamide 5, THF,
—78 °C, 5 min; (ii) RX, =78 °C to rt.

bromide and allyl bromide gave good conversion to the corre-
sponding products 14 and 15 which were isolated in good yields,
whilst the less reactive electrophiles ethyl iodide and isopropyl
iodide gave lower conversions to the corresponding 2'-substituted
products 16 and 17, particularly in the latter case (8% isolated
yield of 17). In these two cases, the mass balance was made up by
N-(B-aminoacyl) SuperQuat 7. The stereochemistry of the major
diastereoisomeric alkylation products 14-17 from this protocol
was assigned as anti-(4S,2'S) by analogy to that unambiguously
proven for 2’-methyl 11.

Having demonstrated unambiguously that both the tandem
and stepwise protocols generate stercoselectively the (2'S)-
configuration upon enolate alkylation, the mechanism of these
transformations was explored via the trapping of the lithium
enolates arising from both the stepwise and tandem procedures.
Conjugate addition of lithium amide (R)-8 to N-acryloyl Su-
perQuat 4 and treatment of the resultant enolate with triethylsilyl
chloride (TESCI) gave 80% conversion to the corresponding silyl
enol ether 18 (Scheme 5). NOE enhancements within 18 were
consistent with the enol ether having the (Z)-geometry, with free
rotation around the N(3)-vinylic bond (Fig. 2). Irradiation of the
vinylic proton H, showed an enhancement into protons H,, H;, Hy
and H,, with no enhancement to the triethylsilyl group. Irradiation
of the triethylsilyl SiCH, protons gave only an enhancement
into H,, Hs;, Hy, Hs, and Hs (Fig. 2). Following an identical
experimental procedure, conjugate addition of lithium amide (.S)-
8 to 4 and subsequent addition of TESCI gave 66% conversion
to the corresponding silyl enol ether 19, for which NOE data was
also consistent with a (Z)-geometry.

Et3sl

\)OKN/[(L /\/k

X,
= e

4 (4S,aR)—18, 80% conv.
(4S,0.S)-19, 66% conv.

(i), (if)

Scheme 5 Reagents and conditions: (i) lithium (R)- or (S)-N-benzyl-N-
(a-methylbenzyl)amide 8; (ii) TESCI.

Enolate trapping was subsequently carried out on the enolates
formed from the deprotonation of (4S,aR)-9 and (4S,05)-10, in
each case furnishing the corresponding enol ethers 18 and 19,
respectively, in 80% conversion (Scheme 6). '"H NMR spectro-

Fig.2 NOE enhancements for 18.

Et3SI

PCNA)(LNJLO (), i) /\)\

Ph)\
j%

(4S,0R)-9
(4S,0.5)-10

J’L
(4S,0R)1 8, 80% conv.

(4S,0S)-19, 80% conv.

Scheme 6 Reagents and conditions:
(ii) TESCL.

(i) LiHMDS, THF, —78 °C;

scopic analysis indicated that the enol ethers formed had the same
respective geometry as those formed in the corresponding tandem
reactions.

With these data in hand, the selectivity in these alkylation
reactions was postulated to arise as follows. Initial lithium amide
conjugate addition occurs to the N-acryloyl oxazolidinone 4 in
the anti-s-cis conformation 20 to generate the (£)-f-amino enolate
21.%* In the stepwise protocol, deprotonation of 7 in accordance
with the Ireland model 22 also furnishes (Z)-enolate 21. Enolate
21 may switch from conformation 21a to conformation 21b with
the lithium chelated between the two oxygen atoms. The high
levels of stereoselectivity upon alkylation in favour of the (45,2'S)
diastereoisomer 23 are consistent with alkylation of the chelated
intermediate 21b from the least hindered face (Fig. 3).

In order to validate the utility of this strategy for the synthesis
of homochiral p*-amino acids, deprotection to furnish the amino
acids was pursued. 2’-Methyl 11 was subjected to catalytic hy-
drogenolysis conditions, giving a mixture of products presumably
arising from the intramolecular nucleophilic ring opening of the
oxazolidinone ring by the free 3'-amino group.? It was therefore
envisaged that removal of the auxiliary prior to the hydrogenolysis
of the N-benzyl protecting groups would circumvent this problem.
2'-Methyl 11 was stirred with lithium hydroxide in THF-H,O
to furnish the tertiary B-amino acid (S)-24 in quantitative yield.
The auxiliary 2 was not separated from the product at this stage;
instead the mixture of (S)-24 and 2 was subjected to catalytic
hydrogenolysis, the crude product (S)-25 was transformed to the
HCl salt and purified by ion-exchange chromatography to furnish
the free amino acid (S)-25 in 84% yield over two steps, with
spectroscopic properties in good agreement with those in the
literature {[a]Z> +17.0 (¢ 1.0 in H,0); lit.”” for enantiomer [a]}]
—14.2 (¢ 1.0 in H,0)} (Scheme 7). Application of this protocol to
(4S5,2'S,aR)-12 and (45,2’ S,0.5)-13 similarly gave tertiary f-amino
acids 26 and 27 as single diastereoisomers, indicating there was no
epimerisation in the hydrolysis step. Subsequent hydrogenolysis
of 26 and 27 followed by ion-exchange chromatography gave
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Fig. 3 Postulated origin of the diastereoselectivity in the alkylation of enolate 21.
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11,R=Bn
12, R = (R)-o-methylbenzyl
13, R = (S)-a-methylbenzyl

() J
(0]

N R. COH
N /\l/

HN™ O (i), (i) HoN /\l/ CcOH
S ) Me 84 -93% Me
\ Ph (S)-25

2 24, R=Bn
26, R = (R)-o-methylbenzyl
27, R = (S)-a-methylbenzyl

Scheme 7  Reagents and conditions: (i) LIOH, THF, H,O, rt, 15 h; (ii) H,
(1 atm), Pd/C, MeOH, AcOH, H,O, rt, 24 h, then HCI (aq.); (iii) Dowex
S0WX8-200.

B*-amino acid (S)-25 in 90 and 93% yield respectively over two
steps with spectroscopic properties again consistent with those in
the literature.

Under the same conditions, attempted hydrolysis of 2'-benzyl 14
and 2'-ethyl 16 with lithium hydroxide returned only starting ma-
terial. Likewise, attempted cleavage of the auxiliary with lithium
hydroperoxide showed only low (<10%) conversion. However,
treatment of 2'-methyl 11 (96% de), 2'-benzyl 14 (97% de) and
2-ethyl 16 (96% de) with lithium methoxide resulted in clean
conversion to the corresponding methyl esters (S)-28, (S)-29 and
(S5)-30. Hydrogenolysis of the B-amino esters (S)-28, (5)-29 and
(5)-30 followed by saponification with lithium hydroxide furnished
B*-amino acids (S)-25, (S)-31 and (S)-32 in excellent overall yields
from the corresponding oxazolidinones 11, 14 and 16, and with
spectroscopic properties consistent with those of the literature {2-
Bn (5)-31[a]3 —13.1(c 0.3 in H,0); lit.® for enantiomer [a]; +11.3
(¢ 1.0 in H,0); 1it.”” for enantiomer [a]5 +17.8 (¢ 1.0 in H,0); 2-Et

0] O
)J\ i CO,Me
anN“')LN o _ O BN Y
R %

R
(S)-28, R = Me
(S)-29, R=Bn
11, R=Me (5)-30, R=Et
14, R=Bn
16, R = Et
(ii)
CO,H (iii), (iv) CO,Me
HZN/\l/ . H2N/\|/ 2
R R
R Product Yield %*
Me (S)-25 95
Bn (S)-31 88
Et (S)-32 89

Scheme 8 Reagents and conditions. (i) BuLi, MeOH, 0 °C; (i) H, (1atm),
Pd/C, MeOH, AcOH, H,O0, rt, 24 h; (iii) LiOH, THF, H,O, A, 15 h, then
HCI (aq.); (iv) Dowex 50WX&8-200. [* Yields quoted are overall from the
corresponding N-(B-aminoacyl) oxazolidinone.]

(8)-32 [a]y —6.8 (¢ 0.4 in H,0); lit.”® for enantiomer [a] +4.6 (¢
1.0 in H,O)} (Scheme 8).

In order to confirm that no epimerisation had occurred under
the reaction conditions, B*-amino acids 2-methyl (S)-25 and 2-
benzyl (5)-31 were derivatised with both homochiral and racemic
Mosher’s acid chloride to give the corresponding amides,” and
shown to be of 96 and 97% ee, respectively, in accordance
with the observed diastereoselectivities of the corresponding acyl
oxazolidinones 2'-methyl 11 (96% de) and 2'-benzyl 14 (97% de),
indicating no loss of stereochemical integrity.

With a procedure for the diastereoselective synthesis of (5)-2'-
alkyl-3’-amino acids delineated, attention was turned to conjugate
addition of lithium dibenzylamide 5 to 2-substituted acrylates
and subsequent diastereoselective protonation of the resulting
enolates. It was anticipated that, in addition to furnishing the
enantiomeric p*-amino acids, this complementary approach would
also provide a means to synthesise a-substituted-p-amino acids not
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readily accessible via the tandem conjugate addition and alkylation
procedure, e.g. o-isopropyl and o-aryl-B-amino acids.

Conjugate addition and diastereoselective protonation

A series of acrylic acids substituted with an alkyl group at the 2-
position was synthesised from ethyl acetoacetate.’” Monoalkyla-
tion with an alkyl halide, followed by deprotonation and treatment
with paraformaldehyde gave the 2-substituted ethyl acrylates 36—
38. Finally, saponification produced the 2-substituted acrylic acids
3941 in good overall yields (Scheme 9).

(0]

)H/COZEt

R
33,R=Bn
34, R=Et
35 R="Pr

‘(iii), (iv)
(]

\‘/COZH ) YCOZEt

R R

0 ON()

39, R=Bn, 70%* 36, R=Bn
40, R = Et, 62%~ 37, R=Et
41, R ="Pr, 50%* 38, R="Pr

Scheme 9  Reagents and conditions: (i) KO'Bu, 'BuOH, THF, reflux, 0 °C,
30 min; (ii) RX, 70 °C, 12 h; (iii) LIHMDS, THF, —78 °C, 30 min;
(iv) (CH,0),, —78 °C to rt; (v) LiOH, THF, H,O0, reflux, 15 h. [* Yields
quoted are overall from ethyl acetoacetate.]

2-Phenylacrylic acid 44 was prepared via a two-step procedure
from methyl pyruvate (Scheme 10).3 The addition of one equiv-
alent of phenyl magnesium bromide to methyl pyruvate followed
by dehydration of the intermediate a-hydroxy ester 42 with TSOH
generated methyl 2-phenyl acrylate 43 in 70% yield over two steps.
Saponification furnished 2-phenyl acrylic acid 44 in 97% isolated
yield.

o OH
)J\ 10) Me CO;Me
Me CO,Me Ph
42
(it)
70%
iii
CoH @ CO,Me
97%
Ph Ph
44 43

Scheme 10 Reagents and conditions: (i) PhMgBr, THF, 60 °C, 30 min;
(ii) TsOH, PhMe, reflux, 4 h; (iii) LiOH, THE, H,O, reflux, 15 h.

N-Acryloyl-2'-substituted-oxazolidinones 45-49 were synthe-
sised via the coupling of the lithium anion of oxazolidinone 2
with commercially available methacryloyl chloride and the acid
chlorides produced from treatment of acrylic acids 39-41 and 44
with oxalyl chloride (Scheme 11).

With 45-49 in hand, attention was turned to the conjugate
addition of lithium dibenzylamide 5 and stercoselective proto-

R

o) (0]
YCOZH 0 YCOCl (ii) %NJLO
R R \—#
N\

39,R=Bn

40, R =Et 45 R = Me, 79%**
41, R=Pr 46, R =Bn, 85%*
44, R =Ph 47, R = Et, 68%"

48, R =Pr, 58%*
49, R =Ph, 91%*

Scheme 11 Reagents and conditions: (i) (COCl),, Et,O, NEt;, rt, 1 h;
(ii) 2, BuLi, THF, —78 °C to rt, 2 h. [*Yield over 2 steps; **yield over 1
step from commercially available methacryloyl chloride.]

nation of the resulting enolate with a variety of proton sources.
In a preliminary study, 3-methacryloyl oxazolidinone 45 was
treated with lithium dibenzylamide 5 and quenched with saturated
aqueous NH,CI to give an inseparable mixture of syn-50 and
anti-11 in a ratio of 66 : 34. However, when the procedure was
repeated using the bulky 2,6-di-tert-butylphenol (2,6-DTBP).*! or
2-pyridone®? as the proton sources, the ratio of 50-11 increased to
92 : 8 and 98 : 2, respectively. Recrystallisation gave syn-50 as a
single diastereoisomer, indicating that the reaction proceeds to give
the opposite diastereoisomer as the tandem conjugate addition
and enolate alkylation (Scheme 12).

With this result in hand, the remaining 2'-substituted acceptors
4649 were treated with lithium dibenzylamide 5 followed by
saturated aqueous NH,Cl, 2,6-DTBP or 2-pyridone (Scheme 13).

A trend was observed in the case of 2'-alkyl acryloyl derivatives,
2'-methyl 45, 2'-ethyl 47 and 2'-isopropyl 48. The ratio of syn—anti
diastereoisomers increases when saturated aqueous NH,Cl is used
as the proton source; when 2,6-DTBP or 2-pyridone is used as the
proton source, the resultant syn—anti ratios observed are generally
higher than those for NH,Cl, with 2-pyridone delivering the
highest selectivity upon protonation. The ratios decrease, however,
with the increasing steric bulk of the o-substituent; this effect
is more pronounced with 2,6-DTBP. Meanwhile, protonation of
the enolate derived from 2'-benzyl 46 with saturated aqueous
NH,CIl gave the corresponding anti diasterecoisomer 14 as the
major product; a reversal of selectivity was observed with both 2,6-
DTBP and 2-pyridone, giving a syn—anti ratio of 79 : 21 and 90 :
10, respectively. Protonation of the enolate derived from 2'-phenyl
49 with saturated aqueous NH,Cl gave the syn diastercoisomer
54 as the major product in a 62 : 38 syn—anti ratio, whilst 2,6-
DTBP and 2-pyridone both formed the anti diastereoisomer 55
as the major product, giving syn—anti ratios of 40 : 60 and 12 :
88, respectively. In all cases, 2-pyridone gave the highest levels
of diastereoselectivity upon protonation. Subsequent tandem
addition—protonation studies therefore focused on the use of 2-
pyridone as the proton source.

In an effort to improve the diastereoselectivity upon con-
jugate addition and protonation, and to probe the possibility
of double diastereodifferentiation, the conjugate additions of
both antipodes of lithium N-benzyl-N-(a-methylbenzyl)amide 8,
and subsequent diastereoselective protonation with 2-pyridone,
were investigated.®® Thus, the 2'-substituted acceptors 45-49 were
treated with either lithium (R)- or (S)-N-benzyl-N-(o-methyl-
benzyl)amide 8 followed by 2-pyridone (Scheme 14). For 2'-methyl
45 and 2'-ethyl 47, (R)-8 gave rise to the “matched” combination,
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(i) then (ii) or (iii) or (iv)

syn-50 anti-11
Proton Yield %* syn:anti
source ratio
NH,4CI (sat, aq) 96 66:34
2,6-DTBP 91 92:8
2-pyridone 87 98:2

Scheme 12 Reagents and conditions: (i) lithium dibenzylamide 5, THF, —78 °C, 2 h; (ii) NH,Cl (sat., aq.); (iii) 2,6-DTBP; (iv) 2-pyridone. [*Yields

quoted are for the inseparable mixture of diastereoisomers.]

o O o 90
yj\ /U\ (|) then BnZN/\)J\N)J\O . BngN/\l)J\N)j\O
(u) or (||| or (iv) \_‘VQ R \—‘yk

N\ N\

i

45-49 syn anti
syn:anti

R Proton source Products ratio
NH,CI (sat, aq) 66:34
45 Me 2,6-DTBP syn-50:anti-11 92:8
2-pyridone 98:2
NH4CI (sat, aq) 20:80
46 Bn 2,6-DTBP syn-51:anti-14 79:21
2-pyridone 90:10
NH,CI (sat, aq) 87:13
47 Et 2,6-DTBP syn-52:anti-16 92:8
2-pyridone 97:3
) NH,CI (sat, aq) 93:7
48 'Pr 2,6-DTBP syn-53:anti-17 82:18
2-pyridone 95:5
NH,CI (sat, aq) 62:38
49 Ph 2,6-DTBP syn-54:anti-55 40:60
2-pyridone 12:88

Scheme 13 Reagents and conditions: (i) lithium dibenzylamide 5, THF,
—78 °C, 2 h; (ii) NH,Cl (sat., aq.), —78 °C to rt, 12 h; (iii) 2,6-DTBP,
=78 °C to rt, 12 h; (iv) 2-pyridone, —78 °C to rt, 12 h.

giving improved diastereoselectivities with syn—anti products in a
ratio of 98 : 2 and 97 : 3 respectively, whereas (S)-8 gave rise to
the “mismatched” combination, furnishing syn—anti products in a
ratio of 84 : 16 and 89 : 11, respectively. Similarly, for 2'-phenyl 49,
(R)-8 offered the “matched” combination, offering an increase in
diastereoselectivity (anti—synratio 93 : 7), whereas (.S)-8 offered the
“mismatched” combination (anti—syn ratio 66 : 34). Syn-70 and
anti-T1 proved partially seperable by chromatography, affording
anti-71 in an improved 96% de. Conversely, for 2’-benzyl 46 and
2'-isopropyl 48, (.S)-8 appeared to be the “matched” combination,
affording improved diastereoselectivities (syn—anti ratio 92 : 8 and
97 : 3, respectively), and (R)-8 appeared to be the “mismatched”
combination (syn—anti ratio 86 : 14 and 92 : 8, respectively).
Assuming that the conjugate addition of lithium amides 5, (R)-
8 and (5)-8 to a 2'-substituted acryloyl oxazolidinone 74 occurs
via a similar transition state to that for conjugate addition to 4
(75, Fig. 4), protonation of the enolate in conformation 76a would
lead to the anti-product 23 whilst protonation in conformation 76b
would lead to syn-product 77 (Fig. 4). When saturated aqueous
NH,CI is used as the proton source, protonation may occur on
oxygen as well as on carbon and the resultant enol tautomerises
upon warming, thus affecting the reaction diastereoselectivity,
which is highly dependent on the nature of the 2'-substituent of
74. When 2,6-DTBP is used as the proton source, protonation
is anticipated to occur mostly on carbon, with the major product

«)Lk

or (u (iii)

then (iv)

)A'A\)k

T

-
**%

% o
45-49 syn anti

syn:anti

R R' Products ratio

Bn syn-50:anti-11 98:2

45 Me (R)-o-methylbenzyl syn-56:anti-12 98:2
(S)-o-methylbenzy! syn-57.anti-13 84:16

Bn syn-61.anti-14 90:10

46 Bn (R)-o-methylbenzyl syn-58:anti-59 86:14
(S)-o-methylbenzy! syn-60:anti-61 92:8

Bn syn-52:anti-16 97:3

47 Et (R)-a-methylbenzyl syn-62:anti-63 98:2
(S)-o-methylbenzy! syn-64.anti-65 89:11

) Bn syn-53.anti-17 95:5

48 Pr | (R)-a-methylbenzyl syn-66:anti-67 92:8
(S)-o-methylbenzy! syn-68:anti-69 97:3

Bn syn-54:anti-55 12:88

49 Ph (R)-o-methylbenzyl syn-70:anti-71 7:93
(S)-o-methylbenzy! syn-72:anti-713 34:66

Scheme 14  Reagents and conditions: (i) lithium dibenzylamide 5, THF,
—78 °C, 2 h; (ii) lithium (R)-N-benzyl-N-(o-methylbenzyl)amide 8,
THEF, —78 °C, 2 h; (iii) lithium (S)-N-benzyl-N-(o-methylbenzyl)amide
8, THF, —78 °C, 2 h; (iv) 2-pyridone, —78 °C to rt, 12 h.

arising from protonation anti to the C(4)-isopropyl directing group
of the oxazolidinone. The use of 2-pyridone as the proton source is
postulated to occur via a relay mechanism: binding of the carbonyl
of the 2-pyridone to the B-amino lithium enolate 76 (resulting
from conjugate addition) anti to the stereodirecting C(4)-isopropyl
group of the oxazolidinone directs the regio- and facial selectivity
of C-protonation. The change in the sense of selectivity at C(2')
from the alkyl to the aryl cases arises from the preference of the
B-amino enolate for the conformations 76a and 76b. In the cases
of 2’-benzyl and the 2'-alkyl series, conformer 76b is preferred,
leading to the (45,2’ R) configuration upon protonation. In the 2'-
phenyl series, conformer 76b is precluded due to steric interactions
between the C(4)-isopropyl group of the oxazolidinone and the
C(2))-phenyl group. Conformer 76a is therefore preferred, with
protonation giving rise to the observed (4S,2'S) configuration of
the major product (Fig. 4).

With B-amino oxazolidin-2-ones in hand, attention turned
towards their deprotection to the corresponding [*-amino acids.
Treatment of 2'-Me 50 (96% de) with lithium hydroxide followed by
hydrogenation and ion-exchange chromatography afforded 2-Me
(R)-25 in 89% yield and >95% ee® with spectroscopic properties
consistent with those of the literature {[a]; —12.4 (¢ 1.0 in
H,0); 1it.”” [a]] —14.2 (¢ 1.0 in H,0)}. Treatment of 2'-Et 52
(94% de) and 2-'Pr 53 (90% de) under the same conditions
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Fig.4 Proposed origin of the diastereoselectivity in the protonation of enolate conformations 76a and 76b.

gave only returned starting material. However, treatment with
lithium methoxide gave clean conversion to the methyl esters (R)-
30 and (R)-78 respectively; subsequent sequential hydrogenation
and saponification gave (R)-o-alkyl-B-amino acids 2-Et (R)-32 in
70% yield and 94% ee,® and 2-'Pr (R)-79 in 73% yield and 88%
ee,” with spectroscopic properties consistent with those of the
literature {2-Et (R)-32 [a]3 +4.5 (¢ 1.0 in H,0); lit.?® [a]® +4.6
(¢ 1.0 in H,0); 2-'Pr (R)-79 [a]Z —10.0 (¢ 0.1 in H,0), lit.” [a]y
—11.4 (¢ 1.0 in H,0)} (Scheme 15). In the case of deprotection of
2’-Ph 71 (96% de), however, treatment with lithium methoxide
gave extensive epimerisation of the C(2')-stereocentre. Stirring
with lithium hydroperoxide gave clean conversion to a mixture
of the corresponding tertiary B-amino acid (S)-80 and SuperQuat
2, which was subjected to catalytic hydrogenolysis and subsequent
purification by ion-exchange chromatography to give 2-Ph (S)-
81 in 95% yield and >95% ee,” with spectroscopic properties
consistent with those of the literature {[a];; +93.0 (¢ 1.0 in H,0),
lit.** [a]2 +95.0 (¢ 1.0 in H,0)} (Scheme 15).

Aldol reactions

In order to expand the scope and utility of the lithium amide
conjugate addition—alkylation/protonation protocol for the syn-
thesis of B*-amino acids, attention was next turned toward
aldol reactions of the enolate of 7 for the synthesis of f-
amino-f'-hydroxy-acids. Members of this sub-class include [B*-
homothreonine (?hThr), residues of which are found in a range
of carbapenem antibiotics.*® The pharmaceutical importance of
B*hThr and its derivatives as precursors to the B-lactam sub-unit
of antibiotics has led to several highly stereoselective and high
yielding syntheses of this motif, including catalytic asymmetric
hydrogenation of a B-amino-f'-ketoester,* conjugate addition of
secondary amines to homochiral alkenoate species,*” addition of
homochiral silyl ketene acetals to nitrones*® and asymmetric aldol
reactions of N-acyl oxazolidinones.*® Our approach centred upon
an aldol reaction of the enolates derived from -amino-N-acryloyl
oxazolidinones 7, 9 and 10. Initial investigations focused on the

O o}
anN/\)kNJJ\O
Me

@ - (iv) N ~_-COH
z —— 2 5
% Me
50\\ (R)-25, 89%*
o O
anN/\_)J\NJ\O (v), (i), 2N/\_/C02H
R @, (iii) - (iv) R

~

(R)-32, R = Et, 70%"*

52 R =Et (R)-79, R = Pr, 73%*
53, R=1Pr
i X
/\l)J\ (VI) (i), H N/\l/ 2
(m) (iv) Ph
(S)-81, 95%*
71

Scheme 15 Reagents and conditions: (1) LIOH, THF, H,0, A, 15 h; (ii)) H,
(1 atm), Pd/C, MeOH, AcOH, H,O0, rt, 24 h; (iii) HCI (aq.); (iv) Dowex
50WX8-200; (v) BuLi, MeOH, 0 °C; (vi) LiOH, H,0,, THF, H,0, 0 °C
to rt, 24 h. [* Yields quoted are overall from the corresponding N-acryloyl
oxazolidinone.]

development of a tandem addition—aldol protocol. However, the
attempted treatment of 4 with lithium dibenzylamide 5 and an
aldehyde gave mixtures of inseparable diastereoisomeric products.
Attempted in situ transmetallation of the lithium enolate to the
titanium enolate and subsequent aldol reaction gave none of
the desired aldol products, whilst transmetallation to boron gave
no significant improvement in diastereoselectivity in the aldol
reaction. The tandem approach was therefore abandoned in favour
of a stepwise protocol, involving enolisation of a B-amino-N-
acryloyl oxazolidinone followed by addition of the aldehyde. Thus
formation of the boron enolate of 7, followed by aldol reaction with
acetaldehyde was investigated as a model system. Thus, treatment
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of 7 at 0 °C with 1.2 eq. of 9-BBNOTf and 1.4 eq. of Hiinig’s base,
followed by addition of acetaldehyde at —78 °C, revealed that
the aldol reaction had proceeded to <10% conversion, consistent
with the diminished reactivity of the boron enolate when compared
to the corresponding lithium enolate. Optimisation showed that
formation of the boron enolate at 0 °C followed by addition of
acetaldehyde at —78 °C and subsequent warming to 0 °C over
1 h gave good conversion (~70%), giving aldol product 83 as
a single diastereoisomer in 65% isolated yield. The relative syn-
configuration of the product was assigned by analogy to standard
boron aldol reactions of N-acyl oxazolidinones,* assuming that
the reaction proceeds preferentially via a Zimmermann—Traxler
chelated transition state 82 in which the aldehyde substituent
adopts a pseudo-equatorial position (Scheme 16).#!

BnoN

0 (o]
B NVLNJLO ONONEE.
2 —_—

82
OH O )(L
R N (0]
Bn,N <\
83-85
Aldehyde  Product Yield % de % Jy.3 Hz
MeCHO 83 65 >98 N.D.
PhCHO 84 36 >98 9.2
'PrCHO 85 64 >08 8.9

Scheme 16  Reagents and conditions: (1) 9-BBNOTf (1.2 eq.), 10 min, 0 °C,
then 'Pr,NEt (1.4 eq.), 20 min, 0 °C; (ii) RCHO, —78 °C, 30 min, then 0 °C,
1 h, then MeOH, H,0, (aq.). [N. D. = not determined.]

H(@)

84 Jygy =92Hz

With the conditions for the aldol reaction with acetaldehyde
optimised, the aldol reaction of N-acyl oxazolidinone 7 with
alternative aldehydes was investigated. Using the optimised con-
ditions, reaction of 7 with benzaldehyde and isobutyraldehyde
proceeded in moderate to good conversion (40-70%) to give aldol
products 84 and 85 respectively, as single diastereoisomers,?® which
were isolated in moderate yield (36-64%) after chromatography
(Scheme 16).

The stereochemistry of the major diastereoisomer aldol prod-
ucts 84 and 85 arising from this protocol was unambiguously
established by single crystal X-ray analysis, confirming the ex-
pected relative syn-configuration between C(2') and C(3'), with
the absolute (4S5,2'S.,3'S)-84 and (4S,2'S,3'R)-85 configurations
determined relative to the known (S)-configuration of the auxiliary
(Fig. 5). The relative stereochemistry within aldol product 83 was
therefore assigned by analogy.

'"H NMR analysis indicated a larger coupling constant (J,.y
~9 Hz) for the syn configuration than would be expected upon
the basis of intramolecular hydrogen bonding between the C(3')-
hydroxyl and the C(1’) carbonyl.** Analysis of the X-ray crystal
structures of 84 and 85 revealed that an intramolecular hydrogen
bond was present within the solid state structures of these
compounds, but between the C(3’) hydroxyl and the C(3) amino
group, giving a dihedral angle of ¢ ~180° for C(2")H-C(3')H.
Assuming a similar hydrogen-bonded structure also exists in
solution, this would account for the larger than expected *J values
(Fig. 5).

Although the aldol reactions of f-amino-N-acyl oxazolidinone
7 have proven to be highly diastereoselective, the reactions
suffer from low conversions in many cases. It was postulated
that incomplete conversion could be attributable to incomplete
formation of the boron enolate; however, use of 2 eq. of 9-
BBNOTT decreased the conversion of the reaction, and varying
the temperature of enolisation had very little effect. An alternative
explanation to account for the relatively modest reactivity of the
boron enolate derived from 7 is that the amino group binds to
the 9-BBNOTY, thereby hampering reactivity. This effect could
potentially be overcome by increasing the steric bulk of the amino
group to disfavour binding of the bulky boron reagent, thereby
increasing the reactivity of the boron reagent towards an aldehyde.
Investigations turned towards the effect of incorporation of a

85 Jp.z =89 Hz

Fig. 5 Chem 3D representations of the X-ray crystal structures of 84 and 85 (some H atoms removed for clarity).
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N-benzyl-N-(o-methylbenzyl)amino moiety in an attempt to
increase the reactivity and to allow the possibility of double
asymmetric induction. The aldol reactions of the boron enolates
derived from N-benzyl-N-(o-methylbenzyl) derivatives (4S,0.R)-9
and (45,05)-10 were therefore investigated.

Treatment of (4S,aR)-9 with 9-BBNOTTf and Hiinig’s base,
followed by addition of acetaldehyde gave >90% conversion to
a 92 : 8 mixture of syn-86 and anti-87, whilst the analogous
reaction of (4S,a.5)-10 gave >90% conversion to a 94 : 6 mixture
of two products syn-88 and anti-89. The syn-configurations of the
major reaction products were assigned by analogy to 84 and 85,
and on the assumption that the N-o-methylbenzyl group has a
relatively small effect on the stereoselectivity of the reaction. The
relative configurations of the minor diastereoisomers 87 and 89
were arbitrarily assigned as anti (Scheme 17).

These results demonstrate that, in both cases, the conversion
of the reaction improved dramatically in comparison to the
simple dibenzylamino case although a concomitant decrease in
the reaction diastereoselectivity is observed (84% de for 9 and
88% de for 10). Both observations may be attributed to the greater
reactivity of the enolates in the systems when compared to the
dibenzylamino case; a possible result of decreased binding of the
amino nitrogen to boron. It was therefore postulated that the
reaction of N-(f-aminoacyl) SuperQuats (4S,0.R)-9 and (4S,a5)-
10 with less reactive aldehydes may proceed with similarly high
conversions but with improved diastereoselectivities. The aldol
reactions of 9 and 10 with benzaldehyde and isobutyraldehyde
were therefore investigated. Treatment of (4S,aR)-9 and (4S,aS)-
10 with 9-BBNOTf and Hiinig’s base followed by isobutyraldehyde
gave the corresponding aldol products 90 and 92, as single
diastereoisomers, in 42 and 28% yield respectively, the mass
balance being returned starting materials in both cases. These
data suggest that the N-o-methylbenzyl group has little effect
on the diastereoselectivity of the reaction, with the dominant
stereocontrol originating from the SuperQuat auxiliary. However,
while treatment of (4S,0R)-9 with 9-BBNOT( and Hiinig’s base
followed by benzaldehyde gave 91 in 52% yield and >98% de,
(4S,0.5)-10 gave a 77 : 23 mixture of diastereoisomers, with 93
as the major product, in 68% yield under the same conditions
(54% de), indicating that the (R)-N-a-methylbenzyl group has

PhJ\N/\)?\NjLO

(), (i)

(4S,0R)-9

: o O
Ph/:\N/\)J\ J\o GGy

P \—{_86% 88% de ,

(4S,0.5)-10

Me

Ph) :}—$68%, 84% de p,, >

_\ Ph)

a significant effect on the stereochemical outcome of the aldol
reaction in this case. Although the absolute configurations of the
aldol products 90-93 were not proven unambiguously, comparison
with the analogous dibenzylamino aldol products 84 and 85
suggests that, based on analysis of coupling constants for the
C(2) and C(3') protons, the syn-configuration is produced, with

8.6 Hz < J,.y < 9.1 Hz in all cases (Scheme 18).
PSS es e )j)L
Ph) ( ~ Ph g\

s, aR)9 ,,,,,

R Product Yield% de % Jy.3Hz
'Pr 90 42 >98 8.6
Ph 91 52 >98 9.1

(4S,(xS)-10_\ \_$

F’h/k
R Product Yield %
92 28

de % Jz'_3' Hz
'Pr >08 9.1
Ph 93 68 54 9.1

/\ /\)J\ )J\ _ .G
Ph \_$
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Scheme 18  Reagents and conditions. (i) 9-BBNOTf (1.2 eq.), 10 min, 0 °C,
then 'Pr,NEt (1.4 eq.), 20 min, 0 °C; (ii)) RCHO (1.5 eq.), —78 °C, 30 min,
then 0 °C, 1 h, then MeOH, H,O, (aq.).

In order to confirm the stereochemistry of the aldol product 83,
the auxiliary was cleaved by treatment with LiOMe, with 'H NMR
spectroscopic analysis revealing no epimerisation had occurred.
Methyl ester 94 was successfully deprotected to give the known f3-
amino-f'’-hydroxy methyl ester hydrochloride (B*-homothreonine
methyl ester) 95 in quantitative yield, and with spectroscopic data
in excellent agreement with that in the literature {[a]5 —6.7 (¢ 0.9
in MeOH), lit.*® [a]?* —7.0 (¢ 0.9 in MeOH)} (Scheme 19).

OH o O OH

",
,

MAJOR 86  92:8 MINOR 87

fepeBegal

"’ _\ Ph/k A

Ph/K A

MAJOR 88 94:6 MINOR 89

Scheme 17  Reagents and conditions: (i) 9-BBNOTT (1.2 eq.), 10 min, 0 °C, then 'Pr,NEt (1.4 eq.), 20 min, 0 °C; (ii) MeCHO (1.5 eq.), —78 °C, 30 min,

then 0 °C, 1 h, then MeOH, H,O, (aq.).
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BnyN 5 Bny,N
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T quant_
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OH O
Me' OMe
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Scheme 19  Reagents and conditions: (i) LiOMe, MeOH, THF, 0 °C to
rt, 5 h; (ii) H, (1 atm), Pd/C (10% w/w), MeOH, H,0, AcOH; (iii) HCI1
(2.0 M in Et,0).

Conclusion

In conclusion, conjugate addition of lithium dibenzylamide to
homochiral (S)-N-acryloyl SuperQuat 4 and alkylation of the
resultant f-amino enolate with an alkyl halide allows access to
homochiral (S)-2-alkyl p?-amino acids. Conjugate addition of
lithium amides to 2'-substituted (S)-N-acryloyl SuperQuats 45—
49 and stereoselective protonation with 2-pyridone gives access
to the enantiomeric (R)-2-alkyl B?-amino acids, as well as (S)-
2-aryl f*-amino acids. As both enantiomers of the SuperQuat
chiral auxiliary are readily available, the combination of these
complementary strategies allows a general synthetic pathway to
either enantiomer of 2-substituted-3-aminopropanoic acids with
a range of substituents.

The boron mediated aldol reaction between B-amino-N-acyl
oxazolidinones 7, 9 and 10 and a range of aldehydes has been
investigated and shown to proceed with excellent levels of diastere-
oselectivity to give syn-aldol products. Cleavage of the auxiliary
and debenzylation to give a highly functionalised B-amino-f3-
hydroxy methyl ester has been shown to proceed efficiently for
a model system. The further application of this methodology for
the synthesis of highly functionalised B-amino-f'-hydroxy-~N-acyl
SuperQuats as building blocks for natural product synthesis is
currently under investigation in our laboratory.

Experimental
General experimental

All reactions involving organometallic or other moisture sensitive
reagents were carried out under a nitrogen or argon atmosphere
using standard vacuum line techniques and glassware that was
flame dried and cooled under nitrogen before use. The solvents
were dried according to the procedure outlined by Grubbs and
co-workers.* Water was purified by an Elix® UV-10 system. All
other solvents were used as supplied (analytical or HPLC grade)
without prior purification. Organic layers were dried over MgSO,.
Thin layer chromatography was performed on aluminium plates
coated with 60 F,s, silica. The plates were visualised using UV
light (254 nm), iodine, 1% aq. KMnO, or 10% ethanolic phospho-
molybdic acid. Flash column chromatography was performed on
Kieselgel 60 silica.

Elemental analyses were recorded by the microanalysis service
of the Inorganic Chemistry Laboratory, University of Oxford,
UK. Melting points were recorded on a Gallenkamp Hot Stage
apparatus and are uncorrected. Optical rotations were recorded
on a Perkin-Elmer 241 polarimeter with a water-jacketed 10 cm
cell. Specific rotations are reported in 10" deg cm® g' and
concentrations in g/100 mL. IR spectra were recorded on a Bruker
Tensor 27 FTIR spectrometer as either a thin film on NaCl plates
(film), a chloroform cell (CHCl;) or a KBr disc (KBr), as stated.
Selected characteristic peaks are reported in cm™'. NMR spectra
were recorded on Bruker Avance spectrometers in the deuterated
solvent stated. The field was locked by external referencing to
the relevant deuteron resonance. Low-resolution mass spectra
were recorded on either a VG MassLab 20-250 or a Micromass
Platform 1 spectrometer. Accurate mass measurements were run
on either a Bruker MicroTOF and were internally calibrated with
polyanaline in positive and negative modes, or a Micromass GCT
instrument fitted with a Scientific Glass Instruments BPX5 column
(15 m x 0.25 mm) using amyl acetate as a lock mass.

(8)-5,5-Dimethyl-4-isopropyl-3-[3'-(/V,/N-
dibenzylamino)propanoyljoxazolidin-2-one 7

n-BuLi (0.91 mL, 2.3 mmol, 1.6 eq.) was added dropwise to a
stirred solution of dibenzylamine (0.44 mL, 2.30 mmol, 1.6 eq.)
in THF (0.3 mL) at —78 °C. After stirring for 30 min at —78 °C,
a solution of N-acryloyl-oxazolidinone 4 (296 mg, 1.40 mmol,
1.0 eq.) in THF (0.1 mL), also at —78 °C, was added dropwise
via cannula. The resulting solution was stirred for between 2 h
before the addition of sat. aq. NH,CI solution (0.1 mL). The
product was extracted with ether (3 x), the combined organic
extracts were washed with aq. citric acid solution (10% w/v), sat.
aq. NaHCO; solution and brine. The resultant organic solution
was dried and concentrated in vacuo. Purification of the residue via
column chromatography (silica, 9 : 1 pentane—ether, v/v) afforded
7 (525 mg, 92%) as a viscous, colourless oil; [a]5 +17.5 (¢ 1.6,
CHCL); vy /cm ™' (CHCL,) 1772, 1700; 644 (400 MHz, CDCl;) 0.96
(3H, d, J 6.8, CHMe,), 1.04 (3H, d, J 7.0, CHMe,), 1.37 (3H, s,
CMe,), 1.52 (3H, s, CMe,), 2.11-2.19 (1H, m, CHMe,), 2.93-3.00
(2H, m,CH,NBn,), 3.16-3.23 (1H, m, COCH,), 3.28-3.35(1H, m,
COCH,), 3.68 (4H, app s, N(CH,Ph),), 4.16 (1H, d, J 3.2, NCH),
7.25-7.44 (10H, m, Ph); o (100 MHz, CDCl;) 17.1, 21.4, 28.8,
29.5, 33.0, 49.0, 57.9, 66.2, 82.8, 126.9, 128.2, 128.9, 140.4, 153.6,
172.6; m/z (ESI*) 409 ((IM+H]*, 100%); HRMS (ESI*) 409.2488
(C,sH3;3N,O5 requires 409.2491).

(2'S,4S5)-5,5-Dimethyl-4-isopropyl-3-[3'-(V,/N-dibenzylamino)-2'-
methylpropanoyljoxazolidin-2-one 11

Method A. 7n-BuLi (4.34 mL, 11.5 mmol, 1.6 eq.) was added
dropwise to a stirred solution of dibenzylamine (2.18 mL,
11.5 mmol, 1.6 eq.) in THF (6.0 mL) at —78 °C. After stirring
for 30 min at —78 °C, a solution of N-acryloyl-oxazolidinone 4
(1.48 g, 7.0 mmol, 1.0 eq.) in THF (0.6 mL), also at —78 °C, was
added via cannula. The resulting solution was stirred for between
2 h at —78 °C before methyl iodide (0.65 mL, 10.5 mmol, 1.5 eq.)
was added. The mixture was stirred at —78 °C for a further 2 h
before allowing it to warm to rt over 16 h. The solvent was removed
in vacuo and the resulting residue was taken up in ether. The
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organic layer was washed with aq. citric acid solution (10% w/v)
and sat. aq. NaHCO; solution, then dried and concentrated in
vacuo to give 11 in 96% de. Purification of the residue via column
chromatography (silica, 19 : 1 pentane—ether, v/v) afforded 11
(2.60 g, 88%) as a white crystalline solid (Found: C, 73.8; H, 7.8;
N, 6.6%. C,H3,N,O; requires C, 73.9; H, 8.1; N, 6.6%); mp 82—
83°C; [a]g +12.0 (¢ 1.6, CHCL,); vy, /em™' (CHCL,) 1772, 1700; 0y
(400 MHz, CDCl;) 0.96 (3H, d, J 6.8, CHMe,), 1.01 (3H,d, J 7.0,
CHMe,), 1.22 (3H, d, J 6.8, COCHMe), 1.43 (3H, s, CMe,), 1.53
(3H, s, CMe,), 2.10-2.20 (1H, m, CHMe,), 2.50 (1H, dd, J 5 12.7,
Jax 6.7, CH,NBn,), 2.90 (1H, dd, Jg, 12.7, Jpx 7.5, CH,NBn,),
3.52(2H,d, J 13.7, NCH,Ph), 3.68 (2H, d, J 13.8, NCH,Ph), 4.19
(1H,d, J 3.4, NCH'Pr), 4.21-4.24 (1H, m, COCHMe), 7.21-7.39
(10H, m, Ph); o (100 MHz, CDCl;) 16.5, 17.0, 21.4, 21.5, 28.7,
29.6, 36.3, 56.9, 58.3, 66.1, 82.5, 126.8, 128.1, 129.0, 139.1, 153.2,
176.8; m/z (ESI*) 423 ((M+H]*, 100%); HRMS (EST*) 423.2652
(CyH;35N, 05 requires 423.2648).

Method B. LiHMDS (0.30 mL, 0.2 mmol, 1.1 eq.) was added
dropwise to a solution of B-amino-oxazolidinone 7 (100 mg,
0.24 mmol, 1.0 eq.) in THF (0.1 mL) at —78 °C. After 30 min,
methyl iodide (23 pL, 0.37 mmol, 1.5 eq.) was added and the
resultant mixture was stirred at —78 °C for a further 2 h before
allowing it to warm to rt over 16 h. The solvent was then removed
in vacuo and the residue was taken up in ether. The organic layer
was washed with sat. aq. NH,Cl solution and brine then dried
and concentrated in vacuo to give 11 in 96% de. Purification of
the residue via column chromatography (silica, 9 : 1 pentane—
ether, v/v) afforded 11 (95 mg, 94%) with identical physical and
spectroscopic properties to those described above.

X-Ray crystal structure determination for 11

Data were collected using an Enraf-Nonius k-CCD diffractometer
with graphite monochromated Mo-Ko radiation using standard
procedures at 190 K. The structure was solved by direct methods,
all non-hydrogen atoms were refined with anisotropic thermal
parameters. Hydrogen atoms were added at idealised positions.
The structure was refined using CRYSTALS.*

X-Ray crystal structure data for 11 [C,sH3,N,O5]: M = 422.57,
monoclinic, space group P 2,, a = 14.1180(3) A, b=6.1198(2) A,
c = 14.4072(4) A, p = 108.4415(11)°, V = 1180.85(6) A®, Z =
4, u = 0.077 mm™', colourless block, crystal dimensions = 0.2 x
0.2 x 0.2 mm’. A total of 2840 unique reflections were measured
for 5 < 0 < 27 and 2657 reflections were used in the refinement.
The final parameters were wR, = 0.0354 and R, = 0.0335 [/ >
30(I)].1 Crystallographic data (excluding structure factors) have
been deposited with the Cambridge Crystallographic Data Centre
as supplementary publication number CCDC 616167. Copies of
the data can be obtained, free of charge, on application to CCDC,
12 Union Road, Cambridge CB2 1EZ, UK [fax: +44(0)-1223-
336033 or e-mail: deposit@ccdc.cam.ac.uk].

Methyl (S)-3-(/V,/N-dibenzylamino)-2-methyl propanoate 28

n-BuLi (890 pnL, 1.6 M, 1.42 mmol, 3.0 eq.) was added dropwise
to MeOH (2.8 mL) at 0 °C. After 5 min, a solution of 3’-amino-2'-

+ CCDC reference numbers 616167-616169. For crystallographic data in
CIF or other electronic format see DOI: 10.1039/b707689d

methyl-oxazolidinone 11 (200 mg, 0.47 mmol, 1.0 eq.) in MeOH
(1.0 mL) was added dropwise. The resulting mixture was stirred at
0 °C for 30 min before being allowed to warm to rt, then stirred
for a further 15 h. The solvent was removed in vacuo and the
residue was partitioned between sat. aq. NH,Cl solution and
EtOAc. The aqueous layer was extracted with EtOAc (2 x)
and the combined organic extracts were washed with brine, dried
and then concentrated in vacuo. Purification of the residue via
column chromatography (silica, 49 : 1 to 19 : 1 pentane—cther,
v/v) afforded (S)-28 as a colourless oil (137 mg, 98%); [a]Z +9.9
(¢ 0.5, CHCLy); vpo/cm™' (CHCIy) 1728; Jy (400 MHz, CDCl;)
1.13 (3H, d, J 6.2, CHMe), 2.44 (1H, dd, J,s 16.1, Jox 10.1,
CCHCH,), 2.75-2.82 (2H, m, CCHCH,, CCHCH,), 3.50 (2H,
d, J 13.4, NCH,Ph), 3.64 (2H, d, J 13.4, NCH,Ph), 3.66 (3H, s,
OMe), 7.22-7.42 (10H, m, Ph); é. (100 MHz, CDCl;) 15.3, 38.6,
51.4,57.4,58.4,126.9, 128.1, 128.9, 139.2, 176.2; m/z (EST*) 298
(IM+H]*, 100%); HRMS (ESI*) 298.1803 (C,yH,,NO, requires
298.1807).

(:5)-3-Amino-2-methyl propanoic acid 25

Pd (50 mg, 10% wt on C) was added to a degassed solution of
B-amino ester 28 (100 mg, 0.34 mmol, 1.0 eq.) in MeOH (2.0 mL)—
H,0 (0.2 mL)-AcOH (0.05 mL). The suspension was stirred under
H, (1 atm) for 24 h before being filtered though Celite® (eluent
MeOH) and the filtrate was concentrated in vacuo. The residue was
re-dissloved in THF (5.0 mL) and a solution of lithium hydroxide
(71 mg, 1.70 mmol, 5.0 eq.) in water (0.5 mL) was subsequently
added. After 15 h stirring at rt, the solvents were removed in vacuo
and the residue co-evaporated with aq. HCI (2 M). Purification
of the residue via ion exchange chromatography yielded the free
amino acid (5)-25 (33 mg, 95%) as a white crystalline solid; mp
175-177 °C {lit.*” 179-181 °C}; [a]% +17.0 (¢ 1.0, H,O) {lit.”” [a]
+14.2 (¢ 1.0, H,0)}; dy4 (200 MHz, CDCl;) 1.05 (3H, d, J 7.3,
CHMe),2.44-2.51 (1H, m, CCHCH,), 2.84 (1H, dd, J 3 12.8, JAx
7.3, CCHCH,), 2.97 (1H, dd, Jg, 12.8, Jyx 8.3, CCHCH,).

(2'R,45)-5,5-Dimethyl-4-isopropyl-3-[3'-(/V,/N-dibenzylamino)-2'-
methyl-propanoyljoxazolidin-2-one 50 and (2'S,4S5)-5,5-
dimethyl-4-isopropyl-3-[3'-(V,N-dibenzylamino)-2'-methyl-
propanoyl] oxazolidin-2-one 11

Method A. n-BuLi (0.712 mL, 1.78 mmol, 2.0 eq.) was
added dropwise to a stirred solution of dibenzylamine (0.34 mL,
1.78 mmol, 2.0 eq.) in THF (0.25 mL) at —78 °C. After stirring
for 30 min at —78 °C, a solution of N-acryloyl-oxazolidinone 45
(200 mg, 0.89 mmol, 1.0 eq.) in THF (0.1 mL), also at —78 °C, was
added dropwise via cannula. The resulting solution was stirred for
2 h before the addition of sat. aq. NH,Cl solution. The product
was extracted with ether (3 x) and the combined organic extracts
were washed with aq. citric acid solution (10% w/v), sat. aq.
NaHCO; solution and brine. The resultant organic solution was
dried and concentrated in vacuo to give a non-separable mixture of
diastereoisomers 50 and 11 in a ratio of 66 : 34. Purification of the
residue via column chromatography (silica, 9 : 1 pentane-ether,
v/v) afforded the 66 : 34 mixture of diastereoisomers 50 and 11 as
a colourless, viscous oil (360 mg, 96%).

Method B. #-BuLi (0.71 mL, 1.78 mmol, 2.0 eq.) was added
dropwise to a stirred solution of dibenzylamine (0.34 mL,
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1.78 mmol, 2.0 eq.) in THF (1.0 mL) at —78 °C. After stirring
for 30 min at —78 °C, a solution of N-acryloyl-oxazolidinone 45
(200 mg, 0.89 mmol, 1.0 eq.) in THF (0.1 mL), also at —78 °C, was
added via cannula. The resulting solution was stirred for 30 min
at —78 °C and then a solution of 2,6-di-zert-butylphenol (551 mg,
2.67 mmol, 3.0 eq.) in THF (0.5 mL) was added dropwise via
syringe. The mixture was stirred at —78 °C for a further 30 min
before being allowed to warm to rt over 16 h. The solvent was
removed in vacuo and the residue was taken up in ether. The or-
ganic layer was washed with aq. citric acid solution (10% w/v) and
sat. aq. NaHCO; solution, then dried and concentrated in vacuo
to give a mixture of diastereoisomers S0 and 11 in a ratio of 92 :
8. Purification of the residue via column chromatography (silica,
49 : 1 to 9 : 1 pentane—ether, v/v) followed by recrystallisation
(pentane—ether) afforded 50 as a white crystalline solid (342 mg,
91%); mp 74-75 °C; [a]3 +53.7 (¢ 1.3, CHCL); Vo /cm™' (CHCl5)
1769, 1697; oy (400 MHz, CDCl;) 1.00 (3H, d, J 6.9, CHMe,),
1.07 (3H, d, J 7.0, CHMe,), 1.17 (3H, d, J 6.8, COCHMe), 1.36
(3H, s, CMe,), 1.54 (3H, s, CMe,), 2.12-2.21 (1H, m, CHMe,),
2.48 (1H, dd, J.p 12.4, Jux 7.8, CH,NBn,), 2.95 (1H, dd, Jg,
12.4, Jgx 6.7, CH,NBn,), 3.54 (2H, d, J 13.8, NCH,Ph), 3.77
(2H, d, J 13.8, NCH,Ph), 4.19 (1H, d, J 3.4, NCH'Pr), 4.22-4.30
(1H, m, COCH), 7.16-7.41 (10H, m, Ph); 6. (100 MHz, CDCl;)
15.6,17.1,21.3,21.5,28.8, 29.5, 36.1, 57.1, 58.3, 66.3, 82.6, 126.9,
128.1,129.0, 139.2, 153.4, 176.5; m/z (ESI*) 423 ((M+H]*, 100%);
HRMS (EST*) 423.2658 (CyH;3sN,O; requires 423.2658).

Method C. To a stirred solution of dibenzylamine (0.26 mL,
1.34 mmol, 2.0 eq.) in THF (0.8 mL) at —78 °C was added n-BuLi
(0.84 mL, 1.34 mmol, 2.0 eq.) dropwise. After stirring for 30 min
at —78 °C, a solution of N-acryloyl-oxazolidinone 45 (150 mg,
0.67 mmol, 1.0 eq.) in THF (0.05 mL), also at —78 °C, was added
via cannula. The resulting solution was stirred for 30 min at —78 °C
before a solution of 2-pyridone (127 mg, 1.34 mmol, 2.0 eq.) in
THF (0.08 mL) was added dropwise via syringe. The mixture was
stirred at —78 °C for a further 30 min before being allowed to warm
to rt over 16 h. The solvent was removed in vacuo and the residue
taken up in ether. The organic layer was washed with aq. citric acid
solution (10% w/v) and sat. aq. NaHCO; solution, then dried and
concentrated in vacuo to give a mixture of diastereoisomers 50
and 11 in a ratio of 98 : 2. Purification of the residue via column
chromatography (silica, 9 : 1 pentane—ether, v/v) furnished 50
(245 mg, 87%) with identical physical and spectroscopic properties
as those described above.

(45,2’ R,a.R)-5,5-Dimethyl-4-isopropyl-3-{ 3'-| N-benzyl-V-(a-
methylbenzyl)amino]-2'-methyl-propanoyl } oxazolidin-2-one 56
and (45,2’ S,0.R)-5,5-dimethyl-4-isopropyl-3-{3'-| N-benzyl-N-(a-
methylbenzyl)amino]-2'-methyl-propanoyl } oxazolidin-2-one 12

To a stirred solution of (R)-N-benzyl-(N-o-methylbenzyl)amine
(283 mg, 1.34 mmol, 2.0 eq.) in THF (0.8 mL) at —78 °C was
added n-BuLi (0.84 mL, 1.34 mmol, 1.6 eq.) dropwise. After
stirring for 30 min at —78 °C, a solution of the acceptor N-
acryloyl-oxazolidinone 45 (150 mg, 0.67 mmol, 1.0 eq.) in THF
(0.05 mL), also at —78 °C, was added via cannula. The resulting
solution was stirred for 30 min at —78 °C before a solution of
2-pyridone (127 mg, 1.34 mmol, 2.0 eq.) in THF (0.08 mL) was
added dropwise via syringe. The mixture was stirred at —78 °C for
a further 30 min before being allowed to warm to rt over 16 h. The

solvent was removed in vacuo and the residue was taken up in ether.
The organic layer was washed with aq. citric acid solution (10%
w/v) and sat. aq. NaHCO; solution, then dried and concentrated
in vacuo, giving a mixture of diastereoisomers 56 and 12 in a ratio
of 98 : 2. Purification of the residue via column chromatography
(silica, 9 : 1 pentane—ether, v/v) furnished 56 (240 mg, 82%) as
a colourless oil; [a]5 +51.4 (¢ 1.5, CHCL); vy, /cm™ (CHCL)
1769, 1698; dy (400 MHz, CDCl;) 0.95 (3H, d, J 6.8, CHMe,),
1.02 (3H, d, J 6.8, CHMe,), 1.17 (3H, d, J 6.8, COCHMe),
1.35 (3H, s, CMe,), 1.43 (3H, d, J 6.8, NCHMe), 1.50 (3H, s,
CMe,), 2.08-2.17 (1H, m, CHMe,), 2.60 (1H, dd, Ja 12.6, Jax
8.3, COCHCH,), 2.77 (1H, dd, Jg, 12.6, Jux 6.1, COCHCH,),
3.43(1H,d, J 14.4,NCH,Ph), 3.82 (1H, d, J 14.4, NCH,Ph), 3.98
(1H, q, J 7.1, NCHPh), 4.06-4.16 (1H, m, COCHMe), 4.14 (1H,
d, J 3.3, NCH'Pr), 7.19-7.40 (10H, m, Ph); d. (100 MHz, CDCl;)
15.5,16.7, 17.0, 21.3, 21.3, 28.8, 29.5, 36.6, 53.1, 54.6, 57.8, 66.3,
82.5, 126.6, 127.8, 128.1, 128.2, 128.7, 128.9, 140.3, 141.6, 153.5,
176.7; m/z (ESI*) 437 ((M+H]*, 100%); HRMS (ESI*) 437.2814
(C5;H3N, O, requires 437.2804).

(45,2’ R,a.5)-5,5-Dimethyl-4-isopropyl-3-{3'-[ V-benzyl-N-(a-
methylbenzyl)amino]-2'-methyl-propanoyl }oxazolidin-2-one 57
and (4S5,2'S,0.5)-5,5-dimethyl-4-isopropyl-3-{3'-| NV-benzyl-N-(a-
methylbenzyl)amino]-2'-methyl-propanoyl }oxazolidin-2-one 13

To a stirred solution of (S)-N-benzyl-(N-o-methylbenzyl)amine
(283 mg, 1.34 mmol, 2.0 eq.) in THF (0.8 mL) at —78 °C was added
n-BuLi (0.84 mL, 1.34 mmol, 2.0 eq.) dropwise. After stirring
for 30 min at —78 °C, a solution of N-acryloyl-oxazolidinone 45
(150 mg, 0.67 mmol, 1.0eq.) in THF (0.06 mL), also at —78 °C, was
added via cannula. The resulting solution was stirred for 30 min
at —78 °C before a solution of 2-pyridone (127 mg, 1.34 mmol,
2.0 eq.) in THF (0.08 mL) was added dropwise via syringe. The
mixture was stirred at —78 °C for a further 30 min before being
allowed to warm to rt over 16 h. The solvent was removed in vacuo
and the residue taken up in ether. The organic layer was washed
with aq. citric acid solution (10% w/v) and sat. aq. NaHCO;
solution, then dried and concentrated in vacuo, giving a mixture
of diastereoisomers 57 and 13 in a ratio of 84 : 16. Purification
of the residue via column chomatography (silica, 9 : 1 pentane—
ether, v/v) furnished an inseparable mixture of 57 and 13 (349 mg,
90%) as a yellow oil; [a]s +12.9 (¢ 0.7, CHCL); vy, /cm™' (CHCL;)
1770, 1694. Data for the major diastereoisomer 57; oy (400 MHz,
CDCl;) 1.02 (3H, d, J 6.1, CHMe,), 1.04 (3H, d, J 7.2, CHMe,),
1.07 (3H, d, J 5.8, COCHMe), 1.36 (3H, s, CMe,), 1.41 (3H, d,
J 6.8, NCHMe), 1.52 (3H, s, CMe,), 2.12-2.22 (1H, m, CHMe,),
2.24 (1H, dd, Js 12.6, Jox 7.5, COCHCH,), 3.11 (1H, dd, Jg,
12.6, Jpx 6.5, COCHCH,), 3.63 (2H, d, J 2.4, NCH,Ph), 4.02
(1H, q, J 7.1, NCHPh), 4.06-4.15 (1H, m, COCHMe), 4.17 (1H,
d, J 2.8, NCH'Pr), 7.18-7.40 (10H, m, Ph); d. (100 MHz, CDCl;)
13.3,15.4,17.1, 21.4, 21.5, 28.7, 29.5, 36.6, 52.6, 54.5, 56.6, 66.3,
82.5, 126.7 127.8, 128.1, 128.3, 128.6, 128.9, 140.3, 142.4, 153 .4,
176.8; m/z (ESI*) 437 ((M+H]*, 100%); HRMS (ESI*) 437.2802
(Cy;H3N, O, requires 437.2804).

(R)-3-Amino-2-methyl propanoic acid 25

LiOH (596 mg, 14.2 mmol, 5.0 eq.) in H,O (40 mL) was added to
a stirred solution of 3’-amino-2"-methyl-oxazolidinone 50 (1.20 g,
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2.84 mmol, 1.0 eq.) in THF (80 mL) and the resultant solution was
stirred at rt for 24 h, after which time the solution was acidified
to pH 3 with sat. aq. KHSO, solution. The product was then
extracted with EtOAc (3 x), the combined organic extracts were
dried and concentrated in vacuo. The crude reaction mixture was
re-dissolved in MeOH (20 mL)-H,0O (2 mL)-AcOH (0.5 mL). The
resultant solution was degassed and treated with Pd (400 mg, 10%
wt on C). The resultant suspension was stirred under H, (1 atm) for
24 h before being filtered though Celite® (eluent MeOH) and the
filtrate was concentrated in vacuo. The residue was co-evaporated
with aq. HCl (2 M) and purified by ion exchange chromatography
(Dowex 50W-X8, 1 M aq. NH,OH eluent) to afford the free
amino acid (R)-25 as a white crystalline solid (260 mg, 89%);
mp 175-177 °C {lit.*” 179-181 °C}; [a]Z —12.4 (c 1.0, H,O) {lit.
for enantiomer? [a]} +14.2 (¢ 1.0, H,O)}.

(45,2'S,3 R)-5,5-Dimethyl-4-isopropyl-3-{[2'-(V, N -
dibenzylamino)methyl]-3'-hydroxybutanoyl} oxazolidin-2-one 83

To a stirred solution of 3’-amino-oxazolidinone 7 (100 mg,
0.24mmol, 1.0eq.)in DCM (2.0 mL) at 0 °C was added 9-BBNOTT
(0.58 mL, 0.29 mmol, 1.2 eq.) followed by Hiinig’s base (0.06 mL,
0.34 mmol, 1.4 eq.) after 10 min. The resultant solution was stirred
for a further 20 min at 0 °C before being cooled to —78 °C followed
by addition of acetaldehyde (0.02 mL, 0.36 mmol, 1.5 eq., distilled
from CaCl,). The resultant solution was stirred for a further 30 min
at —78 °C before being allowed to warm to 0 °C and stirring was
continued for a further 1 h before addition of a 1 : 1 (v/v) mixture
of MeOH-H,O0, (30% aq. solution). The reaction mixture was
then allowed to warm to rt and extracted with DCM (3 x). The
combined organic extracts were washed with sat. aq. NaHCO;,
dried and concentrated in vacuo. Purification of the residue via
column chromatography (silica, 9 : 1 petrol-ether v/v) gave 83 as
a viscous, pale yellow oil (72 mg, 65%); [a]5; +119.4 (¢ 0.5, CHCL,);
Vmax/cm~! (film) 3425, 1771, 1693; 6, (400 MHz, CDCl;) 0.96 (3H,
d, J 6.8, CHMe,), 1.00 (3H, d, J 7.2, CHMe,), 1.12 (3H, d, J
5.8, C(OH)Me), 1.39 (3H, s, CMe,), 1.52 (3H, s, CMe,), 2.04-2.22
(1H, m, CHMe,), 2.72-2.78 (1H, m, CH,NBn,), 3.02-3.07 (1H,
m, CH,NBn,), 3.26 (2H, d, J 13.3, N(CH,Ph),), 3.89-4.03 (1H,
m, CHOH), 4.06-4.22 (3H, m, N(CH,Ph),, NCH'Pr), 4.28-4.49
(1H, m, COCH), 6.35 (1H, br s, OH), 7.17-7.45 (10H, m, Ph);
dc (100 MHz, CDCl;) 17.1, 20.9, 21.3, 21.6, 28.6, 29.4, 46.7, 56.2,
58.4,67.6,70.9,82.9,127.5,128.2, 129.3, 137.2, 153.5, 172.9; m/z
(ESI*) 453 (IM+H]*, 100%); HRMS (ESI*) 453.2746 (C,;H;;N,O,
requires 453.2753).

Methyl (25,3R)-2-(N,N-dibenzylamino)methyl-
3-hydroxybutanoate 94

n-BuLi (2.5 M, 0.13 mL, 0.32 mmol, 1.0 eq.) was added dropwise
to MeOH (0.6 mL) at 0 °C. After 5 min, a solution of aldol adduct
83 (147 mg, 0.32 mmol, 1.0 eq.) in MeOH (0.6 mL) was added
dropwise. The resultant mixture was stirred at 0 °C for 30 min
before being allowed to warm to rt, then stirred for a further 15 h.
The solvent was removed in vacuo and the residue was partitioned
between sat. aq. NH,Cl solution and EtOAc. The aqueous layer
was extracted with EtOAc (2 x) and the combined organic extracts
were washed with brine, dried and then concentrated in vacuo.
Purification of the residue via column chromatography (silica, 4 :

1 petrol-ether, v/v) gave 94 as a colourless oil (103 mg, 97%); [a]5
+80.0 (¢ 0.4, CHCL); vpo/cm™" (film) 3443, 1643; 0, (400 MHz,
CDCly) 1.14 (3H, d, J 6.1, CHMe), 2.71 (1H, dd, Jas 12.5, Jax
4.2, CHCH,N), 2.76-2.82 (1H, m, COCH), 3.05 (1H, dd, Jg,
11.9, Jgx 10.9, CHCH,N), 3.31 (2H, d, J 13.1, N(CH,Ph),), 3.66
(3H, s, OMe), 3.79-3.86 (1H, m, CHOH), 3.91 (2H, d, J 13.1,
N(CH,Ph),), 7.27-7.38 (10H, m, Ph); 6 (100 MHz, CDCl;) 21.7,
50.4, 52.1, 55.8, 59.0, 70.8, 127.9, 129.0, 129.7, 137.7, 173.3; m/z
(ESI¥) 328 ((M+H]*, 100%); HRMS (ESI*) 328.1912 (C, H,xNO;
requires 328.1913).
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We report the use of in situ Raman spectroscopy as a probe for the effect of power on
microwave-promoted Suzuki coupling reactions. We find that increased initial microwave power leads
to greater acceleration of the reaction but that the product yield obtained is essentially independent of
initial microwave power. The application of simultaneous cooling lengthens the reaction time but does
not alter the relative rates of the Suzuki coupling and deboronation processes. Performing the reaction
at an initial microwave power of 5 W leads to an improvement in product yield.

Introduction

Using microwave heating, it is possible to enhance the rate of
many reactions and often improve product yields."? A problem
with performing a reaction using microwave apparatus is that
monitoring its progress generally requires stopping it, allowing
the reaction mixture to cool and then using standard analysis
techniques such as IR and NMR spectroscopy. As a result,
optimization of reaction conditions such as time and temperature
can often be a matter of trial and error. With conventional heating,
where the reaction proceeds slower, aliquots can be removed and
analyzed over time, but with microwave heating the reaction may
be complete within a matter of minutes or even seconds and
accessing a sealed vessel during a reaction is not possible. There
have been some attempts to monitor reactions under microwave
irradiation. Techniques include neutron and X-ray scattering,**
and near IR spectroscopy.” Pivonka and Empfield have reported
the use of Raman spectroscopy as a tool for monitoring organic
transformations.® Building on this work, we reported an apparatus
for the monitoring of organometallic reactions under microwave
irradiation using in situ Raman spectroscopy.” We have also
used our apparatus to study the Suzuki coupling reaction in
aqueous media." We probed the reaction of phenylboronic
acid with three aryl bromides; namely 4-bromoacetophenone, 4-
bromotoluene and 4-bromoanisole. We wanted to work with these
three substrates because they cover the range of electron-rich,
electron-neutral and electron-poor aryl bromides. It is essential
that the reaction mixture is homogeneous in order to be able to
record Raman spectra. Working on a 0.5 mmol scale, we found that
for each reaction, the organic substrates could be dissolved in 3 mL
of a 1: 2 water—ethanol mixture to give a homogeneous mixture.
Although sodium carbonate is the best base for performing low
catalyst loading Suzuki coupling reactions,'™'? it is not totally
soluble in the aqueous ethanol solvent. As a result, we drew on our
recent finding that organic bases such as DBU can be used when
performing the reaction in aqueous solvents with 0.4-1 mol%
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Pd(OAc), as the catalyst." We heated the reaction mixtures to
150 °C and held them at this temperature for 10 min, recording
Raman spectra approximately every 7 s.

The Raman spectra of biaryls show a characteristic peak at
approximately 1600 cm™' that is not found in either aryl halide
or boronic acid substrates. We chose this as the primary signal to
follow during the course of the coupling reactions. While water is
Raman-transparent, ethanol is not and any signals due to starting
materials or the biaryl product would be masked. To overcome this
problem we subtracted the time = 0 spectrum from subsequent
spectra of the series so that features such as solvent and functional
groups that are not impacted by the reaction do not appear in
the profile. Using an initial microwave power of 50 W Raman
monitoring showed that, regardless of the aryl bromide substrate
used, the reaction was complete after approximately 135 s. The
peak due to the biaryl that we were monitoring did not grow in
relative intensity after this time. Product yields obtained with 4-
bromoacetophenone, 4-bromotoluene and 4-bromoanisole were
87%, 97% and 55% respectively (Table 1, entries 1, 2 and 3). We
suggested that the Suzuki coupling reaction is in competition with
the deboronation of the phenylboronic acid. In the case of the 4-
bromoacetophenone and 4-bromotoluene, the coupling reaction
was faster than the deboronation whereas, with 4-bromoanisole,
the two processes occurred at similar rates. By the time the reaction
had run for 135 s, all the boronic acid had either reacted with the
aryl bromide substrate or else had been deboronated (Table 1,
entry 4). Using our Raman monitoring capability, we wanted to
probe the reaction further and determine the effect of varying
the initial microwave power used. We present the results of these
investigations here.

Results and discussion

We performed the Suzuki reactions with the same substrates using
the same reaction conditions (heat to 150 °C and hold for 10 min)
but used an initial microwave power of 125 W instead of the 50 W
used in our preliminary studies. We again recorded Raman spectra
every 7 s during the course of the reaction. Selected spectra in
the region 1540-1700 cm™' for the reactions with the three aryl
bromide substrates are shown in Fig. 1. They show that, in all three
cases, the reaction is essentially complete after approximately 100 s
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Table 1 Suzuki coupling reactions monitored by iz sitzu Raman spectroscopy.”

w
ISy

OMe 125

w
ISy

OMe 50

simultaneous cooling on

10 min at 150 °C with 53
simultaneous cooling on

20 min at 150 °C 72

Entry Aryl halide Initial mw power/W Reaction time Product yield (%)
1 _~-COMe 50 10 min at 150 °C 87
o
2 S 50 10 min at 150 °C 97
BN
3 OMe 50 10 min at 150 °C 55
S
4 OMe 50 Total rxn time of 135 s 55
AT
5 _~-COMe 125 10 min at 150 °C 89
o
6 S 125 10 min at 150 °C 94
BN
7 OMe 125 10 min at 150 °C 56
S
8 OMe 125 Total rxn time of 100 s 54
AT
9 ‘/k/COMe 200 10 min at 150 °C 87
B
10 S 200 10 min at 150 °C 95
BN
11 OMe 200 10 min at 150 °C 53
S
12 OMe 200 Total rxn time of 70 s 56
A
13 OMe 80 Total rxn time of 120 s 55
AT
14 OMe 170 Total rxn time of 80 s 53
AT
15 /©/0Me 50 10 min at 150 °C with 54
T
L7

@
&

“ Reactions were run in a sealed tube using 0.5 mmol aryl halide, 0.5 mmol phenylboronic acid, 0.8 mol% Pd(OAc),, 2 mL ethanol and 1 mL water.

of microwave heating. The peak that we were monitoring due to
the biaryl did not grow in relative intensity after this time. Product
yields obtained with 4-bromoacetophenone, 4-bromotoluene and
4-bromoanisole were 89%, 94% and 56% respectively (Table 1,
entries 5, 6 and 7). To confirm that the reactions had indeed gone to

completion in this time, we re-ran the coupling of 4-bromoanisole
and phenylboronic acid but stopped it after 100 s had elapsed.
Analysis of the reaction mixture showed a 54% yield of biaryl and
no remaining boronic acid (Table 1, entry 8). Of note is that the
product yield in each case almost identical to that obtained when
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Fig. 1 In situ Raman monitoring of the reactions of (a) 4-bromoacetophenone, (b) 4-bromotoluene, and (c) 4-bromoanisole with phenylboronic acid

using an initial microwave power of 125 W.

performing the reactions using an initial microwave power of 50 W
but the reaction time is some 35 s shorter.

We next performed the couplings using an initial microwave
power of 200 W, recording the Raman spectra every 7 s as before.
Again all three reactions reached completion in the same time, in
this case approximately 70 s of microwave heating. As an example,
selected spectra for 4-bromoacetophenone are shown in Fig. 2.
Product yields were again almost identical to those obtained when
performing the reactions using an initial microwave power of 50 W
or 125 W (Table 1, entries 9, 10 and 11). Re-running the coupling
of 4-bromoanisole and phenylboronic acid but stopping it after
70 s had elapsed gave a 56% yield of biaryl and no remaining
boronic acid (Table 1, entry 12), this confirming the assertion that
the reactions are complete after this time.

— 185
— 428
— 543
— G0 5
— Gh S
— 72 S

1660 1610 1560

Fig.2 Insitu Raman monitoring of the reaction of 4-bromoacetophenone
with phenylboronic acid using an initial microwave power of 200 W.

We looked at the temperature and time profiles for the reactions
run at all three initial microwave powers. Our first observation
was that, at a given initial microwave power, the profiles for
the three substrates were almost identical. The profiles for an
initial microwave power of 50 W are shown in Fig. 3. This shows
that the reaction mixtures are all heated at the same rate. The
comparison of the profiles for the couplings using 4-bromoanisole
at 50, 125 and 200 W are shown in Fig. 4. Correlating these
with the reaction times obtained from the Raman studies shows
that, in all three cases, the reactions are complete within a few
seconds of reaching the target temperature of 150 °C. Although
we attribute our results to purely thermal effects, it is apparent
that the initial microwave power does play an important role.
Not surprisingly, the higher the initial microwave power used, the
faster the reaction reaches completion. We attribute this to the well
known phenomenon of localized superheating caused by the direct
heating of the reaction mixture by microwave irradiation. Higher
instantaneous localized heating would be expected at higher
microwave powers, this being reflected in the shorter reaction time.

mmm bromoacetophenone
mmm  bromotoluene

mm  bromoanisole

100

temperature (°C) / power (W)
3

60
40
20
0
i} 200 400 600 800
time (s)

Fig. 3 Temperature and microwave power profiles for the reactions of
aryl bromides with phenylboronic acids using an initial microwave power
of 50 W.
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Fig. 4 Temperature and microwave power profiles for the reactions of 4-bromoanisole with phenylboronic acid using initial microwave powers of

(a) 50 W, (b) 125 W and (c) 200 W.

Both the coupling and competitive deboronation are accelerated
by an almost identical amount. This is clear from the observation
that the product yields do not differ when the initial microwave
power is increased from 50 W to 125 W to 200 W. A plot of
reaction time vs. initial microwave power shows an almost linear
relationship between the two (Fig. 5). To test whether it was
possible to use this plot to predict the time for the reaction to reach
completion at a particular initial microwave power, we undertook
a further two coupling reactions. We performed the coupling of
4-bromoanisole and phenylboronic acid at 80 W and 170 W for
120 s and 80 s respectively, these being the predicted times at which
the reaction would reach completion. In both cases we obtained
an almost identical yield to that obtained at 50 W, 125 W and
200 W.

140 4

130 - O  determined from Raman studies

A test screening

120 A
110 1
100 A
90 -
80 4
70 -

time toreach completion (s)

60 -

50 4

40 T T T
40 S0 140 190
microvwave power (W)

Fig.5 Plot of reactions time vs. initial microwave power for the reactions
of aryl bromides with phenylboronic acid.

We next wanted to determine whether the use of simultaneous
cooling in conjunction with microwave heating would have a pos-
itive effect on the product yield in the coupling of 4-bromoanisole
and phenylboronic acid. In principle, this technique allows for
higher levels of microwave energy to be introduced into a reaction
whilst maintaining the mixture at a particular bulk temperature
by passing a stream of compressed air over the reaction vessel.
Recent reports appearing in the literature have suggested that this

can result in higher product yields and new pathways that were
previously unattainable.*'S

There have been criticisms leveled at the technique, in particular
focusing on whether the measurement of the reaction temperature
is accurate. We have investigated the concept ourselves, looking
specifically at the measurement of temperature when using simul-
taneous cooling and then assessing its use in different synthetic
transformations.’® We found that it is important to monitor the
temperature of a reaction mixture accurately, and this involves
the use of a fiber-optic temperature measurement set-up. Using
external IR temperature measurement, the temperature recorded
is lower than the bulk temperature of the reaction mixture because
of the air passing over the reaction vessel. Having modified
our Raman apparatus for use in conjunction with fiber-optic
temperature measurement, we performed the Suzuki reaction
between 4-bromoanisole and phenylboronic acid using the same
reaction conditions as before but this time with the application
of simultaneous cooling. We performed two reactions, one using
an initial microwave power of 50 W and the other using an
initial microwave power of 125 W. Analysis of the Raman spectra
indicated that the time at which the reaction reached completion
was longer than without the application of simultaneous cooling;
170 s for the case of 50 W and 145 s for the case of 125 W. This is not
too surprising given that the reaction mixtures heat more slowly
when they are being cooled externally. In both cases a product yield
of approximately 50-55% was obtained, these being the same as in
the respective reactions without the application of simultaneous
cooling (Table 1, entries 15 and 16). This shows that the cooling
does not have an effect on the relative rates of the Suzuki coupling
and deboronation processes.

In another attempt to probe the reaction, we performed the
coupling of 4-bromoanisole and phenylboronic acid using a
significantly lower initial microwave power. We chose to run the
reaction at 5 W. Our thought was that, at this low power with
the reaction mixture being continually stirred, the effects of the
microwave irradiation would be less marked than at 50-200 W. As
a result, if localized superheating was responsible for the rapid
deboronation of the boronic acid substrate as well as accelerating
the desired Suzuki coupling, the effects would be less marked.
Analysis of the Raman spectra recorded during the course of the
experiment showed that the reaction reached completion after
17 min heating at 150 °C. A 72% yield of the desired biaryl product
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was obtained (Table 1, entry 17), this being significantly higher
than that obtained at higher initial microwave power. As a final
control experiment, we performed the coupling of 4-bromoanisole
and phenylboronic acid using conventional heating and obtained
an 80% yield of the desired product.

Conclusions

In summary, we have explored the effects of varying initial
microwave power on the rate of and product yields obtained
in the Suzuki coupling reaction of three aryl bromides with
phenylboronic acid. We have achieved this using in situ Raman
spectroscopy. We find that increased initial microwave power
leads to greater acceleration of the reaction. An almost linear
relationship between initial microwave power and time at which the
reaction reaches completion was observed. When performing the
coupling of 4-bromoanisole and phenylboronic acid at an initial
microwave power of 50 W or higher we find that the product
yield obtained is essentially independent of initial microwave
power. We believe that the coupling is in competition with the
deboronation of the boronic acid and that as the initial microwave
power is increased both processes are accelerated by an almost
identical amount. The deboronation of phenylboronic acid does
not occur in the absence of the aryl bromide component. The
application of simultaneous cooling lengthens the reaction time
but does not alter the relative rates of the Suzuki coupling and
deboronation processes. Performing the reaction at a low initial
microwave power of 5 W leads to an improvement in product
yield. We attribute all our results to purely thermal effects. We
believe that localized superheating is responsible for the rapid
deboronation of the boronic acid substrate as well as accelerating
the desired Suzuki coupling, but at very low microwave power the
effects are less marked. Work is now underway to expand the scope
of the in situ monitoring technique to other important synthetic
transformations.

Experimental

Reactions were conducted using a monomode microwave unit
(CEM Discover®) interfaced with a Raman spectrometer (Enwave
Optronics).

Typical experimental procedure

Ina 10 mL glass tube was placed aryl bromide (0.5 mmol), phenyl-
boronic acid (0.061 g, 0.5 mmol), DBU (0.075 mL, 0.5 mmol),
palladium acetate (1 mg, 0.8 mol%), ethanol (2 mL), water (1 mL)
and a magnetic stir bar. The vessel was placed into the microwave
cavity and sealed with a pressure lock. The microwave source
was then turned on and microwave irradiation of 50 W was
used to ramp the temperature from r.t. to 150 °C, where it was
held for 10 min by modulating the microwave power. Raman
spectra were recorded approximately every 7 s throughout the
reaction. Both the microwave and the Raman apparatii were
started simultaneously. After allowing the reaction mixture to cool
down to r.t., the vessel was opened and the contents poured into

a separatory funnel. Water (25 mL) and diethyl ether (25 mL)
were added and the organic material extracted and removed.
After further extraction of the aqueous layer with diethyl ether,
combining the organic washings and drying them over MgSO,,
the solvent was removed in vacuo, leaving the crude product.

4-Acetylbiphenyl. 'H NMR (CDCl,) J 8.06 (d, J = 8.4 Hz,
2H), 7.70 (d, J = 8.4 Hz, 2H), 7.67 (d, J = 7.5 Hz, 2H), 7.50 (d,
J =7.5Hz, 2H), 7.45 (d, J = 7.4 Hz, 1H), 2.66 (s, 3H); "C NMR
(CDCL,) 6 197.8, 145.8, 139.9, 135.9, 129.0, 128.9, 128.2, 127.3,
127.2,26.7.

4-Methylbiphenyl. 'H NMR (CDCl,) 6 7.64 (d, J = 7.1 Hz,
2H), 7.55 (d, J = 8.1 Hz, 2H), 7.48 (t, J = 7.5 Hz, 2H), 7.37 (t,
J=7.3Hz, 1H),7.30 (d, J = 7.9 Hz, 2H), 2.45 (s, 3H)); "C NMR
(CDCly) ¢ 141.2, 138.4, 137.0, 129.5, 128.7, 127.0, 126.9, 126.1,
21.1.

4-Methoxybiphenyl. 'H NMR (CDCL,) 6 7.53-7.58 (m, 4H),
743 (t, J = 7.7 Hz, 2H), 7.32 (t, J = 7.4 Hz, 1H), 6.99 (d, J =
8.8 Hz, 2H), 3.86 (s, 3H); *C NMR (CDCl,) 6 159.2, 140.9, 133.8,
128.7, 128.2, 126.8, 126.7, 114.2, 55.4.
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We present the current understanding on the mechanism of palladium-catalyzed arylation, which
involves a proton abstraction by the base. In addition, we present selected examples of the application
of this reaction for the synthesis of large polyarenes to highlight the variety of catalysts and reaction
conditions that are currently used.

Introduction

Compared with cross-coupling reactions,' the direct arylation of
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Scheme 1 General scheme for the palladium-catalyzed arylation.

are also involved in catalytic processes that are mediated by
palladacycles.>™! Synthetically useful intermolecular palladium-
catalyzed arylations have been recently developed.'>*

We have been interested in the use of this reaction for the
build up of large polyarenes related to the fullerenes.'>'® In this
perspective we review new studies on the mechanism of the
palladium-catalyzed arylation as well as recent applications of this
process for the construction of non-natural targets to compare the
different reaction conditions commonly employed.

New mechanistic paradigm

The initially formed oxidative addition complex could evolve by
different mechanisms through intermediates 3-5 (Fig. 1).

seslser

3
z
O
PdX

5

B X—

Fig.1 Three possible intermediates in the palladium-catalyzed arylation.

Most authors have favored an electrophilic aromatic substitu-
tion (SpAr) via intermediates 3.7 Indeed, substituent effects on the
formation of five-membered ring palladacycles by intramolecular
palladation has been shown to follow the order X = MeO > H >
NO, for substituents meta to the reacting site.”®® However, an
intramolecular isotope effect ky/k, = 3.5 has been determined in
one case.* A similar intramolecular isotope effect (ky/kp = 4) was
found in the Pd-catalyzed synthesis of oxindoles that proceeds via
C-H functionalization.? In addition, we have reported that the
arylation on nitrofluorene®“ or nitrocarbazole?" gives substantial
amounts of products by reaction at the positions ortho or para to a
strong electron-withdrawing NO, group. An interesting mechanis-
tic alternative is a sigma bond metathesis via intermediates 4,222
which seems more likely than processes involving C—H oxidative
addition. An insertion into the arene to form 5 by a Heck-type
process has been proposed. However, recent work indicates that
this process is rather unlikely.”

Surprisingly, the palladium-catalyzed arylation reaction is fa-
cilitated by electron-withdrawing substituents on the aromatic
ring, which is clearly inconsistent with an electrophilic aromatic
substitution mechanism. This led to the proposal of a proton-
abstraction mechanism for this reaction.? This mechanistic pro-
posal s in line with recent results on the intra-* and intermolecular
palladium arylation'? that proceeds more easily with arenes or

heteroarenes bearing strongly electron-withdrawing substituents.
A related mechanism, in which acetate acts as the basic ligand,
has been proposed for the cyclometallation of benzylic amines
with Pd(OAc),.”

The new mechanism is based on competition experiments
carried out with substrates of type 6 using as standard conditions
for the palladium-catalyzed arylation those developed by Fagnou
et al.,* with a bulky phosphine as the ligand for Pd (Scheme 2).
Cyclizations were routinely carried out in DMA or DMF at
100-135 °C. The cyclization furnished the corresponding 9,10-
dihydrophenanthrenes, which were treated with DDQ to give the
corresponding phenanthrenes 7 and 8. The directing effects exerted
by substituents are most clearly seen in the series of substrates
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F
O O 1. Pd(OAc),, L, K,CO5
DMA, 135°C
I Br

- .
6a

+

2. DDQ, toluene, A
(72%)

7a:8a=1.6:1

[~

1. PA(OAC),, L, KoCO;4
DMA, 135°C
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E E g
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Scheme 2 Intramolecular arylation reactions of fluorinated substrates
6a—c with 5 mol% Pd(OAc),, 10 mol% L = 2-(diphenylphosphino)-
2'-(N,N-dimethylamino)biphenyl, and 3 equiv. K,CO; for 16 h (DMA).
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6a—c bearing fluorine substituents. A single fluorine substituent
in 6a leads to a moderate control on the regioselectivity leading
to a 1.6 : 1 mixture of 7a and 8a. Remarkably, substrate 6b, with
fluorine substituents ortho to the arylation site, led to 7b with
an excellent regioselectivity (7b-8b = 19 : 1). Reaction of 6c,
with three fluorine substituents, occurred almost exclusively at the
trifluorophenyl ring to give 7¢. Similar regioisomeric ratios (1.1-
2.4:1), favoring reaction at the substituted aryl ring, were obtained
from substrates of type 6 bearing groups that are electron-releasing
(OMe) or electron-withdrawing (CF;, Cl) in SpAr processes.

Interestingly, the arylation of substrates 6 with -Bu and SiMe,
substituents at C-3 (meta to the arylation site) took place on the
unsubstituted phenyl ring with moderate selectivity. Thus, 6d gave

1 : 1.5 ratio of 7d and 8d (Scheme 3). The arylation of substrate
6e gave a 1 : 2.3 ratio of 7e and 8e, which is that expected from
the approximately additive effects of the fluorine (1.6 : 1) and the
tert-butyl (1: 1.5) substituents. Isotope effects are also inconsistent
with an electrophilic aromatic substitution. Thus, intramolecular
competition experiments between phenyl and pentadeuterophenyl
groups led to the determination of intramolecular isotope effects
ku/ky = 5.0 (135 °C) and = 6.7 (100 °C) for this arylation
reaction. Results on the intramolecular arylation on a SH-
indeno[1,2-b]pyridine derivative, which proceeded selectively at the
pyridine ring, are also inconsistent with an electrophilic aromatic
substitution mechanism for this reaction.?

t-Bu l

1. Pd(OAC),, L, K,CO;4
DMA, 135°C

—_—

2. DDQ, toluene, A
(68%) t-Bu

t-Bu

Br

7d:8d = 1:1.5 O
6d
d ]

#Bu I I F
tBu F ‘
O O 1. PA(OAC),, L, KoCO;y
DMA, 135°C 7e

2. DDQ, toluene, A

O B tB

(81%)

+
r u F
7e:8e =123
) l
8e

Scheme 3 Selected examples of intramolecular arylation reactions of
substrates 6 with 5 mol% Pd(OAc),, 10 mol% L = 2-(diphenylphosphino)-
2'-(N,N-dimethylamino)biphenyl, and 3 equiv. K,CO; for 16 h (DMA).

Fagnou et al. examined the cyclization of substrates 9 to
give regioisomers 10a—b (Scheme 4).* Regioselectivities ranging
between 10 : 1 to >30: 1 favoring 10a were obtained with R = Me,

X Pd(0Aq),
PCyq-HBF, 10a
R o T .
KoCO3
DMA, 130°C

9

R = Me, i-Pr, t-Bu, CF;, OMe,
NO,, CO,Me, CI, F
X =Cl, Br

10b

Scheme 4 Intramolecular arylation reactions of substrates 9.

i-Pr, t-Bu, CF;, OMe, NO,, CO,Me. However, a chloro substituted
substrate led to a 3.2 : 1 mixture of 10a and 10b, whereas for
the fluoro derivative, product 10b was obtained as the major
compound.

Although these results also point towards a proton-abstraction
mechanism facilitated by strongly electron-withdrawing sub-
stituents, results with substrates 11a—b were somewhat contra-
dictory (Scheme 5).* In the case of 1la, a small selectivity
was observed with a preference for the reaction occurring at
the substituted ring, whereas the opposite was observed for the
nitro substituted substrate 11b. However, interpretation of these
results might be complicated by a competing amide rotation,
as these systems may be far from Curtin-Hammett conditions.
Interestingly, the direct arylation of a simple unsubstituted aryl
bromide resulted in a primary kinetic isotopic effect of 4.25.
These mechanistic studies revealed a kinetically significant C—
H bond cleavage step during arylation, which was rationalized
by a mechanism proceeding via electrophilic metalation involving
either a o-bond metathesis or an Sg3 C—-H functionalization step.

)
@;ﬁb

Pd(OAC),

PCysHBF, 12a-b

cho3
DMA, 130°C

:
11a: X = OMe N
11b: X =NO,
12a/13a =1.3:1
12b/13b = 1:2

13a b

Scheme 5 Intramolecular arylation reactions of amides 11a-b.

An interesting finding was the observation that aryl iodides
reacted poorly under conditions optimized for aryl bromides,*
which was attributed to catalyst poisoning by accumulation of the
iodide anion.

The fact that substrates bearing electron-withdrawing
substituents react selectively led to the development of an inter-
molecular version by Fagnou et al. with polyfluoroaromatic
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compounds.’* The use of the bulky ligand biphenyl(2-(dicyclo-
hexylphosphino)-2',6'-dimethoxybiphenyl)phosphine  (S-Phos),
allowed these reactions to be performed in a general way with aryl
bromides and chlorides in isopropyl acetate at 80 °C (Scheme 6).'2

F
F F
F H

F Pd(OAC),, S-Phos

—_—

* K,CO;

Br. i-PrOAc, 80°C
A
| /—R (73-99%)

Scheme 6 Intermolecular arylation reactions with pentafluorobenzene.

The group of Fagnou has also recently found that by using
pivalate as the base the intermolecular reaction can take place with
unactivated arenes such as benzene (Scheme 7).!* Experimental
and theoretical calculations indicate that the pivalate anion is a
key component in C-H bond cleaving, lowering the energy barrier
of C-H bond cleavage. Other carboxylic acids led to poorer results
in this process. Interestingly, a significant intermolecular isotope
effect of 5.5 was determined for this arylation.

C

+

Br N
| —r
7

Scheme 7 Intermolecular arylation reactions in benzene-DMA. L =
Dave-Phos.

Pd(OAC),
L, pivalic acid
——
K,CO;
benzene-DMA, 120°C

(55-85%) 15

\|/
pe)

All the above results are more consistent with a mechanism
proceeding by abstraction of a proton of the arylated ring by
the base in a process in which the formation of the metal-carbon
bond is concerted with the breaking of the carbon-hydrogen bond.
DFT calculations carried out with bicarbonate as a model base
for the intramolecular arylation favor two alternatives for the key
activation process: a mechanism in which the base coordinates
to the Pd(11) center and then acts as an internal base (assisted
intramolecular) or an intermolecular proton abstraction by an
external base (assisted intermolecular) (Scheme 8).2® Models as
16 and 17 are probably reasonably realistic since phosphines used
in these reactions are bulky and bicarbonate experimentally leads
to similar results to those obtained with carbonate as a base in
these reactions. On the other hand, a mechanism in which bromide
ligand acts as an internal base (nonassisted intramolecular) appear
less likely acoording to the DFT calculations carried out on models
shown in Scheme 8.%* Independent calculations carried out by
Fagnou et al. on the intermolecular arylation favor an assisted
intramolecular mechanism, although in that case the nonassisted
intramolecular process could not be excluded.'*

It may be important to stress that the above mechanistic picture
pertains to catalytic systems in which palladium bears a bulky
phosphine ligand and a base like carbonate, bicarbonate, or a
carboxylate is used. As shown in the next section, many palladium-
catalyzed arylation reactions proceed in the presence of excess

(@) isted intramolecul.

a——
\
N

\ HCO;  Br RN
o> o00—p—>
PR3 PR3
16 17

= t
o" ©M\7

Lo-ba—d >

HO | b

o P>
|

transition state for the
assisted intramolecular PR3

proton abstraction 18

(b) isted intermolecul.

-

HCO;  H,CO; N, -Br
16 A Br_Pd-_© s
bRy
19

t
) ]
HO,C—O__ —

H-- %

or—pi— >
PR3

transition state for the
assisted intermolecular
proton abstraction

Scheme 8 Base-assisted mechanisms for the palladium-catalyzed
arylation.

phosphine ligands or under “ligandless” conditions. Regarding the
bases, in addition to carbonates, DBU has also been commonly
used, although its possible role in a base-assisted mechanism has
not been determined.

Synthesis of large polyarenes

The groups of Scott and de Meijere developed an annulation
process based on a domino Suzuki coupling reaction followed by
an intramolecular arylation reaction (Scheme 9)* as an alternative
to flash-vacuum pyrolysis based methods for the synthesis of
aromatic molecular bowl compounds.®®* The best results for this
annulation were obtained with a Pd(0) complex formed in situ
from Pd,(dba); and PCy;. Other palladium catalysts (Pd(OAc),,
PdCL,(PPh;),, PACL,(MeCN),) and ligands (PPh;, P(p-tol);, P(n-
Bu);, dppe) led to less satisfactory results. The optimized reaction
conditions were applied in the synthesis of indenocorannulene
23 in moderate yield from pinacol corannuleneboronate 22 and
dibromide 20.

The same groups described the first synthesis of diindenopy-
renes 25 and 26.,*' triindenopyrene 27 and tetraindenopyrene
28, using conditions previously developed by the group of Scott
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B(OH), Br Q
Br pd,(dba)s, PCys ‘
+ _
DBU, DMF
155°C, 48 h

19 20

Scheme 9 Palladium-catalyzed annulation via Suzuki coupling-in-
tramolecular arylation.

g
O'
B8

P

23 (40%)

Pdy(dba);, PCy3

DBU, DMF
155°C, 48 h

(Scheme 10).3>% These PAHs were obtained from the intramolec-
ular palladium-catalyzed arylation reaction of the corresponding
substituted pyrenes, although in low yields. Compounds 25-28
were reported to be stable and have intense red colors. These
physical properties could make them useful as long wavelength
dyes when high temperature conditions are required.

&
%
P

24 25 (15%)

PdCly(PPhg),

—
PPhg LiCl, DBU
DMF, 155°C, 18 h

OTf

28 (1%)

Scheme 10 Palladium-catalyzed arylation from aryl triflates with
PdCl,(PPh;),-DBU.

Better yields of 25 and 26 were obtained from the dibromides
29 and 30 respectively, under similar reaction conditions used for

the aryl triflates (Scheme 11).*' The same catalytic system has been
used for the synthesis of dibezo[fg,oplnaphthacenes.**

PdCIz(PPhg)
)
O’Q

PPhs, DBU
Br DMF, 155°C, 18 h

25 (44%)

0
Br

PdCl,(PPhj),

PPh; DBU
DMF, 155C, 18 h

30 26 (53%)

Scheme 11 Palladium-catalyzed arylation from aryl bromides 29 and 30
with PdCL,(PPh;),-DBU.

More recently, the group of Scott has succeeded in the synthesis
of the largest bowl-shape polyarenes ever prepared:* pentaindeno-
corannulene 32 (C5,Hy) and tetraindenocorannulene 34 (CyHg)
(Scheme 12). Derivative 32 was obtained in 35% isolated yield
(81% average yield per C-C bond formation) from 1,3,5,7,9-
pentakis(2-chlorophenyl)corannulene 31 through a palladium-
catalyzed and microwave induced 5-fold intramolecular arylation
reaction. Tetraindenocorannulene 34 was prepared from 1,2,5,6-
tetrakis(2-chlorophenyl)corannulene 33 under similar reaction
conditions although in only 13% isolated yield. The lower yield in
the synthesis of 34 is explained as a result of competitive couplings
between the proximal phenyl rings. As the authors pointed
out, nowadays rational chemical synthesis of fullerenes, carbon
nanotubes and related carbon rich molecules using solution
chemical methods has emerged as a competitive alternative to
high-temperature gas-phase pyrolysis.

The group of Shevlin have used PdCL,(PCy;),~-DBU for the
synthesis of bowl-shaped fullerene fragments using aryl chlorides
as substrates.’ Wang and co-workers have prepared the buckybowl
367 using similar reaction conditions. Monocyclized 37 and traces
of debrominated starting material were also obtained (Scheme 13).
Similarly, polyarenes 39a-b were synthesized from dibromides
38a-b. The lower efficiency in the cyclization of 38b reflects
the increased strain due to the presence of an additional five-
membered ring.

The intramolecular arylation has also been used in the context of
porphyrin chemistry. Thus, nickel porphyrin 41 was transformed
into 42 in moderate yield with a Pd(0) catalyst and K;PO, as
the base (Scheme 14).3® The arylation can also take place from
a haloporphyrine as shown in the reaction of zinc porphyrin 43
to give 44.* The efficiency and the short reaction time required
for this transformation using a “ligandless” palladium catalyst are
remarkable.

Our group has also worked on the synthesis of fullerene
fragments using palladium chemistry. Our synthetic approach
is based on the intramolecular arylation reaction of truxene
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PACl,(PCy3),
DBU, DMA,
180°C (uw), 45 min

PdC'z(PCYg)z
DBU
170°C (pw) 40 min

O‘O

O PdBrz(PPh3)2 36 (37%)
.OO DBU, DMF, *
150°C, 72 h Q
t-Bu
” See

_POBry(PPhy), b

DBU DMF,
150°C, 72 h

O

38a(n=2)
38b (n=1)

OCOO

(CHy),

40a (n = 2) (21%)
40b (n = 1) (23%)

Scheme 13 Palladium-catalyzed arylation from aryl bromides 35 and
38a—b with PdBr,(PPh;),-DBU.

I g
Pd(PPh3),
K3POj4, DMF,
155°C, 24 h
MeO ! OMe MeO | OMe
M 42 (44%)
D (3
Ph Ph PdC|2 Ph Ph
_—
K,CO3, DMF,
BuyNBr, 130°C,
5 min
Ph Ph
43 44 (75%)

Scheme 14  Palladium-catalyzed arylation for the synthesis of benzofused
porphyrins.

derivatives, readily available by triple alkylation of substituted
truxenes.'® Thus, cyclization of syn or anti truxene 45 in the
presence of Pd(OAc), provided C, polyarene 46 (Scheme 15).
In this reaction, in addition to a triple arylation, the arylated
compound undergoes dehydrogenation to form the fully aromatic
compound.
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Cs,C03 or K,CO3
DMF or DMA

Pd(OAc),, BnMe3NBr,
130-150°C, 24 h

46 (71-79%)

Scheme 15 Palladium-catalyzed arylation from truxene derivative 45 to
give Cy polyarene 46.

Similarly, intramolecular arylation of naphthyl derivatives
49a—c provided the C polycyclic aromatic hydrocarbons 48a—c
(Scheme 16)."%* Polyarene 48a was named crushed fullerene

47a-c

Pd(OAc), BnMe;NBr,
Cs,CO3 or K,CO4
DMF or DMA
130-160°C, 24-36 h

48a: R = H (53%)
48b: R = Bu (26%)
48c: R = Ph (38%)

Scheme 16 Palladium-catalyzed arylation from truxene derivatives 47a—c
to give Cq polyarenes 48a—c.

as it corresponds to a hypothetical hydrogenolysis product
of fullerene Cg,.

Similarly, we have also applied the palladium-catalyzed ary-
lation for the cyclization of N-alkylated triindoles such as 49 to
afford 50, the triaza-analogue of 48 (Scheme 17).2" It is noteworthy
that formations of 46 (Scheme 15) and 50 proceed with 86-90%
yield for each C-C bond forming process.

)
o8
oy

20 I

49

K,CO3, DMF

Pd(OAc),, BnMe3NBr,
110°C, 12 h

50 (64%)

Scheme 17 Palladium-catalyzed arylation from triindole derivative 49 to
give triazaderivative 50.

Conclusions

In this overview we have presented the current understanding
of the mechanism of the palladium-catalyzed arylation reaction,
whose rate-determining step appears to involve a proton abstrac-
tion by the base. However, this mechanism has been proposed for
the reaction of bromides with palladium catalysts bearing bulky
phosphines. It is not clear if a similar mechanism operates with
other substrates (chlorides or triflates) or in the absence of strongly
donating ligands (ligandless conditions).

Although, at present, rather harsh reaction conditions (high
temperatures and long reactions times) are often required for
palladium-catalyzed arylation, the selected results shown for
the synthesis of large polyarenes clearly demonstrate that this
methodology is practical and proceeds in many cases with high
efficiency.
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The hydrolysis of iminohydantoins generates the same tetrahedral intermediate T as that obtained in
the cyclization of hydantoic acid amides to hydantoins. The ratio of the products of imine hydrolysis
under kinetic control is determined by the relative height of the barriers of the breakdown of T to
amide or to hydantoin. Thus the partitioning of products unequivocally proves which is the rate
determining step in the cyclization reaction—formation or breakdown of T. UV and '"H NMR
monitoring of the acid catalyzed hydrolysis of four 5-substituted 4-imino-1-methyl-3-
(4-nitrophenyl)imidazolidin-2-ones 1 found hydantoins 3 as the only products. The kinetics of
hydrolysis of imines were measured in 0.001-1 M HCI. Contrary to the remaining imines,
1,5-dimethyl-4-imino-3-(4-nitrophenyl)imidazolidin-2-one 1b is readily oxidized as stock solution in
THEF containing peroxides to 1,5-dimethyl-5-hydroxy-4-imino-3-(4-nitrophenyl)imidazolidin-2-one 1d.
In all cases, hydrolysis was found to be zero order with respect to [H*]. As imines are fully protonated
under the acidity studied, this is evidence of a transition state of a single positive charge. Comparison of
imine hydrolysis rates with previous data on rates of cyclization of the corresponding amides of
hydantoic acids allowed conditions (acid concentration, substitution pattern—gem-dimethyl effect) to
be found that guaranteed kinetic control of the products obtained. Thus it was unequivocally proven
that formation of the tetrahedral intermediate is rate determining in the cyclization of hydantoic acid
amides. The small steric effects upon methyl substitution at 5-C and a solvent kinetic isotope effect
ku/kp of 1.72 favour a mechanism for imine hydrolysis whereby the rate is limited by water attack on
the protonated imine concerted with proton transfer from attacking water to a second water molecule.

Introduction

As an integral part of the Edman degradation procedure for
sequencing of peptides, the acid catalysed cyclization of N-
thiocarbamoyl amino acid amides and peptides has been exten-
sively studied.! In the case of the oxygen analogues, the hydantoic
acid amides, the mechanism of cyclization under acid catalysis
is less well understood*™* as opposed to the more extensively
studied base catalyzed cyclization.>® In moderately concentrated
acids above H, of —1 (the Hammett acidity function), Kavalek
et al* observed saturation kinetics due to protonation of the
ureido group, which eliminates its nucleophilicity, and also due
to considerable protonation of the amide moiety. These authors
assume rate determining attack of the ureido group on the
protonated amide function to give a tetrahedral intermediate
(k_, and T of Scheme 2), however, without the support of any
experimental proof. Our study of the cyclization of hydantoic acid
N-methylamides® and amides* when R = p-nitrophenyl showed
acid catalysis below pH 2-3. No definite answer could be given
as to which is the r.d.s. although according to estimates from
fractionation factors®” deuterium solvent kinetic isotope effects
fitted better with a rate determining leaving of the amino group
from TH*. The cyclization of hydantoic acid amides can be

“Faculty of Pharmacy, Medical University, ul. Dunav 2, Sofia, Bulgaria
bInstitute of Organic Chemistry, Bulgarian Academy of Sciences, ul. Acad.
G. Bonchev block 9, Sofia, Bulgaria. E-mail: ipojarli@orgchm.bas.bg

+ In memoriam to Professor Keith Yates.

compared to acid hydrolysis of amides, which has been shown?®
conclusively to proceed through rate determining attack of water,
which is equivalent to attack of the ureido group.

We now report a solution to this problem by studying the
hydrolysis of imines 1 shown in Scheme 1.

NH R= 4©7N02

Ry
Ry NR
MeN% a HR1 HRz
° b CH; H
1 ¢ CH; CHs
d OH CHj3
Scheme 1

As demonstrated in Scheme 2, the first step of the reaction is
to generate the tetrahedral intermediate T shown in the neutral
form because the O-protonated form obtained upon addition
is a stronger acid than H;O*. This same intermediate lies on
the reaction path between amide and hydantoins. The products
obtained from partitioning of T under kinetic control provide an
unequivocal answer concerning the relative heights of the energy
barriers determining A2 and k3 and thus, respectively, which is the
rate determining step of ureido amide 2 cyclization.
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Experimental

UV spectra were measured on a Specord UV-Vis spectrophotome-
ter. NMR spectra were recorded on a Bruker Avance DRX 250
spectrometer, operating at 250.13 MHz for protons. A 5 mm dual
'"H-"*C probe head was used at room temperature. Chemical shifts
are quoted in p.p.m. as J values against TMS and couplings in Hz.

Materials

Inorganic reagents were of analytical grade and used without
further purification. HCI solutions were prepared with CO,-free
distilled water. D,O, 99 atom % and deuterium chloride, DCI,
22 wt % were from Aldrich. The preparations have been described
previously of 4-imino-1-methyl-3-(4-nitrophenyl)imidazolidin-
2-one, 1,5-dimethyl-4-imino-3-(4-nitrophenyl)imidazolidin-2-one,
4-imino-3-(4-nitrophenyl)-1,5,5-trimethylimidazolidin-2-one,’ 1a,
1b and 1c respectively, 1,5-dimethyl-5-hydroxy-4-imino-3-(4-
nitrophenyl)imidazolidin-2-one'® 1d, 1-methyl-3-(4-nitrophenyl)-
imidazolidin-2,4-dione, 1,5-dimethyl-3-(4-nitrophenyl)imidazolidin-
2,4-dione and 1,5,5-trimethyl-3-(4-nitrophenyl)imidazolidin-2,4-
dione,® 3a, 3b, 3c and 1,5-dimethyl-5-hydroxy-3-(4-nitrophenyl)-
imidazolidin-2,4-dione'® 3d.

Kinetic measurements

The kinetics of hydrolysis of imines la-1d were measured in
aqueous HCI (0.001-1 M) by means of UV spectroscopy and in
DMSO-d¢-DCl by means of '"H NMR.

The UV experiments were carried out in the thermostatted cell
of a Specord UV-Vis spectrophotometer at 25.0 + 0.1 °C. The
rate was followed by monitoring the decrease of absorbance at
250 nm (A, of the protonated imines; product hydantoins absorb
at An.. 280 nm). The reaction was initiated by injecting 30 pl of
0.01 mol dm™" stock solution (THF or acetonitrile, see Results) of
the corresponding imine to 2.80 cm?® of HCl solution. Pseudo-first-

order rate constants, k., were obtained by non-linear regression
curve-fitting to the equation: 4, = A,e %' + Aoo, where A, A,
and A are the absorbances at time, 7, zero and infinity, respectively.
Multiple scan spectra taken during the course of the hydrolysis
showed good isosbestic points and the infinity spectra (107,,,)
were found to be identical with the spectra of the respective 3-
(4-nitrophenyl)hydantoins at the same concentration. A “clean”
reaction was also supported by well-behaved first order kinetics.

The time dependent NMR studies were recorded at room
temperature (22-23 °C) in solutions made up from 2 mg imine,
0.3 ml of DMSO-d¢ and 0.3 ml of 0.11 M DCl yielding ca. 0.03 M
free DCI in the sample. Series of proton spectra (25-51) were
measured at intervals of 5 to 30 min until the hydrolysis of imine
was completed (816 h). Proton chemical shifts were calibrated
according to the signal of DMSO-d. The NMR spectra indicated
no side reactions.

The Fourier transform spectra were carefully phase corrected
and then integrated using the multiint au program, which inte-
grates a series of spectra within selected integration regions using
the same scaling factor. The obtained integrals for the peaks for
methyl groups (in the intervals of 2.87-2.91 and 2.91-2.71 ppm
(1a), 1.33-1.43 and 1.52-1.66 ppm (1b), 1.24-1.49 and 1.50-
1.75 ppm (1c¢)) were then fitted simultaneously by the program
DynaFit!" according to the following reaction mechanism of
pseudo-first order reaction:

Kobs

The changes in concentrations of monitored compounds over
time were computed by solving an initial value problem described
by the following system of differential equations:

d[1])/dt = =k, [1]

d[3]/dt = +ka [3]

Results and discussion

On a preparative scale, iminohydantoins have long been known to
give hydantoins in acid.'” However, for mechanistic conclusions it
isimportant to know whether this is the result of kinetic as opposed
to thermodynamic control and further, if any alternate products
are formed in significant amounts. The change with time of the
UV spectra of iminohydantoins 1 in 0.001-1 M HCI indicates
direct conversion into hydantoins 3: the peaks around 250 nm
due to protonated imines deplete with time, accompanied by the
formation of a peak at 280 nm due to the respective hydantoins,
the process being characterized by a clean isosbestic point. If
amides 2 were formed, these would give rise to absorption at
330 nm, characteristic of the p-nitrophenylureido group.® UV-
Spectrophotometry is of course insensitive to small amounts of
impurities so product analysis was further carried out by means of
"H NMR. The reaction was followed in 0.03 M DClin 1 : 1 DMSO-
d¢—D,0; organic solvent was added to overcome poor solubility in
water. The scans, taken over periods of time, demonstrate a clean
conversion of protonated imine into hydantoins, illustrated for the
case of 1b in Fig. 1.

"H NMR monitoring of the hydrolysis of the remaining imines
also showed hydantoin 3 as practically a single product with no
significant quantities of amides or other side products. However,
crucial for deductions regarding the slow step of hydantoinamide
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3.0 2.5 2.0 15

Fig. 1 '"H NMR scans over time intervals showing the conversion of 1b
into 3b in 0.03 M DCI (1 : 1 DMSO-ds—D,0). The N-methyl singlet at
2.92 and the C-methyl doublet at 1.59 transform into signals at 2.87 and
1.38 ppm, respectively.

cyclizations is selectivity to be kinetically determined. In the
present case, if the rate of cyclization of the ureido amides to
hydantoins is much faster than the hydrolysis of imine, the amide,
if formed, will not accumulate. Thus information on the rates of
imine hydrolysis and ureido amides was needed. The kinetics of
cyclization of the latter in the case 2b and 2¢ was available from
previous work.*

We now report the rates of hydrolysis of imines 1 in 0.001-1 M
HCI. The rate profiles obtained by measuring the rates by means
of UV are presented in Fig. 2

Initially, only the rates of hydrolysis of compounds 1a,b,c were
measured by means of UV by preparing 1 x 10~ M stock solutions
of the substrates in THF. Surprisingly, imine 1b with a single
methyl group at position 5 of the 4-imino-imidazolidin-2-one ring
reacted much faster than the compound without 5-methyl groups
1a and the compound with two methyl groups lc. This did not
fit with reactivities observed upon methyl substitution in similar
systems, e.g., those observed in alkaline hydrolysis of hydantoins'®
where each methyl group brings about a 5-fold decrease in rate.
However, a very different rate of hydrolysis of 1b in DMSO-
DCI was found, which was only slightly greater than that of
1a. The discrepancy between the rates was solved when it was
established by means of NMR that the mono substituted (at 5-
C) iminohydantoin 1b autoxidized in solution into the hydroxy
derivative 1d. In DMSO or AcCN, the process was complete upon
standing for about a week at room temperature.’ On the other
hand, 1a and 1¢ were found to be stable under the same conditions.

T T TTTI T T T TTTT0] T T T TTITTT

®
0003 a €@ © o o oo Q
3 . . |
x O L |
0.0001 O ] O
v v v
1e-005 Lol Lol Loyl
0.001 0.01 0.1 1

[HCII M

Fig.2 Log-log plot of the pseudo-first-order rates of hydrolysis of imines
1 against [HCI] at ionic strength of 1 M (KCl): open squares 1a, full squares
1b (stock solution in acetonitrile), full triangles 1e¢, open circles 1d (1b
oxidized as stock solution in THF), full circles 1d (stock solution from
isolated 1d).

In THF, the batch used was shown to contain peroxides, 1b
oxidized readily and completely, more so because of the relatively
small substrate concentration of 0.01 M. When the 5-hydroxy
compound 1d itself was used as a substrate, practically the same
rate constant was observed as that of presumably 1b (Fig. 1). When
the stock solution of 1b was prepared in acetonitrile containing
no peroxides, a four times smaller constant was observed, which
is listed in Table 1.

The plots in Fig. 1 show zero order of the reaction towards
[H*]. Observed rate constants, presented in Table 1, are averaged
values of all experiments. Table 1 also contains the rate constants
obtained by means of '"HNMR ina DMSO-d¢-D,O (1: 1) solution
of DCI. According to the pK g+ -values® of the substrates (Table 1),
these are completely protonated at the acidities studied. Thus the
zero order against [H*] corresponds to a singly positively charged
transition state.

Contrarily, in the 0-3 pH range, the rate of cyclization of ureido
amides 2 to hydantoin is mainly first order in [H*] and is described
by the equation:

Kons = knay + ky,

where ky is the rate constant for catalysis by H* and k,, for
catalysis by water. Values for amides 2b and 2c¢ are available from
ref. 4.1 Thus because of the acid catalysis, product analysis will
be least distorted by the conversion of amide into hydantoins at
the lowest acidity. For this reason, in Table 1 observed rates of
cyclization in 0.001 M are presented. The values listed in Table 1

1 In these rate comparisons, the difference between rate coefficients based
on concentrations and those on activities were ignored.

Table 1 Pseudo-first-order rate constants, 10* k,, s, of acid catalyzed hydrolysis of 4-iminoimidazolidin-2-one 1 and cyclization rates of hydantoic

acid amides 2 at 25 °C and I = 1 M (KClI)

Hydrolysis of imines 1 in H,0*

Hydrolysis of imines 1 in DMSO-D,0*

Cyclization of amides 2 in 0.001 M HCI* pKy,- of imines 14

a 0.979 1.19
b 1.81 1.49
c 0.324 0.311
d 7.77

5.38
0.065 5.02
0.81 5.13

“ Averages from UV data in 0.001-1 M HCI, 7/ = 1 M (KCl) 25.0 °C. ® Data from NMR monitoring in 0.011 M DCl in DMSO-D,O (1 : 1) at 22-23 °C.

¢ Calculated from rate equation and data from ref. 4 (see text). ¢ Ref. 9.
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demonstrate that in the most dilute acid solution, cyclization of 2b
is almost 30 times more slow than hydrolysis of 1b; however, with
1c the ratio is inversed, the cyclization being three times faster.
This is a manifestation of the gem-dimethyl effect manifested in
acceleration of cyclizations or deceleration of ring-opening upon
substitution in the chain."

The gem-dimethyl effect offers another possibility to manipulate
the rate ratio of hydrolysis versus cyclization. The former, as
already discussed, is generally slowed down by methyl substitution
in position 5 while cyclizations are strongly enhanced in hydantoic
systems. ™

The extent of such possible interference is best illustrated by an
analysis of the changes in concentration with time in the extreme
case of amide as the only kinetic product of imine hydrolysis. Then
the following consecutive reactions would be observed:

1-2—-3

Fig. 3 shows the calculated conversions in 0.01 M HCl—a
concentration close to that of the NMR experiments. Even under
this more unfavourable HCI concentration, the mol fraction of
the 5-methylhydantoin 3b is less than 10% for a 90% depletion of
initial imine. Due to the strong acceleration of cyclization caused
by the additional methyl group in 2¢, the picture with compounds
¢ is completely different and under these conditions [2¢] attains a
maximum in its concentration, which is less than 10%. Thus the
experiments with compound 1¢ have no diagnostic power with
respect to the r.d.s. in amide cyclization.

1 e
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Fig. 3 Calculated plots of the change of concentration in 0.01 M HCI
with time for compounds b and ¢ in the hypothetical case when only the
amide forms under kinetic control (see text).

Data on the rate of acid catalyzed cyclization of ureido amide
2a without methyl groups at 5-C are not available—results on the

N-methylamides® suggest that 2a should cyclize at least 10 times
more slowly than 2b. Thus contrarily to amide 2¢, the cyclization of
2a to hydantoin will have practically no effect on the composition
of the products of hydrolysis of imine 1a. As already mentioned,
monitoring by means of NMR revealed only hydantoin as the
product (Fig. 4) giving fully reliable evidence for the slow stage
amide cyclization, i.e., formation of the tetrahedral intermediate.

T T T T
on 32 3.0 2.8

Fig. 4 Change of the N-Me signal of 1a with time in 0.03 M DCI (1 : 1
DMSO-d¢-D,0).

Since no amide formation could be detected by the meth-
ods of analysis used, the barrier to the leaving of the w-(p-
nitrophenyl)ureido group from T should be much higher than
that of the ammonium cation. This finding defines the highest
barrier in the amide cyclization reaction; this means, however,
that this barrier does not participate in the imine hydrolysis and
characteristics of the latter can shed no further mechanistic detail
on amide cyclization.

Scheme 2 depicts the first step of imine hydrolysis as addition
of a water molecule to protonated imine 1H* producing TH* o,
with a protonated OH group which will rapidly shed a proton to
give T° because it is a stronger acid than H;O*. Acid catalysis by
protonation on the p-nitroanilino nitrogen leads to amide 2 while
protonation of the amino group gives, alternatively, hydantoin 3.
Scheme 2 yields the relationship:

V = kaw[1H'] = k[ TI[H*] + k5[ T][H']

As argued above, k, << k;; then application of the steady-state
approximation gives

ki ks
k,l + k3

Results from acid amide hydrolysis® and ester aminolysis'
favour k, as the r.d.s. in acid catalyzed hydrolysis of iminohydan-
toins because the protonated amino group shows the lower barrier
upon leaving from tetrahedral intermediates. In basic media where
protons become scarce, even proton transfer to the amino group
in T becomes rate limiting,** the splitting off of the amino group
being a faster reaction. Recently, the same process was also shown
to be a viable reaction pathway in a heterocyclic rearrangement

V/[IH+] =k =
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involving attack of the amino group of an isothiourea on an amide
function.'®

The reactivities in the series of imines studied support such
an assignment. The small rate decrease of only 3-4 times upon
introducing two methyl groups at 5-C in 1¢ agrees better with a
loose transition state of the addition of water than the second step
which involves k,/k_, equilibrium ([T]/[1]) where steric strains will
be fully expressed. The faster reaction of the hydroxy derivative 1d
is apparently related to destabilization of charge of the ground state
dispersing in the transition state. In 0.015 M DCI, a solvent kinetic
isotope effect ky;/kp of 1.72 (experiment with 1a) was measured,
which is evidence of a slow proton transfer. Most likely this is a
proton from the attacking molecule being transferred to a second
water molecule as depicted in the formula:

o 'I' &t
HoN_ .O--H--OH,
e\NR
MeN
o)

The transition state for the alternative possible r.d.s., ks, is
unlikely to involve a slow proton transfer because the tetrahedral
intermediate protonated on the amino group TH*y, is a more
stable structure than TH* , and should allow equilibrium whereby
a SKIE < 1 is expected.

Finally, returning to the problem of the rate determining
step in acid catalyzed cyclization of amides of hydantoic acids,
the evidence presented above, that the imine hydrolysis yields
hydantoins as products under kinetic control, is unequivocal proof
that the r.d.s. is the formation of the tetrahedral intermediate by
attack of the ureido group on the protonated amide (Scheme 3).

OH* slow HO  NH,
S U -
2 +Ht =— N _—
Me’ \n’NHR k-a Me’NX
(0] (0]
+
TH(NR)
.
HO ' NHy a5t P
: no MR e ,,\,1//<N'R + NH,*
Me” Me (o}
0]
.
TH(NH3) 3
Scheme 3

Previous suggestion® that breakdown of the tetrahedral inter-
mediate could be the r.d.s. based only on the size of an inverse
solvent kinetic isotope effect can be discarded and shows how
insufficient such evidence can be. The suggestion stemmed from
comparison with the mechanism of acid catalyzed amide hydrol-
ysis studied extensively by Brown er al.® who convincingly proved
the participation of a water molecule in the proton transfers. Part
of his evidence is based on the difference in solvent isotope effects
calculated from fractionation factors’ and reasonable assumptions
on the reaction coordinate for the alternative r.d.s., formation and
breakdown of the tetrahedral intermediate. In the cyclization of
the hydantoic acid amides studied before,® the following SKIE

were predicted for the formation of T transition state TS, and
breakdown of T-TS,:

&+ &+ &+
HOL NHp 5, H,0---H--Ox_ _.NH;

%N-\’:"OHZ ?\NR
MeN& MeN&

0 (0]

S, TS,
SKIEggie = 1.1 SKIE i, = 0.78

The cyclization of amide 2¢ in 0.95 M and 0.3 M HCl and DC1
gave SKIE ky/kp equal to 0.67 and 0.79 respectively, substantially
lower effects than those observed for amide hydrolysis of slightly
above 1 by Brown who calculated for a TS similar to TS,, SKIE =
1.1. Thus, TS, for the cyclization reaction appeared the better
alternative, bearing in mind that water and the ureido group do not
differ much in their acid-base properties. Since the contradicting
evidence above, from partitioning of the tetrahedral intermediate
generated from imine hydrolysis, is unequivocal, we can iterate
that determination of the rate determining step should be based
on solid kinetic evidence.

Conclusions

UV and 'H NMR monitoring of the acid catalyzed hydrolysis
of S-substituted 4-imino-1-methyl-3-(4-nitrophenyl)imidazolidin-
2-ones showed hydantoins as the only products. In 0.001-1 M HCl,
the reaction is zero order with respect to [H*]. Comparison with
previous data on rates of cyclization of the corresponding amides
of hydantoic acids allowed conditions (acid concentration, substi-
tution pattern—gem-dimethyl effect) to be found that guaranteed
kinetic control of the products obtained. Thus, unequivocal proof
was obtained that the formation of the tetrahedral intermediate
is rate determining in the cyclization of hydantoic acid amides
and the alternative previous suggestion based only on calculated
solvent isotope effects was refuted. The small steric effects upon
methyl substitution at 5-C and a solvent kinetic isotope effect
ky/kp of 1.72 favour a mechanism for imine hydrolysis whereby the
rate is limited by a water attack on the protonated imine concerted
with proton transfer from the attacking water to a second water
molecule.
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The total synthesis of natural (+)-trachyspic acid and its enantiomer is described starting from a

common 2-deoxy-D-ribose derivative. The synthesis of the corresponding C3 epimers from the same
starting material is also described. Each stereoisomer was assayed for heparanase inhibition.

Introduction

Heparanase is an endo-B-glucuronidase that cleaves the heparan
sulfate (HS) side chains of proteoglycans that are found on
cell surfaces and as a major constituent of the extracellular
matrix (ECM) and basement membranes surrounding cells." The
degradation of the ECM by heparanase facilitates the spread of
metastatic tumor cells and leukocytes by allowing them to pass
into the blood stream and lodge in remote sites, where they can
form secondary tumors or cause inflammation, respectively. In
addition, heparanase is able to liberate HS-bound angiogenic
growth factors such as vascular endothelial growth factor (VEGF)
and fibroblast growth factors (FGF-1 and FGF-2) which promote
tumor growth and angiogenesis. Because of its pivotal role in these
processes, heparanase is an attractive target for the development
of antitumor, antimetastasis or anti-inflammatory drugs.”
Trachyspic acid (1, Fig. 1) was isolated from the culture broth
of Talaromyces trachyspermu SANK 12191 and was identified
as a potent inhibitor of heparanase with an ICs, of 36 uM.?
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Mﬁ ° 3((///902H
18 12 o)

1 (+)-Trachyspic acid

ent-1 ()-Trachyspic acid

Fig. 1 Structures of (+)-(35,45,6S)-trachyspic acid (1) and of
(—)-(3R,4R,6 R)-trachyspic acid (ent-1).
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Its structure was determined by NMR analysis and degradation
experiments and the relative configuration was confirmed by a
total synthesis of racemic 1.* Compound 1 is a member of a family
of 2-alkylcitrate type natural products which includes cinatrin B®
and citrafungin A.* We have recently reported the total synthesis of
(=)-(3R,4R,6 R)-trachyspic acid (ent-1) and confirmed the absolute
configuration of natural (+)-(35,4S,6S)-trachyspic acid (1).” In
this article we report the full details of this work as well as the
synthesis of natural (+)-trachyspic acid (1) and the corresponding
C3 epimers from a common chiral pool precursor. Each isomer
was then tested for inhibition of heparanase.

Results and discussion

Our initial retrosynthetic analysis of (—)-trachyspic acid (ent-1)
is shown in Scheme 1. At the onset of this work, the relative
and absolute configuration of 1 was unknown. We selected ent-
1 as our initial target and envisaged that it could be synthesised
from the lactol precursor 2 by acid hydrolysis of the dioxolane
and spirocyclisation of the resultant aldehyde followed by lactol
acetylation* and global ozonolysis of three terminal alkenes.

20
CO,H

Spiroketalisation\

CO,H :

! Cuprate addition
O—=—0zonolysis \

S
ent-1 (-)-Trachyspic acid “—

. g
O fo) (o} o ;él :/\
3 g

— + B3

18 12

H3C(CHa)s

i 80 %
F-OH JK/L
Anion addition 2 Br Se-1-e o
Alkylation/ (CH2)sCHs

OPMB 4

— \ o o
o\/\ JJ\)J\
MeO™ "0 N Meo OMe
5 e} 6

Scheme 1 Initial retrosynthetic analysis of (—)-trachyspic acid (ent-1).

Base induced -elimination by adapting the method of
Hatakeyama ez al.* would install the C9—~C10 alkene and oxidation
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Scheme 2 Reagents and conditions: (a) NaH, PMBCI; (b) 10% HCI, MeOH; (c) NaOCl, NaClO,, TEMPO; (d) DCC, DMAP, allyl alcohol; (e) (1)
TMSCI-NEt;, LDA, THF-HMPA, —95 °C, (2) aq. NaOH, (3) N,N'-diisopropyl-O-tert-butylisourea; (f) (1) 10% HCI, (2) PCC; (g) (1) DDQ, (2) MsCl,
pyridine; (h) Cul, vinyIMgBr, Me,S, —45 °C; (i) (1) O;, Me,S, (2) NaClO,, NaH,PO,, (3) N,N’-diisopropyl-O-tert-butylisourea.

followed by deprotection of the r-butyl ester would give ent-1.
Lactol 2 might be available by addition of the anion derived from
vinyl bromide 4 to the lactone 3 which could be obtained from the
2-deoxy-D-ribose derivative 5. An Ireland—Claisen rearrangement
in the presence of a B-leaving group®® conducted on 5 would
introduce the C3 stereocentre in a controlled fashion whilst the
bromide 4 could be secured from dimethyl malonate (6). We have
utilised the Ireland—Claisen rearrangement in the presence of a
B-leaving group for the synthesis of the 2-alkylcitrate moiety in a
number of related natural products including the cintatrins B, C,
and C;" and zaragozic acid C.'?

The synthesis of the lactone 3 is detailed in Scheme 2 and began
with protection of the known alcohol in 7** as the p-methoxybenzyl
(PMB) ether followed by acid hydrolysis to give the a-anomer and
B-anomer 8 in good yield. In practice, either anomer could be
utilised since the anomeric centre is oxidised at a later stage in
the synthesis however, we elected to continue with the B-anomer
since better yields were obtained in subsequent steps. Oxidation'*
of the alcohol 8 to the acid proceeded well with only a small
amount of over-oxidation of the PMB group to the benzoyl ester.
This byproduct was easily removed in the next step. Esterification
of the crude acid mixture with allyl alcohol then gave the pure
Claisen precursor 5 after flash chromatography.

Ireland—Claisen rearrangement of 5 using our previously opti-
mised conditions®*'**? followed by hydrolysis and esterification'®
gave the r-butyl ester 9 as the only detectable isomer in good
yield. The stereochemistry of 9 was confirmed by a strong NOE
interaction between H4 and the H2 protons as indicated. This
showed that the [3,3]-rearrangement had occurred exclusively
from the B-face opposite the OPMB group. We next investigated
the introduction of the C4 vinyl group via a conjugate addition
approach.’® At the onset, we wanted to access both epimers as the
relative configuration was, at the time, undetermined. Thus, the
Claisen adduct was subjected to acid hydrolysis to afford a lactol
which was oxidised to the lactone 10. Removal of the PMB group
followed by mesylation and concomitant base induced elimination
gave the a,B-unsaturated lactone 11 ready for conjugate addition.
Treatment of 11 with vinylmagnesium bromide in the presence of
Cul and Me,S" afforded the two alkene isomers 12 and 3 with
a slight preference for the isomer 12 with what turned out to
be the incorrect relative stereochemistry. This was confirmed by
the conversion of 3 into the crystalline tri-fert-butylester 13 by
double ozonolysis, oxidation and ester formation. A single crystal
X-ray structure of 13 was determined'® (Fig. 2) which served to

confirm the structure of the minor conjugate addition diastereo-
isomer 3.

Fig. 2 X-Ray structure of ester 13 (20% ellipsoids; H atoms omitted).

The synthesis of the requisite vinyl bromide coupling partner
4 is outlined in Scheme 3. Alkylation of dimethylmalonate with
nonyl bromide gave the diester 14" in excellent yield. Reduction to
the diol 15 was effected with LiAIH, and monoprotection® gave
the tert-butyldiphenylsilyl (TBDPS) ether 16. Oxidation of the
primary alcohol in 16 and Corey—Fuchs extension* yielded alkyne
17. Bromoboration® of 17 followed by treatment with acetic acid

o o [0} o}

M ° )H)J\ °
— MeO OMe —
MeO OMe o
. 86% (CHpCH, 9%
14
HO OR d X e
CHaCH — OTBDPS —
2823 66% (CHp)gCHs3 86%
¢ [15R=H
91% [ 7
°L~16 R = TBDPS
03
g
Br OR Br o
(CH2)CH, 87% (CHy)gCH3
‘ E 18 R = TBDPS
4
10,
100%|, 19 R =H

Scheme 3 Reagents and conditions: (a) NaOMe, nonyl bromide, MeOH,
reflux; (b) LiAlH,, 0 °C; (c) NaH, TBDPSCI; (d) (1) Dess—Martin reagent,
(2) PPh;, CBry, 0 °C, (3) BuLi, —78 °C; (e) B-Br-9-BBN, AcOH, 0 °C;
(f) TBAF; (g) (1) Dess-Martin reagent, (2) p-TsOH, HOCH,CH,OH,
benzene, reflux.
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Scheme 4 Reagents and conditions: (a) t-BuLi, Et,O-hexane, —78 °C; (b) lactone 3, THF; (c¢) (1) 3 M HCIO,, THF, (2) Ac,O, DMAP, pyridine;
(d) lactone 13, THF; (e) O;, NaHCO;, Me,S; (f) TFA, CH,Cl,; (g) CH,N,, Et,0.

gave bromoalkene 18 which was desilylated to afford alcohol 19.
Finally, oxidation of 19 followed by acetal formation gave the
dioxolane 4.

With the two fragments in hand we next examined the coupling
reaction (Scheme 4). Bromide 4 was treated with -BuLi* in ether—
hexane solvent and the resultant anion smoothly added to the
lactone 3 to give the hemiacetal 2 as a mixture of isomers. This
compound was then subjected to acid hydrolysis and acetylation*
to give a complex mixture of 5,5-spiroketal diastereoisomers 20
characterised by the presence of four acetate methyl signals and
one spiro carbon signal in its *C NMR spectrum. Unfortunately,
all attempts at oxidative cleavage of the three alkenes in the
presence of base did not afford the desired product.

At this point we envisaged that the lactone 13 may serve as an
alternative coupling partner. Although there are several carbonyl
groups present in 13, we reasoned the lactone carbonyl would
be the most reactive. Treatment of lactone 13 with the anion
derived from 4 afforded the lactols 22 in reasonable yield along
with some starting lactone 13 (48% based on recovered 13). Acid
induced cyclisation and acetylation of 22 followed by ozonolysis
in the presence of NaHCO;*” installed the desired o,B-unsaturated
system and afforded the spiroketal isomers 23 and 24 in a ratio of
~9 : 1 which were separable by flash chromatography.

The stereochemical outcome of the cyclisation can be ratio-
nalised by considering the two possible modes of attack on the
oxonium ion intermediate as shown in Fig. 3.* Cyclisation from
the least hindered a-face as in intermediate I affords the major
isomer 23. On the other hand, cyclisation from the B-face is not
preferred as there is a larger steric interaction present as indicated

CO,Bu HZO/\
H3C(CH,)g /COZ‘Bu H 0] }Z CO,Bu
S CO,B
) —~ 0 \/\\j 2Bu
Ho H o @ o,y HiC(CH:) o)
J Il CO,Bu
f
CO,Bu HO CO,Bu
H3C(CH 2 O
3C(CHz)g [cO,Bu /co,Bu
o ©O H3C(CHy), °©
HO , e _COyfBu
Major  CO,Bu Minor

Fig. 3 Proposed spirocyclisation of intermediates I and II.

in intermediate II. It is also not unreasonable to suggest that the
cyclisation could also take place under thermodynamic control
however, since acid treatment of 23 to afford ent-1 (see below)
did not result in any spiroisomerisation, it is most likely that the
cyclisation is under kinetic control.

Treatment of spiroketal 23 with TFA in dichloromethane then
gave (—)-ent-1 which was identical to natural 1 in all respects
except for the sign of optical rotation ([a], —3.5 (¢ 0.213, MeOH);
[alp —8.4 (¢ 0.35, CH,CL); lit.* [a], +3.1 (¢ 1.0, MeOH)). This
led to the assignment of the absolute configuration of (+)-
trachyspic acid as (35.,4S5,6S) shown in Fig. 1. Synthetic ent-1
was further characterised by conversion into the trimethyl ester
(—)-ent-25 ([a]p, —20.4 (¢ 0.13, CH,Cl,) the physical data of which
also compared well to those reported for naturally derived 25.
Unfortunately, the optical rotation for naturally derived 25 was
not reported.?

For the synthesis of the correct enantiomer (+)-1, the lactone
ent-13 would be required. We envisaged that this would be available
from the same deoxy-D-ribose derivative 7 utilised for the synthesis
of 13. As observed earlier, it is the stereochemistry at C4 (trachyspic
acid numbering) that controls the outcome of the Ireland—Claisen
rearrangement and thus the stereochemistry at C3. Therefore, if
the C4 stereogenic centre is inverted as in precursor 26 (Fig. 4),
this would allow for the introduction of the 3R stereochemistry
and provide the ester required for the production of natural (+)-
trachypsic acid (1).

OPMB ‘\002'BU
[3,3] /A/j“/coszu
Me0™ g oL o o _CO,Bu
26 O ent-13

Fig. 4 Proposed synthesis of ent-13.

The conversion of the above theory into practice is outlined
in Scheme 5. 2-Deoxy-D-ribose derivative 7 was subjected to a
modified Mitsunobu inversion** and subsequent methanolysis,
benzylation and trityl group hydrolysis afforded 27 along with
the corresponding B-anomer. Oxidation of 27 was best achieved
using a two step protocol rather than the one pot procedure
utilised previously. Esterification then gave allyl ester 26 which was
subjected to Ireland—Claisen rearrangement and esterification to
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Scheme 5 Reagents and conditions: (a) (1) Ph;P, diisopropyl azodicarboxylate (DIAD), p-NO,C¢H,CO,H, (2) K,CO;, MeOH; (b) NaH, PMBCI;
(c) 10% HCI-MeOH; (d) (1) Dess—Martin reagent, (2) Ag,0, KOH; (e¢) DCC, DMAP, allyl alcohol; (f) (1) TMSCI-NEt;, LDA, THF-HMPA, —95 °C,
(2) aq. NaOH, (3) N,N'-diisopropyl-O-tert-butylisourea; (g) -BuLi, Et,O-hexane, —78 °C; (h) lactone ent-13, THF; (i) (1) 3 M HCIO,, THF, (2) Ac,0,
DMAP, pyridine; (j) O;, NaHCO;, Me,S; (k) TFA, CH,CL; (1) CH,N,, Et,0.

give ent-9. This was then carried through the same sequence as
for 9 (see Scheme 2) to eventually give ent-13 in a comparable
overall yield. Addition of the anion derived from 4 to ent-13 gave
a mixture of lactols which underwent acid induced cyclisation and
ozonolysis to give the spiroketals ent-23 and ent-24. Deprotection
of ent-23 with TFA afforded (+)-trachyspic acid (1) which now had
chiroptical properties that matched the natural product ([a], +3.1
(¢ 0.30, MeOH); [a], +7.1 (¢ 0.30, CH,CL,); lit.* [a]p +3.1 (¢ 1.0,
MeOH)). In addition, this was further characterised by conversion
into the trimethyl ester (+)-25 ([a]p +17.3 (¢ 0.10, CH,Cl,)).
Since the C4 isomers 12 and ent-12 were also produced in
the conjugate addition, we elected to carry each one though to
provide (+)-3-epi-trachyspic acid (28) and its enantiomer (—)-
ent-28 for biological testing (Scheme 6). Ozonolysis of 12 proved
troublesome with the formation of a dimethyl acetal byproduct.
However, this could be removed by chromatography and the tri-
t-butyl ester 29 and its enantiomer ent-29 could be produced in

(+)-3-epi-trachyspic acid (28) ([a]5 +2.9 (¢ 0.10, MeOH)) and in
a similar manner, ent-29 was converted into (—)-3-epi-trachyspic
acid (ent-28) ([a]3 —3.4 (¢ 0.25, MeOH)).

Synthetic (+)-trachyspic acid (1) and (—)-ent-1 as well as (+)-
3-¢pi-trachyspic acid (28) and (—)-ent-28 were all tested for
inhibition of human platelet heparanase and the results are
shown in Table 1. The assays were performed using a Microcon
ultrafiltration assay® which uses [*H]-labelled HS as substrate and
an ultrafiltration device to separate longer native HS from the
smaller, cleaved products of heparanase catalysis which are then
quantified by scintillation counting. Synthetic (+)-trachyspic acid
(1) had a comparable ICs, value to that obtained for the natural
product by an alternative heparanase assay.® Interestingly, all other
stereoisomers had comparable activities with (—)-enz-28 being the
most active. Thus, it appears the stereochemistry is not critical for
heparanase inhibition.

moderate yield. Coupling of the anion derived from 4 with 29 ~ Table 1 Inhibition of heparanase activity
afforded the lactols 30 which spirocyclised under acidic conditions. c q 1Co /uM
Ozonolysis then afforded triester 31 as the major compound with ompoun oH
a trace of the spiroisomer. In this case, cyclisation occurs from the (+)-1 335465
B-face of the oxonium ion (c¢f. Fig. 3) almost exclusively to give the (—)-ent-1 26.5+5.4
3R,4S.,6S stereochemistry, epimeric at C3 compared to the natural (+)'281 28 ;}12 i 22
(+)-trachyspic acid (1) configuration. Deprotection then afforded (Z)-ent- : i
S 4 a \\\COz'BU — CO,Bu
0=Ng N 0% 0PN CO,fBu 0T NG N 40% 0T NG COBu
12 29 ent-12 ent-29
/\\ COzR CO2R
O ¢ COR
. 5 o \4_& com
@— \ £O7Bu 56% oo —oon
31%  HaC(CH,)g CO,Bu ® HyC(CHy)g H3C(CHy)g Y
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Scheme 6  Reagents and conditions: (a) (1) O;, Me,S, (2) NaClO,, NaH,PO,, (3) N,N'-diisopropyl-O-tert-butylisourea; (b) -BuLi, Et,O-hexane, —78 °C;
(c) lactone 29, THF; (d) (1) 3 M HCIO,, THF, (2) Ac,O, DMAP, pyridine; (¢) O;, NaHCO;, Me,S; (f) TFA, CH,Cl,.
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Conclusions

The synthesis of both natural (+)-trachyspic acid (1) and its
enantiomer (—)-ent-1 as well as both enantiomers of 3-epi-
trachyspic acid (28 and ent-28) has been achieved from a
common chiral precursor 7 derived from 2-deoxy-D-ribose. The
key steps in the sequences used are a stereoselective Ireland—
Claisen rearrangement in the presence of a [-leaving group,
a selective carbanion addition to a lactone tri-z-butylester and
a spirocyclisation—ozonolysis—elimination sequence to construct
the spirolactone system in a stereoselective manner. The activity
against heparanase of all four stereoisomers is similar indicating
that the stereochemistry of the triacid is not critical for activity
against this target.

Experimental
General

Optical rotations were recorded in a 10 cm microcell. High
resolution mass spectra (HRMS) were run using electrospray
ionisation (ESI). Proton nuclear magnetic resonance (‘'H NMR,
300, 400 and 500 MHz) and proton decoupled carbon nuclear
magnetic resonance spectra (*C NMR, 75.5, 100 and 125 MHz)
were recorded for deuteriochloroform solutions with residual chlo-
roform as internal standard unless otherwise stated. Analytical
thin layer chromatography (TLC) was conducted on aluminium
backed 2 mm thick silica gel GF,5,. Compounds were visualised
with solutions of 20% w/w phosphomolybdic acid in ethanol, 20%
w/w potassium permanganate in water or under UV (365 nm).
Anhydrous tetrahydrofuran (THF) and diethyl ether were distilled
from sodium benzophenone ketyl and sodium metal under a
nitrogen atmosphere. Petrol refers to the fraction boiling at 40—
60 °C. All other commercial reagents were used as received. All
air and moisture sensitive reactions were performed in glassware
that was either flame dried under an atmosphere of dry argon or
oven dried at 150 °C.

Methyl furanoside 8

A solution of commercial 2-deoxy-D-ribose (14.8 g, 0.110 mol) in
anhydrous MeOH (235 cm?) was cooled to 0 °C and treated with
concentrated H,SO, (5 cm?®). The solution was stirred at 0 °C for
1 h and then neutralised with solid NH,HCO;. The suspension
was filtered and the filtrate was concentrated. The crude residue
was dissolved in N,N-dimethylformamide (DMF, 140 cm?®) and
pyridine (19.2 cm?®), 4-(dimethylamino)pyridine (DMAP, 1.34 g,
0.011 mol) and trityl chloride (61.3 g, 0.220 mol) were added. The
solution was stirred at rt for 16 h and saturated aqueous NaHCO,
was added and the aqueous phase was extracted with Et,O. The
combined organic extracts were washed with saturated aqueous
CuSO,, water then brine, dried and concentrated. Purification
by flash chromatography with 10-40% EtOAc—petrol as eluent
gave alcohol 7 (37.4 g, 87%) as a yellow gum. A solution of 7
(37.4 g, 0.0993 mol) in DMF (250 cm?) was added via cannula to
a suspension of 60% NaH dispersion in oil (4.77 g, 0.119 mol) in
DMF (200 cm?). To the suspension was added p-methoxybenzyl
chloride (PMBCI, 16.2 cm?, 0.119 mol) and the reaction mixture
was stirred at rt for 16 h. The reaction was quenched with water and

the organic phase was extracted with Et,O. The combined organic
extracts were washed with water then brine, and dried over MgSO,.
The solvent was removed under reduced pressure and the crude
residue was dissolved in MeOH (1000 cm?) and treated with 10%
HCI (1 cm?®). The reaction was stirred at rt overnight and quenched
with saturated aqueous NaHCO;. The MeOH was removed under
reduced pressure and the aqueous phase was extracted with Et,0,
washed with water then brine, and dried. The crude product was
purified by column chromatography with 20% EtOAc—petrol as
eluent to afford the B-anomer 8 (9.22 g, 36% for 2 steps) as a
yellow oil: [a]y —38.4 (¢ 1.07, CH,CL,); vy, (film) 3447, 2937,
2836, 1613, 1514, 1037 cm™'; 0y, (400 MHz) 2.08 (br s, 1H), 2.16—
2.27 (m, 2H), 3.39 (s, 3H), 3.57 (dd, J = 12.0, 3.6 Hz, 1H), 3.73
(dd, J = 12.0, 2.6 Hz, 1H), 3.80 (s, 3H), 4.26 (m, 2H), 4.42 (s,
2H), 5.12 (dd, J = 5.6, 2.6 Hz, 1H), 6.87 (d, J/ = 8.6 Hz, 2H), 7.24
(d, J = 8.6 Hz, 2H); . (100 MHz, CDCl;) 40.2, 55.2, 55.4, 64.0,
71.4, 78.6, 85.7, 105.7, 113.8, 129.3, 129.8, 159.3; HRMS (ESI):
calculated for C,H,,OsNa [M + Na]* 291.1208, found 291.1205.

Further elution with 40% EtOAc—petrol afforded the a-anomer
(11.7 g, 44%) as a yellow gum: [a]}f +139.5 (¢ 1.04, CH,CL); Vs
3461, 2911, 2837, 1613, 1514, 1037 cm™'; 5, (400 MHz) 1.73 (brs,
1H), 1.98 (dd, J = 13.9, 1.6 Hz, 1H), 2.18 (ddd, J = 13.9, 8.0,
4.8 Hz, 1H), 3.37 (s, 3H), 3.52-3.74 (m, 2H), 3.77 (s, 3H), 3.95
(m, 1H), 4.09 (dd, J = 8.0, 4.4 Hz, 1H), 4.45 (ABq, J = 12.0 Hz,
2H), 5.02 (d, J/ = 4.8 Hz, 1H), 6.86 (d, J = 8.8 Hz, 2H), 7.24 (d,
J = 8.8 Hz, 2H); 6. (100 MHz) 39.3, 55.1, 55.2, 62.7, 71.5, 77.6,
83.0, 105.2, 113.8, 129.4, 130.0, 159.2; HRMS (ESI): calculated
for C,,H,OsNa [M + Na]* 291.1208, found 291.1204.

Allyl ester 5

A solution of alcohol 8 (2.83 g 10.5 mmol) and
tetramethylpiperidine-N-oxyl (TEMPO, 115 mg, 0.738 mmol) in
acetonitrile (52 cm?) and pH 7 buffer (41 cm®) was warmed
to 35 °C and solutions of 80% NaClO, (2.39 g, 21.0 mmol)
in water (10.5 cm®) and 8% NaOCI (196 pL, 0.211 mmol) in
water (5.2 cm®) were then added simultaneously to the reaction
mixture over 15 min. The reaction mixture was stirred at 35 °C
for 24 h and then cooled to rt. Water (75 cm?®) was added and the
pH was adjusted to 8 using 1 M aqueous NaOH. The mixture
was cooled to 0 °C and a solution of Na,SO; (3.15 g) in water
(49 cm®) was added. The solution was warmed to rt and stirred for
30 min. Et,O was added and the organic phase was separated and
concentrated under reduced pressure to recover starting alcohol 8
(0.62 g). The aqueous layer was acidified with 10% HCI and the
aqueous phase was extracted with Et,O and the combined organic
extracts were washed with water then brine, and dried. The solvent
was removed under reduced pressure and the crude residue was
dissolved in dry CH,Cl, (45 cm?), cooled to 0 °C and DMAP
(90 mg, 0.737 mmol), allyl alcohol (551 pL, 8.11 mmol) and 1,3-
dicyclohexylcarbodiimide (DCC, 1.60 g, 7.74 mmol) were added.
The mixture was stirred for 1 h at 0 °C then warmed to rt and
stirred for another 1 h. The white suspension was filtered through
Celite and the filtrate was concentrated under reduced pressure.
The crude residue was purified by column chromatography with
10% EtOAc—petrol as eluent to give ester 5 (1.98 g, 75% for 2 steps)
as a pale yellow oil: [a]; —58.8 (¢ 1.05, CH,CL,); v, (thin film)
2934, 2836, 1756, 1613, 1250 cm™"; o4 (400 MHz) 2.06 (m, 1H),
2.21 (m, 1H), 3.36 (s, 3H), 3.77 (s, 3H), 4.46 (ABq, J = 11.6 Hz,
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1H), 4.52 (ABq, J = 11.6 Hz, 1H), 4.53 (m, 1H), 4.55 (m, 2H),
4.64 (d, J = 6.0 Hz, 1H), 5.13 (dd, J = 5.2, 1.2 Hz, 1H), 5.24 (d,
J=10.6 Hz, 1H), 5.33 (dd, J/ = 17.2, 1.2 Hz, 1H), 5.91 (ddd, J =
17.2, 10.6, 5.6 Hz, 1H), 6.84 (d, J = 8.6 Hz, 2H), 7.24 (d, J =
8.6 Hz, 2H); o (100 MHz) 39.7, 55.2, 55.3, 65.9, 71.7, 80.6, 81.9,
106.2,113.8,118.8,129.4,129.6, 131.6,159.3,171.3; HRMS (ESI):
calculated for C;H,,O4Na [M + Na]* 345.1314, found 345.1313.

tert-Butyl ester 9

A solution of "BuLi in hexanes (3.4 cm’, 2.3 M, 7.71 mmol) was
added dropwise to a solution of 'Pr,NH (0.98 cm?®, 7.01 mmol) in
dry THF (17 cm?) at 0 °C under argon. The resultant lithium diiso-
propylamide (LDA) solution was stirred at 0 °C for 5 min, cooled
to —78 °C and added dropwise via cannula to a solution of the allyl
ester 5 (1.13 g, 3.51 mmol), hexamethylphosphoramide (HMPA,
4.6 cm®) and the supernatant from a centrifuged mixture of freshly
distilled trimethylsilyl chloride (TMSCI, 2.5 cm?, 19.3 mmol) and
NEt; (2.5 cm?, 17.5 mmol) in dry THF (26 cm?) at —100 °C (liquid
N,/MeOH bath). The reaction mixture was stirred at —100 °C for
10 min and then allowed to warm to rt and left to stir for 2 h. The
solution was cooled to 0 °C and aqueous 1 M NaOH (25 cm?)
was added followed by Et,O and water. The organic phase was
separated and discarded and the aqueous phase was then acidified
with 10% HCI at 0 °C and extracted with Et,O. The combined
extracts were washed with water then brine, and dried over MgSO,.
The solvent was removed under reduced pressure and the residue
was dissolved in dry CH,Cl, (50 cm®) and treated with N,N'-
diisopropyl-O-tert-butylisourea (3.23 g, 16.1 mmol) for 16 h at rt.
The white suspension was filtered through Celite and the filtrate
was concentrated under reduced pressure. The crude residue was
purified by column chromatography with 10% EtOAc—petrol as
eluent to give the fert-butyl ester 9 (1.02 g, 77% for 2 steps) as a
colourless oil: [a];} —55.1 (¢ 0.98, CH,Cl,); vy, (thin film) 2979,
2837, 1733, 1614, 1515, 1249, 1036 cm™; Jy (400 MHz) 1.43 (s,
9H), 2.11 (ddd, J = 13.1, 6.4, 1.6 Hz, 1H), 2.28 (m, 1H), 2.46
(dd, J = 14.2, 7.2 Hz, 1H), 2.81 (dd, J = 14.2, 7.2 Hz, 1H), 3.37
(s, 3H), 3.80 (s, 3H), 4.13 (t, J/ = 6.8 Hz, 1H), 4.44 (ABq, J =
11.6 Hz, 1H), 4.52 (ABq, J = 11.6 Hz, 1H), 5.10 (s, 1H), 5.13 (d,
J =72 Hz, 1H), 5.21 (dd, J = 5.6, 1.6 Hz, 1H), 5.86 (ddt, J =
17.2, 10.0, 7.2 Hz, 1H), 6.85 (d, J = 8.6 Hz, 2H), 7.22 (d, J =
8.6 Hz, 2H); d (100 MHz) 28.0, 38.3, 41.9, 55.2, 55.3, 71.9, 81.5,
82.7, 88.6, 104.8, 113.6, 118.3, 129.2, 129.8, 133.1, 159.1, 169.8;
HRMS (ESI): calculated for C,;H;,Os,Na [M + Na]* 401.1940,
found 401.1936.

Lactone 10

To a solution of the ester 9 (1.02 g, 2.70 mmol) in THF (50 cm?)
was added 10% aqueous HCI (35 cm?) and the reaction was stirred
for 40 h at rt and diluted with water and Et,O. The aqueous phase
was extracted with Et,O, washed with water then brine, and dried
over MgSO,. The solvent was removed under reduced pressure and
the resulting lactol mixture was dissolved in dry CH,Cl, (60 cm?)
and 4 A sieves (1.54 g) were added. The suspension was cooled to
0 °C and pyridinium chlorochromate (PCC, 880 mg, 4.04 mmol)
was added. The reaction was stirred for 2 h at 0 °C, warmed
to rt and stirred overnight. The brown suspension was filtered
through Fluorosil, washed with large quantities of Et,O and the

solvent was removed under reduced pressure. The remaining dark
coloured residue was purified by column chromatography with
20% EtOAc—petrol as eluent to give the lactone 10 (820 mg, 84%
for 2 steps) as a pale yellow oil: [a]y) +3.8 (¢ 1.09, CH,Cl,); vy
(thin film) 2934, 1756, 1613, 1514, 1037 cm™"; 0y (400 MHz) 1.45
(s, 9H), 2.53 (dd, J = 14.8, 7.2 Hz, 1H), 2.69 (d, J = 6.8 Hz, 2H),
2.84 (dd, J = 14.8, 7.2 Hz, 1H), 3.80 (s, 3H), 4.16 (t, / = 7.2 Hz,
1H), 4.46 (ABq, J = 11.6 Hz, 1H), 4.52 (ABq, J = 11.6 Hz, 1H),
5.15 (m, 2H), 5.73 (ddt, J = 16.8, 10.0, 7.2 Hz, 1H), 6.86 (d, J =
8.6 Hz, 2H), 7.20 (d, J = 8.6 Hz, 2H); . (100 MHz) 27.9, 34.9,
39.3,55.2,72.3,77.9, 83.1, 88.4, 113.8, 120.4, 128.7, 129.4, 130.7,
159.5,167.3,173.4; HRMS (ESI): calculated for C,yH,,O4Na [M +
Na]* 385.1627, found 385.1617.

o,p-Unsaturated lactone 11

To a solution of the lactone 10 (820 mg, 2.26 mmol) in CH,Cl,
(100 cm?®) and water (5.6 cm®) was added 2,3-dichloro-5,6-dicyano-
1,4-benzoquinone (DDQ, 1.28 g, 5.66 mmol). The biphasic
suspension was stirred at rt for 16 h and the crude reaction mixture
was filtered through Celite and the filtrate was concentrated. The
crude product was purified by column chromatography with 30%
EtOAc—petrol as eluent to give an alcohol (507 mg, 92%) as a pale
pink oil: [a]i +13.5 (¢ 1.01, CH,CL); vy, (thin film) 3466, 2983,
1789, 1736, 1267, 1161 cm™; dy (400 MHz) 1.47 (s, 9H), 2.47 (dd,
J=14.4,7.0Hz, 1H),2.65(dd,J =18.2,4.4Hz, 1H),2.74 (dd, J =
14.4,7.0 Hz, 1H), 2.84 (dd, J = 18.2, 7.4 Hz, 1H), 3.34 (br s, |H),
4.47(dd,J=7.4,44Hz,1H),5.16 (s, 1H),5.19(d, J =8.8 Hz, |H),
5.72 (ddt, J = 17.2, 10.0, 7.0 Hz, 1H); é. (100 MHz) 27.9, 36.9,
39.5, 72.1, 83.8, 90.2, 120.5, 130.2, 167.8, 174.3; HRMS (ESI):
calculated for C,;HjOs;Na [M + Na]* 265.1052, found 265.1047.
A solution of the alcohol (507 mg, 2.09 mmol) in pyridine (20 cm?)
was cooled to 0 °C. The solution was treated with MsClI (486 uL,
6.28 mmol) at 0 °C for 2 h and then warmed to rt and stirred
overnight. Water and Et,O were added and the aqueous phase
was extracted further with Et,O. The combined organic extracts
were washed with saturated aqueous CuSO,, water, then brine,
dried and concentrated under reduced pressure. The crude residue
was purified by column chromatography, eluting with 15-20%
EtOAc—petrol to afford the o,B-unsaturated lactone 11 (423 mg,
90%) as a pale yellow low melting crystalline solid: [a]}; +161.8 (¢
1.01, CH,CL); vy, (thin film) 2983, 1772, 1372, 1258, 1133 cm™';
Jn (400 MHz) 1.45 (s, 9H), 2.64 (dd, J = 14.4, 6.8 Hz, 1H), 2.84
(dd, J =14.4,7.6 Hz, 1H), 5.17 (s, 1H), 5.20 (d, J = 4.8 Hz, 1H),
5.67 (m, 1H), 6.13 (d, J/ = 5.8 Hz, 1H), 7.39 (d, J = 5.8 Hz, 1H);
Jc (100 MHz) 27.8, 39.8, 84.0, 89.5, 120.9, 122.2, 129.4, 154.6,
165.9, 171.5; HRMS (ESI): calculated for C;;H,;O,Na [M + Na]*
247.0946, found 247.0944.

Dienes 12 and 3

To a flame dried flask containing Cul (395 mg, 2.07 mmol)
was added dry THF (10 c¢cm®) under argon. The pale brown
suspension was cooled to —78 °C and a solution of vinylMgBr
in THF (4.6 cm?®, 0.9 M, 4.15 mmol) was added. The resulting
yellow suspension was stirred for 10 min at —78 °C and Me,S
(102 uL, 1.38 mmol) was then added and the suspension was
stirred at —78 °C for 90 min. A solution of the lactone 11 (155 mg,
0.691 mmol) in dry THF (4.5 cm®) was then added via cannula.
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The reaction mixture was immediately warmed to —45 °C and
stirred for 1 h then quenched with saturated aqueous NH,CI and
diluted with Et,O. The aqueous phase was extracted with Et,O
and the combined organic extracts were washed with water then
brine, dried and concentrated. The crude product was purified
by column chromatography with 80% CH,Cl,—petrol as eluent to
afford lactone 12 (80 mg, 46%) as a colourless oil: [a]] —24.8
(¢ 1.03, CH,Cl,); vp (thin film) 2981, 1796, 1733, 1370, 1252,
1152 cm™'; 6 (400 MHz) 1.45 (s, 9H), 2.51 (dd, J = 14.8, 8.0 Hz,
1H), 2.58 (dd, J = 17.2, 8.8 Hz, 1H), 2.67 (dd, J = 17.2, 11.2 Hz,
1H), 2.86 (dd, J = 14.8, 6.4 Hz, 1H), 3.12 (dd, J = 17.8, 7.6 Hz,
1H), 5.16-5.23 (m, 4H), 5.68 (ddd, J = 17.2, 10.4, 7.6 Hz, 1H),
5.79 (m, 1H); - (100 MHz) 28.0, 33.2, 38.7, 47.2, 83.6, 87.8,
119.3,120.4, 131.1, 132.5, 168.1, 174.9; HRMS (ESI): calculated
for C,,H,,O,Na [M + Na]* 275.1259, found 275.1257.

Further elution gave the C4 epimer 3 (56 mg, 32%) as a pale
yellow oil: [a]Z +18.1 (¢ 0.87, CH,Cl,); Vg, (thin film) 2981, 1791,
1732, 1370, 1132 cm™'; 6y, (400 MHz) 1.47 (s, 9H), 2.42 (dd, J =
14.4, 6.0 Hz, 1H), 2.45 (dd, J = 17.6, 6.0 Hz, 1H), 2.58 (dd, J =
14.4, 8.0 Hz, 1H), 2.73 (dd, J = 18.0, 8.4 Hz, 1H), 3.23 (dd, J =
14.4, 8.4 Hz, 1H), 5.14-5.29 (m, 4H), 5.72-5.86 (m, 2H); d. (100
MHz) 27.9, 33.7, 37.9, 46.4, 83.2, 87.9, 119.1, 120.0, 130.9, 133.2,
169.5, 174.5; HRMS (ESI): calculated for C,,H,,0O,Na [M + Na]*
275.1259, found 275.1260.

Lactone triester 13

Ozone gas was bubbled through a solution of the diene 3 (30 mg,
0.119 mmol) in CH,Cl, (3.0 cm*) and MeOH (180 uL) at —78 °C
until a pale blue colour persisted. Me,S (87 pL, 1.19 mmol)
was added and the solution was allowed to warm to rt and
stirring was continued for a further 4 h. Water and Et,O were
added and the aqueous phase was extracted with Et,0. The
combined extracts were washed with water then brine, and dried
over MgSO, and concentrated under reduced pressure. The crude
dialdehyde was dissolved in fert-butanol (3.0 cm®) and treated
with 2-methyl-2-butene (500 pL). A solution of NaH,PO,-H,O
(131 mg, 0.951 mmol) and 80% NaClO, (215 mg, 1.90 mmol)
in water (1.6 cm’) was then added and the reaction mixture
was stirred at rt for 16 h. Water and Et,O were added and the
organic layer was separated and discarded. The aqueous phase
was acidified with 10% HCI and extracted with Et,O and the
combined extracts were washed with water then brine, and dried.
The solvent was removed under reduced pressure and the residue
was dissolved in dry CH,Cl, (9.5 cm?) and treated with N,N'-
diisopropyl-O-tert-butylisourea (476 mg, 2.38 mmol) for 16 h at
rt. The suspension was filtered through Celite and the solvent was
removed under reduced pressure. The crude residue was purified
by column chromatography with 10% EtOAc—petrol as eluent to
give the triester 13 (30 mg, 63%) as a colourless crystalline solid;
[aly —=15.5 (¢ 0.99, CH,CL,); vy, (thin film) 2980, 1803, 1732,
1369, 1148 cm™'; 0y (400 MHz) 1.44 (s, 9H), 1.48 (s, 9H), 1.49 (s,
9H), 2.75 (dd, J = 17.6, 4.0 Hz, 1H), 2.83 (dd, J = 17.6, 8.6 Hz,
1H), 2.87 (ABq, J = 17.2 Hz, 1H), 3.08 (ABq, / = 17.2 Hz, 1H),
3.39 (dd, J = 8.6, 4.0 Hz, 1H); . (100 MHz) 27.7, 27.9, 28.0,
32.1, 39.0, 47.6, 82.0, 83.2, 83.6, 83.7, 167.6, 168.3, 169.0, 174.0;
HRMS (ESI): calculated for C,H;,;OsNa [M + Na]* 423.1995,
found 423.1990.

Alkyne 17

Dess—Martin periodinane (12.51 g, 29.5 mmol) was added to a
cooled solution of alcohol 16 (8.29 g, 18.8 mmol) in CH,Cl,
(200 cm®) at 0 °C. The solution was warmed to rt, stirred for
30 min and quenched with saturated aqueous NaHCO; and 1.5 M
Na,S,0;. The biphasic solution was stirred for 15 min, until two
clear layers formed and the aqueous phase was extracted with
Et,0. The combined organic extracts were washed with water then
brine, dried and concentrated. A solution of the crude aldehyde in
CH,CI, (150 cm®) was cooled to 0 °C and PPh; (19.72 g, 75.2 mmol)
and CBr, (12.47 g, 37.6 mmol) were added. The orange solution
was stirred at 0 °C for 1 h and the solvent was removed under
reduced pressure. The crude residue was triturated with petrol,
filtered and the filtrate was concentrated to afford a yellow oil
(8.73 g, 14.6 mmol) which was dissolved in dry THF (200 cm?),
cooled to —78 °C and a solution of "BuLi in hexanes (2.1 M,
14.0 cm?®, 29.4 mmol) was added dropwise. Water was added and
the aqueous phase was extracted with petrol and the combined
organic extracts were washed with water then brine, dried and
concentrated. Purification by flash chromatography with 2.5%
EtOAc—petrol as eluent gave the alkyne 17 (5.40 g, 66%) as a
colourless oil: v, 2928, 2857, 1428, 1112 cm™'; dy (400 MHz)
0.89 (t, J = 6.8 Hz, 3H), 1.07 (s, 9H), 1.28 (br s, 14H), 1.66 (m,
2H), 2.04 (d, J = 2.4 Hz, 1H), 2.56 (m, 1H), 3.61 (dd, J = 10.0,
7.6 Hz, 1H), 3.75 (dd, J = 10.0, 5.6 Hz, 1H), 7.40 (m, 5H), 7.69
(m, 5H); dc (100 MHz) 14.1, 19.3, 22.7, 26.8, 26.8, 29.3, 29.4,
29.5, 29.6, 30.9, 31.9, 34.5, 66.1, 69.8, 85.6, 127.6, 129.6, 133.6,
135.6, 135.6; HRMS (ESI): calculated for C,,H,,OSiH [M + H]*
435.3083, found 435.3084.

Bromoalkene 18

A solution of alkyne 17 (5.40 g, 12.4 mmol) in CH,Cl, (100 cm?)
was cooled to 0 °C and B-bromo-9-borabicyclo[3.3.1]Jnonane (B-
Br-9-BBN, 1.0 M in THEF, 24.8 cm?, 24.8 mmol) was added. The
reaction was stirred at 0 °C for 3 h and glacial acetic acid (11.4 cm?,
198 mmol) was then added and the solution was stirred for 1 h.
Water was added and the aqueous phase was extracted with petrol.
The combined organic extracts were washed with water then brine,
dried and concentrated and the crude product was purified by flash
chromatography with petrol as eluent to give vinyl bromide 18
(5.51 g, 86%) as a colourless oil: v,,, 2928, 2856, 1428, 113 cm™';
Jn (400 MHz) 0.89 (t, J = 6.8 Hz, 3H), 1.05 (s, 9H), 1.25 (br s,
14H), 1.32 (m, 2H), 2.41 (quint., J = 6.0 Hz, 1H), 3.55 (dd, J =
10.0, 5.2 Hz, 1H), 3.66 (dd, J = 10.0, 8.0 Hz, 1H), 5.54 (s, 1H),
5.68 (s, 1H), 7.40 (m, 5H), 7.68 (m, 5H); . (100 MHz) 14.1,
19.3,22.7,26.7, 26.8, 29.1, 29.3, 29.4, 29.5, 29.5, 31.9, 52.3, 65.3,
118.4,127.6,127.6,129.6, 133.6, 133.8, 135.6, 135.7,137.2; HRMS
(ESI): calculated for C,yH,;BrOSiNa [M + Na]* 537.2164, found
537.2169.

Acetal 4

Tetrabutylammonium fluoride trihydrate (TBAF-3H,0, 8.43 g,
26.7 mmol) was added to a solution of the silyl ether 18 (5.51 g,
10.7 mmol) in THF (150 cm?) and the solution was stirred at rt for
16 h. Water was added and the aqueous phase was extracted with
Et,O and the combined organic extracts were washed with water
then brine, dried and concentrated to afford the alcohol 19 (2.96 g,
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100%) as a yellow oil: v, 3339, 2926, 2855, 1466, 1050 cm™'; oy,
(400 MHz) 0.87 (t, J = 6.8 Hz, 3H), 1.25 (br s, 14H), 1.38 (m, 2H),
1.61 (brs, 1H), 2.41 (quint., J = 4.4 Hz, 1H), 3.51 (dd, J = 11.2,
5.2 Hz, 1H), 3.59 (dd, J = 11.2, 8.8 Hz, 1H), 5.59 (d, J = 1.0 Hz,
1H), 5.74 (d, J = 1.0 Hz, 1H); . (100 MHz) 14.1, 22.6, 26.7, 29.1,
29.3,29.4,29.4,29.5, 31.8, 52.5, 64.2, 119.7, 136.6; HRMS (ESI):
calculated for C,;H,;BrONa [M + Na]* 299.0986, found 299.0982.
A solution of the alcohol 19 (2.96 g, 10.7 mmol) in CH,Cl,
(200 cm®) was cooled to 0 °C and Dess—Martin periodinane (5.90 g,
13.9 mmol) was added. The solution was warmed to rt and stirred
for 30 min, then quenched with saturated aqueous NaHCO; and
1.5 M Na,S,0;. The biphasic solution was stirred for 15 min until
two clear layers formed and the aqueous phase was extracted with
Et,0. The combined organic extracts were washed with water then
brine, dried and concentrated. The crude residue was dissolved in
dry benzene (150 cm?) and p-TsOH (204 mg, 1.07 mmol) and
ethylene glycol (6.0 cm®, 107 mmol) were added and the solution
was heated under reflux on a Dean Stark apparatus for 16 h and
then cooled to rt. Saturated aqueous NaHCO, was added and the
aqueous phase was extracted with EtOAc. The combined organic
extracts were washed with water then brine, dried and concentrated
and the crude product was purified by flash chromatography with
2.5% EtOAc—petrol as eluent to afford acetal 4 (2.96 g, 87%) as
a colourless oil: vy, 2925, 2855, 1466, 1120 cm™"; 6, (400 MHz)
0.87 (t, J = 7.2 Hz, 3H), 1.25 (br s, 14H), 1.49-1.62 (m, 2H), 2.34
(m, 1H), 3.86-3.99 (m, 4H), 4.85 (d, J = 6.4 Hz, 1H), 5.58 (d,
J =12 Hz, 1H), 5.72 (d, J = 1.2 Hz, 1H); é. (100 MHz) 14.1,
22.6,26.5,28.1,29.3,29.4,29.5,31.9, 53.8, 64.9, 65.0, 104.9, 119.5,
119.6, 133.4; HRMS (ESI): calculated for C;sH,,BrO,H [M + H]*
319.1266, found 319.1266.

Lactols 22

A solution of ‘BuLi in hexanes (392 pL, 1.4 M, 0.549 mmol)
was added dropwise to a solution of bromoalkene 4 (100 mg,
0.313 mmol) in dry Et,O (1.0 cm®) and dry hexane (0.5 cm®) at
—78 °C under argon. The solution was stirred at —78 °C for
5 min and a solution of the triester 13 (44 mg, 0.110 mmol)
in Et,0O (1.0 cm?®) and hexane (0.5 ¢cm®) was added dropwise
via cannula to the anion solution. The reaction mixture was
stirred at —78 °C for 4 h and diluted with water and Et,O. The
aqueous phase was extracted with Et,O and the combined organic
extracts were washed with water then brine and dried. The solvent
was removed under reduced pressure and purification by column
chromatography with 10% EtOAc—petrol gave recovered triester
13 (20 mg). Further elution afforded the lactols 22 (24 mg, 41%,
62% based on recovered 13) as a pale yellow oil: v, (thin film)
3497, 2928, 2856, 1735, 1369, 1153 cm™'; 6, (400 MHz) 0.86 (m,
3H), 1.23 (m, 14H), 1.43 (s, 9H), 1.44 (s, 9H), 1.47 (s, 9H), 1.63 (m,
2H), 2.50 (dd, J = 18.0, 2.8 Hz, 0.5H), 2.65 (dd, J = 18.0, 2.8 Hz,
0.5H), 2.80 (dd, J = 16.8, 7.6 Hz, 1H), 2.93 (d, J/ = 17.2 Hz, 1H),
3.05 (m, 1H), 3.39 (dd, J = 18.0, 11.2 Hz, 0.5H), 3.50 (dd, J =
18.0,11.6 Hz, 0.5H), 3.72-3.94 (m, 5H), 4.78 (d, / = 5.2 Hz, 0.5H),
4.85(d, J =5.2Hz, 0.5H), 5.81 (d, / = 4.4 Hz, 1H), 6.18 (d, J =
8.0 Hz, 1H); 6. (100 MHz, CDCl;) 14.1, 22.7, 26.9, 27.0, 27.0,
27.8,27.9, 28.0, 29.1, 29.2, 29.3, 29.4, 29.5, 29.5, 29.6, 29.7, 31.9,
32.2,35.8,35.9,42.3,42.6, 42.6, 43.5, 48.6, 48.7, 50.2, 61.3, 64.7,
64.8, 65.0, 66.2, 75.1, 75.1, 81.4, 81.4, 83.1, 105.8, 106.3, 117.2,
125.0, 125.8, 136.0, 147.2, 147.4, 170.0, 170.2, 172.6, 199.3, 199.5;

HRMS (ESI): calculated for C;sH4O,0Na [M + Nal]* 663.4084,
found 663.4083.

(—)-Trachyspic acid tri-zerz-butyl ester 23

A solution of the lactol mixture 22 (18 mg, 0.0281 mmol) in
THF (1.0 cm®) was cooled to 0 °C and treated with 3 M HCIO,
(0.5 cm?). The solution was stirred at 0 °C for 1 h, quenched with
saturated aqueous NaHCO; and the aqueous phase was extracted
with Et,0O, washed with water then brine and dried. The solvent
was removed under reduced pressure and the residue was dissolved
in pyridine (1.0 cm?) and DMAP (0.34 mg, 0.00281 mmol) and
acetic anhydride (27 pL, 0.281 mmol) were added. The solution
was stirred at rt overnight and then diluted with water and Et,O
and the aqueous phase was extracted with Et,O. The organic
extracts were washed with saturated aqueous CuSQO,, water then
brine, dried and concentrated. The crude residue was dissolved in
CH,Cl, (2.0 cm*) and MeOH (200 pL) and ozone gas was bubbled
through the solution at —78 °C until a pale blue colour persisted.
Me,S (21 pL, 0.281 mmol) and NaHCO; (21 mg, 0.281 mmol)
were added and the solution was warmed to rt and stirred for 16 h.
Water and Et,O were added and the aqueous phase was extracted
with Et,0. The combined organic extracts were washed with water
then brine, dried and concentrated. The crude residue was purified
by column chromatography with 5-10% EtOAc—petrol as eluent
to afford the minor spiroisomer 24 (1 mg, 6% for 3 steps) as a
thin film: [a]}} —25.5 (¢ 0.03, CH,CL,); vy, (thin film) 2927, 1732,
1367, 1151 cm™'; 64 (500 MHz) 0.88 (t, J = 8.0 Hz, 3H), 1.25 (brs,
14H), 1.42 (s, 9H), 1.47 (s, 9H), 1.52 (s, 9H), 2.08 (t, J = 8.0 Hz,
2H), 2.51 (dd, J = 13.5, 5.5 Hz, 1H), 2.67 (dd, J = 13.5, 9.0 Hz,
1H), 3.03 (d, J = 16.5 Hz, 1H), 3.17 (d, J = 17 Hz, 1H), 3.68 (dd,
J =9.0, 5.5 Hz, 1H), 7.86 (s, 1H); HRMS (ESI): calculated for
C;,H;,O9Na [M + Na]* 603.3509, found 603.3507.

Further elution provided spiroisomer 23 (9 mg, 55% for 3 steps)
as a colourless oil: [a]] —14.4 (¢ 0.30, CH,Cl,); vy, (thin film)
2928, 1733, 1368, 1151 cm™'; dy (400 MHz) 0.87 (t, / = 8.0 Hz,
3H), 1.25 (brs, 14H), 1.42 (s, 9H), 1.48 (s, 9H), 1.50 (s, 9H), 2.06
(t, J = 8.0 Hz, 2H), 2.24 (dd, J = 13.2, 7.2 Hz, 1H), 2.63 (t,
J =12.8 Hz, 1H), 2.87 (s, 2H), 3.53 (dd, J = 12.4, 6.8 Hz, 1H),
7.88 (s, IH); o (100 MHz) 14.1, 21.1, 22.7, 27.7, 27.9, 28.0, 28.0,
29.3,29.3,29.5,31.8, 38.1, 39.5, 50.1, 81.1, 82.2, 82.3, 87.2, 108 .4,
118.0, 168.0, 168.4, 169.6, 172.3, 198.1; HRMS (ESI): calculated
for C;,H5,00Na [M + Na]* 603.3509, found 603.3508.

(—)-Trachyspic acid (ent-1)

A solution of the tri-zert-butylester 23 (10 mg, 0.0172 mmol)
in dry CH,Cl, (1.5 cm?®) was cooled to 0 °C and treated with
trifluoroacetic acid (TFA, 250 uL). The solution was stirred at
0 °C for 1 h, warmed to rt and stirred for an additional 2 h.
Toluene (2.0 cm?) was added and the solvent was removed under
reduced pressure to afford ent-1 (7.0 mg, 99%) as a thin film: [a]}]
—3.5(c0.213, MeOH); [a]5 —8.4 (¢ 0.350, CH,Cl,); vy, (thin film)
3425, 2927, 2856, 1724, 1611, 1370, 1139 cm™"; Jy (400 MHz, d-
DMSO) 0.84 (t, J = 6.6 Hz, 3H), 1.23 (br s, 12H), 1.39 (m, 2H),
2.02 (t, J = 7.8 Hz, 2H), 2.36 (m, 2H), 2.67 (d, J = 16.8 Hz, 1H),
2.85(d, J = 16.8 Hz, 1H), 3.56 (dd, J = 11.8, 7.8 Hz, 1H), 8.45
(s, 1H); d¢ (100 MHz, d,-DMSO) 14.0, 20.5, 22.1, 27.5, 28.6, 28.7,
28.9, 31.3, 37.6, 38.7, 48.4, 86.5, 108.1, 116.7, 170.1, 170.6, 171.3,
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174.5, 198.2; HRMS (ESI): calculated for C,yH,sOH [M + H]*
413.1812, found 413.1809.

(—)-Trachyspic acid trimethyl ester (—)-25

A solution of (—)-trachyspic acid (ent-1) (7.0 mg, 15.8 pumol)
in MeOH (1.0 ¢cm®) and Et,O (250 pL) was cooled to 0 °C
and treated with excess CH,N,. The solvent was removed under
reduced pressure at 0 °C and the crude product was purified by
flash chromatography with 20% EtOAc—petrol as eluent to give
trimethyl ester (—)-25 (3.0 mg, 42%) as a thin film: [a]} —20.4 (c
0.13, CH,CL); v 2926, 2854, 1742, 1612, 1367, 1135 cm™; oy
(400 MHz, d,-DMSO) 0.84 (t, J = 6.8 Hz, 3H), 1.23 (br s, 12H),
1.38 (m, 2H), 2.02 (t, J = 7.6 Hz, 2H), 2.39 (dd, J = 13.2, 12.7 Hz,
1H),2.47(dd,J =13.2,7.4Hz, 1H),2.87(d, /= 16.8 Hz, 1H), 2.93
(d, J = 16.8 Hz, 1H), 3.55 (s, 3H), 3.64 (s, 3H), 3.70 (s, 3H), 3.80
(dd, J = 12.7,7.4 Hz, 1H), 8.47 (s, I1H); 6 (100 MHz, d;-DMSO)
14.0, 20.5, 22.2, 27.5, 28.7, 28.8, 29.0, 31.4, 37.3, 38.5, 47.7, 51.9,
52.6, 53.0, 86.5, 107.7, 117.0, 169.1, 169.5, 169.8, 174.7, 197.7,
HRMS (ESI): calculated for C,;H;,O,Na [M + Na]* 477.2101,
found 477.2093.

Heparanase inhibition assays

Reactions were set up in a volume of 100 pL containing 40 mM
acetate buffer (pH 5.0), bovine serum albumin (BSA, 0.1 mgcm™?),
heparanase (90 ng), 5 uM [*H]-HS and various concentrations of
the trachyspic acid enantiomers. Initially, all components except
the [*H]-HS were allowed to equilibrate for 10 min at 22 °C. The
assays were then initiated by adding [*H]-HS and immediately
20 uL was taken, quenched with 80 puL of 10 mM phosphate
(pH 7.0) and the 100 pL transferred to a Microcon YM-10
concentrator which was centrifuged at approximately 14 000 g for
5 min. The solution that passed through the membrane (filtrate)
was retained. This sample was considered the time = 0 sample.
The assays (now 80 uL in volume) were allowed to react at 37 °C
for 4 h and then the filtration step was repeated for three aliquots
of 20 uL from each assay. The time = 0 filtrate and the three time =
4 h filtrate samples were counted for *H using Optiphase HiSafe 2
scintillant (Perkin Elmer) in a Microbeta 1450 counter (Wallac).

The difference between the time = 0 and the averaged time =
4 h samples gave the amount of heparanase activity. Relative
inhibition assays were run with a heparanase standard assay which
was identical in composition except no inhibitor was present,
and the amount of heparanase inhibition in the other assays was
determined by comparison with this standard. ICs, values were
determined for each compound.
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The selective heterodimerization of tetra-tolyl (1a) and tetra-tosylurea (1b) calixarenes, serendipitously
found by Rebek ef al. (R. K. Castellano, B. H. Kim and J. Rebek, Jr., J. Am. Chem. Soc., 1997, 119,
12671-12672), has been used for the construction of highly sophisticated macrocycles and well-defined
supramolecular assemblies. Regrettably, hitherto, neither the exact structure of these heterodimers nor
the reason for their exclusive formation is known. We present molecular dynamics simulations using the
AMBER force field in explicit chloroform solvent for the two homodimers, the heterodimer and the
two uncomplexed tetra-urea calixarenes. The rigid rotation about the C-S—-N-C bond of the tosylurea
group has been calculated for a model compound (N-mesylformamide) at the RHF/6-31G* level of
theory. The calculations suggest that the heterodimer 1a-1b is energetically favored over the
homodimers by a sterically relaxed conformation of the tosylurea hemisphere in 1a-1b, by a moderate
degree of reorganization of the hemispheres from the uncomplexed to the complexed state and by
favorable interactions between the hemispheres. The tosylurea S=O groups are involved in the hydrogen
bonding system which results in different sizes of the three capsules in increasing order 1a-1a < la-1b <
1b-1b. To prove the computational predictions, '"H NMR experiments have been carried out with
solvents/guests differing in shape and size. The largest capsule 1b-1b prefers the larger guests toluene
and p-xylene while the latter is not encapsulated in the smallest capsule 1a-1a.

Introduction

Interactions via hydrogen bonds are of fundamental importance
for the structure and function of biological macromolecules or
living systems as well as for the quality of technical products and
in materials science. Often the understanding of more complex
systems has been facilitated by studies with suitable models or
model compounds. A very simple model for self-organization via
hydrogen bonding is calix[4]arenes substituted at their wide rim
by four urea groups.

Such tetra-urea calixarenes 1 form dimeric capsules 1-1 in apolar
solvents, e.g. chloroform, benzene or cyclohexane. They are held
together by a seam of eight pairs of intermolecular NH - - - O=C
hydrogen bonds involving alternately urea functions of the two
calixarenes.! The inclusion of a suitable guest, often a solvent
molecule, is a necessary condition for the dimerization. The combi-
nation of two different tetra-ureas 1 in equimolar amounts usually
results in the formation of homo- and heterodimers in a statistical

1 Biowissenschaften, Martin-Luther-Universitit Halle-Wittenberg, Kurt-
Mothes-Str. 3, D-06099, Halle, Germany. E-mail: iris.thondorf@
biochemtech.uni-halle.de; Fax: +49-345-5527011; Tel: +49-345-5524862
bAbteilung Lehramt Chemie, Fachbereich Chemie, Pharmazie und
Geowissenschaften, Johannes Gutenberg-Universitit Mainz, Duesbergweg
10-14, D-55099, Mainz, Germany. E-mail: vboehmer@mail.uni-mainz.de;
Fax: +49-6131-3925149; Tel: +49-6131-3922319

T Electronic supplementary information (ESI) available: Geometric and
energetic parameters of the monomers 1a and 1b, compounds used for the
calculation of RESP charges and RESP derived charges for the constituting
fragments of the tetra-tolyl and tetra-tosylurea calix[4]arenes 1a and 1b,
histogram of the C-S-N-C dihedral angles of acyclic sulfonylureas in
the Cambridge Structural Database and NOESY data for 1a-1b. See
http://dx.doi.org/10.1039/b708679b

ratio. Examples are known, however, where no heterodimers are
formed, e.g. between a tetra-arylurea la and a rigidified analogue
derived from a bis-crown-3 calix[4]arene.? On the other hand it has
been known for a long time that tetra-arylureas 1a exclusively form
heterodimers with tetra-tosylureas 1bin a 1 : 1 mixture,’® although
both compounds la and 1b alone readily form homodimers. A
tentative explanation for this behaviour was sought in the fact
that the higher acidity of the tosylurea protons complements the
basic oxygen of the tolylurea residue.’

o’ o
4 3
NHg NH
0o=C 0o=C
Y Ay
IilHa IilHa
R R
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This unexpected heterodimerization was used for the formation
of regularly structured linear copolymers from bis-tetra-ureas
via self-assembly.* More recently, well-defined dendritic assem-
blies were obtained in a similar manner using (inter alia) this
selectivity.® Alkenyl residues attached to the urea functions can be
intramolecularly connected via olefin metathesis, often followed
by hydrogenation.® Again, heterodimers with 1b could be used
to control the regioselectivity, avoiding for instance connections
across the calixarene cavity.” Bis-, tris- and tetraloop derivatives?
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of calix[4]arenes became available in this way, which were in turn
converted to novel bis[2]-,° bis[3]- and cyclic [8]catenanes, to
fourfold rotaxanes' and (by hydrolysis of the urea functions)
to huge macrocycles.” Therefore, the attempt to understand the
reason for the exclusive formation of heterodimer 1a-1b is not only
an academic curiosity.

Our previous study aiming at the explanation of the observed
selectivities by means of molecular dynamics (MD) simulations
has proved unsuccessful.’* Neither the interaction or complexation
energies nor the geometries of the homodimers 1a-1a and 1b-1b
differed significantly from those of the heterodimer 1a-1b.

In contrast, by using RESP (restrained electrostatic potential
fit)-derived partial charges,"* instead of the Gasteiger—Hiickel
atomic point charges® utilized in the previous calculations, in
combination with the AMBER 7 program suite'® we were not only
able to predict the selectivities observed for the dimerization of tri-
tolyl (2a) and tritosyl (2b) derivatives of triphenylmethanes, but we
could also verify the different hydrogen bonding patterns present
in the respective dimers 2a-2a, 2a-2b and 2b-2b."” Similarly, MD
simulations of [2]rotaxanes derived from the heterodimer 1a-1b
proved to be in agreement with the experimental data.'! Given the
importance of the tolyl-tosylurea calixarene heterodimerization
for the construction of larger supramolecular assemblies we
decided to repeat the calculations for dimeric capsules from la
and 1b.

In this paper we discuss the most probable reasons for the
selective heterodimerization based on the results of the computer
simulations and we present additional experimental evidence for
the conclusions drawn from these calculations.

Results and discussion

The trajectories of the tolyl homodimer 1a-1a reveal the usual
bifurcated hydrogen bonding pattern between the NH and C=0
groups of the urea residues (Fig. 1a). Statistical summarization
of the hydrogen bonds present in the simulations shows that the
two hemispheres are held together on average by 13.4 hydrogen
bonds. The NH - -- O=C distances are somewhat shorter for the
NH, than for the NH; protons, thus suggesting an unequal
strength of the hydrogen bonds (Table 1). The inner volume of the
capsule is on average 203 A’ with a pole—pole distance (defined
by the centroids of the methylene carbon atoms) of 9.3 A and

an equatorial diameter (calculated from the radius of gyration of
the urea carbonyl groups) of about 11.4 A. This is in agreement
with the crystal structures solved so far for such capsules'®™® and,
concerning the different strength of the hydrogen bonds, with the
'H NMR data.”

The calculations of the tosyl homodimer 1b-1b were started
from the same bifurcated (NH), - - - O=C arrangement of the urea
functions as in la-1a. The inspection of the energy-minimized
starting structure showed already the presence of four bifurcated
hydrogen bonds between NH and O=S which were formed at
the expense of four bifurcated NH---O=C hydrogen bonds.
The NH---O=S and NH---O=C hydrogen bonds appear in
an alternating order. This means that one hemisphere acts as a
carbonyl acceptor while in the other the sulfonyl groups contribute
to hydrogen bonding. This overall picture of hydrogen bonding
was maintained during the MD simulation, but the NH protons
switched several times between the O=C and O=S acceptor
functions (Fig. 1c, see also Fig. 2). The direction of the hydrogen
bonded belt remained constant. The fluctuation of the hydrogen
bonding pattern, although slow on the MD timescale, may suggest
that some steric strain present in one hemisphere is from time to
time transferred the other hemisphere.

Since the overall shape of the capsule remains constant during
the MD simulation irrespective of the toggling hydrogen bonding
system, most energetical and geometrical parameters do not
significantly change their values with time, such as the polar and
equatorial extension of the capsule, the steric energy of the capsule,
the interaction energies between the hemispheres and between
host and guest (Tables 1 and 2). The alternating arrangement of
hydrogen bonds is reflected in alternating values of the C—S-N-C
dihedral angles as well as in alternating energies calculated for the
two single hemispheres and for their interactions with the guest
molecule (Fig. 2). The C—-S-N-C dihedral angle of the sulfonamide
group adopts an average value of about +60° when the O=S
function acts as the hydrogen bond acceptor and a value of around
180° when the adjacent urea carbonyl group accepts the hydrogen
bond. Remarkably, the energy calculated for the former state is
20 kcal mol~" higher for a single hemisphere than in the latter state
(Table 2). This suggests that the C=0O--- HN hydrogen bonded
hemisphere resides in a sterically and energetically unfavorable
situation resulting from a strained arrangement of the tosylurea

group.

Table 1 Average values for specific geometric parameters of the capsules, fluctuations in parentheses
la-1a la-1b 1b-1b
Cavity volume/A3 203 222 250
Number of hydrogen bonds* 13.4 14.8 15.4
Distance of the centroids of the 9.31(0.21) 10.55 (0.16) 10.78 (0.24)
methylene carbon atoms/A
Equatorial diameter/A® 11.45(0.15) 9.37(0.20) 10.85 (0.16)
NH, - - - O=C distance/A 2.00 (0.19) 2.01(0.16) 2.73 (0.47)/2.04 (0.22)°
NH, - - O=C distance/A 2.08 (0.29) 1.97 (0.15) 3.63 (0.48)/2.36 (0.41)
NH, - - - O=S distance/A — 2.39(0.27) 2.29(0.35)/3.15 (0.57)°
NH, - - - O=S distance/A - 1.97 (0.16) 2.01 (0.28)/3.11 (0.78)°

“Obtained by statistical summarization over all snapshots with cut-off values of 2.75 A for the NH - - - O distance and of 135° for the NH - - - O angle.
b Calculated from the radius of gyration of the urea C=0 groups. ¢ Distances corresponding to the two different hydrogen bonding patterns (see text and

Fig. 1¢).
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Fig. 1 Energy-minimized time-averaged structures of (a) la-1a, (b) 1a-1b and (c) 1b-1b with the two different orientations of hydrogen bonds. Blue
dashed lines denote hydrogen bonds. Hydrogen atoms bonded to carbon atoms and the pentyl groups at the narrow rim have been omitted for clarity. In
(c) tosyl groups which accept hydrogen bonds via their S=O groups are marked with an asterisk.

Table 2 Average energy components® (kcal mol™") for the dimeric capsules

En AE,, Ep AE, AEy LE, L Eineract AE ompiex
la-1a —380.0 24.4 —379.8 24.6 —121.4 —22.0 —143.4 —94.4
1a-1b —381.3 23.1 —491.2 40.5 —158.9 —21.7 —180.7 —117.1
1b-1b —465.6 66.1 —487.0 44.5 —169.2 —21.3 —190.5 —79.9

“Ey, Ey,: energies of the two calixarenes within the assembly; AE,,,, AE,;,: reorganization energy of the calixarenes = E;, —

Ey,(uncomplexed)

(E 1 uncompiexes = —404.4 keal mol ™", Eyp yncompieed = —531.7 kcal mol™'); AE,,; 1,,: interaction energy between the two tetra-urea subunits in the capsule; X E),
sum of the interaction energies between the chloroform guest and the two tetra-urea calixarene units; X Ejene: sSum of interaction energies; AE ompiex:

complexation energy = AE,;; + AE, 1, + Z Eiperact-

Since there are neither experimental nor theoretical studies
of the geometry and energy of sulfonylureas published in the
literature,® we checked the structures of sulfonylureas in the
Cambridge Crystallographic Database,'{ and we calculated the
rotational barrier around the S-N bond at the RHF/6-31G*
level of theory for the model compound N-mesylformamide. In
the crystal structures, the C—S-N-C dihedral angles adopt only
discrete values of 60° (£20°) (see ESIT). The ab initio calculations
show that only these two minima exist for the rotation around the
S-N bond which correspond to the two possible synperiplanar
arrangements of the N-H and S=O bonds (Fig. 3). The two
minima are separated by two maxima at 0° and 180°, the energy
difference between the maximum at 180° and the minima being
about 9 kcal mol™" for the model compound. Although we did
not calculate the corresponding energy difference for the capsule

i Only acyclic sulfonylureas with a frans-configured S-N-C(=0)-N bond
were considered in this analysis.

1b-1b (due to the inherent molecule size limitations of the method
used) it is reasonable to assume that the position of the maxima
and minima is similar to the model system. Hence, the question
arises why one hemisphere of the capsule always has to adopt such
an energetically uncomfortable arrangement.

In contrast to the straight conformation of the tolylurea residues
in 1a-1a the presence of the sulfonyl group in 1b-1b introduces a
kink at the periphery of the capsule. A C—S—N-C dihedral angle of
about +60° implies that the tolyl ring is either backfolded in the
direction of the capsule, leading to steric clashes with the calixarene
skeleton of the second hemisphere, or it favorably extends into
the equatorial plane of the capsule as shown in Fig. 1c. Since the
two hemispheres of a tetra-urea capsule usually behave as mirror
images the putative preferred arrangement would involve one
hemisphere with C—S—N-C angles near +60° and the other with
the corresponding angles near —60°. However, in this arrangement
very close repulsive contacts occur between adjoining tolyl rings
(Fig. 4). Therefore, in order to maintain the circular hydrogen

This journal is © The Royal Society of Chemistry 2007
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Fig. 3 Potential energy for rigid rotation about the S-N bond in
N-mesylformamide at the RHF/6-31G* level of theory.

bonding system in 1b-1b, the tosyl groups of one of the two
hemispheres must necessarily adopt an energetically unfavorable
arrangement characterized by C-S-N-C dihedral angles near
180°.§ The energy price paid for the higher conformational energy
is compensated by the favorable interaction between the two
capsule hemispheres (most probably due to favorable hydrogen

§ It should be noted that similar steric repulsions exist also for circular
hydrogen bonding patterns involving either exclusively NH--- O=C or
NH - - - O=S contacts.

'ﬁ ’T' O/@/CHS
Calix—N N
alx \n/ sg

Fig. 4 Repulsion of the tolyl rings in a putative low-energy structure of
1b-1b with C—S-N-C dihedral angles of +60° and —60°. The view is along
the long axis of the capsule; only two building blocks belonging to different
hemispheres are shown.

bonding, see Table 2) which is commensurate with the fact that
the tetra-tosylurea calixarene 1b forms in solution a homodimer
in the absence of the tolylurea calixarene 1a.

The capsule 1b-1b is held together on average by 15.4 hydrogen
bonds, the strongest being formed between the NH; proton and
O=S as well as between the NH, proton and O=C. This modified
hydrogen bonding pattern results in an elongation of the capsule
along the pole—pole axis by about 1.5 A in comparison to 1a-la,

2778 | Org. Biomol. Chem., 2007, 5, 2775-2782

This journal is © The Royal Society of Chemistry 2007





while the equatorial diameter is marginally smaller (Table 1). The
space available for a guest molecule in the interior of the capsule
is on average 250 A®, which is nearly 50 A’ more than in the case
of 1a-1a. Hence, a bigger guest molecule should be able to occupy
the cavity of 1b-1b (see below).

In the heterodimer la-1b a stable hydrogen bonding pattern
is formed consisting of four bifurcated hydrogen bonds between
the tolyl NH protons and the O=S functions and four bifurcated
hydrogen bonds between the tosyl NH protons and the carbonyl
oxygens of the tolylurea groups (Fig. 1b). This hydrogen bonding
motif emerges from the (NH),---O=C pattern of the starting
structure during the equilibration period of the simulation and
it does not change during the production period. On average,
14.8 hydrogen bonds are formed between the two hemispheres.
Three of the four hydrogen bonding contacts (NH;; - - - O=C/O=S,
NH, ---O=C) are of comparable strength while the fourth
(NH, - - - O=S) is somewhat weaker (Table 1). The tosylurea units
adopt a low-energy state corresponding to a C-S-N-C dihedral
angle of around £+60°.

The alternating arrangement of two different kinds of hydrogen
bonds causes an asymmetric shape of the capsule. Thus, the two
hemispheres are rotated by 40° (and by 50° in the other direction)
against each other while the corresponding angles are near 45° in
1a-1a and 1b-1b. The participation of the S=O groups, which are
further apart from the calixarene skeleton than the C=0 groups, in
the hydrogen bonding scheme causes an elongation of the capsule
along its longitudinal axis by about 1 A compared to 1a-1a while
it contracts the equatorial region by about 2 A. The cavity of
the capsule 1a-1b is about 20 A’ larger than that of 1a-1a which
would approximately correspond to the volume of a methyl group.
Bearing in mind that toluene preferentially orients its methyl group
in the direction of the polar region® (the region of the calixarenes)
it may be anticipated that p-xylene, which is considered to be a poor
guest' of 1a-1a (see also below), could be a suitable guest for 1a-1b.
Moreover, given the different size of the homo- and heterodimers
from 1a and 1b, it might be possible to influence the formation of
homo- vs. heterodimers by means of careful guest selection.

The energetical analysis of the trajectories recorded for the
three capsules and the uncomplexed calixarenes (Table 2) indicates
that the high-energy conformation of a single hemisphere in the
homodimer 1b-1b is not the sole reason for the exclusive formation
of heterodimer 1a-1b. The difference in the complexation energies
AE ompiex calculated for the equilibrium 1a-1a + 1b-1b = 2(1a-1b)
favors the heterodimer 1a-1b over the two homodimers by 59.9 kcal
mol™', which is almost three times the energy difference between
the two different conformations of 1b in the complex 1b-1b.

The complexation energies AE . can be directly related
to the free enthalpies of complexation AG . provided that
different entropic contributions to AG.uu can be neglected
due to the similarity of the systems. Two major components
contribute to the overall complexation energy: the reorganization
energy which is necessary to convert the constituting individual
molecules from the uncomplexed to the complexed state and the
interaction energies between the capsule hemispheres and between
host and guest. The reorganization energies AE, (Table 2) are
substantially higher for the tosylurea calixarenes 1b than for the
tolyl calixarenes 1a indicating that different interactions must be
present in the free calixarenes. Inspection of the trajectories stored
for 1a and 1b showed that they adopt pinched cone conformations

in their uncomplexed state, which are stabilized by hydrogen
bonding between opposite urea functions.”® While in 1a a single
bifurcated NH - - - O=C hydrogen bond is formed, two bifurcated
NH - - - O=S hydrogen bonds in 1b tightly connect opposite rings
(Fig. 5). It is therefore obvious that the rearrangement from
the pinched cone conformation to the C, symmetrical cone
conformation present in the capsules requires a much higher
energy for the tosylurea calixarene 1b than for the tolylurea
derivative 1a.

TPI TPI

H-N H-N
o) =0

H-N H-N

Fig. 5 Hydrogen bonding geometry of the monomers 1a (left, sideview)
and 1b (right, view from the top).

The interaction energies (Table 2) favor the heterodimer over
the two homodimers by about 25 kcal mol~'. While the host—
guest interaction energies are nearly identical, the energies for the
interactions between the two hemispheres increase in the order
1b-1b < la-1b < la-1a. This order parallels the average number
of hydrogen bonds present in the capsules (Table 1). Additionally,
attractive m—m interactions of the tilted-T type* (average ring-
center—ring-center distances of 6.3 A for 1a-1b and 6.6 A for 1b-1b,
respectively) are formed between adjacent aromatic rings attached
to the urea functions. This type of interaction is only possible in
1a-1b and 1b-1b due to the kinked shape of the tosylurea group,
whereas in 1a-1a the straight form of the tolylurea group prevents
such interactions.

NMR experiments

Taking into account the results obtained by the MD simulations,
p-xylene was examined as a potential guest for the homodimers
la-1a, 1b-1b and the heterodimer 1a-1b. All attempts to dissolve 1a
or 1b in pure p-xylene-d,, failed, whereas an addition of one drop
of non-deuterated benzene led (after heating) to the clear solutions.
As expected, the "H NMR spectrum of the tetra-tolylurea la
showed only the capsule with included benzene (Fig. 6a). A single
dimer was also found in the case of tetra-tosylurea 1b, however,
no signal of encapsulated benzene was observed, suggesting that
p-xylene is included as the guest (Fig. 6b).

For the preparation of the heterodimer 1a-1b the solutions de-
scribed above were mixed together. Immediately after mixing, the
initial homodimers 1a-C¢Hg-1a, 1b-C;D,,-1b and two heterodimers
1a-C,H,-1b, 1a-CyD - 1b were detected in the spectrum (Fig. 6¢).
After 1 h only the heterodimers remained in the mixture (Fig. 6d).

To prove the potential inclusion of p-xylene, 1a and 1b were
dissolved in CDCIl; and 15% of non-deuterated p-xylene was
added to the each solution. The spectrum of the tetra-tolylurea
la did not change and no resonances corresponding to the
encapsulated p-xylene were observed (Fig. 7a). In contrast, a
second set of calixarene protons and two additional peaks at
5.36 and —2.22 ppm appeared for the tetra-tosylurea 1b, clearly
showing that p-xylene is included in the cavity (Fig. 7b). The same
experiment in benzene also showed two different sets of signals

This journal is © The Royal Society of Chemistry 2007
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Fig. 6 Parts of the '"H NMR spectra (p-xylene-d,,, 3% of C4Hy) of (a) 1a,
(b) 1b, (c) 1 : 1 mixture of 1a and 1b immediately after mixing, (d) 1 : 1
mixture of 1la and 1b 1 h after mixing. Colour code: 1a-C,H;-1a blue,
1b-CiD-1b red, 1a-C¢H¢-1b pink, 1a-CyD,,-1b green; the signals of the
included benzene are marked with *.

belonging to the dimers 1b-C;D;-1b, 1b-CyH - 1b (Fig. 7c) and the
included p-xylene.

To distinguish between the internal volumes of the capsules
la-1a, 1a-1b and 1b-1b, solvents that differ slightly in shape/size
were offered as guests. All pairwise combinations (50 : 50 mol%)
of benzene, toluene and p-xylene were checked, the results
for p-xylene-d,;—C4D, are shown in Fig. 8. The results, which
demonstrate an obvious difference in the sizes of the three dimers,
are summarized in Table 3.

The smallest dimer 1a-1a is not able to accept p-xylene as a guest
and forms only the homodimer 1a-C,H,-1a even if only traces of

o ha
e LJL o
L | ] M

Fig.8 Sections of the 'H NMR spectra (p-xylene-d;,—C4Dg, 50 : 50 mol%)
of 1a-1a, 1a-1b and 1b-1b. Dimers with included C;D; are shown in green,
dimers with included p-xylene in red.

benzene are present (Fig. 6a). Benzene is also a favorable guest
vs. toluene, since 87% of the 1a-1a homodimers formedina 1 : 1
mixture of the respective solvents contained C¢Hy as the guest.

The slightly larger heterodimer 1a-1b can include each of the
proposed solvent molecules. Although benzene or toluene seem to
be the better guests in comparison to p-xylene, there is no clear
difference between either of them.

The largest capsule 1b-1b clearly prefers to include the larger
guests toluene or p-xylene in comparison to benzene. In the case
of the guest pair p-xylene-toluene the smaller toluene is still
preferred. However, for all three guest pairs there is an increasing
tendency to include the larger guest when going from the smallest
capsule 1a-1a via the heterodimer 1a-1b to the largest capsule 1b-1b.

Experimental

All molecular dynamics simulations were performed using the
AMBER 7 software package and the gaff parameter set.'® The
initial geometry of the monomers and dimers was obtained

11.0 10.0 9.0 8.0

Fig. 7 Parts of the '"H NMR spectra (with 15% of p-xylene) of (a) 1a in CDCl;, (b) 1b in CDCI;, (c) 1b in C¢D,. Colour code: 1b-CsH,o-1b red,

1b-CDCl;-1b blue, 1b-C4D;-1b green, included p-xylene pink.

Table 3 The ratio between dimers formed in the two-component solution mixtures (50 : 50 mol%; ¢ = 8 x 107 M, 25 °C)

Solvent Homodimer 1a-1a Heterodimer 1a-1b Homodimer 1b-1b
A B la-A-la 1a-B-1a la-A-1b 1a-B-1b 1b-A-1b 1b-B-1b
p-Xylene-d,, Toluene-d; — 100 15 85 28 72
p-Xylene-d,, CsDy — 100 19 81 78 22
Toluene-dy C,Ds 13 87 54 46 84 16
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from earlier MD simulations,"® but the ethyl ether groups at the
narrow rim used in these calculations were replaced by pentyl
ether groups. A chloroform molecule was placed as a guest
inside the capsule. Charges (see ESI{) were derived following the
standard RESP procedure™ from a 6-31G* electrostatic potential
calculated with the Gaussian98 program® and the assemblies were
transferred into the LEaP format. Subsequently, a rectangular
box of chloroform molecules (approximately 14 A solvent layer
thickness on each side) was added. For the chloroform solvent
model, the corresponding parameters of AMBER 7 were used.*
Missing parameters for the ca—os—c3 and n-s6-ca bond angles
were defined by analogy to the corresponding c—os—c3 and o-s6—
ca parameters, respectively, included in the gaff’ parameter set of
AMBER 7. The solvated structures were subjected to 5000 steps
of minimization followed by a 30 ps belly dynamics (300 K, 1 bar,
1 fs timestep) for solvent relaxation and a 100 ps equilibration
period. Subsequently, MD simulations were performed in an
NTP (300 K, 1 bar) ensemble (constant number of particles,
constant temperature and pressure) for 3 ns (1a), 9 ns (1b, 1a-1a
and la-1b) and 34 ns (1b-1b) using a 1 fs time step. Constant
temperature and pressure conditions were achieved by the weak
coupling algorithm and isotropic position scaling. Temperature
and pressure coupling times of 0.5 ps and 1.0 ps, respectively, and
the experimental compressibility value of 100 x 10~¢ bar~' for
chloroform were used. The particle mesh Ewald (PME) method?*
was applied to treat long-range electrostatic interactions, and the
van der Waals interactions were truncated by using a cut-off value
of 12 A. Bonds containing hydrogen atoms were constrained to
their equilibrium length using the SHAKE algorithm. Snapshots
were recorded every 2 ps.

Geometrical and energetic analyses of the trajectories were
carried out with the carnal and anal modules of AMBER 7.
Analysis of hydrogen bonding was conducted by measurement
of distances and angles between potential donor and acceptor
sites for each snapshot of the trajectory followed by statistical
summarization. Graphical analysis of the results was performed
with the SYBYL program.? Internal volumes of the cavities were
calculated with the MOLCAD module of SYBYL using the Fast
Connolly Channel algorithm with a probe size of 1.4 A.

The calculation of the rotational barrier around the S-N bond
was carried out for N-mesylformamide at the 6-31G* level of
theory with the Gaussian98 program. This basis set was considered
adequate for sulfonamides.” The step size was 20° and the
corresponding dihedral angle (C-S-N-C) was kept fixed while
all other coordinates were optimized.

Conclusions

Although frequently used in self-assembly processes and in
covalent syntheses based on this self-assembly the reason(s) for
the exclusive formation of heterodimers between tetra-tosylurea
calix[4]arenes 1b and tetra-tolylurea calix[4]arenes la remained
obscure. Based on molecular dynamics simulations we could give
for the first time a reasonable explanation for this heterodimer-
ization which is consistent in itself. For electronic and mainly for
steric reasons the homodimer 1b-1b of a tetra-tosylurea consists
of two molecules with different conformation and considerably
different energy. The heterodimer 1a-1b, which contains the tetra-
tolylurea 1a in the usual conformation, can be formed only with

the energetically favored conformation of the tetra-tosylurea 1b.
Hence all tetra-tosylurea molecules can assume the favorable
conformation if only heterodimers are present, while half of the
tetra-tosylurea molecules are held in the unfavorable conformation
in the homodimer. MD simulations alone are not a proof.
However, from these simulations further conclusions followed for
the size of the dimeric capsules, which in turn could be verified
by the inclusion of differently sized solvent molecules as guests,
which concludes a self-consistent explanation.
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The title compound (+)-5, required for production of transition state analogue inhibitors of enzymes
involved in T-cell-dependent disorders, was synthesized in five steps. A 1,3-dipolar cycloaddition of the
nitrone formed from formaldehyde and N-benzylhydroxylamine to diethyl maleate gave the racemic
cis-isoxazolidine (£)-7. Reduction of the N-O bond of this compound gave pyrrolidone (+)-8 in
excellent yield. A very efficient enzymic resolution of this racemic product led to the title enantiomer

(+)-5. This route employs only one chromatographic purification.

Introduction

The nucleoside analogues 1-3, ‘DADMe-Immucillins’, are highly
potent transition state analogue inhibitors of N-ribosyl trans-
ferase enzymes. DADMe-Immucillins 1 and 2 inhibit purine
nucleoside phosphorylase (PNP), a therapeutic target for the
control of disorders involving proliferation of T-cells.'? Com-
pound 1 is currently in phase [ clinical trials for treat-
ment of T-cell-mediated autoimmune diseases.* Compound 3
inhibits 5-methylthioadenosine/S-adenosylhomocysteine nucle-
osidase (MTAN)* and 5-methylthioadenosine phosphorylase
(MTAP).>* MTAN is a bacterial enzyme which has been iden-
tified and validated as a potential target for broad-spectrum
antimicrobials.* MTAP functions solely in the polyamine pathway
of mammals. Inhibition of this pathway is a validated anti-cancer
target.’

I NH
7\ R
N\(" N
N -
O o
RH,C “oH HOH,C’ "OH
1R=0H,X=0H Y=H (#)-4R=H
2R=0H, X=O0H, Y =NH, (+)-5 R = Boc

3R=SMe, X=NHy Y=H

To supply our ongoing synthetic efforts in this area, we required
an efficient route to kilogram quantities of the key intermedi-
ate (3R,4R)-N-tert-butoxycarbonyl-4-hydroxymethylpyrrolidin-
3-0l [(+)-5]. The parent amine, 4-hydroxymethylpyrrolidin-3-ol,
was first synthesised as a component of a racemic cis,trans
mixture,® and later as part of a rrans racemic mixture.” The
(3R,4R) enantiomer [(+)-4] has been prepared enantio-pure from
both D-glucose and D-xylose,*® and in very high enantiomeric
excess by a route involving opening of a Sharpless epoxide with

“Carbohydrate Chemistry Team, Industrial Research Ltd, P.O. Box 31310,
Lower Hutt, New Zealand. E-mail: j.mason@irl.cri.nz
*GlycoSyn™, P.O. Box 31310, Lower Hutt, New Zealand

T Electronic supplementary information (ESI) available: NMR spectra of
(£)-7, (£)-8, (—)-8 and (+)-10. See DOI: 10.1039/b708796a

cyanide,' and also by two routes involving incorporation of
a chiral auxiliary and separation of diastercomers.''* The key
step of the more enantioselective of these last methods is a 1,3-
dipolar cycloaddition of an azomethine ylide to a 3-benzyloxy-
substituted alkenoylcamphorsultam,”? and this procedure has
been adapted to afford a large scale synthesis.’* Most recently, we
have obtained pyrrolidinol (+)-4 by enantioselective acylation of
racemic ethyl trans-N-benzyl-4-hydroxypyrrolidine-3-carboxylate
catalysed by Novozyme 435 (an immobilized form of lipase B of
Candida antarctica).** We now report a more efficient synthesis
of pyrrolidine (+)-5 that mostly avoids chromatography and is
suitable for kilogram-scale preparations.

Results and discussion

Our route to pyrrolidinol (+)-5 established the required trans
orientation of the ring substituents with a 1,3-dipolar cycload-
dition between diethyl maleate and the nitrone formed from
formaldehyde and N-benzylhydroxylamine, which gave racemic
cis-isoxazolidine (£)-7 (97%) (Scheme 1). When the N-O bond
of isoxazolidine (%)-7 was cleaved with zinc in acetic acid the
resulting aminodiester spontaneously formed the known'® trans-
lactam (£)-8 in 94% yield. These two steps were carried out
without any chromatographic purification. The purity of lactam
(%)-8 obtained this way, and used in the next step, was estimated
by NMR to be 90-95%.

The hydrolytic resolution of racemic ester (£)-8 using
Novozyme 4353 (10% w/w) in aqueous buffer at pH 7.5 was
superbly selective (£ > 300).' At the end of the reaction (50 & 2%
conversion)§ ester (—)-8 and all non-acidic organic impurities were
removed from the aqueous reaction medium by extraction with
chloroform. The aqueous phase was then acidified and multiple
extractions with ethyl acetate gave a moderate yield of crystalline
acid (+)-9 (32%, based on amount of (£)-8), pure by NMR and of

T A total of twenty-two commercially available lipases, proteases and
esterases were screened for efficacy in this hydrolysis. Only Novozyme
435 and pig liver esterase were able to hydrolyse (+)-8 efficiently, and the
former was more selective.

§ Inhomogeniety of the reaction mixture prevents precise determination of
degree of conversion.
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Scheme 1 Reagents and conditions: (a) BaNOH, CH,0O, EtOH, reflux,
2.5h; (b) Zn, AcOH; (c) Novozyme 435, pH 7.5,27 °C, 5.7 h; (d) BF;-Et, 0,
NaBH,, THF, 72 h, then HCI; (e) H,, Pd/C; (f) (Boc),O.

high enantiomeric purity (ee 95%). Reduction of (+)-9 with borane
gave N-benzyl amine (+)-10 in excellent yield (91%) and greater
than 97% purity (NMR) without chromatography. Benzyl amine
(+)-10 was hydrogenolysed to amine (+)-4 which was converted
to the N-tert-butoxycarbonyl- protected amine (+)-5 in excellent
yield (99%). Purified through a short column of silica gel, diol
(+)-5 was analytically pure and had 'H and *C NMR spectra in
accordance with literature data.'

Conclusion

In summary, this synthesis of (+)-5 is short, efficient and robust.
It provides the target compound in excellent chemical and
enantiomeric purity in five steps and 26% overall yield from
commercially available starting materials. It has been undertaken
many times in our laboratories and has been used to manufacture
compound (+)-5 in kilogram quantities.

Experimental
General

All reagents, including anhydrous solvents, were used as supplied.
Organic solutions were dried over MgSO, and the solvents were
evaporated under reduced pressure. Flash column chromatogra-
phy was performed on Scharlau or Merck silica gel 60 (40-60 um)
and the solvents used were distilled prior to use or were of AR
grade. Melting points were recorded on a Reichert hot stage
microscope and are uncorrected. Optical rotations were recorded
on a Perkin-Elmer 241 polarimeter with a path length of 1 dm
and are in units of 10-'deg cm® g'; concentrations are in g
per 100 ml. NMR spectra were recorded on a Bruker AC300E
spectrometer in CDCI;. "H spectra at 300 MHz are referenced to
internal Me,Si (6 0) and C spectra at 75.5 MHz are referenced
to the centre line of residual CHCI; (0 77.0). Coupling constants
(J) are quoted in Hz. Positive ion electron impact (EI+) HRMS
were measured on a VG 70SE instrument. HPLC analysis was
preformed on a Chiralcel OD-H column connected to an HP Series
1100 chromatograph and eluted with 20% isopropanol in hexane.

Microanalyses were carried out by the Campbell Microanalytical
Laboratory, University of Otago.

(£)-cis-Diethyl 2-benzylisoxazolidine-4,5-dicarboxylate [(£)-7].
N-Benzylhydroxylamine hydrochloride (280.0 g, 1.75 mol) and
anhydrous NaOAc (157.8 g, 1.92 mol) were stirred together in
EtOH (1.2 L) at rt for 1 h, after which time aqueous formaldehyde
(37%, 260 mL, 3.5 mol) was added and stirring was continued for
1 h. Diethyl maleate (6, 260 mL, 1.61 mol) was added and the
mixture heated under reflux for 2.5 h. After cooling, the solvent
was evaporated and the residue partitioned between EtOAc (1.5L)
and NaHCO; (sat. aq., 1.6 L). The organic layer was dried and
concentrated to give the product (£)-7 as a yellow oil (523 g, 97%).
This material was pure by NMR and was used in the next step
without further treatment. NMR 6y, 7.40-7.20 (5 H, m, Ar), 4.76
(1H, br d, H-5), 4.29-4.08 (5 H, m, 2 x CH,CH; and CHHPh),
4.02 (1H, br m, CHHPh), 3.77 (1 H, q, J 8.7, H-4), 3.60-3.00
(2 H, m, H-3, H-3), 1.28 3H, t, J 7.2, CH;), 1.25 3H, t, J 7.2,
CH;); dc 169.7 (CO), 169.1 (CO), 136.4 (Ar), 129.0 (ArH), 128.4
(ArH), 127.6 (ArH), 77.0 (C-5), 62.5 (PhCH,), 61.4 (CH,CH,;),
61.3(CH,CH,), 56.8 (C-3),50.4(C-4), 14.0 (2 x CH,CH;); HRMS
(EI) m/z307.1418, C;¢H, NOs (M*) requires 307.1420.

(£)-trans-Ethyl 1-benzyl-4-hydroxy-5-oxopyrrolidine-3-carboxy-
late [(£)-8]. Powdered zinc (210 g, 3.2 mol) was added portion-
wise to a solution of crude isoxazolidine (£)-7 (523 g, 1.7 mol)
in AcOH (1.5 L) cooled with an ice-water bath. The mixture was
stirred for 1 h and then filtered through Celite. The solvent was
evaporated and the residue was taken up in CH;CI (I L) and
washed with NaHCO; (sat. aq., 2 x 2 L). The organic layer was
dried and concentrated to give the product (£)-8 as a yellowish
waxy solid (442 g, 99%). This material was 90-95% pure by NMR
and was used in the next step without further treatment. A small
amount was purified by column chromatography, eluting with
EtOAc-hexanes 1 : 1. Mp 65-66 °C (EtOAc-hexanes), lit. 62—
63.5 °C;"> NMR 4 in agreement with literature data;'® 5. 172.9
(CO), 171.4 (CO), 135.1 (Ar), 128.9 (ArH), 128.2 (ArH), 128.0
(ArH), 72.3 (C-4), 61.5 (CH,CHj;), 47.0 (PhCH,), 46.1 (C-3),
45.1(C-2), 14.1 (CH,CH;); HRMS (EI) m/z263.1154, C,,H,;NO,
(M)* requires 263.1158.

(3R,45)-Ethyl 1-benzyl-4-hydroxy-5-oxopyrrolidine-3-carboxy-
late [(—)-8] and (3S,4R)-1-Benzyl-4-hydroxy-5-oxopyrrolidine-3-
carboxylic acid [(+)-9]. A suspension of crude ester (£)-8 (345 g,
1.31 mol) in acetone (350 mL) and potassium phosphate buffer
(0.5M, pH 7.5, 4 L) was stirred over Novozyme 435 (34.5 g) for
5.7 h at 27 °C. The enzyme was removed by filtration. The filtrate
was saturated with NaCl and extracted with CHCI; (4 x 600 mL).
The combined extracts were dried (MgSO,) and concentrated
under reduced pressure to give (—)-8 (138 g, 40%) as a light
brown oil. Column chromatography of a small sample eluting
with EtOAc-hexanes (1 : 1) gave a pale yellow waxy solid. [a]
—46.8 (¢ 1.1, EtOH); NMR spectra in agreement with those of the
racemate; ee (HPLC) 98%. The aqueous phase was bought to pH 1
with HCI (6 M), resaturated with NaCl and extracted with EtOAc
(7 x 0.8 L). The combined extracts were dried and concentrated to
give a light brown solid that was purified by trituration with EtOAc
to give (+)-9 (109 g, 32%). This material was pure by NMR and
was used in the next step without further treatment. Crystallised
from water as colourless needles, it gave mp 146147 °C; [a]2) +62.3
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(¢ 1, EtOH); NMR 0y 7.37-7.21 (5H, bm, Ar), 4.76 (3H, bs, OH
and H,0)4.70 (1H, d, J 8.2, H-4), 4.49 (1H, d, J 14.6, CHHPh),
438 (1H,d, J 14.6, CHHPh) 3.44 (2H, m, H-2, H-2), 3.19 (1H, m,
H-3); 6c 174.7 (CO), 173.8 (CO), 135.1 (Ar), 129.3 (ArH), 128.6
(ArH), 128.5 (ArH), 72.6 (C-4), 47.6(PhCH,), 46.1 (C-3), 45.5 (C-
2); found C 61.36, H 5.56, N 5.92, C,,H;;NO, requires C 61.27,
H 5.57, N 5.95%; a sample that was converted to the methyl ester
using Me;SiCHN, gave an ee of 95% by HPLC.

(3R ,4R)-1-Benzyl-4-(hydroxymethyl)pyrrolidin-3-ol [(+)-10].
Freshly distilled BF;-OEt, (258 mL, 2.06 mol) was added to a
suspension of acid (+)-9 (96.6 g, 411 mmol) and NaBH, (62.5 g,
1.64 mol) in anhydrous THF (1.9 L) under argon at 0 °C, and
stirring was continued at rt for 72 h. The reaction was then
quenched with MeOH (100 mL) under ice-cooling and the solvent
evaporated. The residue was stirred with aqueous HCI (6 M,
200 mL) for 10 min and concentrated. This residue was slurried
with aqueous NaOH (15%, 200 mL) and again evaporated. The
residue was suspended in CHCL; (1 L), filtered through Celite
and a plug of silica gel, and evaporated to dryness to give (+)-10
(77.8 g, 376 mmol, 91%) as a an oil that solidified on standing.
This material was pure by NMR and was used in the next step
without further treatment. A small quantity was recrystallised
from EtOAc-hexanes. Mp 60-62 °C; [a]} +36.0 (¢ 1.1, MeOH),
lit."* [a]3 +33.0 (¢ 0.75, MeOH). 'H and “"C NMR spectra were
identical to those reported in the literature.™*

(3R ,4R)-N-tert-Butoxycarbonyl-4-hydroxymethylpyrrolidin-3-ol
[(+)-5]. Crude amine (+)-10 (69.9 g, 338 mmol) was dissolved in
MeOH (440 mL), Pd/C (10%, 6 g) was added and the mixture was
stirred overnight under hydrogen. The catalyst was removed by
filtration through Celite and di-zerz-butyl dicarbonate (81 g, 371
mmol) was added to the solution of amine (+)-4 at such a rate as
to maintain the temperature below 40 °C. The mixture was stirred
at rt for 1 h and the solvent was evaporated. The residue was
chromatographed on a column eluted with CH,Cl,-MeOH (9 : 1)
to give the title compound (+)-5 (72.4 g, 333 mmol, 99%) as an oil
that formed an amorphous solid on standing. 'H and *C NMR
spectra were identical to those reported in the literature." [a]}) +16
(¢ 0.8, MeOH), lit.* [a]Z +15.9, +16.2 (¢ 0.8-1.1, MeOH); found

C 55.53, H 8.84, N 6.34, C,,H,,NO, requires C 55.28, H 8.81, N
6.54%.
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Analogues of discodermolide in which the complete C-1 to
C-7 fragment is replaced with a coumarin moiety display
equivalent potency to that of the natural product.

The goal in medicinal chemistry is to understand and improve the
structural elements of the molecules required to deliver a desired
therapeutic effect. This goal is usually achieved by exploiting the
interaction of a prospective drug with a macromolecule. In small
molecule drug discovery, the approach has been highly successful
in achieving selective, potent drugs for a large range of biological
targets. In the natural products arena, in which the biological
activity is often built in, the compounds can in some cases be
used directly or more often tuned for the desired pharmacokinetic
properties. It is, however, challenging to commercialize natural
products that cannot be readily obtained either from natural
sources or via fermentation.

A case in point is the polyketide (+)-discodermolide 1 (Fig. 1).!
This marine natural product, a potent stabilizer of microtubules,
leads to cell cycle arrest, and ultimately apoptosis—a mechanism
similar to the anticancer agents paclitaxel and the epothilones.?
Indeed, discodermolide entered phase I clinical trials due to this
activity. Discodermolide 1, however, is only available in small
quantities from the sponge Discodermia dissoluta, and neither the
producing organism (thought to be a symbiont) has been cultured,
nor have the genes responsible for biosynthesis been obtained.
Thus, the large quantities required for the Phase I trial could only
be obtained through total synthesis, a formidable task.**

Fig. 1 (+)-Discodermolide 1 and the butyrolactone 2.

“Kosan Biosciences, Inc., 3832 Bay Center Place, Hayward, CA 94545, USA.
E-mail: shaw@kosan.com; Fax: 01 510 732 8001; Tel: 01 510 731 5269
*Department of Chemistry, University of Pennsylvania, Philadelphia, PA
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215 898 4860

T Electronic supplementary information (ESI) available: Full reaction
schemes for the synthesis of analogues 9-12, and analytical data for all
final compounds. See DOI: 10.1039/b708884c

To reduce the complexity of discodermolide while maintaining
potency, we and others have explored simplification of the
structure.*” A significant step in this direction was our discovery
that butyrolactone 2, which lacks three stereocentres, is a potent
antiproliferative agent.® With this observation in hand, we rea-
soned that further reduction in the complexity might be possible
in the lactone region by replacement of the complete C-1 to
C-7 unit. Consistent with this conjecture, we already had discov-
ered that the 7-hydroxyl group is not required for activity, since
both alkylation and acylation result in compounds with similar
nanomolar activity.”'* We also reasoned that an aromatic unit
that would maintain the appropriate lactone orientation as found
in both the solution and solid-state structures™' might serve
to mimic this region. Ideal in this regard appeared to be an
appropriately substituted coumarin, since replacement would
position the lactone moiety in a similar position to that found in
discodermolide. Importantly, coumarins are found in a number of
natural products including the antibiotic novobicin, which inhibits
DNA gyrase and more recently has been shown to have antitumour
activity."?

We postulated that 7-coumarincarboxaldehyde 3, available
in one step from commercially available 7-methylcoumarin via
selenium dioxide oxidation, could be employed directly with Wittig
salt (+)-4 using the coupling tactic developed and refined in our
laboratory (Scheme 1).3¢** This indeed proved to be the case;
coumarin 5 was obtained in 35%. Following union, standard
conditions were then employed to generate coumarin (+)-6.
Specifically, removal of the PMB ether permitted installation of
the carbamate before global deprotection.

3

MelLi-LiBr,
THF
-78°Cto-15°C

a) DDQ, CHyCl, - H,0
0°C, 30 min
—_—
b)i. ClaCC(O)NCO, CH,Cl,
t,1h
ii. K;COg, MeOH, 0 °C, 2 h
c) 4M HCI, MeOH, rt, 4 h

Scheme 1 Synthesis of the coumarin compound (+)-6.
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Table 1 Antiproliferative activities of the compounds in the study

Compound Antiproliferative activity/nM
SKOV3 MCF-7 NCI/ADR

(+)-Discodermolide 1 25 26 260
Butyrolactone 2 nd* 3 350
(+)-6 44 12 190
(+)-8 35 15 230
(+)-9 1800 1600 3300
(—)-10 790 430 840
(+)-11 2400 1600 3200
(+)-12 2900 3000 4000

“Not determined.

Coumarin (+)-6 displayed nanomolar activity similar to (+)-
discodermolide 1 against a wide range of cell lines, including
breast (MCF-7) and ovarian (SKOV3), as well as the multi-drug
resistant (MDR) cell line (NCI/ADR), which over-expresses the
MDR efflux pump, P-glycoprotein (Table 1). These results are
particularly striking given that the entire C-1 to C-7 section has
been replaced, including five of the 13 stereocentres.

Having demonstrated that the coumarin replacement main-
tained excellent antiproliferative activity, we moved to the 23,24-
dihydro discodermolide scaffold, to generate a series of analogues
to probe further the viability of the coumarin replacement. The
ability to use the 23,24-dihydro series would greatly improve
material throughput, given the synthetic simplification resulting
from removal of the 23,24-alkene. This modification has been
shown not to affect potency."* Towards this end, union of the
corresponding 23,24-dihydro Wittig salt (+)-7 (Scheme 2) with
coumarin aldehyde 3 proceeded smoothly.” Further elaboration
led to the 23,24-dihydro analogue (+)-8, a compound that proved
equivalent to (+)-1 and (+)-6 in the antiproliferative assays.

()7

Scheme 2 Synthesis of the dihydrocoumarin compound (+)-8.

To provide additional information on the requirements of the
lactone region, we constructed four related analogues: the 6-
coumarin (+)-9 to explore the positioning of the lactone ring and
three lactam analogues, (—)-10, (+)-11, (+)-12, varying the lactam
nitrogen substitution (H, Me and MOM; Fig. 2). These analogues
were constructed using a route similar to that described above (see
ESI for complete synthetic schemest). The requisite unprotected
lactam aldehyde proved readily accessible.'

The antiproliferative activities for the six analogues are listed
in Table 1. Positioning the lactone ring proved crucial for high
potency, with the 6-coumarin (+)-9 displaying a 50-100-fold
lower activity compared to (+)-discodermolide 1 and the two 7-
coumarins (+)-6 and (+)-8. Although the three lactam analogues
displayed less activity than the corresponding coumarins, lactam
(—)-10 (R = H) does appear to be somewhat more active than
the two N-substituted congeners (+)-11 and (+)-12. The drop in

R=HO10
Me, (+)-11 H( N.p
MOM, (+-12 [

Fig. 2 6-Coumarin analogue (+)-9 and lactams (—)-10, (+)-11, and
(+)-12.

activity in moving from the lactone to the lactam is either the
result of a difference in the electrostatics or due to the change in
the ring, which has been altered by insertion of an oxygen atom.
Further analogues will be required to provide a definitive answer.

In summary, we have designed and constructed a series of
discodermolide lactone analogues wherein the entire C-1 to
C-7 unit, possessing five stereogenic centers, has been replaced
with either a coumarin or cyclic lactam. In spite of the significant
change, the 7-coumarins (+)-6 and (+)-8 display equivalent
antiproliferative activity to (+)-discodermolide 1 over a series
of cell lines. Importantly, these congeners represent the struc-
turally simplest discodermolide analogues reported to date with
nanomolar antiproliferative activity in cell culture. Compared
to (+)-discodermolide, these molecules are considerably easier
to synthesise, which would reduce the time and cost of a large
scale synthesis. Equally important, the 7-coumarins (+)-6 and
(+)-8, in association with the 6-coumarin (+)-9, add weight to
the hypothesis that positioning the lactone moiety is crucial for
strong activity."”
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A new approach to the synthesis of 5-amino-4-cyanopyra-
zoles has been developed, utilising a novel flow microwave
device. These products are then converted by a batch mode
microwave process to structurally more complex dimeric and
‘mixed’ pyrazolopyrimidine structures.

The use of focused microwave techniques! has become a routine
component of modern organic synthesis programmes. The en-
hanced reaction rate for serial processing to generate chemical
libraries or the ability to achieve reactions not previously possible,
or at least difficult, by conventional heating are key factors in
the success of this technology. Furthermore, the opportunities
presented by continuous flow processing methods** for the
efficient scale-up of chemical transformations are impacting the
way we design, plan and execute molecule assembly, especially
within the pharmaceutical context.* Nevertheless, these techniques
need to constantly evolve in order to accommodate the developing
trends and requirements that relate to cost, scale, sustainability and
reproducibility of the methods.

Here we report a new protocol for the synthesis of 5-amino-
4-cyanopyrazoles and their subsequent reaction to form 4-
aminopyrazolopyrimidines. Our approach is based upon the use
of simple chemical inputs such as hydrazines, ethoxymethylene
malononitrile and nitriles to create more complex product ar-
chitectures via the application of both continuous flow and
batch mode focused microwave methods."™® To facilitate this
synthesis, we have developed a novel flow microwave device which
permits reactions to be performed on scale, and in combination
with supported reagent techniques, allows the isolation of clean
products in high yield without recourse to chromatography.

We believe that this flow microwave device represents a useful
addition to existing flow-based microwave technologies,*® as it is
readily adaptable to a variety of transformations at a low cost.
The microwave flow device itself consists of fluorinated polymer
tubing wound around a central Teflon core fitted with a dummy
pressure cap typical of microwave reaction vessels (see Fig. 1a).
The unit used for the work described below is wrapped with
11.5 m of 0.4 mm i.d. tubing, providing an internal volume in the
microwave cavity of 1.45 mL (Fig. 1b). A major benefit of this new
device over glass or metal microwave inserts previously described
in the literature®” is the versatility and low production cost of
the polymer tubing. The Teflon spigots (also relatively low-cost)

Innovative Technology Centre (ACS), Department of Chemistry, University
of Cambridge, Lensfield Road, Cambridge, CB2 1EW, UK. E-mail:
svl1000@cam.ac.uk; Fax: +44 1223 336442; Tel: +44 1223 336398

T The HTML version of this article has been enhanced with colour images.

Fig.1 A) Teflon core. B) Flow microwave coil.

can be easily re-wrapped in the laboratory to replace blocked or
damaged devices or to allow access to new configurations; for
example, wrapping different lengths of tubing to provide reactors
with varying internal volumes or wrapping multiple tubing to
accommodate different reactions or flow rates within the same
microwave device.

The microwave flow device described above fits into the standard
cavity of commercially available microwave equipment (Emrys
Optimiser or Initiator®) with the input and exit tubes on the
underside of the microwave unit. One or more HPLC pumps’
were used to drive the overall system, which is kept under pressure
by the use of a 100 psi back-pressure regulator at the exit.
Finally, purification is achieved by passage of the exiting flow
stream through columns packed with solid-supported reagents
and scavengers.*!® These clean-up units can be varied depending
upon the chemistry being conducted in the system and the scale
of the process.

The choice of pyrazoles and pyrazolopyrimidines as products
for the application of this new technology was based on the preva-
lence of these structures in pharmaceuticals and agrochemicals.
In particular, the pyrazolopyrimidine core has been used as a
scaffold for the design of anti-tumour agents' and inhibitors of
kinases,'* adenosine receptors’ and adenosine deaminase.'*
Our route to these important compounds involved two stages: the
advanced pyrazolopyrimidine structures were prepared via batch
mode elaborations of the corresponding 5-amino-4-cyanopyrazole
intermediates, which were themselves easily generated on multi-
gram scale under continuous flow conditions.
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Scheme 1
The flow synthesis of S5-amino-4-cyanopyrazoles 3a-n

(Scheme 1) was achieved through the reaction of a series of
aryl hydrazines la-n with ethoxymethylene malononitrile 2 in
methanol by passage through the flow device described above
(Fig. 1b)." This process involved exposure of the reaction mixture
to focused microwave irradiation (temperatures of 100-120 °C *?)
for a short period of time, usually 0.8-4.0 min (corresponding to
flow rates 0f 0.36-1.75 mL min~"). The exiting flow stream was then
processed in-line by passage through a column of benzyl amine
resin (Quadrapure™ BZA)™ acting as a scavenging agent for any
unreacted starting material 2 or uncyclised intermediates, followed
by a column packed with activated carbon to remove coloured
or polymeric impurities. After exiting through a 100 psi back-
pressure regulator, the product was obtained by direct evaporation
using a Vapourtec V-10® apparatus's for smaller samples, or a

ACTIVATED
CARBON CN

O\NHZ

Flow microwave synthesis of 5-amino-4-cyanopyrazoles.

rotary evaporator for larger samples to give high purity products
(=95%) in good to excellent isolated yields (62-96%, Table 1,
3a-n).

The 5-amino-4-cyanopyrazole products 3a—n can be considered
as useful materials for other synthesis programmes; in this work we
have chosen to investigate their further reaction with aryl nitriles,
or dimerisation leading to 4-aminopyrazolopyrimidines under
focused microwave heating at higher temperatures (Scheme 2).
These reactions were first pioneered by Taylor ez @l. in the early
1960s using conventional heating and required long reaction times
under harsh conditions.’ Recent work by our laboratory'” and
others'*'® on the formation of substituted pyrimidine rings using
similar synthetic strategies has shown that these reactions can
be greatly accelerated by the application of focused microwave
irradiation.

Table 1  Yields for flow microwave synthesis of 5-amino-4-cyanopyrazoles and their subsequent dimerisations

Isolated yield of Isolated yield Isolated yield of Isolated yield
Entry R= pyrazole 3¢ of dimer 4 “ Entry R = pyrazole 3¢ of dimer 4 “
a E_H 62% — h E_M e 75% 68%
b @ 89% 64% i N=— 90% 76%
aY,
c 84% 42% i 85% 82%
d 82% NR® k 84% 60%
e 91% 28% 1 96%° NR*
COOH
F3C
f ::; 81% 48% m ::; 62% NR*®
F
Cl Cl
g Cl 82% 53% n Cl 90% 80%
o] CFs3

“Yields reported for products of >95% purity as determined by '"H NMR. * NR = no reaction. ¢ BZA excluded; product isolated in 90% purity.
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Scheme 2 Synthesis of dimeric and ‘mixed’ pyrazolopyrimidines.

By heating under microwave irradiation we have accessed a
small collection of these structurally more complex dimeric pyra-
zolopyrimidines 4a—n as shown in Scheme 2. These dimerisation
reactions are performed in batch mode in toluene in the presence of
sub-stoichiometric amounts of potassium ferz-butoxide, allowing
access to the dimeric pyrazolopyrimidines in drastically reduced
reaction times (30 min to 3.5 h) compared to conventional
heating (20 h at 200 °C in methanol-ammonia)."® Not all of
the substrates prepared showed equal propensity for dimerisation
under the specified reaction conditions. Certain pyrazoles gave
no observable transformation while others furnished the desired
dimer albeit sometimes accompanied by additional side products.
Establishing a general workup for these often extremely insoluble
mixtures has proven challenging. However, an effective method
has been developed employing a ‘catch-and-release’ protocol with
solid-supported sulfonic acid (Amberlyst™ 15) in DMF. The
crude reaction mixtures are taken up in DMF and the desired
products trapped onto Amberlyst™ 15 as their salts, enabling side
products to be eluted by washing with DMF. Subsequent release
by treatment with triethylamine-DMF allows isolation of clean
(=95% purity) products in reasonable yields (see Table 1, 4a—n)
after evaporation of solvents.

We have also begun to investigate the reactivity of these 5-
amino-4-cyanopyrazole products with various aryl nitriles to
access ‘mixed’ 4-aminopyrazolopyrimidine structures (Scheme 2,
5a—c) under microwave conditions. Pyrazolopyrimidines Sa—c
(Table 2) were prepared by cycled microwave heating of neat
reagents to access the desired products in excellent yields (88—
94%) and purities (>95%), and again, in drastically reduced
reaction times (3 x 15 min) compared to previous syntheses using
conventional heating (20 h at 200 °C in methanol-ammonia).'¢

In summary, this work describes a low-cost, practical approach
to flow microwave chemistry. Our novel flow microwave device
renders pyrazole synthesis easily scalable by simply including
larger purification columns or by column-switching; we have found
the existing setup capable of delivering over 250 g of material
(Table 1, entry 3l). This flow system also allows isolation of a
range of substituted pyrazoles in excellent purity (>95%) without
the requirement for any traditional work-up or purification
procedures, especially chromatography. The products of this flow
process can in turn be dimerised or reacted with various nitriles

Table 2 Yields for the synthesis of ‘mixed’ pyrazolopyrimidines

Entry R= R = Isolated yield*
Sa E_H @ 94%
5b E_H —N 88%
\ 7/
91%

5¢ E—H

Q

r

“Yields reported for products of >95% purity as determined by 'H NMR.

under batch-mode microwave conditions to access potentially
useful 4-aminopyrazolopyrimidines.
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The synthesis of the title 2’-deoxyadenosine derivatives bearing bipyridine, phenanthroline or
terpyridine ligands and their corresponding Ru"-complexes in position 8 linked via acetylene or
phenylene tethers was accomplished through cross-coupling reactions. The Suzuki-Miyaura reactions
of boronic acids or the Sonogashira reactions of terminal acetylene derivatives of oligopyridine ligands
were performed either on protected 8-bromoadenosines in organic solvents or, more efficiently, directly
on unprotected nucleosides in aqueous acetonitrile or DMF. Direct cross-coupling reactions of
unprotected nucleosides with Ru"-complexes or the oligopyridine-boronic acids or -acetylenes gave the
Ru-labelled nucleosides in one step in fair to good yields. This method was also proven to be applicable
for direct Ru-labelling of dATP. Terpyridine-containing 2'-deoxyadenosine exerted significant antiviral

and cytostatic effects.

Introduction

Complexes of bidentate N-ligands' (in particular phenanthrolines
and bipyridines) with transition metals (Ru, Rh, Ni, Cu, Co, Os
etc.) possess unique electrochemical and photophysical properties.
Some of the phenanthroline complexes, which are efficient DNA
intercalators, have been extensively used as luminescent and
electroactive DNA labels.? Attachment of probes based on metal
complexes directly to the nucleobase via conjugate linkers should
increase the efficiency of the charge transfer and thus enhance
sensitivity.

There are many examples of such probes connected to pyrimi-
dine nucleobases. 5-Ferrocenylethynylpyrimidine nucleosides were
synthesized by Sonogashira coupling of 5-iodopyrimidines with
ethynylferrocene and incorporated into DNA as electroactive
redox markers.* Covalently bound conjugates of pyrimidine
nucleotides and phenanthroline complexes of Ru and Os have been
studied* as fluorescence probes for DNA hybridization and charge
transfer through DNA. However, there are very few reports of
probes conjugated to purines, presumably due to the greater diffi-
culty in preparation and incorporation. Ferrocenylethynylpurines®
have been prepared but the corresponding protected phospho-
ramidite of 8-(ferrocenylethynyl)-2’-deoxyadenosine was not ef-
ficiently incorporated into oligonucleotides® presumably due to
oxidation of ferrocene followed by nucleophilic displacement.

Therefore our next probes of choice for labelling purines are
complexes (Ru and Os) of bipyridine and phenanthroline. Very
recently we have reported’ on the synthesis and electrochemistry of
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model 9-benzyladenine derivatives bearing oligopyridine ligands
or their Ru or Os complexes linked to position 8 via conjugate
phenylene or acetylene tethers that are designed to transmit elec-
tronic changes on the nucleobase to the electroactive label. Here
we report on the synthesis of the corresponding 2'-deoxyadenosine
nucleoside analogs.

Results and discussion
Synthesis of protected nucleosides

In order to prepare the title nucleosides bearing oligopyridine
ligands as building blocks for oligonucleotide synthesis, we
have studied cross-coupling reactions® of 5-DMTr-N¢-benzoyl-
8-bromo-2'-deoxyadenosine’ 1a as a fully protected intermediate,
that can easily be converted to a phosphoramidite. The Sono-
gashira cross-coupling reaction is a frequently used method"
for introducing alkynyl groups to position 8 of purine bases
and nucleosides. Unfortunately our efforts to perform the cross-
coupling reaction on 5-DMTr-N®-benzoyl protected 8-bromo-
deoxyadenosine 1a with either 6-(ethynyl)-2,2'-bipyridine 2a or 2-
ethynyl-1,10-phenanthroline 2¢'" under standard conditions were
not successful (Scheme 1, Table 1). Most probably, the steric
hindrance of the benzoyl group in combination with the relatively
low thermal stability of the starting protected nucleoside led
to decomposition of the starting material without formation
of any cross-coupling product 4. Therefore, we have performed
cross-coupling reactions on N°-unsubstituted 5'-DMTr-8-bromo-
deoxyadenosine 1b. Reaction of 1b with 6-(ethynyl)-2,2'-bipyridine
2a and 5-(ethynyl)-2,2'-bipyridine 2b in the presence of PdCl,—
dppf catalyst and Cul-Et;N in dry DMF (Scheme 1, Table 1)
afforded the desired bipyridine-linked nucleosides 5a,b in good
yields of 63 and 72%, respectively. Analogous reaction of 1b with
2-ethynyl-1,10-phenanthroline 2¢ afforded the phenanthroline-
linked derivative 5¢ in only a modest yield. The Suzuki-Miyaura
cross-coupling reaction of boronates 3a-d” with 5-DMTr-8-
bromo-2'-deoxyadenosine 1b were performed in DMF using

This journal is © The Royal Society of Chemistry 2007

Org. Biomol. Chem., 2007, 5, 2849-2857 | 2849





Table 1 Synthesis of protected nucleosides

Entry Starting nucleoside Reagent Product Yield (%)
1 1a 2a 4a 0
2 la 2c 4c 0
3 1b 2a 5a 63
4 1b 2b 5b 72
5 1b 2c 5¢ 32
6 1b 3a 6a 58
7 1b 3b 6b 49
8 1b 3c 6¢ 66
9 1b 3d 6d 59

10 5a BzCl* 4a 76

11 5b BzCl* 4b 58

“ Benzoylation: 1. Pyridine, TMSCI (5 equiv.), 2. BzCl (5 equiv.), 3. EtOH,
1 M NH,OH.

NHR'

NI
k\N | N>TR

Scheme 1  Reagents and conditions: i) PACl, (10 mol%), dppf (1 equiv. to
Pd), Cul (10 mol%), Et;N (10 equiv.), DMF, 80 °C; ii) PdCl, (5 mol%),
dppf (1 equiv. to Pd), K,CO; (4 equiv.), DMF, 90 °C.

PdCl,—dppf catalyst and K,COj as a base. In all cases the reactions
proceeded relatively well to give the desired conjugated nucleosides
6a—d in moderate yields of 49-66% (Scheme 1, Table 1).

These results show that, in accord with the previous study
on benzyladenine derivatives, the cross-coupling reactions of 8-
bromoadenines with organometallics containing oligopyridine-
type ligands are problematic due to strong complexation of the
ligand to the catalyst. Nevertheless, this approach can still be used
preparatively for the synthesis of the title modified nucleosides with
moderate efficiency. The conjugates can be further benzoylated
at the amino group in position 6 of adenine using a standard

three-step, one-pot procedure (silylation at 2'-OH, benzoylation
in position 6 and subsequent desilylation with 1 M solution of
NH,OH) to afford the fully protected nucleosides, as documented
by the conversion of nucleosides 5a,b to the fully protected
conjugates 4a,b (Scheme 1, Table 1).

Synthesis of unprotected nucleosides

In order to prepare unprotected purine nucleosides bearing
oligopyridine ligands in position 8, one can certainly consider
deprotection of the above mentioned protected nucleosides 4—
6. However, due to quite moderate yields in their synthesis, we
were interested in developing a direct protection-free approach.
Recently, the aqueous-phase cross-coupling reactions' have been
successfully used in the attachment of aryl groups (including
hydrophilic amino acid residues) to unprotected nucleobases, nu-
cleosides and nucleotides.'®"* Due to the relatively mild conditions
and tolerance to unprotected functional groups this could be the
method of choice for further applications in direct labeling of
nucleosides, nucleotides and oligonucleotides by diverse functional
groups. Therefore, we have studied the application of these
reactions to the attachment of oligopyridine ligands to nucleosides.
First we attempted the Sonogashira cross-coupling reaction of
8-bromo-deoxyadenosine 7 with 6-(ethynyl)-2,2'-bipyridine 2a
and 5-(ethynyl)-2,2'-bipyridine 2b using Pd(OAc), and a water
soluble ligand, P(PhSO;Na), (TPPTS), in the presence of Cul and
Et(iPr),N and a mixture of H,O-CH;CN. However, under these
conditions, complex mixtures of the desired products with some
inseparable byproducts were obtained. Fortunately, in DMF the
reactions proceeded quite cleanly to give the desired products 8a
or 8b in excellent yields of 96% and 90%, respectively (Scheme 2,
Table 2). An application of the aqueous-phase conditions for
the Suzuki-Miyaura cross-coupling reaction of boronates 3a—
d with 8-bromo-deoxyadenosine 7 was also successful. Using a
mixture of H,O-CH;CN as solvent, in the presence of Pd(OAc),,
TPPTS and Cs,CO; as a base, afforded the products 9a—d in
excellent yields (Scheme 2, Table 2). The only exception was
the bipyridin-4-yl derivative 9b which was only obtained in a
moderate yield of 38%. In this example even a prolonged reaction
time, higher temperature, or higher excess of boronate did not
improve the yield. In addition, the product could only have
been isolated by preparative silica gel HPLC (in all other cases,
standard column chromatography was sufficient). Despite this less
convincing example, the catalytic system consisting of Pd(OAc),
and water soluble ligand TPPTS was shown to be applicable for
direct protection-free cross-coupling modifications of unprotected
nucleosides either in H,O-CH;CN or in anhydrous DMFE.

Synthesis of the Ru" complexes of nucleosides

The next goal of our study was to prepare the corresponding
Ru" complexes of the oligopyridine-nucleoside conjugates. An
obvious approach was the complexation of the ligands 4-6 or 8-
9 with Ru(bpy),Cl, in analogy to our previous study’ on model
compounds. However, quite harsh conditions (hardly compatible
with rather labile nucleosides) were required” in the complexation
and, moreover, the isolation of the resulting complexes was very
problematic due to unwanted anion exchange. Therefore, we
have tried to develop a direct functionalization of unprotected
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Table 2 Synthesis of unprotected nucleosides

Entry Reagent Product Yield (%)
1 2a 8a 96
2 2b 8b 90
3 3a 9a 93
4 3b 9b 38
5 3c 9¢ 95
6 3d 9d 95
NH,
NI
k\ | >—TR
N N
NH, HO o
N~ i)
A\
k\ I % BT 2ab
N OH 8a-b
HO
(e}

HO

For R see Scheme 1

OH  ga-d

Scheme 2 Reagents and conditions: i) Pd(OAc), (10 mol%), TPPTS
(2.5 equiv. to Pd), Cul (10 mol%), Et(iPr),N (10 equiv.), DMF, 75 °C;
ii) Pd(OAc), (5 mol%), TPPTS (2.5 equiv. to Pd), Cs,CO; (3 equiv.),
H,0-CH;CN =2:1,80°C.

nucleosides by Ru"-complexes through aqueous cross-coupling
reactions.

The corresponding Ru" building blocks, acetylenes 10a, b and
boronic acids 11a—d, were reported earlier.” Here we have stud-
ied their cross-coupling reactions with 8-bromo-deoxyadenosine
7 (Scheme 3, Table 3) under analogous conditions to those
mentioned before (Pd(OAc),-TPPTS, water—acetonitrile). The
Sonogashira reactions of acetylenes 10a,b with 7 did not proceed
very well due to decomposition of the starting materials. In
case of 10a, the reaction was performed at 75 °C for 6.5 h to
provide a complex mixture out of which the desired product 12a
was isolated in a low yield of 16%. The analogous coupling of
acetylene 10b completely failed and even after varying reaction
time, temperature and catalyst loading, only complex mixtures
that did not contain the desired product (as determined by MS
analysis) were obtained.

On the other hand, the aqueous-phase Suzuki-Miyaura cross-
couplings of 7 with Ru-containing boronic acids were successful.
Reaction of boronates 11a—d with 8-bromo-deoxyadenosine 7

Table 3 Synthesis of Ru" complexes of nucleosides

Entry Reagent Product Yield (%)
1 10a 12a 16
2 10b 12b 0
3 11a 13a 55
4 11b 13b 86
5 11c 13¢ 80
6 11d 13d 52

HO

i)
NE SN y O 1z
N

s | N>—Br
HO N NH

© N

N~
N N

OH 11a-d N
O

OH 13a-d
Rulopy), 1 2PF6 Rul(bpy), | 2PFs

—N  N=

—N  N=
N 7N\ e,
a b
R= /Rutl"(bpy)z—| 2PFe Rulgpy) | 2PFe

10 R——

Scheme 3 Synthesis of the complexes. Reagents and conditions:
i) Pd(OAc), (5 mol%), TPPTS (2.5 equiv. to Pd), Cul (10 mol%), Et(iPr),N
(10 equiv.), H,O-CH;CN 2 : 1, 75 °C; ii) Pd(OAc), (5 mol%), TPPTS
(2.5 equiv. to Pd), Cs,CO; (3 equiv.), H,O-CH;CN 2 : 1, 80-115 °C.

proceeded smoothly in the presence of Cs,CO; to afford the desired
complexes 13a—d in good yields (52-86%). All the Ru" complexes
13a—d were isolated by silica gel column chromatography using
a mixture of H,O-CH;CN-sat. KNO; as eluent. Final anion
exchange was achieved by precipitation from water as PF,~ salts
using a saturated solution of NH,PF,. The aqueous-phase Suzuki—
Myiaura cross-coupling reactions of boronic acids bearing Ru"—
oligopyridine complexes have been shown to be an efficient and
practical methodology for direct labeling of nucleosides by Ru-
complexes.

Synthesis of a Ru" complex of dATP

The aqueous-phase Suzuki-Miyaura cross-coupling reactions in
the presence of Pd(OAc), and water soluble, TPPTS ligand, were
previously used, with success, in the preparation of modified nucle-
oside mono- and tri- phosphates bearing amino acid residues.'*!
Here we have applied this reaction toward the synthesis of a model
Ru"-tpy derivative of dATP. The reaction of 8-bromo dATP 14
with the Ru'-tpy boronic acid building block 13d proceeded
within 1 hour at 80 °C under the conditions mentioned be-
fore (Pd(OAc),-TPPTS, Cs,CO;, water—acetonitrile). The desired
product 15 was isolated as a red powder by RP HPLC followed by
freeze-drying in 39% yield (Scheme 4).
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Scheme 4 Synthesis of a Ru" complex of dATP. Reagents and conditions:
i) Pd(OAc), (5 mol%), TPPTS (5 equiv. to Pd), Cs,CO; (3 equiv.),
H,0-CH;CN 2:1,80°C, 1 h.

This shows that the aqueous-phase cross-coupling reactions are
suitable for direct labelling of nucleoside triphosphates by Ru-—
oligopyridine complexes. As modified nucleoside triphosphates
are substrates of DNA polymerases,'>!¢ this approach could be
used for simple and efficient construction of labelled DNA. Studies
in this direction are now underway and will be published sepa-
rately.

Structures of compounds

All compounds were fully characterized by analytical and spectro-
scopic methods including assignment of all NMR signals by H,H-
COSY, H,C-HSQC and H,C-HMBC experiments. Nucleosides
bearing Ru-complexes 12a and 13a—c were isolated as mixtures
of two diastereoisomers due to the chirality of the substituted
Ru(bpy); moiety. This resulted in the splitting of most of the NMR
signals in these compounds.

Compounds 9¢ and 13c¢c gave monocrystals suitable for X-
ray diffraction (Fig. 1). However, the crystals of 9¢ diffracted
rather poorly, which resulted in a low number of reflections. To
obtain a reasonable number of reflections for the refinement it
was necessary to include weak reflections (by reducing the cutoff

Table 4 Cytostatic and antiviral activity of nucleosides

Fig. 1 ORTEP diagram of 9¢ (a) and 13c (b, only one diastereoisomer
without counteranions is shown). Thermal ellipsoids drawn at the 50%
probability level.

threshold to 7 > 1.8a([)). This resulted in a slightly lower precision
of structure determination. The crystals of diastereomeric Ru-
complex 13c¢ were 1 : 1 mixture of diastereoisomers and the unit
cell in crystal structure contained both of them (not shown).

Biological activity

All the compounds were subjected to biological activity screening
(Table 4). The cytostatic activity in vitro (inhibition of cell growth)
was studied on the following cell cultures: (i) mouse leukemia
L1210 cells (ATCC CCL 219); (ii) human promyelocytic leukemia
HL60 cells (ATCC CCL 240); (iii) human cervix carcinoma
HeLaS3 cells (ATCC CCL 2.2) and (iv) human T lymphoblastoid

Cytostatic activity ICs,/uM*

HCV antiviral activity/uM

Compd HeLa S3 HL60 CCRF-CEM EC;, replicon’ CCs Huh7¢ (MT-4)*
8a n.a. n.a. n.a. 5.9 15

8b n.a. n.a. 6.68 +0.70 6 15

9a n.a. n.a. n.a. 19 28

9b n.a. n.a. n.a. > 100 >100

9¢ n.a. n.a. n.a. > 100 27

9d 3.9+0.62 3.13+0.2 0.85+0.13 0.22 >100 (<0.2)
12a n.a. n.a. n.a. 100 >100

13a n.a. n.a. n.a. > 100 >100

13b n.a. n.a. n.a. > 100 >100

13¢ n.a. n.a. n.a. 100 >100

13d n.a. n.a. n.a. 84 >100

“ Concentration of a compound needed to reduce population growth by 50% in vitro (XTT test). * Antiviral activity in HCV-Conl replicon (N = 2).
¢ MTT measurement of cellular toxicity in Huh-7 cells harboring con-1 replicon (N = 2). ¢ Cellular toxicity in MT-4 cells (N = 2).
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CCRF-CEM cell line (ATCC CCL 119)."" Terpyridine nucleoside
9d showed a significant cytostatic effect in all the cell-lines studied,
while bipyridine nucleoside 8b was much less effective. All the
other compounds, including the Ru complexes were entirely
inactive. This is in contrast to the previously reported’ related
benzyladenine bipyridine conjugates and their Ru complexes, most
of which showed cytostatic activities.

The title modified nucleosides were also tested up to 100 uM
for antiviral activity in the HCV genotype 1b replicon.”® Again,
the terpyridine nucleoside 9d showed very strong effects. Un-
fortunately, the compound is toxic to MT-4 cells at the same
concentration. As the activity of the nucleoside 9d is approximately
the same as that observed for the 9-benzyl derivative,” it suggests
that a non-nucleoside biochemical pathway must be involved.
Three other bipyridine nucleosides showed anti-HCV effects in
the low micromolar range but with low selectivity.

Conclusions

Two approaches toward the synthesis of adenine nucleosides
bearing bipyridine-type ligands in position § were studied and
compared. Cross-coupling reactions of bipiridine-linked boronic
acids and acetylenes with unprotected 8-bromoadenosine in the
presence of the Pd(OAc),-TPPTS catalytic system, in H,O—
acetonitrile or in DMF, were more efficient than classical cross-
coupling reactions of protected nucleosides under standard con-
ditions. The aqueous-phase cross-coupling reactions were also
applicable for the direct attachment of Ru-complexes of bipyri-
dine ligands through cross-coupling reactions of unprotected
nucleoside with boronic acid or acetylene derivatives of Ru-
complexes. A direct attachment of Ru(tpy), complex to dATP was
also achieved through this cross-coupling. Further studies will
now focus on chemical and/or enzymatic incorporation of the
nucleoside building blocks to oligonucleotides and nucleic acids.

Experimental section

All cross-coupling reactions were performed under argon atmo-
sphere. Et;N and Et(iPr), N were degassed in vacuo and stored over
molecular sieves under argon. Compounds 1a,b [lit. 9], 2a,b, 3a—
d, 10a,b, 11a-d, [lit. 7], were prepared according to the literature
procedures. Typical experimental procedures and representative
examples of characterization of compounds are given below.
Complete detailed experimental part including characterization
data for all compounds is in the Electronic Supplementary
Information (ESI)f.

General procedure for Sonogashira cross-coupling reactions
(protected nucleosides)

DMF (1.5 ml) and EtN (0.35 ml, 2.5 mmol, 10 equiv.)
were added to an argon-purged flask containing nucleoside 1b
(158 mg, 0.25 mmol), an alkyne 2a—c (0.375 mmol, 1.5 equiv.),
PdCl, (2.2 mg, 0.0125 mmol, 5 mol%), dppf (1,1’-bis-diphenyl-
phosphino-ferrocene) (7 mg, 0.0125 mmol, 5 mol%) and Cul
(4.8 mg, 0.025 mmol, 10 mol%). The reaction mixture was stirred
at 80 °C until complete consumption of the starting material. The
solvent was then evaporated in vacuo. The products were purified

by silica gel column chromatography (pre-equilibrated with 1%
Et;N in hexanes) using AcOEt-hexanes (1:4 to 1:1) as eluent.

5'-O-DMTr-8-[(2",2”-bipyridin-6"-yl)ethynyl]-2'-
deoxyadenosine (5a)

The product was isolated as white powder 115 mg (63%). Mp 134—
138 °C. 'H NMR (500 MHz, DMSO-d;): 2.40 (ddd, 1H, Jy, =
134, Jy,y = 7.7, Jyny = 5.3, H-2'b); 3.17 (dd, 1H, J,, = 10.2,
Jyvy = 3.8, H-5'b); 3.27 (dd, 1H, Jun = 10.2, Jy,» = 6.9, H-
5'a); 3.30 (ddd, 1H, Jum = 13.4, Jy,y = 7.3, Jy,y = 5.8, H-2'a);
3.67 (s, 6H, OCHs;); 4.01 (ddd, 1H, Jyy = 6.9, 3.8, Jyy = 5.1,
H-4');4.76 (dq, 1H, Jy» =7.3,5.3, Jyy = 5.1, Jy ou = 5.0, H-3);
5.42 (d, 1H, Jouy = 5.0, OH-3); 6.64 (dd, 1H, Jy» = 7.7, 5.8,
H-1'); 6.66 and 6.69 (2 x m, 2 x 2H, H-m-C;H,-DMTr); 7.06
(m, 4H, H-0-C,H,-DMTr); 7.10-7.16 (m, 3H, H-m + p-C¢H;-
DMTr); 7.23 (m, 2H, H-0-CH;-DMTr); 7.51 (ddd, 1H, Jy» v =
7.5, Jsngr = 4.8, Jynyr = 1.2, H-5"); 7.63 (bs, 2H, NH,); 7.70
(dd, 1H, Jsry = 7.7, Jsry = 1.1, H-5"); 7.93 (td, 1H, Jymyr =
8.0, Jymsn = 1.5, Jymgr = 1.7, H-4"); 8.06 (t, 1H, J,»y» = 8.0,
Jorsy =177, H-4"); 8.13 (s, 1H, H-2); 8.35 (dt, 1H, Jy»y = 8.0,
Jyrsr = 1.2, Jyngr = 0.9, H-3"); 8.51 (dd, 1H, J;»y = 8.0,
Jirs = 1.1, H-3"); 8.74 (ddd, 1H, Jgrs» = 4.8, Jgryr = 1.7,
Joryr = 0.9, H-6"); BC NMR (125.8 MHz, DMSO-d,): 37.86
(CH, 2); 55.09 and 55.10 (OCH,;); 64.06 (CH,-5'); 70.89 (CH-3);
77.36 (pur-C=C-); 84.02 (CH-1"); 85.35 (C-DMTr); 85.94 (CH-
4); 93.37 (bpy-C=C-); 113.04 and 113.07 (CH-m-C,H,-DMTr);
119.57 (C-5); 120.98 (CH-3"); 121.48 (CH-3"); 124.96 (CH-5");
126.57 and 127.73 (CH-C4H;-DMTr); 128.28 (CH-5"); 129.71 and
129.74 (CH-0-C¢H,-DMTr); 132.16 (C-8); 135.64 and 135.82 (C-
i-C¢H,-DMTr); 137.72 (CH-4"); 138.48 (CH-4"); 140.29 (C-0");
145.10 (C-i-C4Hs-DMTr); 149.07 (C-4); 149.61 (CH-6"); 154.15
(CH-2); 154.27 (C-2"); 156.27 (C-6 and C-2"); 158.01 and 158.04
(C-p-C4H,-DMTr); FAB MS: m/z (%) 303.3 (40) [DMTr], 754.2
(100) [M* + Na]; HRMS (FAB) calc. 732.2934 found. 732.2933.

N°¢-Benzoyl-5'-O-DMTr-8-[(2”,2”-bipyridin-6"-yl)ethynyl]-2'-
deoxyadenosine (4a)

A solution of 5a (0.5 g, 0.68 mmol) in dry pyridine (10 ml) was
cooled to 0 °C. TMSCI (0.45 ml, 5 equiv.) was added and the
mixture was stirred for 2 hours during which the temperature rises
to room temperature. Then the reaction mixture was cooled to
0 °C and BzCl (0.4 ml, 5 equiv.) was added. The reaction mixture
was stirred for 4 hours at room temperature and then MeOH
(15 ml) was added. The solvents were evaporated under vacuum.
The crude product was extracted in CHCl; and purified by silica
gel column chromatography (pre-equilibrated with 1% Et;N) using
AcOEt and hexanes as eluent. The corresponding fractions were
collected and the solvent was evaporated. The di-benzoylated
intermediate (280 mg, 44%) was then dissolved in 25 ml of EtOH
and 1 M NH,OH (2 ml) was added and the mixture was stirred
at rt until complete consumption of the starting material. The
mono-benzoylated product 4a was purified by silica gel column
chromatography (pre-equilibrated with 1% Et;N) using AcOEt—
hexanes (1:6to 1:1)aseluent (189 mg, 76% for second step, 33%
overall from 5a).4a: Mp 132-135°C; '"HNMR (400 MHz, DMSO-
ds): 2.49 (overlapped with DMSO, H-2'b); 3.19 (dd, 1H, J,. =
10.2, Jyye = 3.7, H-5'b); 3.29-3.35 (m, 2H, H-2'a and H-5'a); 3.66
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(s,6H, OCH,); 4.08 (ddd, 1H, Jy 5 = 6.9,3.7, J4 v = 5.0, H-4); 4.80
(bm, 1H, H-3'); 5.50 (bd, 1H, OH-3); 6.67 and 6.70 (2 x m, 2 X
2H, H-m-C¢H,-DMTr); 6.78 (dd, 1H, J,» = 7.5,5.7, H-1); 7.05-
7.16 (m, 7H, H-0-C4H,-DMTr and H-m + p-C,H;-DMTr); 7.24
(m, 2H, H-0-CHs-DMTY); 7.51 (ddd, 1H, Jgr yr = 7.5, Jyn gn =
47, Jyryr = 1.2, H-5"); 7.58 (m, 2H, H-m-Bz); 7.67 (m, 1H, H-
p-Bz); 7.78 (dd, 1H, Jsry = 7.7, Jsry = 1.1, H-5"); 7.91 (td, 1H,
Ty = 8.0, Ty = 1.5, Jyngr = 1.8, H-4"); 8.05-8.10 (m, 3H,
H-4" and H-O-BZ); 837 (dt, lH, J3’/”4/” = 80, J3’”,5”’ = ]2, J3W’6W =
0.9, H-3");8.53 (dd, 1H, J s = 8.1, J5 = 1.1, H-3"); 8.69 (s, 1H,
H-2); 8.74 (ddd, 1H, Jg» 3 = 4.7, Jgr gn = 1.8, Jg v = 0.9, H-6");
13C NMR (100.6 MHz, DMSO-d,): 38.00 (CH, 2'); 55.09 (OCH,);
64.12 (CH,-5); 70.92 (CH-3); 77.59 (pur-C=C-); 84.38 (CH-1");
85.39 (C-DMTY); 86.15 (CH-4'); 94.78 (bpy-C=C-); 113.06 (CH-
m-CyH,-DMTr); 121.06 (CH-3"): 121.87 (CH-3"); 125.00 (CH-
57); 125.41 (C-5); 126.62 (CH-p-C,H;-DMTr); 127.73 (CH-0 +
m-CoH,-DMTr); 128.60 (CH-5"): 128.67 (CH-m-Bz); 128.82 (CH-
0-Bz); 129.72 (CH-0-C¢H,-DMTr); 132.80 (CH-p-Bz); 133.43 (C-i-
Bz); 135.54 (C-8 and C-i-C,H,-DMTr); 135.81 (C-i-C;H,-DMTr);
137.72 (CH-4"); 138.55 (CH-4"); 139.82 (C-6"); 145.04 (C-i-C;H.-
DMTr); 149.60 (CH-6"); 151.06 (C-6); 151.51 (C-4); 152.84 (CH-
2); 154.17 (C-2"); 156.39 (C-2"); 158.04 (C-p-CsH,-DMTr); 166.00
(CO): FAB MS: m/z (%) 303.1 (100) [DMTx], 418.2 (30) [M* —
DMTrdR{], 858.4 (25) [M* + Na]; HR MS (FAB) calc. 836.3197
found. 836.3181.

General procedure for Suzuki—-Miyaura cross-coupling reactions
(protected nucleosides)

DMF (2 ml) was added to an argon-purged flask containing
nucleoside 1b (158 mg, 0.25 mmol), a boronate 3a—d (0.3 mmol,
1.2 equiv.), PdCl, (4.4 mg, 0.025 mmol, 10 mol%), dppf (1,1'-
bis-diphenylphosphino-ferrocene) (14 mg, 0.025 mmol, 10 mol%)
and K,CO; (138 mg, 1 mmol, 4 equiv.). The reaction mixture was
then stirred at 90 °C until complete consumption of the starting
material. The solvent was evaporated in vacuo. The products were
purified by silica gel column chromatography (preequilibrated
with 1% Et;N in hexanes) using AcOEt-hexanes (1:4 to 1:1) as
eluent.

5'-O-DMTr-8-[(2”,2"”-bipyridin-6"-yl)phenyl]-2'-deoxyadenosine
(62)

The product was isolated as white powder 114 mg (58%). Mp 139—
146 °C; 'H NMR (500 MHz, DMSO-d,): 2.20 (ddd, 1H, Jom =
13.0, Jywy = 7.5, Jypy = 4.7, H-2'b); 3.23 (dd, 1H, J,, = 10.1,
Jyve = 6.0, H-5b); 3.27 (dd, 1H, Jy, = 10.1, Jy,4 = 4.8, H-
S'a); 3.50 (ddd, 1H, Jn, = 13.0, Jy,y = 6.3, Jy,y = 6.3, H-2'a);
3.71 (s, 6H, OCH,); 4.02 (dt, 1H, Jy5 = 6.0, 4.8, Jyy = 4.8, H-
4,470 (dq, 1H, Jy»y = 6.3,4.7, Jyy = 4.8, Jyon = 4.7, H-3);
5.31 (d, 1H, Jouy = 4.7, OH-3)); 6.26 (dd, 1H, Jy» = 7.5, 6.3,
H-1'); 6.77 and 6.80 (2 x m, 2 x 2H, H-m-C;H,-DMTr); 7.16
(m, 1H, H-p-C(H;-DMTr); 7.19-7.24 (m, 6H, H-0-C,H,-DMTr
and H-m-C¢H;-DMTr); 7.36 (m, 4H, H-0-C,Hs-DMTr and NH,);
7.51(ddd, 1H, Jyryn =17.5, Jgngr = 4.8, Jr 3 = 1.2, H-5"); 7.99
(m, 2H, H-o-phenylene); 8.00 (s, 1H, H-2); 8.03 (td, 1H, Jy»y» =
8.0, Jyngr = 1.5, Jyngr = 1.8, H-4"); 8.11 (t, 1H, Jyrs» = 7.9,
Jyry =717, H-4"); 8.18 (dd, 1H, Jsry» = 7.9, Js»y = 1.1, H-5");
8.42 (dd, 1H, Jsry = 7.7, J3ny = 1.1, H-3"); 8.48 (m, 2H, H-

m-phenylene); 8.65 (dt, 1H, Jyr g = 8.0, Jynsgr = 1.2, Jymgn =
1.0, H-3"); 8.74 (ddd, 1H, Jgrs» = 4.8, Jgryr = 1.8, Jgryw =
1.0, H-6"); BC NMR (125.8 MHz, DMSO-d;): 36.42 (CH, 2);
55.15 and 55.17 (OCHj;); 63.90 (CH,-5); 71.24 (CH-3'); 84.91
(CH-1"); 85.41 (C-DMTr); 86.02 (CH-4); 113.14 and 113.19 (CH-
m-C4sH,-DMTr); 119.34 (C-5); 119.83 (CH-3"); 120.99 and 121.02
(CH-3" and CH-5"); 124.62 (CH-5"); 126.68 (CH-p-C;H-DMTr);
127.05 (CH-m-phenylene); 127.82 and 127.86 (CH-0 + m-C4H;-
DMTr); 129.81 and 129.91 (CH-0-C,H,-DMTr); 130.19 (CH-o-
phenylene); 130.78 (C-i-phenylene); 135.90 and 135.93 (C-i-C¢H,-
DMTr); 137.63 (CH-4"); 138.85 (CH-4"); 139.86 (C-p-phenylene);
145.25 (C-i-C{Hs-DMTr); 149.53 (CH-6"); 150.41 (C-4); 150.60
(C-8); 152.36 (CH-2); 154.67 (C-6"); 155.36 and 155.37 (C-2" and
C-2"); 156.21 (C-6); 158.11 and 158.16 (C-p-C;H,-DMTr); FAB
MS: m/z (%) 303.1 (100) [DMTr], 366.2 (40) [M* — DMTrdRf],
784.3 [M*], 806.4 (35) [M* + Na]; HRMS (TOF ES MS+) calc.
784.3247 found. 784.3262.

General procedure for Sonogashira cross-coupling reactions
(unprotected nucleosides)

DMF (1 ml) and Et(iPr),N (0.22 ml, 1.25 mmol, 10 equiv.) were
added to an argon-purged flask containing nucleoside 7 (41 mg,
0.125 mmol), alkyne 2a,b (0.188 mmol, 1.5 equiv.) and Cul (2.4 mg,
0.0125 mmol, 10 mol%). In a separate flask, Pd(OAc), (1.4 mg,
0.00625 mmol, 5 mol%) and P(PhSO;Na); (8.9 mg, 0.0156 mmol,
2.5 equiv. to Pd) were combined, evacuated and purged with
argon followed by addition of DMF (0.5 ml). This solution of
catalyst was added through a syringe to the reaction mixture
which was then stirred at 75 °C until complete consumption of
the starting material. The solvent was evaporated in vacuo. The
products were purified by silica gel column chromatography using
MeOH-CHCI; (1% to 20%) as eluent.

8-[(2”,2"-Bipyridin-6"-yl)ethynyl]-2’-deoxyadenosine (8a)

The product was isolated as white powder 51 mg (96%). Mp 210—
214 °C. 'H NMR (400 MHz, DMSO-d,): 2.32 (ddd, 1H, J,., =
13.4, Jy,y = 6.6, Jypy = 2.8, H-2'b); 3.19 (ddd, 1H, J,, = 13.4,
Jyary =79,Jy,5 =6.3,H-2'a); 3.56 (ddd, 1H, J ..., = 11.8, J5,on =
7.5, Jypy = 5.2, 1H, H-5'b); 3.72 (dt, 1H, Jpn = 11.8, J5,0n =
Js.gy =4.6,H-52);3.94 (ddd, 1H, Jyy =5.2,4.6,Jyy =29, 1H,
H-4); 4.56 (dddd, 1H, Jy y = 6.3,2.8, Jy.ou = 4.2, Jy y = 2.0,
H-3'); 5.26 (dd, Jousy = 7.5, 4.6, 1H, OH-5); 5.39 (d, Jouy = 4.2,
OH-3'); 6.59 (dd, Jy» = 7.9, 6.6, 1H, H-1"); 7.52 (ddd, Jy»y» =
7.5, Jyngr = 4.8, Jyryr = 1.2, 1H, H-5"); 7.71 (bs, 2H, NH,); 7.87
dd, Jy o =17, Jyy = 1.0, 1H, H-5"); 7.99 (ddd, J»y» = 8.0,
Jyrsr =7.5, Jpgr = 1.8, 1H, H-4"); 8.11 (dd, Jyr3» = 8.1, Jp 5 =
7.7, IH, H-4"); 8.21 (s, 1H, H-2); 8.43 (ddd, Jyryn = 8.0, Jynsn =
1.2, Jyng» = 0.9, 1H, H-3"); 8.51 (dd, Jy 4 = 8.1, Jyry = 1.0,
1H, H-3"); 8.73 (ddd, Jgry» = 4.8, Jgryr = 1.8, Jgryr = 0.9, 1H,
H-6"). *C NMR (100.6 MHz, DMSO-d,): 38.07 (CH,-2'); 62.39
(CH, 5); 71.41 (CH-3'); 77.69 (pur-C=C-); 85.10 (CH-1"); 88.53
(CH-4); 93.51 (bpy-C=C-); 119.92 (C-5); 121.05 (CH-3"); 121.70
(CH-3"); 124.98 (CH-5"); 128.47 (CH-5"); 132.23 (C-8); 137.76
(CH-4"); 138.64 (CH-4"); 140.23 (C-6"); 148.90 (C-4); 149.62 (CH-
6"); 153.99 (C-2"): 154.28 (CH-2); 156.41 (C-6); 156.42 (C-2");
ESI MS: m/z (%) 452.1 (100) [M* + Na], 314.3 (10) [M* — dRf],
C»HyN;0;- 1 H,0 (429.43) caled. C 60.27, H 4.60, N 22.36; found
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C60.13, H4.33, N 22.21; IR (KBr): 3414, 3186, 2229, 1652, 1572,
1427, 1336, 1102, 779.

General procedure for Suzuki—-Miyaura cross-coupling reactions
(unprotected nucleosides)

A mixture of H,O-CH;CN = 2 : 1 (I ml) was added to an
argon-purged flask containing nucleoside 7 (83 mg, 0.25 mmol),
a boronate 3a—-d (0.3 mmol, 1.2 equiv.) and Cs,CO; (247 mg,
0.75 mmol, 3 equiv.). H,O-CH;CN = 2 : 1 (1 ml) was added to
the argon purged reaction mixture. In a separate flask, Pd(OAc),
(2.8 mg, 0.0125 mmol, 5 mol%) and P(PhSO;Na); (17.5 mg,
0.0313 mmol, 12.5 equiv. to Pd) were combined, evacuated and
purged with argon followed by addition of H,O-CH;CN = 2 :
1 (0.5 ml). The mixture of catalyst was then injected to the
reaction mixture and the reaction mixture was stirred at 80 °C
until complete consumption of the starting material. The solvent
was evaporated in vacuo. Products 9a,c,d were purified by silica
gel column chromatography using MeOH-CHCI; (1% to 20%)
as eluent. Product 9b was purified by HPLC on silica gel (25 x
250 mm column) using a linear gradient of MeOH in CHCI; (1%
to 20%).

8-[(2,”2"-Bipyridin-6"-yl)phenyl]-2'-deoxyadenosine (9a)

The product was isolated as white powder 112 mg (93%). Mp 166—
168 °C. 'H NMR (400 MHz, DMSO-d;): 2.20 (ddd, 1H, Jym, =
13.2, Jyy = 6.2, Joyny = 2.4, H-2'b); 3.36 (ddd, 1H, J,, = 13.2,
Jyor =8.5,Jy,y =5.6,H-2'a); 3.56 (ddd, 1H, Jyn = 11.9, Jy,0n =
8.2, Jyny = 4.5, H-5b); 3.73 (dt, 1H, Je = 11.9, J5uon = J 500 =
4.2, H-5a); 3.90 (ddd, 1H, Jyy =4.5,4.2, Jyy = 2.2, H-4); 4.49
(dddd, 1H, Jy » = 5.6,2.4, Jy on = 4.1, Jy 4 = 2.2, H-3); 5.26
(d, IH, Jopy = 4.1, OH-3); 5.54 (dd, 1H, Jouy = 8.2, 4.2, OH-
5); 6.25 (dd, 1H, Jy» = 8.5, 6.2, H-1"); 7.51 (ddd, 1H, Jyny =
7.5, Jyngr = 4.7, Joryr = 1.2, H-5"); 7.51 (bs, 2H, NH,); 7.91
(m, 2H, H-o-phenylene); 8.02 (ddd, 1H, J»y» = 8.0, Jyns» =7.5,
Jyrgr = 1.8, H-4"); 8.10 (dd, 1H, Jy 5 = 8.0, Jy 3 = 7.8, H-4");
8.17 (s, 1H, H-2); 8.18 (dd, 1H, Jy 4, = 8.0, Jy 3 = 1.1, H-5");
8.41 (dd, 1H, Jy 4y = 7.8, Jys» = 1.1, H-3"); 8.49 (m, 2H, H-m-
phenylene); 8.65 (ddd, 1H, Jyw» = 8.0, Jynsn = 1.2, Jymgr = 0.9,
H-37);8.73 (ddd, 1H, Jgrg» = 4.7, Jgryr = 1.8, Jgny» = 0.9, H-6");
BCNMR (100.6 MHz, DMSO-d,): 37.65 (CH, 2'); 62.69 (CH,_5);
71.83 (CH-3'); 86.12 (CH-1"); 88.76 (CH-4'); 119.61 (C-5) 120.06
(CH-3"); 121.17 and 121.21 (CH-3” and CH-5"); 124.79 (CH-
5"); 127.30 (CH-m-phenylene); 130.33 (CH-o-phenylene); 130.52
(C-i-phenylene); 137.83 (CH-4"); 139.05 (CH-4"); 140.19 (C-p-
phenylene); 149.67, 150.35 and 150.54 (C-4, C-8 and CH-6");
152.44 (CH-2); 154.78 (CH-6"); 155.48 and 155.53 (C-2" and C-
2); 156.51 (C-6); ESI MS: m/z (%) 366.4 (100) [M* — dRf], 504.2
(60) [M* + Na]; C;sHx;N;0;-1H,0 (481.51) caled. C 63.66, H 4.93,
N 19.99; found C 63.57, H 4.78, N 19.72; IR (KBr): 3400, 3187,
2297, 1639, 1582, 1430, 1091, 781.

General procedure for Sonogashira cross-coupling reactions (Ru"
complexes)

A mixture of H,O-CH;CN = 2 : 1 (I ml) was added to an
argon-purged flask containing nucleoside 7 (53 mg, 0.16 mmol),
alkyne 10a,b (0.24 mmol, 1.5 equiv.), Cul (3 mg, 0.016 mmol,
10 mol%) and Et(iPr),N (0.28 ml, 1.6 mmol, 10 equiv.). In a

separate flask, Pd(OAc), (1.8 mg, 0.008 mmol, 5 mol%) and
P(PhSO;Na); (11 mg, 0.02 mmol, 2.5 equiv. to Pd) were combined,
evacuated and purged with argon followed by an addition of H,O—
CH;CN = 2:1 (0.5 ml). This catalyst solution was then injected
into the reaction mixture which was further stirred at 75 °C until
complete consumption of the starting material. The solvent was
evaporated in vacuo. The product was purified by silica gel column
chromatography using a mixture of CH;CN-H,0-sat. KNO,; =
10 : 1:0.1 as eluent. The products were isolated as PF,~ salt by
precipitation from water solution by addition of sat. NH,PF,.

Complex 12a

The product was isolated as orange powder 29 mg (16%). Mp >
300 °C. Mixture of two diastereoisomers 5 : 2. NMR spectra of
the major isomer: "H NMR (600 MHz, acetone-d,): 2.25 (ddd,
IH, Jyn = 13.3, Jy,y = 6.0, Jy,y = 1.6, H-2'b); 3.08 (ddd, 1H,
Joem = 13.3, Jy, = 8.7, Jy,y = 5.6, H-2'a); 3.60 (bdd, 1H, J o, =
12.5, Jyvy = 2.5, H-5'b); 3.73 (dd, 1H, Jm = 12.5, Jy,4 = 2.5,
H-5a); 3.94 (td, 1H, Jyy = 2.5, Jyv = 1.5, H-4); 4.48 (bs, 1H,
OH-3);4.67 (bd, 1H, Jy », = 5.6, H-3"); 5.53 (bs, 1H, OH-5); 6.24
(dd, 1H, J,» = 8.7, 6.0, H-1"); 6.89 (ddd, 1H, Js, = 7.6, Jss =
5.6, Js; = 1.3, H-5-bpy); 6.99 (bs, 2H, NH,); 7.50 (ddd, 1H, J5, =
7.6, Jss = 5.6, Js; = 1.3, H-5-bpy); 7.55 (ddd, 1H, J,; = 8.3,
Jus=1.6,J,5 =1.5, H-4-bpy); 7.58, 7.59, 7.77 (3 x ddd, 3 x 1H,
Jss =176, Js5 = 5.6, Js; = 1.3, H-5” and H-5-bpy); 7.89, 7.91,
7.92,7.93 (4 x ddd, 4 x 1H, J45 =5.6,Js, = 1.5, Jos = 0.7, H-6"
and H-6-bpy); 8.06 (dd, 1H, Jyy = 7.8, Jy3» = 1.3, H-5"); 8.19
(ddd, 1H, J,; = 8.3, J45 = 7.6, J,c = 1.5, H-4-bpy); 8.20 (s, 1H,
H-2); 8.24, 8.25 (2 x ddd, 2 x 1H, J,3 = 8.3, J,5 = 7.6, J,s =
1.5, H-4-bpy); 8.31 (ddd, 1H, Jyry» = 8.3, Jyngr = 7.6, Jyngn =
1.5, H-4");8.33(dd, IH, Jy 3 = 8.3, Jy s = 7.8, H-4"); 8.58 (ddd,
IH, J,, = 8.3, J55 = 1.3, J;5 = 0.7, H-3-bpy); 8.66 (ddd, 1H,
Jos = 5.6, Jos = 1.5, Jo; = 0.7, H-6-bpy); 8.80, 8.83, 8.85 (3 x
ddd, 3 x 1H, J;, = 8.3, J;5 = 1.3, J5, = 0.7, H-3-bpy); 8.91 (ddd,
IH, Jyryr = 8.3, Jywgn = 1.3, Jyngr = 0.7, H-3"); 8.94 (dd, 1H,
Jy g =83, Jyy = 1.3, H-3"). B{C NMR (151 MHz, acetone-d;):
40.03 (CH,.2)); 63.81 (CH,.5); 73.15 (CH-3'); 86.53 (pur-C=C-
); 87.82 (CH-1"); 90.16 (bpy-C=C-); 90.73 (CH-4'); 121.09 (C-5);
124.89, 125.21, 125.55, 125.63, 125.71 (CH-3", CH-3-bpy); 126.30
(CH-3"); 128.40, 128.60, 128.77, 129.02, 129.38 (CH-5" CH-5-
bpy); 132.52 (C-8); 135.86 (CH-5"); 137.85 (CH-4-bpy); 139.07,
139.18, 139.21, 139.28, 139.40 (CH-4",4" CH-4-bpy); 147.29 (C-
6”); 149.31 (C-4); 152.12, 152.47, 152.57, 152.77, 154.05 (CH-6"
CH-6-bpy); 154.69 (CH-2); 157.71,157.75,157.98, 158.01, 158.11,
158.68 (C-6, C-2" C-2-bpy); 159.75 (C-2"). ESIMS: m/z (%) 988.0
(100) [M* — PF¢7], 842.2 (15) [M* — 2PF,7], 726.1 (25) [M* —
dRf, — 2PF¢"], C,,H;5F(,N,,O;P,Ru-H, 0 (1132.8) caled. C 43.83,
H 3.24, N 13.39; found C 43.63, H 3.21, N 12.89.

General procedure for Suzuki—-Miyaura cross-coupling reactions
(Ru" complexes)

A mixture of H,O-CH;CN = 2 : 1 (1 ml) was added to an
argon-purged flask containing nucleoside 7 (53 mg, 0.16 mmol), a
boronate 11a—d (0.192 mmol, 1.2 equiv.) and Cs,CO; (158 mg,
0.48 mmol, 3 equiv.). In a separate flask, Pd(OAc), (1.8 mg,
0.008 mmol, 5 mol%) and P(PhSO;Na); (11 mg, 0.02 mmol,
2.5 equiv. to Pd) were combined evacuated and purged with argon
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followed by an addition of H,O-CH;CN = 2 : 1 (0.5 ml). The
solution of catalyst was injected to the reaction mixture which was
then stirred at 80 °C until complete consumption of the starting
material. The solvent was evaporated in vacuo. The products 13a—-d
were purified by silica gel column chromatography using a mixture
of CH;CN-H,0O-sat. KNO; = 10: 1: 0.1 as eluent. The products
were isolated as PF,~ salt by precipitation from water solution by
addition of sat. NH,PF,.

Complex 13a

The product was isolated as orange powder 104 mg (55%). Mp 243
— 251 °C. Mixture of diastereoisomers 1 : 1. '"H NMR (600 MHz,
acetone-d,): 2.33,2.47 (2 x dd, 2 x 1H, J e, = 13.3, J»,» = 5.4, H-
2'b); 3.30,3.38 (2 x ddd, 2 x 1H, J g, = 13.3, Jy, v = 10.1, S,y =
4.9,H-2'a); 3.69 (bm, 2H, H-5'b); 3.82,3.85(2 x dd, 2 x 1H, J o =
12.3,Jy,,=2.3,H-52);4.20,4.28 2 x t,2 x 1H, Jyy = 2.3, H-4);
4.70,4.77 2 x d,2 x IH, Jyy, = 4.9, H-3); 4.79, 5.10 (2 x bs,
2 x 1H, OH-3); 6.03 (bs, 1H, OH-5'); 6.22, 6.26 (2 x dd, 2 x 1H,
Jyy =10.1, 5.4, H-1"); 6.31, 6.35 (2 x dd, 2 x 1H, J = 8.0, 1.8,
H-m-phenylene); 6.38 (bs, 1H, OH-5); 6.98 (bs, 4H, NH,); 7.05,
7.13 (2 x ddd, 2 x 1H, Js, = 7.6, Jss = 5.6, Js; = 1.3, H-5-bpy);
7.16,7.20 (2 x dd, 2 x 1H, J = 8.0, 1.8, H-o-phenylene); 7.40-7.46
(m, 4H, 2 x H-5-bpy, H-o-phenylene); 7.46, 7.51 (2 x ddd, 2 x 1H,
Jes =5.6,J54 = 1.5, Js; = 0.7, H-6-bpy); 7.53, 7.54 (2 x ddd, 2 x
IH, Jyryr = 7.6, Jsngr = 5.6, Jyryr = 1.3, H-5"); 7.59, 7.62 (2 x
dd,2 x IH,Jyp =7.7,J5r3» = 1.4, H-5"); 7.64,7.66 (2 x ddd, 2 x
1H, Js, = 7.6, Js¢ = 5.6, Js; = 1.3, H-5-bpy); 7.69-7.75 (m, 6H,
2 x H-6" 2 x H-5-bpy, 2 x H-m-phenylene); 7.79, 7.81, 8.08, 8.09
(4 xddd, 4 x 1H, J,3, =8.2,J,5=17.6, J,, = 1.5, H-4-bpy); 8.19
(s, 2H, H-2); 8.20-8.25 (m, 6H, 2 x H-4,6-bpy, 2 x H-4"); 8.25,
8.29 (2 x ddd, 2 x 1H, Js5 = 5.6, J44 = 1.5, J¢5 = 0.7, H-6-bpy);
8.30,8.32(2 xddd,2 x 1H, J,;, =8.2,J,5=17.6, J,c = 1.5, H-4-
bpy); 8.37(dd, 2H, J 4 v = 8.3, Jy5» = 7.7, H-4"); 8.37, 8.39, 8.64,
8.71, 8.72, 8.81, 8.85 (7 x ddd, 8H, J;, = 8.3, J55 = 1.3, J5, =
0.7, H-3-bpy); 8.90, 8.91 (2 x ddd, 2 x 1H, Jyww = 8.3, Jyngn =
1.3, Jyngr = 0.7, H-3"); 8.96, 8.97 (2 x dd, 2 x 1H, Jy 4 = 8.3,
Jy s = 1.4, H-3"). B\C NMR (151 MHz, acetone-d,): 39.22, 39.90
(CH,_ 2); 64.09, 64.12 (CH,_5"); 73.68, 73.89 (CH-3'); 87.79, 87.94
(CH-1"); 90.73, 90.87 (CH-4'); 120.94 (C-5); 124.21, 124.41 (CH-
3-bpy); 124.62, 124.72 (CH-3"); 125.07, 125.24, 125.26, 125.55,
125.58, 125.89 (CH-3” CH-3-bpy); 127.54, 127.68, 128.12, 128.16
(CH-5-bpy); 128.31, 128.35, 128.62 (CH-5-bpy, CH-5" CH-m-
phenylene); 128.99, 129.05, 129.07 (CH-5-bpy); 129.54, 129.59,
130.08, 130.18 (CH-o-phenylene); 130.85, 130.89, 130.96 (CH-o-
phenylene, CH-5"); 131.04, 131.05 (C-i-phenylene); 137.49, 137.57
(CH-4-bpy); 138.93, 138.96, 139.02, 139.07, 139.08, 139.14 (CH-
4" CH-4-bpy); 139.30 (CH-4"); 141.05, 141.08 (C-p-phenylene);
150.57 (C-8); 150.89, 150.99 (C-4); 151.78, 151.81, 152.48, 152.51,
152.83, 153.06, 153.09, 153.42, 153.48 (CH-6" CH-6-bpy); 157.43,
157.45, 157.46, 157.99, 158.12, 158.15, 158.73, 158.77, 158.81,
158.90, 158.92 (C-6, C-2" C-2-bpy); 166.73, 166.78 (C-2"). ESI
MS: m/z (%) 1040.2 (100) [M* — PF"], 894.2 (15) [M* — 2PF],
777.3 (5)[M* — dRf, — 2PF"], C;sH3F,,N;,O;P,Ru-H,0 (1184.9)
calcd. C 4593, H 3.44, N 12.81; found C 45.98, H 3.44, N 12.67.

Complex 15

A mixture of H,O-CH;CN = 2 : 1 (I ml) was added to an
argon-purged flask containing 8-bromo-dATP 14 (used as 3 x

Et;N salt and dihydrate) (40 mg, 0.044 mmol), boronate 13d
(86 mg, 0.088 mmol, 2 equiv.), and Cs,CO; (43 mg, 0.13 mmol,
3 equiv.). In a separate flask, Pd(OAc), (0.5 mg, 0.0022 mmol,
5 mol%) and P(PhSO;Na); (6.1 mg, 0.011 mmol, 5 equiv. to Pd)
were combined, evacuated and purged with argon followed by
an addition of H,O-CH;CN = 2 : 1 (0.5 ml). The solution of
catalyst was injected into the reaction mixture which was then
stirred at 80 °C for 1 hour. The solvent was evaporated in vacuo.
The product 15 was purified by RP HPLC using a linear gradient
of 0.1 M TEAB (triethylammonium bicarbonate) in H,O to 0.1 M
TEAB in H,O-MeOH (1 : 1) as eluent. The product was isolated
after lyophilization as a red powder 30 mg (39%) (isolated as
2 x Et;N salt). "H NMR (500 MHz, D,0): 1.25 (t, 18H, J,;. =
7.3, CH;CH,N); 2.30 (bm, 1H, H-2'b); 3.15 (q, 12H, J,, = 7.3,
CH;CH,N); 3.30 (bm, 1H, H-2'a); 4.34-4.43 (m, 2H, H-4 and
H-5'b); 4.48 (bm, 1H, H-5a); 4.82 (bm, 1H, H-3'); 6.25 (bt, 1H,
Jyy = 6.5, H-1'); 6.89 (bm, 2H, H-5"); 7.21 (bt, 2H, Jy» = 7.5,
Jy¢ = 5.4, H-5-tpy); 7.38 (bd, 2H, J¢»s» = 5.4, H-6"); 7.44 (bd,
2H, J¢y = 5.4, H-6'-tpy); 7.61 (bs, 1H, H-2); 7.73 (bt, 2H, J yry» =
8.2, Jyngr = 1.5, H-4"); 7.81 (bm, 2H, H-o-phenylene); 7.93 (bm,
2H, H-m-phenylene); 8.04 (bt, 2H, Jyy = 8.2, Jyy = 7.5, H-4-
tpy); 8.37 (t, 1H, J4 3¢5 = 8.4, H-4-tpy); 8.45 (bd, 2H, Jynyn = 8.2,
H-3"); 8.62 (bd, 2H, Jy 4 = 8.2, H-3'-tpy); 8.72 (bs, 2H, H-3,"5");
8.75 (d, 2H, J3us4 = 8.4, H-3,5-tpy); *'P NMR (162 MHz, D,0):
—22.30 (t, J = 21, 20, P;); —11.06 (d, J = 20, P,); —6.30 (d, J =
21, P,); ESIMS: m/z (%) = 1132.0 (100) [M* — 2PF,"].

X-Ray diffraction

X-Ray crystallographic analysis of single crystals of 9¢ (yellowish,
0.17 x 0.19 x 0.63 mm) and 13c¢ (red, 0.18 x 0.28 x 0.71 mm)
was performed with an Xcalibur X-ray diffractometer with Cu-
Ko (A= 1.54184 A), data collected at 150 K. Both structures were
solved by direct methods with STR92" and refined by full-matrix
least-squares methods based on F with CRYSTALS.?

Crystal data for 9c. CxH;N,O;, CxH,,N;O;, triclinic, space
group Pl, a = 10.790(4), b = 10.800(3), ¢ = 13.163(4) A, a =
96.79(3), f = 106.00(3), y = 105.90(3)°, V = 1386.6(9) A3, Z =
1, M = 1010.06, 5801 reflections measured, 5801 independent
reflections. Final R = 0.0576, wR = 0.0920 for 2973 reflections
with 7 > 1.80(]) and 685 parameters. Hydrogen atoms were
located in a difference map, but those attached to carbon atoms
were repositioned geometrically and then refined with riding
constraints. Hydrogen atom on O55 has not been found. All non-
hydrogen atoms were refined anisotropically. The methanol solvent
molecules were not modelled and the disordered density was taken
into account using the SQUEEZE/PLATON procedure.”

Crystaldata for 13c. C,HxN, O;Ru, CsHy Ny, O; Ru, 4(F(P),
triclinic, space group P1, a = 13.291(5), b = 13.669(5), ¢ =
16.242(5) A, a = 89.02(3), f = 71.32(3), y = 89.82(4)°, V =
2794.9(18) A%, Z = 1, M = 2414.80, 21182 reflections measured,
21182 independent reflections. Final R = 0.0585, wR = 0.0778 for
14870 reflections with / > 2¢(/) and 1358 parameters. Hydrogen
atoms were located in a difference map, but those attached to
carbon atoms were repositioned geometrically and then refined
with riding constraints. Hydrogen atoms on oxygen atoms have
not been found except the one attached to O16. Six fluorine
atoms on one of the hexafluorophosphate anions had to be
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refined isotropically due to unresolved disorder. All other atoms
were refined anisotropically in both cases. The methanol solvent
molecules were not modelled and the disordered density was taken
into account using the SQUEEZE/PLATON procedure.*!
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Silacyclic allyl silanes, derived from silene—diene Diels—Alder reactions, combine with acetals in the
presence of Lewis acids to afford, following oxidation of the intermediate fluorosilane, either
butane-1,4-diols or tetrahydronaphthalenes containing four contiguous chiral centres with moderate to

good diastereoselectivity.

Introduction

Originally considered to be objects of solely theoretical interest,
silenes, compounds containing a silicon carbon double bond, have
been demonstrated to be accessible species.'” Although a number
of silenes are isolable, Fig. 1,4 most are highly reactive transient
species that exhibit a unique reactivity profile, Fig. 2.
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Reflecting this, most research into the chemistry of silenes has
focused on fundamental aspects of structure and reactivity with
relatively little effort to explore these reagents in a more applied
context.'? With this in mind we have initiated a programme of work
to study the use of silene cycloaddition chemistry to provide highly
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functionalised organosilanes suitable for further elaboration in
a synthetic context.”**® We have previously shown that simple
aryl and alkyl silenes, prepared through a sila modified Peterson
reaction, combine with a range of simple alkyl dienes to afford
silacyclohexenes with good levels of diastereoselectivity, Scheme 1.
Following reduction of the double bond and conversion of the Si-
Ph group to a Si—F unit, oxidative extrusion of the silicon centre
afforded 1,4-diols and 6-lactones in good yield." Alternatively,
oxidation of the double bond provided access to the corresponding
epoxide and diol respectively.'” Both of these undergo facile acid
mediated fragmentation, presumably through the intermediacy of
a B-Si stabilised carbocation, to afford the allylic alcohol 15.

This suggested that these silacyclohexenes could function as an
allyl silane. Such species are widely used in organic chemistry
and have been shown to undergo reactions involving both
the silicon and olefinic moieties.”® Probably the most common
application in synthesis is the Hosomi-Sakurai reaction.'' This
transformation, which involves the Lewis acid promoted addition
of allyl silanes to acetals and related electrophiles, is considered to
follow a pathway involving addition of the carbon electrophile to
the alkene leading to the formation of a carbocation intermediate
stabilised by the presence of the B-silicon atom. Such a process
requires efficient orbital overlap between the developing empty P,
orbital on the carbocation and a co-planar C-Si 6-bond, structure
16, Fig. 3.
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Whilst such an alignment is trivial in acyclic systems this is
not the case for cyclic substrates. Although reactions of various
related silacyclic substrates with simple electrophiles (H*) have
been described e.g. Scheme 2, there is only one example of an
analogous reaction involving a carbon centred electrophile. This
involves the unique rigid bridgehead allylsilane 23, described by
Shea et al., in which the silicon atom is held at an angle of 78°
to the C=C plane, thus enforcing the required orbital overlap.?
In this report we describe the full details of our studies on the
use of silacyclic allyl silanes derived from silene-diene Diels—Alder
reactions in the Hosomi-Sakurai reaction to provide access to
either butane-1,4-diols or tetrahydronaphthols with 4 contiguous
chiral centres.”’

Results and discussion

Following the precedents established in our earlier work, each
of the silacyclic allylsilanes used in this study was prepared in a
standard way, Scheme 3. The appropriate aldehyde 25a—d was
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combined with Ph(SiMe;),SiMgBr 26, prepared by treatment
of PhSi(SiMe;); with KO'Bu followed by transmetallation with
MgBr,, to afford the silyl alcohols 8. These on treatment with
"BuLi and LiBr in the presence of the appropriate diene at
—20 °C afforded the silacyclohexenes as an inseparable mixture of
diastereoisomers. In all cases the major diastereoisomer obtained
10, was consistent with a pathway proceeding via the preferential
formation of a Z(Si) silene and subsequent [4 + 2] reaction with
the diene through an endo Si-Ph transition state.*

With the silacycles in hand, attention then turned to the Sakurai
reaction. Initial attempts to generate the oxonium ion from an
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This journal is © The Royal Society of Chemistry 2007





acetal prior to addition of the cycloadducts were unsuccessful
leading to an intractable mixture of products. However, addition of
BF;-OEt, to a precooled (0 °C) mixture of the silacyclohexene 10a
and benzaldehyde dimethyl acetal in DCM afforded, after aqueous
workup and purification by flash column chromatography, the
anticipated silyl fluoride 29a in 60% yield, as a 1.6 : 1 mixture of
stereoisomers (Scheme 4) as ascertained by "F NMR spectroscopy
[0r = —184.72 (d, J = 15.8 Hz); 0 = —185.57 (d, J = 17.8 Hz)],
Fig. 4.

OMe
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Scheme 4
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o
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Fig.4 "“F NMR spectrum (376 MHz, CDCl;) of silyl fluoride 29a.

The regiochemistry is consistent with electrophilic addition to
the allyl silane to form a carbocation intermediate stabilised by a [3-
silicon substituent followed by fluoride promoted fragmentation.
At this stage it was not possible to determine the relative
stereochemistry of either component and the mixture of isomers
was oxidised by treatment with 35% w/w H,O, in the presence of
KHCO,; to yield the monoprotected 1,4-diol (30a) in 80% yield.
Importantly, this compound was also produced asa 1.6 : 1 mixture
of diastereoisomers. Given that the Tamao oxidation is known to

proceed with retention of configuration at carbon,? this suggested
that the silyl fluoride was formed as a single Si stereoisomer and
the mixture of isomers reflects the relative configurations at C-1
and C-2. Whilst the silyl fluoride proved to be a stable species,
amenable to chromatography, it is possible to combine the two
stages. After complete consumption of the silacyclohexene and a
simple aqueous work-up, the crude reaction product is directly
subjected to the oxidation process to afford the same product
mixture in comparable yields.

A second experiment using 4-methoxybenzaldehyde dimethyl
acetal was then undertaken. However, in this case, the addition
of BF;-OEt, to the mixture of silacyclohexene 10a and acetal
led directly to the formation of the non-conjugated diene 31 in
47% vyield. We account for this product, Scheme 5, through a
sequence of steps involving initial addition of the oxonium ion to
the silacycle followed by generation of a vinylogous oxacarbenium
ion (p-quinone methide) 33. Intramolecular hydride transfer to
afford a silicon stabilised carbocation which undergoes rapid
fluoride promoted desilylation to generate the second alkene.
Importantly, in this case, the product was formed as a single
diastereoisomer suggesting that the initial addition of the oxonium
ion to the silacycle occurs stereoselectively to the face syn to the
trimethylsilyl group of the starting silacyclohexene and the mixture
of isomers observed with benzaldehyde dimethyl acetal reflects
alternative configurations at the methoxy bearing carbon centre
(C-1). Ultimately the relative stereochemistry of the major isomer
from this reaction 30as was established as the 1,2-syn, 2,3-anti,
3,4-anti configuration by single crystal X-ray diffraction, Fig. 5a.
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Fig. 5 (a) ORTEP structure of 30as (co-crystalline phenol omitted for
clarity; ellipsoids at 50% probability level). (b) ORTEP structure of 45
(ellipsoids at 50% probability level).
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Formation of the non-conjugated diene through trapping of
the benzylic oxonium ion by hydride migration suggested that
further carbon—carbon bond formation could be combined with
the Sakuraireaction if a suitable nucleophile could be incorporated
into the silene precursor. Gratifyingly, reaction of a phenyl
substituted silacycle with 4-methoxybenzaldehyde dimethyl acetal
in the presence of BF;-OEt, at 0 °C afforded, after Tamao
oxidation, the tetralol 35 in moderate yield as a 5 : 1 mixture of
stereoisomers, Scheme 6. As before the intermediate silyl fluoride
34 can be isolated but there appears to be no material advantage
in doing so. Moreover the diastereomeric ratio is unchanged on
oxidation of the silyl fluoride to tetralol indicating that as before
the silicon centre is a single stereoisomer and the mixture of
diastereoisomers reflects alternative configurations at the benzylic
carbon, C-1. The relative stereochemistry of the major isomer was
assigned on the basis of '"H NMR coupling constants and NOESY
experiments, Fig. 6.
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Using the “single pot” process a range of acetals have been
explored, Table 1 entries 1-13. With alkyl substituted silacycles
(e.g. 10a) both aromatic and alkyl acetals react to form butane
diols although somewhat lower yields are observed with alkyl
acetals. In general, more reactive electron deficient oxonium ions
react more efficiently, Table 1 entry 8 and 10, although with
these small amounts of an as yet unidentified third stereoisomer
can be observed in the product mixture. In contrast, the use of
acetals that can form very stable oxonium ions lead to extensive
decomposition with no evidence for any Sakurai type products
(entries 14-16). Attempts to use aldehydes as the electrophile either
with BF;-OEt, or using fluoride anion initiation were equally

Table 1 Hosomi-Sakurai reaction of silacycles 10 with acetals

RZ

R1

@ism%
‘Ph

10

i. R’CH(OMe),, BF5*OEt,, DCM, 0°C
ii. KHCOg, HyO,, THF-MeOH
OMe R? OH
B R R2
or |\\
7 =

g3
aR=Pr; bR =Ph; ¢ R = 4-MeOCgH,; d R = 3,4-(OCH,0)C¢Hs

Entry  Silacycle Acetal (R?) Product  Yield (dr)*
1 10a C¢H; 30 50% (2: 1)
2 10a 4-MeOC¢H, 31 47% (1 :0)
3 10a 4-CF,C4H, 36 23% (2: 1)
4 10a 4-BrC¢H, 37 23%((2: 1)
5 10a CH, 38 21% (2 : 1)
6 10b C¢H; 39 55%(2: 1)
7 10b C¢Hs* 40¢ 8% (2:1)

8 10b 4-CF,C¢H, 41 50%(8:3:2)
9 10b 4-BrC¢H, 42 46% (3: 1)

10 10b 4-NO,C¢H, 43 63%(7:4:2)

11 10b CH; 44 32%(2:1)

12 10b c-C¢H,, 45 36% (1:2)

13 10b C¢H,s 46 22% (1 :1)

14 10b 4-NMe,C,H, nr —

15 10b 2,4-(MeO),C¢H; nr —

16 10b 2-Furyl nr —

17 10b 2-Thienyl 47 <5% (nd)

18 10b 4-MeOC¢H, 35 27% (5: 1)

19 10b C¢H,CH=CH 48 44% (7 :2)

20 10b 4-MeC¢H, 49 23% (2: 1)*

21 10b 2,4-Me,C4H; 50 34% (2: 1)

22 10b 2-Me-4-MeOCH; 51 16% (9 : 1)

23 10b 3,4-(MeO),C¢H; 52 17% O : 1)

24 10b 3,4-(OCH,0) C¢H; 53 11%O:1)

25 10b 3,4,5-(MeO);C,H, 54 32%(1:0)

26 10d 3,4,5-(MeO),C4H, 55 28% (1:0)

27 10d 3,4-(MeO),C¢H; 56 20% (1 :0)

28 10d 4 -MeOC¢H, 57 15% (13 : 1)

29 10d 2,4-Me,C4H; 58 20% (3: 1)

30 10c 4-MeOC,H, 59 18% (1:0)

31 10c 2,4-Me,C¢H; 60 15%@3:1)

“dr determined from NMR of crude reaction mixture. ® Yield for a
two stage conversion involving isolation of intermediate silyl fluoride.
¢2-Phenyl dioxane used—product 40 is 1,4-diphenyl-3-ethenyl-4-(3'-
hydroxypropoxy)-2-methylbutan-1-ol (stereochemistry not determined).
4 Final reaction temperature = 25 °C.

unproductive. The use of other Lewis acids (TiCl,, TMSOTT,
Sc(OTY),) is viable and leads to similar isomer ratios although
in somewhat reduced yields. This possibly reflects the benefits of
forming a strong Si—F bond. Consistent with the need for a fluorine
atom (nucleophile) to promote the fragmentation, attempts to use
sub-stoichiometric amounts of BF;-OEt, led to diminished yields.
In most cases the major diastereoisomer produced had the syn,
anti, anti stereochemistry although use of cyclohexyl dimethyl
acetal afforded the alternative anti, anti anti product 45 as the
major isomer, Fig. 5b. Reaction of C-2 substituted aryl silacycles
(10b,c,d) with aryl acetals which can promote the formation of

2844 | Org. Biomol. Chem., 2007, 5, 2841-2848
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a benzylic carbocation affords tetralols via secondary cationic
cyclisation, Table 1, entries 17-31. The limitation for this process
is, as noted above, that if the first oxonium ion is too stable then the
initial Sakurai reaction is not competitive with decomposition of
the silacycle. The somewhat lower yields for this two step process
are probably due to difficulties in achieving efficient conversion in
this first step with the more electron rich (less reactive) substrates
required to promote the formation of the second oxonium ion.
However, the diastereoselectivity increases with electron donating
ability of the acetal suggesting that in this series the major isomer
reflects thermodynamic control. Consistent with this observation
use of tolyldimethylacetal at 0 °C affords a mixture of the butane
diol and tetralol 49 whilst allowing the reaction to warm to room
temperature for a prolonged period (6 h) affords the tetralol as the
exclusive product.

These results can be rationalised by a unified pathway involving
initial generation of the oxonium ion from the acetal followed
by Sakurai reaction with the silacyclohexene. This requires co-
planarity of the C-Si and alkene m-orbital which can only be
efficiently achieved when the silacycle adopts a pseudo boat
structure 62, Scheme 7. Whilst this is possible for the major
silacycle isomer the alternative diastereoisomer 69 is inhibited
from adopting such a conformation by eclipsing interactions
between the Si-Ph and C-2 substituent. Consistent with such
a proposal when the less reactive acetals are used at lower
temperatures it is possible to re-isolate small quantities of the
starting silacycle that are enriched in the minor isomers whilst the
use of more reactive oxonium ions (acetals) can lead to reaction
via other less favourable conformers. The observed selectivity is
then a matter of approach of the electrophile to the least hindered
(convex) face of the conformation of the major isomer 62, i.e. that
which avoids prow interactions between the C-3 methyl group
and a C-6 hydrogen. This generates the observed 2,3-anti, 3,4-anti
configuration. The C-1 configuration is then a matter of synclinal
63 or antiperiplanar 64 alignment of the oxonium ion with the
allylsilane such that the aryl group is orientated in an “exo” fash-
ion. The formation of the observed products suggests the former
is of lower energy although reasons for the reversal of selectivity
with cyclohexane carboxaldehyde dimethyl acetal are not obvious.
The preferential formation of the 1,2 anti configuration in the
cationic cyclisation to give the tetralol skeleton has considerable
precedent in the lignan synthesis literature.”=*? Such an outcome
is consistent with cyclisation proceeding through a chair-like tran-
sition state with all substituents occupying an equatorial position
67. However, as suggested above, thermodynamic control cannot
be excluded particularly with acetals containing more electron
donating substituents as these enhance the reversibility of the
process.

In conclusion, this work has demonstrated that silacyclohex-4-
enes, derived from silene—diene cycloadditions are viable substrates
for the Hosomi-Sakurai reaction with both aryl and alkyl acetals.
Following Tamao oxidation of the resultant silyl fluoride mono-
protected cyclobutane diols can be obtained in moderate yield
and diastereoselectivity. Moreover, when aryl acetals containing
ortho or para electron-donating substituents are combined with
silacyclohexenes containing a C-2 aryl substituent a further
cyclisation occurs to afford the tetralol skeleton found in many
lignan natural products. Future work will focus on enhancing the
stereochemical control observed in each step of this cascade and

Sivsive, Si<sime
Ph Ph
63 64
OMe OMe
R SiMe, R— SiMe;
| Me | Me
N s{X/H %,SI:X/H
ph F PR F
65 66

Me
b
’ S iMBg

il
P

69

Scheme 7

applying the methodology to the synthesis of target structures.
Results of these studies will be reported in due course.

Experimental

All air and/or moisture sensitive reactions were carried out under
an argon atmosphere. Solvents were purified and dried following

This journal is © The Royal Society of Chemistry 2007
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established protocols. Petrol refers to petroleum spirit boiling in
the 40-60 °C range. Ether refers to diethyl ether. Lithium bromide
was dried by heating at 100 °C at 0.06 mmHg for 3 h. Magnesium
bromide was synthesised by addition of 1,2-dibromoethane to
an equivalent amount of magnesium in ether. Aldehydes and
dienes were distilled, immediately prior to use, from anhydrous
calcium sulfate and sodium borohydride, respectively. All other
commercially available reagents were used as received unless
otherwise stated. Flash column chromatography was performed
according to the method of Still ef al. using 200-400 mesh silica
gel.® Yields refer to isolated yields of products of greater than 95%
purity as determined by 'H + “C NMR spectroscopy or elemental
analysis (Durham University Microanalytical Laboratory).

Melting points were determined using Gallenkamp melting
point apparatus and are uncorrected. Infrared spectra were
recorded using a Diamond ATR (attenuated total reflection)
accessory (Golden Gate) or as a solution in chloroform via
transmission IR cells on a Perkin-Elmer FT-IR 1600 spectrometer.
Unless otherwise stated '"H NMR spectra were recorded in CDCl;
on Varian Mercury 200, Varian Unity-300, Varian VXR-400 or
Varian Inova-500 and are reported as follows; chemical shift
0 (ppm) (number of protons, multiplicity, coupling constant J
(Hz), assignment). Residual protic solvent CHCI; (0 = 7.26) was
used as the internal reference. *C NMR spectra were recorded
at 63 MHz or 126 MHz, using the central resonance of CDCI;
(0c = 77.0 ppm) as the internal reference. ’Si NMR spectra were
recorded at 99 MHz on Varian Inova-500. *F NMR spectra were
recorded at 376 MHz or 282 MHz on Varian VXR-400 or Varian
Unity-300 respectively. All chemical shifts are quoted in parts
per million relative to tetramethylsilane (6y = 0.00 ppm) and
coupling constants are given in Hertz. All “C spectra were proton
decoupled. Assignment of spectra was carried out using DEPT,
COSY, HSQC and NOESY experiments.

Gas chromatography-mass spectra (GCMS, EI or CI) were
obtained using a Thermo TRACE mass spectrometer. Elec-
trospray mass spectra (ES) were obtained on a Micromass
LCT mass spectrometer. High resolution mass spectra were
obtained using a Thermo LTQ mass spectrometer (ES) at the
University of Durham, or performed by the EPSRC National
Mass Spectrometry Service Centre, University of Wales, Swansea.
Detailed experimental procedures describing the formation and
characterisation of the silene silacycloadducts 10a and 10b and the
X-ray crystallography for 30as has previously been reported.'*'**
Characterisation data for silacycloadducts 10¢ and 10d, and
Sakurai products 36-39, 4144, 46 and 48-60 can be found in
the ESL.¥

Standard procedure for the Hosomi—Sakurai reaction of silacycles
10

Stage 1. A solution of silacycle (0.3 mmol) in dichloromethane
(5 ml) was treated with the appropriate acetal (0.6 mmol) and
cooled to 0 °C. The solution was then treated with BF;-Et,O
(0.5 M] in DCM, 0.3 mmol) and stirred at 0 °C for 6 h.
The reaction mixture was then poured into aq. NH,Cl and
extracted with dichloromethane (3 x 10 ml). The combined
organic layers were dried over MgSQO,, filtered and concentrated.
The concentrated organic material could then be utilised directly

in the next stage or purified by flash chromatography to afford the
silyl fluoride species.

Stage 2. The crude organic material from stage 1 or purified
silyl fluoride species was dissolved in methanol : THF (Sml, 1: 1)
and treated with KHCO; (1.0 mmol) and a 35% w/w solution of
H,0, (4.0 mmol) at room temperature. The reaction mixture was
then heated under reflux for 5 h and then poured into Na,S,0; and
extracted with EtOAc (3 x 10 ml). The combined organic layers
were dried over MgSO,, filtered and concentrated in vacuo. Flash
chromatography (petrol, ether [95 : 5], [9 : 1], [4 : 1]) afforded the
desired mono-protected 1,4-diols or tetralol.

(1RS*,2R*,35*,4R* ,(Si)R*)-3,5-Dimethyl-2-ethenyl-4-(1'-fluoro-
2,2, 2 -trimethyl-1'-phenyldisilyl)-1-methoxy-1-phenylhexane 29a

Silacycle 10a (0.35 g, 1.1 mmol) was combined with benzaldehyde
dimethylacetal to give the title silyl fluoride 29a as a pale yellow
oil as a (2 : 1) mixture of diastereoisomers (0.3 g, 60%); R; 0.6
(petrol-ether 95 : 5). v, (thin film) 2926, 2918, 1675, 1651, 1536,
1454, 1428, 1359, 1245, 1189, 1105, 916, 836, 800, 735, 729, 699,
543 cm~'; NMR data given for major isomer dy; (500 MHz, CDCl;)
7.50-7.49 2H, m, Ar-H),7.35-7.33 (2H, m, Ar-H), 7.32-7.30 (4H,
m, Ar-H), 7.19-7.17 2H, m, Ar-H), 5.70 (1H, dt, J 17, 10, =CH),
495 (1H, d, J 10, =CHH), 4.51 (1H, bs, 1-H), 444 (1H, d, J
17, =CHH), 3.29 (3H, s, OCH}), 2.56 (1H, m, 3-H), 2.20 (1H,
bt, J 10, 2-H), 1.97 (1H, m, 5-H), 1.35 (3H, d, J 7, 3-CH,),
1.03 (3H, 5-CH;), 0.62 (3H, d, J 7, 6-H5), 0.13 (9H, s, Si(CH););
dc (126 MHz, CDCl,) 141.5 (Ar-C), 137.3 (=CH), 137.0 (Ar-C),
132.7 (Ar-C), 132.6 (Ar-C), 129.0 (Ar-C), 127.7 (Ar-C), 127.2 (Ar-
(), 126.8 (Ar-C), 118.5 (=CH,), 65.86 (C-1), 57.44 (OCH,), 57.42
(C-2), 38.8 (C-4), 35.7 (C-3), 26.2 (C-5), 25.9 (5-CH,), 24.0 (C-
6), 16.6 (3-CHj;), —2.1 (Si(CH,)5); o (300 MHz, CDCl;) —185.6
(1F, d, J 18, Si-F); m/z (CI) 460 (MNH,*, 100%), 428 (35%), 411
(M* — (OCH,), 40%); HRMS (ES*) Found MNH,*, 460.2863,
C,H3FOSi,NH, requires M* 460.2862.

(BR*,45* ,5R*,65%)-2,4-Dimethyl-5-ethenyl-6-methoxy-6-
phenylhexan-3-ol 30

Oxidation of fluorosilane 29 (0.3 g, 0.6 mmol) afforded the title
alcohol 30 as a colourless oil asa (2 : 1) mixture of diastereoisomers
(0.1 g, 80%); R; 0.4 (petrol-ether 9 : 1). v,,,, (thin film) 3326 (broad,
OH), 2958, 2874, 2834, 1605, 1594, 1498, 1471, 1454, 1363, 1233,
1066, 992, 918, 752, 691 cm™'; NMR data given for the major
isomer 30as Jy (500 MHz, CDCl;) 7.34-7.31 2H, m, Ar-H), 7.27—
7.23 (3H, m, Ar-H), 6.04 (1H, ddd, J 17, 10, 10, 5-CH=), 5.09
(1H,dd, J 10,2,=CHH),4.76 (1H,dd, J 17,2, =CHH), 4.48 (1H,
d,J4,6-H),3.76 (1H,d, J 3,0H), 3.28 (1H, m, 3-H), 3.23 (3H, s,
OCH;), 2.26 (IH, m, 5-H), 1.82 (1H, m, 4-H), 1.74 (1H, m, 2-H),
1.00 (3H, d, J 7, 2-CH;), 0.86 (3H, d, J 7, 4-CH;), 0.81 (3H, d, J
7, 1-H;); 0 (126 MHz, CDCl;) 140.7 (ipso-Ar-C), 134.3 (CH=),
128.0 (Ar-C), 127.4 (Ar-C), 127.3 (Ar-C), 118.8 (=CH,), 86.9 (C-
6), 76.9 (C-3), 57.8 (C-5), 57.0 (OCHy,), 40.9 (C-4), 29.6 (C-2),
20.7 (2-CHs;), 17.4 (4-CH;), 13.6 (C-1); m/z (ES*) 285 (MNa*);
HRMS (ES*) MNa* Found 285.1825, C,;H,O,Na requires M*
285.1825.
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(2'R*,3 §%)-1-(3',5 -Dimethyl-2'-ethenylhex-4'-enyl)-4-
methoxybenzene 31

A solution of silacycle 10a (0.05 g, 0.2 mmol) in dichloromethane
(5 ml) was cooled to —78 °C and treated with 4-methoxy-
benzaldehyde dimethylacetal (0.1 ml, 0.3 mmol), then BF;-Et,O
(0.03 ml, 0.2 mmol) and the reaction mixture stirred at room
temperature for 12 h. The reaction was poured into NH,Cl
and extracted with dichloromethane (3 x 10 ml). The combined
organic layers were dried over MgSQO,, filtered, concentrated and
dried in vacuo. Flash chromatography (petrol-ether [98 : 2], [95 :
5], [9 : 1)) afforded the title compound as a colourless oil (0.02 g,
47%); R; 0.7 (pet. ether—ether 9 : 1); v,,, (thin film) 2955, 2927,
2871, 2833, 2362, 2337, 1510, 1440, 1299, 1243, 1175, 1038, 910,
834 cm™'; 0y (500 MHz, CDCl,) 7.02 (2H, d, J 9, Ar-H), 6.80 (2H,
d,J9,Ar-H),5.68 (1H,ddd, J 17, 11, 10, 2-CH=), 5.00 (1H, d, J
11,4-H),4.85(1H,d, J 11,=CHH), 4.82 (1H, d, J 17, =CHH),
3.78 (3H, s, -OCH,), 2.55 (2H, dd, J 14, 6, 1-H,), 2.44 (1H, m,
2'-H),2.24 (1H, m, 3-H), 1.73 (3H, s, 6'-H;), 1.57 3H, s, 5-CH;),
0.92(3H,d,J7,3-CH;);d. (126 MHz, CDCl;) 157.5 (C-4), 139.4
(2-CH=), 133.2 (C-1), 131.2 (C-5'), 130.0 (Ar-C), 127.3 (C-4),
115.9 (=CH,), 113.4 (Ar-C), 55.2 (OCH,), 51.9 (C-2)), 38.2 (C-
1), 35.3(C-3), 26.0 (C-6), 19.5 (3'-CH;), 18.1 (5-CH;); m/z (CI,
NH;) 262 (MNH,*, 15%), 245 (M*, 65%), 161 (10%), 121 (100%);
HRMS (ES*) Found M* 245.1896, C,;H,,O requires M* 245.1900.

(1R*,2R*,3R*,4S*,(Si)R*)-1-(1'-Fluoro-2',2',2’-trimethyl-1'-
phenyldisilyl)-4-(4"-methoxyphenyl)-2-methyl-3-ethenyl-1,2,3,
4-tetrahydronaphthalene 34

Silacycle 10b (0.6 g, 1.8 mmol) was combined with 4-methoxy-
benzaldehyde dimethylacetal to give the title compound as a
colourless gum (0.4 g, 44%); R; 0.3 (petrol-cther 95 : 5) asa 5 :
1 mixture of diastereoisomers; v,,,, (thin film) 1609, 1509, 1487,
1442, 1427, 1301, 1243, 1175, 1105, 1036, 912, 835 cm™'; NMR
data given for major isomer dy; (500 MHz, CDCl;) 7.66-7.64 (2H,
m, Ar-H), 7.44-7.42 (3H, m, Ar-H), 7.38 (1H, m, Ar-H), 7.25
(1H, m, Ar-H), 6.98-6.96 (3H, m, Ar-H), 6.80-6.77 (3H, m, Ar-
H), 5.71 (1H, m, 3-CH=), 4.87 (1H, d, J 10, =CHH), 4.76 (1H,
d, J 17, =CHH), 3.87 (1H, d, J 11, 4-H), 3.78 (3H, s, OCH),
3.25 (1H, m, 1-H), 2.62 (1H, m, 3-H), 2.31 (1H, m, 2-H), 1.05
(3H,d, J 7,2-CH}), 0.14 (9H, s, Si(CH};)3); 6c (126 MHz, CDCl,)
157.8 (Ar-C), 140.2 (3-CH=), 139.9 (Ar-C), 138.0 (Ar-C), 135.2
(Ar-C), 136.8 (Ar-C), 136.4 (Ar-C), 133.2 (Ar-C), 130.9 (Ar-O),
130.4 (Ar-C), 129.7 (Ar-C), 128.2 (Ar-C), 125.9 (Ar-C), 125.5
(Ar-C), 116.0 (=CH,), 113.5 (Ar-C), 55.1 (OCH,), 52.7 (C-3),
46.3 (C-4), 38.7 (C-1), 34.4 (C-2), 12.8 (2-CH;), —1.4 (Si(CHj;)5);
Jr (300 MHz, CDCl;) —183.5 (1F, d, J 7, Si-F); m/z (ES*)
497 (MNa*), 971 2M* — 20CH;); HRMS (ES*) Found MNa*
497.2107, C,0H;35Si,0FNa requires M+ 497.2103).

(1R*,2R* ,3R*,4S5*)-4-(4 -Methoxyphenyl)-2-methyl-3-ethenyl-
1,2,3,4-tetrahydronaphthalen-1-ol 35

Following stage 2 of the standard procedure fluorosilane 34 (0.37 g,
0.7 mmol) was oxidised to afford, following chromatography, the
title tetralol as a white solid (0.085 g, 61%) as a 5 : 1 mixture of
diastereoisomers; R; 0.1 (petrol-ether 9 : 1); mp 122-124; Found
C, 81.15%; H, 7.59%; required for C,0H»,O,: C, 81.59%; H, 7.53%.
Vmax (thin film) 3350 (broad, OH), 2961, 2907, 1611, 1511, 1451,

1301, 1261, 1245,1177,1115,1026,913 cm™'; NMR data for major
isomer dy (500 MHz, CD;COCD;) 7.68 (1H, d, J 10, 8-H), 7.20
(1H, m, 7-H), 7.09-7.04 (3H, m, 6-H, Ar-H), 6.86 (2H, d, J 11,
Ar-H), 6.75 (1H, d, J 10, 5-H), 5.96 (1H, ddd, J 20, 11, 9, 3-
CH=),5.14 (1H,t,J 8, 5, 1-H), 491 (2H, m, =CH,), 4.41 (1H,
d, J 8, -OH), 3.99 (1H, d, J 12, 4-H), 3.79 (3H, s, OCH;), 2.82
(1H,ddd, J 12,3,2,3-H),2.35(1H, qdd, J 7, 5, 3,2-H), 0.94 (3H,
d, J 9, 2-CH,;); o¢ (126 MHz, CD,COCD;) 159.7 (Ar-C), 142.0
(3-CH=), 140.8 (Ar-C), 140.5 (Ar-C), 139.6 (Ar-C), 136.7 (Ar-
(), 136.3 (Ar-C), 131.9 (Ar-C), 128.1 (C-8), 128.0 (C-7), 116.5
(3-CH=CH,), 115.1 (Ar-C), 72.8 (C-1), 56.1 (OCH,), 51.9 (C-3),
48.3(C-4),41.0(C-2), 8.7 (2-CH,); m/z (ES*) 317 (MNa").

(15*,28*,3R*,4R*)-4-Cyclohexyl-3-ethenyl-4-methoxy-2-methyl-
1-phenylbutan-1-ol 45

Reaction of silacycle 10b and cyclohexanecarboxaldehyde
dimethylacetal afforded, following column chromatography, the
title alcohol 45 as a colourless oil as a 1 : 2 mixture of diastereo-
isomers (36%); mp 106-108; R; 0.3 (petrol-ether 9 : 1); v,,,, (thin
film) 3324 (broad, OH), 3068, 3038, 2930, 2853, 2358, 2241, 1716,
1602, 1540, 1455, 1078, 1010, 834 cm™'; dy (500 MHz, CDCl;)
major isomer 7.32-7.30 (SH, m, Ar-H), 6.10 (1H, ddd, J 17, 10,
10,3-CH=),5.19(1H,d,J 10,=CHH), 5.10(1H,d,J 17,=CHH),
4.32(1H,d, J 10, 1-H), 3.58 (3H, s, OCH}), 3.06 (1H, t, J 6,4-H),
2.45 (1H, m, 3-H), 2.14 (1H, m, 2-H), 1.98 (1H, d, J 14), 1.80—
1.69 (3H, m), 1.62-1.59 (1H, d, J 14), 1.31-1.16 (4H, m), 1.10-1.01
(2H, m), 0.65 (3H, d, J 7, 2-CH); o (126 MHz, CDCl;) 144.7
(ipso-Ar-C), 137.3 (3-CH=), 128.1 (Ar-C), 127.1 (Ar-C), 126.8
(Ar-C), 117.5 (=CH,), 89.5 (C-4), 76.0 (C-1), 61.6 (OCH,), 51.0
(C-3),41.0(4-CH), 40.3 (C-2),30.0 (CH,), 29.6 (CH,) 26.5 (CH,),
26.3 (CH,), 26.0 (CH,), 17.7 (2-CH;); m/z (ES*) 325 (MNa*), 627
(2MNa*); HRMS (ES*) Found MNa* 325.2137, C,,H;,0, requires
M+ 325.2138.

X-Ray crystallography

X-Ray diffraction experiment was carried out at 7 = 120 K on
a Siemens 3-circle diffractometer with a SMART 1K CCD area
detector, using graphite-monochromated Mo-K, radiation (1 =
0.71073 A) and a Cryostream (Oxford Cryosystems) open-flow
N, cryostat. The structure was solved by direct methods using
SIR92 program,* and refined by full-matrix least squares (against
F?) using CRYSTALS software (version 12.80).*° Crystal data: 45,
CyH;,0,, M = 302.46, monoclinic, space group P2,/¢ (No. 14),
a=16.9623(4), b = 9.9591(2), c = 11.0721(3) A, = 96.287(1)°,
U=1859.15(8) A%, Z=4,D.=1.081 gecm,u =0.07 mm™", 23555
reflections with 20 < 61°, semi-empirical absorption correction
on Laue equivalents,* R, = 0.023, R(F) = 0.039 on 2621 data
with I > 20(I), wR(F?) = 0.143 on all 5273 unique data. CCDC
reference number 298852. For crystallographic data in CIF or
other electronic format see DOI: 10.1039/b709318g
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The synthesis of the spiroacetal-containing anti- Helicobacter pylori agents (3S5,2"S,5"S,7"S)-1a
(ent-CJ-12,954) and (3S,2"S,5"R,7"S)-2a (ent-CJ-13,014) has been carried out based on the convergent
union of a 1 : 1 mixture of heterocycle-activated spiroacetal sulfones 6 and 7 with (3.5)-phthalide
aldehyde Sa. The synthesis of the (3R)-diastereomers (3R,2”S,5"S,7"S)-1b and (3R,2"S,5"R,7"S)-2b was
also undertaken in a similar manner by union of (3R)-phthalide aldehyde Sb with a 1 : 1 mixture of
spiroacetal sulfones 6 and 7. Comparison of the 'H and *C NMR data, optical rotations and HPLC
retention times of the synthetic compounds (35,2”S,5"S,7"S)-1a and (3S,2"S,5"R,7"S)-2a and the
(3R)-diastercomers (3R,2"S,5”S,7"S)-1b and (3R,2"S,5"R,7"S)-2b, with the naturally occurring
compounds, established that the synthetic isomers 1a and 2a were in fact enantiomeric to the natural
products CJ-12,954 and CJ-13,014. The (25,85)-stereochemistry in protected dihydroxyketone 21, the
precursor to the mixture of spiroacetal sulfones 6 and 7 was established via union of readily available
(S)-acetylene 18 with aldehyde 17 in which the (4S)-stereochemistry was established via asymmetric
allylation. Deprotection and cyclization of protected dihydroxyketone 21 afforded an inseparable 1 : 1
mixture of spiroacetal alcohols 24 and 25 that were converted into a 1 : 1 inseparable mixture of
spiroacetal sulfones 6 and 7. Phthalide-aldehyde 3a was prepared via intramolecular acylation of
bromocarbamate 11 in which the (3.5)-stereochemistry was established via asymmetric CBS reduction

of ketone 8.

Introduction

Helicobacter pylori are microaerophilic, Gram negative bacteria’
which colonize the stomach of over half the world’s population®
and have an etiological role in several diseases including gastric
and duodenal ulcers, distal gastric cancer and MALT lymphoma.?
In most cases infection will persist for the lifetime of an individual
without medical intervention.* A variety of effective drugs for
the treatment and eradication of Helicobacter pylori infection are
clinically useful including antibiotics (-lactams, macrolides and
quinolones), bactericidal agents (bismuth salts) and anti-protozoal
agents (metronidazole); however, drug resistance, side effects and
non-compliance are common problems in the use of such drugs.®
Current treatment of Helicobacter pylori infection involves the
prescription of one or more antibiotics in combination with H,
blockers; however, none of the existing treatments are capable
of complete eradication of Helicobacter pylori.® Consequently,
there is an urgent need for the development of more effective and
selective anti-Helicobacter pylori agents.

In a screening program designed to discover such compounds,
Dekker et al” isolated seven new 5,7-dimethoxyphthalide an-
tibiotics with specific anti-Helicobacter pylori activity from the
basidiomycete Phanerochaete velutina CL6387. The two most

Department of Chemistry, University of Auckland, 23 Symonds St.,
Auckland, New Zealand. E-mail: m.brimble@auckland.ac.nz; Fax: +64 9
3737422

T Electronic supplementary information (ESI) available: General experi-
mental details together with full experimental procedures, '"H NMR, C
NMR and mass spectral data for compounds 5a, 8-21, 30 and 31. See
DOI: 10.1039/b709932k

potent compounds CJ-12,954 1 and its C-5" epimer CJ-13,014
2 contained a 5,5-spiroacetal ring joined through a polymethylene
chain to the phthalide unit (Fig. 1). While changes in the
stereochemistry associated with the spiroacetal has little effect
on antibacterial activity, the diketone formed by ring opening
exhibits a decreased potency of approximately 100-fold. Two
structurally related helicobactericidal compounds, spirolaxine 3
and its methyl ether 4, produced by various strains of white rot
fungi belonging to the genera Sporotrichum and Phanerochaete,
contain a 6,5-spiroacetal ring joined through a polymethylene

MeO

MeO

RO ""4, 770
spirolaxine: R = H 3; spirolaxine methyl ether: R = Me 4

Fig. 1 Structures of anti-Helicobacter pylori agents.
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chain to a phthalide unit.® Thus, phthalide-containing spiroacetal
compounds provide promising new leads for the treatment of
Helicobacter pylori related diseases.

Whilst Dekker et al.” were unable to assign the stereochemistry
of the stereogenic centre at C-3 on the phthalide unit in CJ-
12,954 1 and CJ-13,014 2, they were able to assign the relative
stereochemistry of the three stereogenic centres on the spiroacetal
ring. CJ-12,954 1 was assigned with 1,3-syn stereochemistry
between the C2’-Me group and the C5"-06” bond with the 6'-
CH, group 1,3-syn to C5"-01". In the case of CJ-13,014 2 the
C2"-Me group was assigned as 1,3-anti to the C5"-06” bond with
the 6'-CH, group 1,3-anti to the C5"-0O1” bond. The structures of
CJ-12,9541 and CJ-13,014 2 were initially arbitrarily depicted with
the (S)-configuration at both C2” and C7” however, the assignment
of absolute stereochemistry to these stereogenic centres in the
spiroacetal ring and at C-3 on the phthalide unit is reliant on
the execution of a total synthesis of these natural products.

Whilst a synthesis of the phthalide-spiroacetals CJ-12,954 1
and CJ-13,014 2 has not been reported to date, several of
the simpler non spiroacetal-containing phthalides have been
prepared with lack of stereocontrol of the phthalide unit.*!!
We have previously reported' the first enantioselective to-
tal synthesis of (+)-spirolaxine methyl ether 4 that estab-
lished the absolute configuration of the natural product to be
(3R,2"R,5"R,7"R). This conclusion was later confirmed by single-
crystal X-ray analysis® of spirolaxine 3 and an independent
synthesis of spirolaxine methyl ether 4."* We now herein report
the full details” of our synthesis of the anti-Helicobacter py-
lori agents (3S5,2”S,5"S,7"S)-1a and (3S,2”S,5"R,7"S)-2a and the
(3R)-diastereomers (3R,2"S,5”S,7"S)-1b and (3R,2"S.5"R,7"S)-2b
thereby establishing that the synthetic isomers 1a and 2a were
in fact enantiomeric to the natural products CJ-12,954 and CJ-
13,014.

Results and discussion

Given that the absolute stereochemistry of the four stereogenic
centres in CJ-12,954 1 and CJ-13,014 2 had not been assigned, it
was important to develop a flexible modular approach that would
allow variation in the construction of the stereogenic centres in
these molecules. Our attention initially focused on the synthesis of
(35,2"8,5"S,7"S)-1a and (3S,2"S,5'R,7"S)-2a arbitrarily chosen
with an (S)-configuration at C-3 on the phthalide unit and an
(S)-configuration at both C-2” and C-7” on the spiroacetal unit
(Scheme 1). It was envisaged that control of the stereochemistry
of the spirocentre in the 5,5-spiroacetal ring system would be more
difficult hence our efforts were directed to the synthesis of a 1 : 1
mixture of heterocycle-activated sulfones 6 and 7 in preparation
for union with (35)-phthalide-aldehyde 5a using a modified Julia—
Kocienski olefination.

The synthesis of (35)-phthalide-aldehyde 5a hinged on the
initial synthesis of (S)-alcohol 9 that undergoes regioselective
bromination to bromide 10 and conversion to bromocarbamate
11 (Scheme 2). Carbamate 11 is then transformed into phthalide-
aldehyde 5a via intramolecular acylation and hydroboration—
oxidation of the olefin. Whilst the efficacy of the latter steps
had been readily demonstrated’ in the enantiomeric series to
prepare (3 R)-phthalide-aldehyde Sb the synthesis of (S)-alcohol 9
in high enantiopurity needed attention. For the synthesis of (3R)-
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Scheme 1 Retrosynthesis of (35,2”S,5"S,7'S)-1a and (3S5,2"S,5'R,
7"S)-2a.
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Scheme 2 Reagents and conditions: (1) (R)-Me-CBS-oxazaborolidine

(CBS = Corey-Bakshi-Shibata), BH;—SMe,, 15 min, then THF, 8, 2 h,
92%, 94% ee; (i) NBS, NH,OAc, Et,0, 24 h, 90%; (iii) NaH, THF, 0 °C
then N,N-diethylcarbamoyl chloride, 90%; (iv) 7-BuLi, THF, —78 °C,
2 h then camphorsulfonic acid, 20 °C, 12 h, 70%; (v) 2-methyl-2-butene,
BH;-SMe,, THF, 0 °C then MeOH, NaOH, 30% H,0,, 71%; (vi) TPAP,
NMO, CH,Cl,, 4 A mol. sieves, 6 h, 20 °C, 72%.

phthalide-aldehyde Sb the (R)-enantiomer of alcohol 9 was es-
tablished via asymmetric allylation of 3,5-dimethoxybenzaldehyde
for which the optimal enantiomeric excess (ee) obtained was only
86%. We therefore decided to investigate an asymmetric reduction
procedure to prepare (S)-alcohol 9 in the present work.
Asymmetric reduction of ketone 8 using (—)-DIP-Clin THF at
—35°C following the procedure reported by Wang et al.'® afforded
(S)-alcohol 9 in only 40% yield with 92% ee. Fortunately, reduction
of ketone 8 with (R)-2-methyl-CBS-oxazaborolidine'” (1.0 equiv.)
and borane-dimethyl sulfide (1.0 equiv.) in THF at —20 °C for 2 h
afforded (S)-alcohol 9 in higher 92% yield with an improved 94%
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ee as determined by conversion to a Mosher ester derivative. It
was noted that if an excess of borane-dimethyl sulfide relative to
(R)-2-methyl-CBS-oxazaborolidine was used then rearrangement
of the B,y-unsaturated ketone to the more stable o,f-unsaturated
ketone occurred with none of the desired alcohol 9 being formed.

With a facile synthesis of (S)-alcohol 9 in hand, conversion
to (3S)-phthalide-aldehyde 5a proceeded uneventfully via bromi-
nation to bromide 10, formation of carbamate 11 using sodium
hydride and N,N-diethylcarbamoyl chloride followed by internal

acylation of the derived ortho-lithiated species formed upon
halogen—-metal exchange to afford phthalide 12. Hydroboration of
the olefin and subsequent oxidation using tetrapropylammonium
perruthenate and N-methylmorpholine-N-oxide secured (3.5)-
phthalide-aldehyde 5a."

Our attention next focused on the synthesis of 1-phenyl-
1 H-tetrazol-5-yl spiroacetal sulfones 6 and 7 that are epimeric
at the spirocentre with an (S)-configuration at C-2” and C-7"
(Scheme 3). The synthesis of (2S,5S,7S)-spiroacetal 6 and

H ! iii )
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Reagents and conditions: (i) allyl bromide, Mg, (+)-B-diisopinocampheylmethoxyborane, Et,O, —78 °C to 20 °C, 82%, 94% ee; (ii) 1BuMe,SiCl,

imidazole, DMAP, CH,Cl,, 20 °C, 12 h, 90%; (iii) 2-methyl-2-butene, BH;-SMe,, 0 °C, 76%; (iv) Dess—Martin periodinane, py, CH,Cl,, 20 °C, 77%;
(v) 18, n-BuLi, LiBr, THE, —78 °C, then 17, 84%; (vi) TPAP, NMO, 4 A mol sieves, CH,Cl,, 20 °C, 94%; (vii) H,, PtO,, K,CO;, THF-MeOH (1 : 1), 94%;
(viii) CSA, CH,Cl,, 20 °C, 4 h, 93%; (ix) TBAF, CH,Cl,, 20 °C, 3 h, 77%; (x) 1-phenyl-1H-tetrazole-5-thiol, Ph;P, DEAD, 78%; (xi) m-CPBA, NaHCO;,
71%; (xil) KHMDS, THF, —78 °C then 5a, 84%; (xiii) H,, PtO,, K,CO;, THF-MeOH (1 : 1), 85%.
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(2S,5R,7S)-spiroacetal 7 was arbitrarily pursued due the ready
availability of 3-butyn-1-ol 18" with (S)-absolute stereochemistry
that upon conversion to the corresponding lithium (S)-acetylide
leads to the 5,5-spiroacetal ring system with (S)-stereochemistry
at C-2". The corresponding (S)-stereochemistry at C-7” in the
5,5-spiroacetal ring system is derived from homoallylic alcohol
14 that is available via asymmetric allylation of aldehyde 13.
Importantly, 1-phenyl-1H-tetrazol-5-yl sulfones 6 and 7 were
chosen in preference to the use of benzothiazol-2-yl sulfones
due to their increased stability in heterocycle-modified Julia
olefinations.'?

Addition of allylmagnesium bromide to (+)-B-diisopino-
campheylmethoxyborane in diethyl ether at —78 °C followed by
addition to aldehyde 13*! afforded (S)-alcohol 14 in 82% yield after
peroxide work-up for which the ee was determined to be 94% by
chiral HPLC. (S)-Alcohol 14 has previously been prepared by an
alternative procedure however the ee was not determined in this
case.”? The (R)-enantiomer of alcohol 14 has also been prepared
previously in 74% ee using a tartaric acid derived allylboration.?
Gratifyingly, the asymmetric reduction method reported herein
offers a significant improvement on existing methods to prepare
this compound enantioselectively. Protection of the alcohol as
a tert-butyldimethylsilyl ether 15 followed by hydroboration to
primary alcohol 16 the oxidation using Dess—Martin periodinane
afforded aldehyde 17.

Addition of aldehyde 17 to the lithium acetylide of 18 at —78 °C
and at —100 °C initially proved problematic with only low yields
of the desired alcohol 19 being obtained. Due to the continual
recovery of starting materials along with the coupled product 19 it
was postulated that enolate formation was occurring in preference
to the desired nucleophilic addition reaction. Brandsma et al.**
and Carreira et al.*® have incorporated the use of lithium bromide
to prevent a similar problem in the reaction of lithium acetylides
with ketones. In the present case reaction of aldehyde 17 with
the lithium acetylide of 18 in tetrahydrofuran at —78 °C, with
the inclusion of 50 mol% of lithium bromide, proceeded cleanly
furnishing alcohol 19 as a mixture of diastereomers in 84% yield.

Oxidation of the alcohol 19 to ynone 20 using tetrapropylammo-
nium perruthenate and N-methylmorpholine-N-oxide followed
by reduction of the acetylene over Adams’s catalyst (PtO,)
afforded saturated protected dihydroxyketone 21. Spirocyclization
was then readily effected in 93% yield using camphorsulfonic
acid in dichloromethane affording an inseparable 1 : 1 mixture
of spiroacetals 22 and 23 that were converted into spiroacetal
alcohols 24 and 25 after cleavage of the fert-butyldiphenylsilyl
ether with tetrabutylammonium fluoride. Lack of stereocontrol
from the anomeric effect and/or steric effects contributed to
the observed formation of equal quantities of 5,5-spiroacetals
24 and 25 with (S)- and (R)-stereochemistry at the spirocentres,
respectively. For spirocyclizations involving two five-membered
rings a strong anomeric effect was not expected due to lack of
well-defined axial or equatorial positions in these systems.?

In the '"H NMR spectrum for the mixture of spiroacetals 24
and 25, resonances at ¢ 4.05 (dddd, J 10.7, 8,7, 4.9, 2.2 Hz) and
0 4.19 (qdd, J 6.4, 6.4, 2.2 Hz), corresponding to H7 and H2
respectively, displayed multiplicities that were indicative of cyclic
ring formation. Two doublets at 6 1.21 and ¢ 1.30 (J 6.2 Hz)
of equal intensity, were assigned to the individual methyl groups
of each spiroacetal alcohol. Further support for the successful

formation of spiroacetal alcohols 24 and 25 was the observation
of two quaternary carbon resonances in the *C NMR spectrum
ato 114.3 and 6 114.7 which were characteristic of 5,5 spiroacetal
carbons. A molecular ion at m/z 201.1490 in the high resolution
CI mass spectrum (201.1491 calculated for MH*) provided further
evidence for the successful formation of the spiroacetal alcohols
24 and 25.

With phthalide-aldehyde Sa and spiroacetal alcohols 24 and
25 in hand, attention turned to their union to form the carbon
skeleton of CJ-12,952 and CJ-13,014. Use of benzothiazol-2-yl
sulfones 30 and 31 as coupling partners for the modified Julia—
Kocienski olefination proved disappointing with only low yields
of the desired coupled olefins 28 and 29 being obtained (Scheme 4).
The low yield obtained in the reaction was attributed to the
instability of the benzothiazol-2-yl sulfone. The self-condensation
of the benzothiazol-2-yl sulfones has been well documented
in the literature’”” hence we turned our efforts to the use of
the more stable 1-phenyl-1H-tetrazol-5-yl sulfones developed by
Kocienski er al.* There are no literature reports on the use of
a spiroacetal-containing 1-phenyl-1H-tetrazol-5-yl sulfone in a
modified Julia olefination. However, Bondar and Paquette?® have
reported the addition of a 1-phenyl-1H-tetrazol-5-yl sulfone to a
spiroacetal-containing aldehyde in their synthetic studies towards
pectenotoxin-2.

N
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Scheme 4  Reagents and conditions: (i) KHMDS, THF, —78 °C then 5a,
—78 °C, 1.1 h, warm to room temp., 1 h, 19%.

28 + 29
1:1

Triphenylphosphine, 1-phenyl-1H-tetrazol-5-thiol, and diethyl
azodicarboxylate were added to a solution of spiroacetal alcohols
24 and 25 in tetrahydrofuran at 0 °C, then stirred at room
temperature for 15 h to yield sulfides 26 and 27 (Scheme 3). Sulfides
26 and 27 were then treated with m-chloroperoxybenzoic acid and
sodium bicarbonate in dichloromethane at room temperature for
24 h to afford sulfones 6 and 7 in excellent yield.

Attention next focused on the union of sulfones 6 and 7
with (3S5)-phthalide-aldehyde 5a (Scheme 3). Potassium hexam-
ethyldisilazide was added to a solution of sulfones 6 and 7 in
tetrahydrofuran at —78 °C and the mixture stirred for 20 min. (3.5)-
Phthalide-aldehyde 5a was then added and the mixture stirred for
90 min at —78 °C, then warmed to room temperature for 1 h to
afford a mixture of alkenes 28 and 29 in 84% yield. The ratio of
(E)- and (£)-alkenes 28 and 29 obtained from this reaction was
not determined. Finally hydrogenation of the mixture of alkenes 28
and 29 over Adams’ catalyst (PtO,) in tetrahydrofuran-methanol
(1:1) in the presence of potassium carbonate at room temperature
for 4 h afforded an inseparable 1 : 1 mixture of (3S5,2"S,5"S,7"S)-1a
and (35,2"S,5"R,7"S)-2a in 85% yield after purification by flash
chromatography.

Characteristic resonances at ¢ 114.3 and 114.7 assigned to
C5"1n (38,2”S,5”S,7"S)-1a and (35,2"S,5"R,7"S)-2a, respectively,
supported the presence of the 5,5-spiroacetal ring system. The
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"H NMR spectrum displayed two doublets at & 1.20 and 1.28 ppm
(J 6.2 Hz) assigned to the methyl group in (3S5,2"S,5"R,7"S)-2a
and (35,2"S,5"S,7"S)-1a, respectively, in good agreement with the
data for the natural products (Fig. 2). A doublet of doublets at
0 5.29 ppm (J 8.2, 3.7 Hz) was assigned to H3 in the phthalide
moiety with the chemical shift at variance with the chemical shift
reported for the same resonance atd 5.27 (dd, J 8.1, 3.7 Hz) in the
natural products CJ-12,954 1 and CJ-13,014 2.7

Due the ready availability of (3 R)-phthalide-aldehyde 5b within
our research group'? we also prepared the closely related phthalide-
spiroacetals 1b and 2b with (3 R)-stereochemistry on the phthalide
(Scheme 5). Thus, olefination of (3R)-phthalide-aldehyde 5b with
a 1 : 1 mixture of sulfones 6 and 7 followed by hydrogenation
of the resultant olefins 32 and 33 afforded a 1 : 1 mixture of
(3R,2"S,5"S,7"S)-1b and (3R,2"S,5"R,7"S)-2b. Frustratingly, the
'"Hand "C NMR data obtained for these latter isomers was similar
to that recorded for both synthetic isomers 1a and 2a and the
respective natural products (Fig. 2).

Unfortunately, separation of (35,2”S,5"S,7"S)-1a and (3S5,2"S,
5"R,7"S)-2a from each other, and (3R,2"S.,5'S,7"S)-1b and
(3R,2"S,5"R,7"S)-2b from each other proved exceedingly difficult.
Use of column chromatography, thin layer chromatography and
normal phase HPLC did not facilitate separation of the individual
diastereomers. A small sample of pure (3R,2"S,5"R,7"S)-2b was
successfully isolated after repeated use of flash column chromatog-
raphy, however, no other diastereomer was able to be completely
separated from its corresponding 5”-epimer.

The key 'H NMR and "C NMR data observed for
(35,2"8,5"S,7"S)-1a and (3R,2"S,5"S,7"S)-1b proved to be very
similar to that obtained by Dekker ez al.” for the natural product

MeO
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50 l O Me
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CJ-12,954 1. (Fig. 2). For example, the methyl group on the
spiroacetal ring in the natural product CJ-12,954 1 resonated at o
1.27 ppm (d, J 6.2 Hz) in the '"H NMR spectrum and d 23.0 ppm in
the *C NMR spectrum. For (35,2S,5"S,7"S)-1a the methyl group
resonated at oy 1.28 ppm (d, J 6.2 Hz) and d 23.0 ppm, whilst in
(3R,27S,5"S,7"S)-1b the methyl group resonated at o, 1.26 ppm
(d, J 6.2 Hz) in the '"H NMR spectrum and at d. 22.9 ppm in the
BC NMR spectrum.

Likewise, the key 'H NMR and C NMR data for
(38,2"S,5"R,7"S)-2aand (3R,2"S,5"R,7"S)-2b was almost identical
to the data reported by Dekker et al.” for the natural product CJ-
13,014 2. (Fig. 2). For example, the methyl group on the spiroacetal
in the natural product CJ-13,014 2 resonated at Jy 1.19 ppm
(d, J 6.2 Hz) in the '"H NMR spectrum and at d. 21.1 ppm
in the ®C NMR spectrum. For (35,2"S,5'R,7"S)-2a the methyl
group resonated at dy 1.20 ppm (d, J 6.2 Hz) in the 'H NMR
spectrum and at 5 21.1 ppm in the *C NMR spectrum, and for
(3R,2"S,5"R,7"S)-2b the methyl group resonated at d,; 1.21 ppm
(d, J 6.2 Hz) in the "H NMR spectrum and at o 21.1 ppm in the
BC NMR spectrum.

The 1 : 1 mixture of synthetic (35,2"S,5"S,7"S)-la and
(3S8,2"S,5'R,7"S)-2a, and the 1 1 mixture of synthetic
(3R,27S,5"S,7"S)-1b and (3R,2"S,5"R,7"S)-2b, were analysed by
HPLC, using the same conditions (YMC-Pack ODS-AM column,
methanol : water (3 : 1), flow rate 0.5 mL min™") reported by
Dekker er al” for the separation of the natural products CJ-
12,954 1 and CJ-13,014 2. Pure samples of the natural products
CJ-12,954 1 and CJ-13,014 2, obtained from Pfizer Inc., were
also analysed under the same HPLC conditions. The retention
time for the natural product CJ-12,954 1 was 8.7 min, and the
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Scheme 5 Reagents and conditions: (i) KHMDS, THF, —78 °C then 5b,
76%; (ii) H,, PtO,, K,CO;, THF-MeOH (1 : 1), 90%.

retention time for the natural product CJ-13,014 2 was 9.4 min. The
retention times for the 1 : 1 mixture of synthetic (35,2"S,5"S,7"S)-
laand (35.,2"S,5"R,7"S)-2a were 8.7 and 9.4 min, respectively. The
retention times for the 1 : 1 mixture of synthetic (3R,2"S,5"S,7"S)-
1b and (3R,2"S,5"R,7"S)-2b were 9.2 and 9.6 min. Thus, the
retention times observed for the natural CJ-12,9541 and CJ-13,014
2 were identical to the retention times for the synthetic mixture
of (35,2"8,5"S,7"S)-1aand (35,2"S,5"R,7"S)-2a. Additionally, the
'H and “C NMR data is very similar for natural CJ-12,954 1 and
synthetic (35,2”S.,5"S,7"S)-1a, and for natural CJ-13,014 2 and
synthetic (35,2"S,5"R,7"S)-2a.

The optical rotation for the natural product CJ-12,954 1 was
reported in the literature as +6.0 (¢ 0.07, CHCl;), whereas the
optical rotation for the natural product CJ-13,014 2 was reported
as +71.2 (¢ 0.11, CHCIL;).” Due to the inability to separate
(35,2"8,5"S,7"S)-1a from (3S,2"S,5"R,7"S)-2a, the optical rota-
tion was recorded for the 1 : 1 mixture of these two diastereomers
as —38.0 (¢ 0.48, CHCl;). An optical rotation of +36.4 (¢ 0.50,
CHCI;) was obtained for the 1 : 1 mixture of (3R,2"S,5"S,7"S)-
1b and (3R,2"S.5"R,7"S)-2b. Given that the optical rotation for
the 1 : 1 mixture of (35,2"S,5"S,7"S)-1a and (3S.,2"S,5"R,7"S)-
2a is of opposite sign and an average of the optical rotation
values reported for the natural products CJ-12,954 1 and CJ-
13,014 2, it is therefore proposed that naturally occurring CJ-
12,954 1 exhibits (3R,2"R,5"R,7" R)-stereochemistry (ent-1a) and

natural CJ-13,014 2 exhibits (3R,2"R,5"S,7" R)-stereochemistry
(ent-2a). This assignment would account for the fact that the
HPLC retention times observed for synthetic (3S5,2"S,5"S,7"S)-
1a and naturally occurring CJ-12,954 1 were identical since these
compounds are in fact enantiomeric to each other. Similarly, the
HPLC retention times observed for synthetic (35,2”S,5"R,7"S)-2a
and naturally occurring CJ-13,014 2 are also enantiomeric.

In summary the synthesis of the helicobactericidal agents
CJ-12,954 and CJ-13,014, namely (35,2"S,5"S,7"S)-(1a) and
(35,2"S,5"R,7"S)-(2a) has been achieved via Kocienski modified
Julia olefination of (3S)-phthalide-aldehyde 5a with a 1 : 1
mixture of heterocyclic sulfones 6 and 7. Further complemen-
tary synthesis of the (3R)-diastercomers (3R,2"S,5"S,7"S)-(1b)
and (3R,2"S,5"R,7"S)-(2b) facilitated confirmation of the relative
stereochemistry between C-3 on the phthalide unit and C5"/C7”
on the 5,5-spiroacetal moiety. The synthetic work herein reported
thus establishes unequivocally that the absolute configuration of
the four stereogenic centres in the natural product CJ-12,954 is
(3R,2’R,5"R,7"R) and in CJ-13,014 is (3R,2"R,5"S,7T'R).

Experimental

(28,5R,7S) and (28,5S,7R)-7-(3'-(tert-Butyldiphenylsilyloxy)-
propyl)-2-methyl-1,6-dioxaspiro[4.4|nonane (22) and (23)

To a solution of (25,85)-ketone 21 (50 mg, 0.07 mmol) in
dichloromethane (3 mL) was added camphorsulfonic acid (35 mg,
0.15 mmol). The solution was stirred for 4 h then filtered through
a plug of Celite® and the solvent removed under reduced pressure.
The crude oil was purified by flash column chromatography using
hexane-diethyl ether (95 : 5) as eluent to afford the title compounds
22 and 23 (30 mg, 93%) as a clear colourless oil and as a 1 : 1
mixture of two diastereomers; v, (film)/cm=") 2960, 2856, 1472,
1427, 1111, 1008, 822,739, 701; 6 (300 MHz, CDCl;)1 1.07 (9H, s,
Si'BuPh,), 1.23 (1.5H, d, J 6.2 Hz, Me), 1.29 (1.5H, d, J 6.2 Hz,
Me*), 1.43-1.78 (6H, m, H3A, H8A, H2', H3'), 1.91-2.17 (6H, m,
H3B, H4, H8B, H9), 3.70 (2H, t, J 6.2 Hz, H3'), 4.06-4.13 (1H, m,
H7),4.20 (1H, qd, J 6.3, 6.3 Hz, H2), 7.37-7.45 (6H, m, Si'BuPh,,
m and p), 7.69 (4H, dd, J 7.3, 1.4 Hz, Si'BuPh,, 0); 6. (75.5 MHz,
CDCly) 19.2 (quat., Si'‘BuPh,), 21.2 (CH;, Met), 23.0 (CH;, Me?),
26.9 (CH;, Si'BuPh,), 29.0 (CH,, C2'),29.3 (CH,, C2'*),30.2 (CH,,
C8), 30.8 (CH,, C8%*), 32.0 (CH,, C3), 32.2 (CH,, C3%*), 33.7 (CH,,
C1'*),35.6 (CH,, C4), 36.1 (CH,, C9), 36.5 (CH,, C9%), 63.9 (CH,,
C3), 74.0 (CH, C2%), 75.8 (CH, C2%), 77.9 (CH, C7), 79.7 (CH,
C7%), 114.3 (quat., C5%), 114.7 (quat., C5%), 127.6 (CH, Si'BuPh,,
m), 129.5 (CH, Si'BuPh,, p), 134.1 (quat., Si'BuPh,), 135.6 (CH,
Si'BuPh,, 0); m/z (CI, NH;) 439 (MH*, 100%), 421 (8), 381 (19),
183(20), 165 (16); HRMS (CI): Found MH*, 439.2665; C,,;H3,0;Si
requires 439.2669.

(2S8,5R,7S) and (25,5S,7S)-7-(3'-Hydroxypropyl)-
2-methyl-1,6-dioxaspiro[4.4] nonane (24) and (25)

To a solution of silyl ethers 22 and 23 (0.31 g, 0.71 mmol) in
tetrahydrofuran (5 mL) was added tetrabutylammonium fluoride
(0.37 g, 1.41 mmol) and the mixture stirred for 3 h. The solution

1 The symbol * is used to denote either the (25,5R,7S) or the (25,5S,7S)
isomer. The symbol * is used to denote the (25,5R,7S) isomer. The symbol
° is used to denote the (25,5S,7S) isomer.
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was diluted with diethyl ether (10 mL) then saturated aqueous
sodium bicarbonate (10 mL) was added. The layers were separated
and the aqueous layer extracted with diethyl ether (2 x 20 mL).
The combined organic layers were washed with brine (1 x 10 mL),
dried over potassium carbonate and the solvent removed under
reduced pressure. The mixture was purified by flash column
chromatography using hexane—diethyl ether (9 : 1-1 : 1) as eluent
to yield the title compounds 24 and 25 (0.11 g, 0.55 mmol) as a
clear colourless oil and as a 1 : 1 mixture of two diastereomers;
Vi (film)/cm™") 3429, 2931, 2858, 1645, 1472, 1428, 1331, 1008,
905, 823,739, 702; Jy, (300 MHz, CDCl)f 1.21 (1.5H, d, J 6.2 Hz,
Me), 1.30 (1.5H, d, J 6.2 Hz, Me¥*), 1.22-1.28 (1H, m, H8A),
1.57-1.72 (7TH, m, Hl’, H2', H3, H8B), 1.97-2.31 (4H, m, H4,
H9), 3.66 (2H, t, J 6.0 Hz, H3'), 4.05 (1H, dddd, J 10.7, 8.7, 4.9,
2.2 Hz, H7),4.19 (1H, qdd, J 6.4, 6.4, 2.2 Hz, H2); 6 (75.5 MHz,
CDCl) 21.1 (CH;, Me?), 22.5 (CH;, Me?), 29.7 (CH,, C2), 30.4
(CH,, C8), 32.1 (CH,, C3), 32.7 (CH,, Cl), 35.4 (CH,, C4), 35.6
(CH,, C4%*), 36.1 (CH,, C9), 36.5 (CH,, C9%), 63.0 (CH,, C3),
74.2 (CH, C2%), 76.0 (CH, C2%), 78.0 (CH, C7%), 80.0 (CH, C7%),
114.3 (quat., C5%), 114.7 (quat., C5%); m/z (CI, NH;) 201 (MH*,
100%), 183 (56), 141 (29), 127 (6), 112 (7), 111 (6), 98 (4); HRMS
(CI): Found MH*, 201.1490; C,,H,, O; requires 201.1491.

(2’S,5'R,7"S) and (2"S,5"S,7"S)-5-(3 -(2”-Methyl-1",6"-
dioxaspiro|4.4]non-7"-yl)-propylsulfanyl)-1-phenyl-1H-
tetrazole (26) and (27)

To a stirred solution of alcohols 24 and 25 (1 : 1 mixture) (0.22 g,
0.55 mmol) in tetrahydrofuran (2 mL) under an atmosphere
of nitrogen at room temperature was added triphenylphosphine
(0.16 g, 0.61 mmol) and 1-phenyl-1H-tetrazole-5-thiol (0.11 g,
0.61 mmol). The mixture was cooled to 0 °C and a solution of
diethyl azodicarboxylate (0.10 mL, 0.51 mmol) in tetrahydrofuran
(1 mL) added dropwise via syringe. The solution was warmed to
room temperature over 15 h then the solvent removed at reduced
pressure. The residue was treated with a solution of hexane—ethyl
acetate (5 : 1, v/v, 5 mL). The resultant precipitate was removed
by filtration and the precipitate washed twice with hexane—cthyl
acetate (5 : 1, v/v, 10 mL). The solvent was removed under
reduced pressure and the resultant residue purified by flash column
chromatography using hexane—diethyl ether (9 : 1) to yield the title
compounds 26 and 27 (0.15 g, 78%) as a pale yellow oil and as a
1 : I mixture of diastereomers; v, (film)/cm=") 2972, 2945, 2871,
2242, 1597, 1500, 1458, 1387, 1243, 1073, 1058, 1014, 910, 761;
oy (300 MHz, CDCly)i 1.14 (1.5H, d, J 6.2 Hz, Me?), 1.19 (1.5H,
d, J 6.2 Hz, Me?), 1.34-1.44 (2H, m, H3"A, H8"A), 1.57-1.67
(2H, m, H3'), 1.80-1.87 (2H, m, H2), 1.89-2.03 (6H, m, H3"B,
H4’, H8"B, HY"), 3.38 (2H, t, J 7.0 Hz, H1"), 3.90-3.94 (0.5H, m,
H7"%), 3.99-4.06 (0.5H, m, H7"*), 4.11-4.24 (1H, m, H2"), 7.48-
7.51 (5H, m, Ph, o, m, p); dc (75.5 MHz, CDCl;)i 20.9 (CH;,
Met), 22.8 (CH;, Me?), 25.5 (CH,, C2'), 25.7 (CH,, C2'*), 30.1
(CH,, C8"), 30.5 (CH,, C8"*), 32.0 (CH,, C3"), 32.4 (CH,, C3"%),
33.2 (CH,, C1'), 34.2 (CH,, C3'), 35.2 (CH,, C4"), 35.4 (CH,,
C47%), 35.8 (CH,, C9), 36.3 (CH,, C9"*), 73.9 (CH, C2"), 75.7
(CH, C2"*%),77.1 (CH, C7*), 78.8 (CH, C7"®), 114.3 (quat., C5"*),
114.7 (quat., C5%), 123.6 (CH, Ph, m), 129.6 (CH, Ph, p), 129.9
(CH, Ph, o), 133.5 (quat., Ph), 154.2 (quat., C5); m/z (CI, NH;)
361 (MH*, 100%), 343 (14), 215 (6), 141 (11), 111 (10), 100 (9), 83

(12); HRMS (CI): Found MH", 361.1696; C;3sH,sN,O,S requires
361.1698.

(27S,5"R,7"S) and (2"S,5"S,7"S)-5-(3'-(2"-Methyl-1",6"-
dioxaspiro[4.4]non-7"-yl)-propylsulfonyl)-1-phenyl-1H-
tetrazole (6) and (7)

To a solution of sulfides 26 and 27 (1 : 1 mixture) (0.15 g,
0.42 mmol) in dichloromethane (2 mL) was added sodium
bicarbonate (0.18 g, 2.08 mmol), followed by a solution of m-
chloroperoxybenzoic acid (0.18 g, 1.04 mmol) in dichloromethane
(2 mL) dropwise via syringe. The mixture was stirred under an
atmosphere of nitrogen at room temperature for 24 h then a
solution of saturated aqueous sodium bicarbonate (2.5 mL) and
sodium thiosulfate (2.5 mL) added dropwise. The layers were sep-
arated and the aqueous layer extracted with dichloromethane (2 x
10 mL). The combined organic layers were dried over potassium
carbonate and the solvent removed under reduced pressure. The
crude oil was purified by flash column chromatography using
hexane—diethyl ether (9 : 1) as eluent to yield the title compounds 6
and 7 (0.12 g, 71%) as a clear colourless oil and as a 1 : 1 mixture
of diastereomers; v, (film)/cm™") 2926, 2872, 1635, 1595, 1497,
1461, 1337, 1151, 916, 867, 762, 731, 688; oy (300 MHz, CDCl;)}
1.19(1.5H, d, J 6.2 Hz, Me'), 1.24 (1.5H, d, J 6.2 Hz, Me®), 1.23—
1.26 (1H, m, H8"A), 1.39-1.52 (2H, m, H3"A, H8"B), 1.63-1.77
(3H, m, H3', H4"A), 1.84-1.91 (1H, m, H9"A), 1.93-2.15 (5H, m,
H2', H3"B, H4"B, H9"B), 3.73-3.82 (2H, m, H1"), 3.94-3.98 (0.5H,
m, H7"%),4.01-4.07 (0.5H, m, H7"*),4.10-4.21 (1H, m, H2"), 7.56—
7.60 (3H, m, Ph, m and p), 7.62-7.68 (2H, m, Ph, 0); d (75.5 MHz,
CDCly)i 19.0 (CH,, C2), 19.2 (CH,, C2'%), 21.0 (CH;, Meb), 22.5
(CH;, Me?), 30.2 (CH,, C8"), 30.5 (CH,, C8"%), 32.0 (CH,, C3"),
32.5 (CH,, C3"%), 33.6 (CH,, C3), 35.2 (CH,, C4"), 35.4 (CH,,
C47%), 35.9 (CH,, C9"), 36.4 (CH,, C9"%), 55.9 (CH,, CI'), 55.9
(CH,, C1'*), 74.0 (CH, C2"%), 76.0 (CH, C2"*), 76.8 (CH, C7"),
78.6 (CH, C7"*), 114.6 (quat., C5"*), 114.9 (quat., C5"), 125.0
(CH, Ph, m), 129.6 (CH, Ph, p), 131.3 (CH, Ph, 0), 133.0 (quat.,
Ph), 153.4 (quat., C5); m/z (CI, NH;) 393 (MH*, 100%), 375 (28),
183 (10), 119 (15), 111 (26), 89 (23), 83 (31); HRMS (CI): Found
MH*, 393.1601; C3H,sN,O,S requires 393.1597.

(3'E,35,2'S,5S,7S)-, 3E,35,2"S,5"R,T"S)-, (3 Z,35,2"S,5"S,
7"S)- and (3 Z,35,2"S,5"R,7"S)-5,7-Dimethoxy-3-[6'-(2"-methyl-
17,6” dioxaspiro[4.4|non-7"-yl)hex-3'-en-1"-yl|-3 H-isobenzofuran-
1-one (28) and (29)

To a solution of sulfones 6 and 7 (30 mg, 0.08 mmol, 1 : 1)
in tetrahydrofuran (I mL), under an atmosphere of nitrogen at
—78 °C, was added potassium hexamethyldisilazide (0.20 mL,
0.5 M in toluene, 0.10 mmol) dropwise. The mixture was stirred
for 20 min at —78 °C then a solution of aldehyde 5a (19 mg,
0.08 mmol) in tetrahydrofuran (1 mL) added. The mixture was
stirred for 1.5 h at —78 °C then 1 h at rt. Diethyl ether (10 mL) was
added followed by saturated aqueous sodium chloride (10 mL).
The layers were separated and the aqueous layer washed with
diethyl ether (2 x 10 mL). The combined organic layers were
dried over potassium carbonate and the solvent removed under
reduced pressure. The crude oil was purified by flash column
chromatography using hexane—diethyl ether (1 : 1) as eluent to
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afford the title compounds 28 and 29 (28 mg, 84%) as a colourless
oil and as a 1 : 1 mixture of diastereomers; vy, (film)/cm="' 2971,
2248, 2091, 1743, 1614, 1458, 1337, 1217, 1158, 1028, 910, 837,
730; oy (300 MHz, CDCly)f 1.19 (1.5H, d, J 6.2 Hz, ((E)-Me!
and (Z)-Me'), 1.30 (1.5H, d, J 6.2 Hz, ((E)-Me* and (Z)-Me?),
1.40-1.52 (2H, m, H6'), 1.69-1.81 (3H, m, H3”, H§8"A), 1.83-1.91
(1H, m, H8"B), 1.95-2.17 (6H, m, H1’, H4", H9"), 2.27-2.48 (4H,
m, (E)-H2 and (Z)-H2', (E)-H5 and (Z)-HY'), 3.89 (3H, s, OMe),
3.89-3.99 (2H, m, H7"), 3.95 (3H, s, OMe), 4.01-4.10 (1H, m,
H2"%), 4.13-4.20 (1H, m, H2"¥), 5.28, 5.35 (each 1H, each dd, J
8.5, 3.1 Hz, H3), 5.50-5.62 (2H, m, (E)-H3 and (Z)-H3', (E)-H4
and (Z)-H4'), 6.40-6.42 (1H, m, H6), 6.42-6.43 (1H, m, H4); 0.
(75.5 MHz, CDCI;) 21.1 (CH;, Me*), 23.1 (CH;, Me®), 24.0 (CH,,
(Z2)-C2),24.1 (CH,, (£)-C%),29.7 (CH;, (E)-C2), 30.2 (CH,, (E)-
C5), 30.2 (CH,, C8"%), 30.5 (CH,, C8"%), 32.2 (CH,, C3"%), 32.6
(CH,, C3"%), 34.6, 34.7 (CH,, Cl"), 35.5 (CH,, C4"%), 35.6 (CH,,
C9"), 36.0 (CH,, C4"*), 36.4 (CH,, C9"%), 38.9 (CH,, C6), 55.9
(CH;, OMe), 56.0 (CH;, OMe), 74.1, 75.9, 76.0 (CH, C2"), 77.2,
78.5, 78.6 (CH, C7"), 79.2 (CH, C3), 97.4 (CH, C6), 98.9 (CH,
C4), 106.8 (quat, C7a), 114.4 (quat, C5"®), 114.9 (quat, C5),
123.4,123.6 (CH, C3), 126.1, 126.3 (CH, C4), 154.7 (quat, C3a),
159.7 (quat, C7), 166.7 (quat, C5), 166.8 (quat, Cl); m/z (EI*)
(MH*, 96%), 399 (38), 305 (12), 219 (7), 193 (12), 154 (100), 85 (9);
HRMS (EI*): Found M*, 416.2183, C,,H5,0O, requires 416.2193.

3S5,2"S,5"S,7"S)- and (3S,2”S,5"R,7"S)-5,7-Dimethoxy-
3-]6’-(2"-methyl-1”,6"-dioxaspiro[4.4]non-7"-yl)hex-1'-yl}-
3H-isobenzofuran-1-one (1a) [ent-CJ-12,954] and (2a)
|ent-CJ-13,014]

To a solution of the above alkenes (2 mg, 0.01 mmol) in
tetrahydrofuran : methanol (1 : 1, 2.0 mL) was added potassium
carbonate (2 mg, 0.01 mmol) and platinum(1v) oxide (1 mg,
catalytic) and the mixture stirred under a hydrogen atmosphere for
4 h. The mixture was filtered through a pad of silica and Celite®
and the solvent removed under reduced pressure. The clear oil was
purified by flash column chromatography using dichloromethane-
acetone (99 : 1-95: 5) as eluent to afford the title compounds 1a and
2a (1.7 mg, 85%) as a clear colourless oil and as a 1 : 1 mixture of
diastereomers; [a]p, —38.0 (¢ 0.48, CHCL,); vy, (film)/cm™' 2929,
2856, 1755, 1614, 1462, 1337, 1217, 1158, 1104, 1030, 918, 837,
731, 690; oy (400 MHz, CDCly)f 1.20 (1.5H, d, J 6.2 Hz, Me),
1.28 (1.5H, d, J 6.2 Hz, Me*), 1.25-1.35 (4H, m, H3', HY), 1.39~
1.49 (4H, m, H2', H4'), 1.61-1.73 (3H, m, H6', H8"A), 1.83-1.91
(1H, m, H8"B), 1.92-1.97 (2H, m, H3"), 2.00-2.07 (4H, m, H4",
H9"),2.09-2.14 (2H, m, H1"), 3.89 (3H, s, OMe), 3.90-3.92 (0.5H,
m, H7"*), 3.94 (3H, s, OMe), 3.99-4.04 (0.5H, m, H7"%), 4.07-4.12
(0.5H, m, H2"*), 4.16-4.23 (0.5H, m, H2"*), 5.29 (1H, dd, J 8.2,
3.6 Hz, H3), 6.40 (1H, d, J 1.7 Hz, H6), 6.41 (1H, d, J 1.7 Hz,
H4); d. (100 MHz, CDCl;) 21.1 (CH;, Met), 23.0 (CH;, Me?),
24.6 (CH,, C2)), 25.7, 25.9 (CH,, C%), 29.3, 29.4 (CH,, C3'), 29.7
(CH,, C4), 30.2 (CH,, C8%), 30.7 (CH,, C8"*), 32.2 (CH,, C3"%),
32.6 (CH,, C3"*), 34.8 (CH,, Cl"), 35.6 (CH,, C6%), 35.7 (CH,,
C4%), 36.1 (CH,, C4"*), 36.5 (CH,, C9"), 37.3 (CH,, C6°), 55.9
(CHj;, OMe), 56.0 (CH;, OMe), 74.0 (CH, C2), 75.8 (CH, C2"%),
78.1 (CH, C7"%), 79.9 (CH, C7"*), 79.9 (CH, C3), 97.3 (CH, C6),
98.6 (CH, C4), 106.9 (quat, C7a), 114.3 (quat, C5"*), 114.7 (quat,
C5"), 155.2 (quat, C3a), 159.6 (quat, C7), 166.6 (quat, C5), 168.6

(quat, C1); m/z (EI") 418 (M*, 3%), 361 (26), 320 (24), 278 (9), 207
(16), 193 (35), 141 (100), 112 (13), 85 (24), 55 (9); HRMS (EI*):
Found MH*, 418.2340, C,,H3;0 requires 418.2355.

(3 EJ3R2'S,5S,7'S)-, BE3R,2'S,5"R,7"S)-, 3 Z,3R,2"S,5"S,
7"S)- and (3 Z,3R,2"S,5"R,7" S)-5,7-Dimethoxy-3-[6'-(2"-methyl-
17,6”-dioxaspiro[4.4]non-7"-yl)hex-3'-en-1’"-yl]-3 H-isobenzofuran-
1-one (32) and (33)

To a solution of sulfones 6 and 7 (70 mg, 0.18 mmol, 1 : 1) in
tetrahydrofuran (2 mL) under an atmosphere of nitrogen at —78 °C
was added potassium hexamethyldisilazide (0.46 mL, 0.5 M in
toluene, 0.23 mmol) and stirred for 20 min. A solution of aldehyde
5b (45 mg, 0.18 mmol) in tetrahydrofuran (2 mL) was added to the
mixture and then stirred at —78 °C for 1 h, before being warmed to
rt and stirred for 1 h. Saturated aqueous sodium chloride (10 mL)
was added to the mixture, followed by diethyl ether (20 mL),
and the layers separated. The aqueous layer was extracted with
diethyl ether (2 x 20 mL), and the combined organic extracts
were dried over potassium carbonate and the solvent removed
under reduced pressure. The crude oil was purified by flash column
chromatography using dichloromethane-methanol (99 : 1), then
hexane-diethyl ether (1 : 1) as eluent to afford the title compounds
32 and 33 (57 mg, 76%) as a clear colourless oil and as a 1 : 1
mixture of diastereomers; v, (film)/cm~" 2966, 2932, 2248, 1755,
1613, 1494, 1461, 1338, 1217, 1158, 1056, 1030, 969, 918, 838, 731;
du (300 MHz, CDCly)1 1.18 (1.5H, d, J 6.2 Hz, ((E)-Me* and (Z)-
Met), 1.26 (1.5H, d, J 6.2 Hz, ((E)-Me® and (Z)-Me?), 1.41-1.49
(2H, m, H6'), 1.51-1.65 (1H, m, H8"A), 1.67 (3H, m, H8"B, H3"),
1.94-2.11 (8H, m, HI', H4", HY, HY"), 2.13-2.24 (2H, m, (E)-
H2 and (2)-H2'), 3.87 (3H, s, OMe), 3.87-3.89 (IH, m, H7"*),
3.92 (3H, s, OMe), 3.92-3.98 (1H, m, H7"%), 4.00-4.08 (1H, m,
H2"*), 4.09-4.21 (1H, m, H2"*), 5.27 (1H, dd, J 8.5, 3.3 Hz, H3),
5.35-5.53 (2H, m, (E)-H3' and (Z)-H3, (E)-H4' and (Z)-H4),
6.39 (2H, s, H4, H6); o (75.5 MHz, CDCl;) 21.1 (CH;, Meb),
22.6 (CH,, (£)-C2), 23.0 (CH;, Me*), 23.6 (CH,, (£)-C5), 27.8
(CH,, (E)-C2), 28.8 (CH,, (E)-C5), 30.1, 30.3, 30.6, 30.7 (CH,,
C8), 32.2 (CH,, C3%), 32.6 (CH,, C3"*), 34.8 (CH,, Cl"), 354
(CH,, C6'%), 35.5 (CH,, C4"%), 35.6 (CH,, C9™), 36.0 (CH,, C4"*),
36.4 (CH,, C97*), 37.1 (CH,, C6*), 55.9 (CH;, OMe), 55.9 (CH,,
OMe), 74.0 (CH, C2"%), 75.8 (CH, C2"*), 77.5 (CH, C7"), 79.1
(CH, C7"*), 79.2 (CH, C3), 97.4 (CH, C6), 98.7 (CH, C4), 106.9
(quat, C7a), 114.3 (quat, C5"¢), 114.7 (quat, C5"%), 128.2, 128.4
(CH, C3), 131.5, 131.7 (CH, C4), 155.1 (quat, C3a), 159.6 (quat,
C7), 166.6 (quat, C5), 168.4 (quat, C1); m/z (FAB*) (MH*, 96%),
399 (38), 305 (12), 219 (7), 193 (12), 154 (100), 85 (9); HRMS
(FAB*): Found MH*, 417.2268, C,,H;;0,4 requires 417.2277.

(BR,2"S,5"R,7"S)- and (3R,2"S,5"S,7"S)-5,7-Dimethoxy-
3-[6’-(2”-methyl-1”,6"-dioxaspiro[4.4]non-7"-yl)hex-1'-yl]-
3 H-isobenzofuran-1-one (1b) and (2b)

To a solution of the above alkenes (20 mg, 0.48 mmol) in
tetrahydrofuran : methanol (1 : 1, 4 mL) was added potassium
carbonate (25 mg, 0.18 mmol) and platinum(1v) oxide (2 mg) and
the mixture stirred under an atmosphere of hydrogen for 4 h.
The mixture was filtered through a pad of silica and Celite®
and the solvent removed under reduced pressure to afford the
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title compounds 1b and 2b (18 mg, 90%) as a colourless oil and as
a 1 : 1 mixture of diastereomers; [a]p +36.4 (¢ 0.50, CHCL); vy
(film)/cm~" 2931, 2857, 1755, 1613, 1494, 1462, 1337, 1217, 1159,
1054, 1030, 918, 837, 731, 690; J,, (300 MHz, CDCl;)1 1.19 (1.5H,
d, J 6.2 Hz, Me?), 1.26 (1.5H, d, J 6.2 Hz, Me?), 1.23-1.36 (4H,
m, H3', HY'), 1.38-1.49 (6H, m, H2', H4', H¢'), 1.62-1.72 (2H, m,
HI'A, H8"A), 1.88-1.90 (1H, m, H8"B), 1.92-1.97 (2H, m, H3"),
1.99-2.05 (3H, m, H4"A, H9"), 2.09-2.14 (2H, m, HI'B, H4'B),
3.87 (3H, s, OMe), 3.88-3.90 (0.5H, m, H7"*), 3.92 (3H, s, OMe),
3.96-4.03 (0.5H, m, H7"%), 4.05-4.08 (0.5H, m, H2"?), 4.11-4.21
(0.5H, m, H2"#), 5.26 (1H, dd, J 7.5, 3.8 Hz, H3), 6.38 (1H, s, H6),
6.41 (1H, s, H4); 6. (75.5 MHz, CDCl;) 21.1 (CH;, Me?), 22.9
(CH,, Me?), 24.5, 24.6 (CH,, C2), 25.6, 25.9 (CH,, C5), 29.2,
29.4 (CH,, C3'), 29.6 (CH,, C4'), 30.2 (CH,, C8"), 30.7 (CH,,
C8"%), 32.2 (CH,, C3%), 32.6 (CH,, C3"*), 34.8 (CH,, Cl"), 35.6
(CH,, C6%), 35.7 (CH,, C4"%), 36.1 (CH,, C4"*), 36.4 (CH,, C9"),
37.3 (CH,, C6*), 55.9 (CH;, OMe), 55.9 (CH;, OMe), 74.0 (CH,
C2%), 75.7 (CH, C2"*), 78.0 (CH, C7"%), 79.9 (CH, C7"*), 79.9
(CH, C3), 97.4 (CH, C6), 98.6 (CH, C4), 106.9 (quat, C7a), 114.2
(quat, C5"%), 114.7 (quat, C5"%), 155.1 (quat, C3a), 159.6 (quat,
C7), 166.6 (quat, C5), 168.4 (quat, Cl1); m/z (FAB*) 419 (MH*,
81%), 361 (5), 320 (6), 207 (7), 193 (10), 154 (100), 120 (12), 111
(11) (9); HRMS (FAB*): Found MH", 419.2446, C,,H;;0, requires
419.2434.
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