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The design, synthesis and physical evaluation of 1, a visible
colorimetric ‘naked eye’ pyridyl based bis-amidothiourea
sensor for anions, is described. This charge neutral sensor
gives rise to significant changes in the absorption spectra
upon interactions with several important biological anions
such as AMP and ADP in 4 : 1 DMSO-H,O solution, while
ATP was not detected. These colorimetric changes are due
to the formation, or the combination of hydrogen bonding
complexes and/or deprotonation between these anions and 1.

Sensing of anions in both organic and aqueous solutions
has become an active field of research within supramolecu-
lar chemistry.”® Such sensing has been achieved using both
fluorescent*® and metal based luminescence® chemosensors. In-
spired by the work of Gale et al,” Crabtree et al® and He
et al.’ all of whom have used amido or urea based 2,6-
dicarboxyamidopyridine receptors for anion recognition or sens-
ing, we decided on incorporating nitro-phenyl based amido-
(thio)urea® functionalities into this structure. This gave the di-
nitro derivative 1, which was characterized using various tech-
niques, including X-ray crystallography. Sensor 1 was shown to
detect various anions in both DMSO and 4 : 1 DMSO-H,O
solutions, where the anion recognition was visible to the naked
eye,'' a consequence of significant colorimetric changes occurring
in the absorption spectra, with A, being red shifted by almost
100 nm. Most importantly, 1 was able to clearly distinguish
between AMP over ADP or ATP in aqueous solutions. This is,
to the best of our knowledge, the first example of such a charge
neutral colorimetric anion sensor that detects phosphate anions
in aqueous solution.

The synthesis of 1 is shown in Scheme 1. 2,6-Pyridinedicarboxy-
lic acid was first converted to its corresponding di-methyl ester 2,
followed by reacting it in refluxing MeOH with hydrazine mono-
hydrate. This gave 2,6-pyridinedicarboxylic acid, dihydrazide, 3,
which was subsequently reacted with 4-nitrophenylisothiocyanate,
4, in dry CH;CN to give 1 (upon precipitation) as a pale yellow
solid in 98% yield, after washing with CH;CN.§ The '"H NMR
(600 MHz, DMSO-d,) demonstrated that 1 had the expected
C, symmetry with the presence of three broad and major N-H
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i Electronic supplementary information (ESI) available: Synthesis,
Fig. S1-S20. CCDC reference number 649247. For ESI and crystallo-
graphic data in CIF or other electronic format see DOI: 10.1039/b807579d
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Scheme 1 Synthesis of the colorimetric anion sensor 1.
resonances, occurring at 11.30, 10.37 and 10.20 ppm (shown as
part of Fig. 6), respectively. These were assigned to the amide
and the two urea protons on each ‘arm’ using 'H-'H and "N-'H
COSY NMR (600 MHz, DMSO-d, ESIf). However, there were
also a minor set of signals in the spectra that were assigned to
N-H protons. These we assigned to a rotamer of 1, which exists at
room temperature, as upon heating, a single species was observed.
In contrast, the '"H NMR of 1 in DMF-d; at room temperature

only showed a singe rotamer in solution (see ESI{).

We were also able to grow crystals of 1 suitable for X-ray
crystallographic analysis from both DMSO and DMSO-d; so-
lutions, Fig. 1. The combination of H-bonding and n—n stacking
also gave rise to an elaborate 3D network that was perforated
with ordered DMSO solvent filled channels.q On both occasions,
the unit cell obtained was the same; giving the structure shown
in Fig. 1. Here, the asymmetric unit contained two molecules of
1 and six DMSO molecules, all of which were hydrogen bonding
directly to the N-H protons within the amidothiourea receptor.
It was also clear from the structure that the thiourea protons of

|

Fig. 1 The X-ray crystal structure of 1, obtained after recrystallisation
from DMSO solution. The asymmetric unit contained a dimer of 1 and
six DMSO molecules. Only one of these is shown above within the cleft.
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the two receptor moieties in 1 occupy an anti-conformation, but
we had previously observed such geometry in amido-urea based
colorimetric sensors.'*?

The spectroscopic investigation of 1 (1 x 10~ M) was first carried
out in DMSO, which showed a broad absorption band centred at
ca. 348 nm (¢ = 21270 M cm™) and a shoulder at a shorter
wavelength at ca. 290 nm. Upon titration with anions such as
AcO™ and H,PO,~, HP,O,* and F~ (as their tetrabutylammonium,
TBA, salts), a new band began to develop at a longer wavelength,
centred at ca. 420 nm, tailing into 560 nm, as demonstrated for
pyrophosphate in Fig. 2 (see ESI, Fig. S6, for other anions}).
These are not unexpected results, and demonstrate that the anion
is coordinating to the receptor (most likely) within the cleft®
of the sensor, which is in conjugation with the p-nitrophenyl
group. This gives rise to enhanced internal charge transfer (ICT)
character for this system and subsequently shifts the spectra to a
longer wavelength. Most importantly, at such low concentration,
these changes were clearly visible to the naked eye where the
solution changes from colourless to yellow.” In contrast to these
results, titrations using Cl- only gave rise to minor changes in
the absorption spectra, within the same concentration range.
However, Br~ did not give rise to any such changes. Analysis of
the binding affinity of 1 for the above interactions showed that
pyrophosphate was detected most strongly. However, and most
importantly, these changes were not reversed upon the addition of
competitive hydrogen bonding solvents such as H,O or MeOH,
strongly indicating that the ions could be detected in a mixture of
organic-aqueous solution.!*?
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Fig. 2 The changes in the UV-Visible spectra of 1 upon addition of
HP,0,* (0 — 2 equivalents) in DMSO at room temperature.

With this information in hand, we set out to determine the sens-
ing ability of 1 towards biological phosphate based anions such
H,PO,~, HP,O,*, ATP, ADP and AMP, as well as evaluating the
response to AcO™ and halide in the more competitive 4 : 1 DMSO-
H.,O solution, where possible deprotonation phenomena, often
associated with anion recognition in organic media, could be
minimized.'™"'* These titrations were carried out using both TBA
and Na* salts of these anions. The changes in the absorption
spectra of 1 in 4 : 1 DMSO-H,O upon titration with H,PO,”
are shown in Fig. 3. Under these solvent conditions, 1 displayed
similar changes in the absorption spectra as shown above, with
a An of 344 nm which was shifted to a longer wavelength,
Amex = 412 nm upon recognition of the anion. While again, no
‘clear’ isosbestic point was observed for these changes, a ‘pseudo’
isosbestic point can be seen at ca. 340 nm."*"7 The absorption
changes observed at 425 nm are shown as an inset in Fig. 3,
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Fig. 3 The changes in the UV-Visible spectra of 1 upon addition of
H,PO, (0 — 133 equivalents) 4 : 1 DMSO-H,O solution at room
temperature. Inset: the observed changes at 425 nm and the result (solid
line) of the fitted data using the SPECFIT programme.

and demonstrate the presence of some possible aggregation effect
(shown more clearly in the ESI, Fig. S7f) at the start of the
titration. The titration of HP,0;", AMP and ADP also gave
rise to the formation of a new band at long wavelengths (see
ESI, Fig. S6%), while no significant changes were seen in the
absorption spectra upon titration with ATP. Hence, 1 showed
a strict selectivity for both AMP and ADP over ATP. Once
again, these changes were visible to the naked eye, and indicate
a common mechanism for the binding of these anions, most likely
occurring within the cleft of the sensor, through hydrogen bonding
interactions. The changes seen for all of these Na* salts, at 425 nm
are shown in Fig. 4.
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Fig.4 The changes in the UV-Visible spectra of 1 (3 x 10~ M) at 425 nm
upon addition of various anions in 4 : 1 DMSO-H,O solution.

The spectral changes observed in the 4 : 1 DMSO-H,O solution
were analysed using the non linear regression analysis program
SPECFIT. The fitting of the data observed for TBA-H,PO, is
shown as an inset in Fig. 3, and demonstrates excellent correlation
between the experimental and the theoretical fit. From this fitting,
both the affinity constants (logf or logK) and the speciation
distribution in solution could be estimated. On all occasions, the
changes were fitted to various combinations of stoichiometries,
including 1 : 1, 1 : 2 and 1 : 3 host—guest species. For H,PO,",
both 1 : 1 and 1 : 2 binding were observed, with a logf3 of 4.24
and 8.31, respectively. The binding constants obtained for the
HP,0;* titration showed, however, a very clear and stable 1 : 1
species in solution with a logK,., = 6.53, Fig. 5. This is a very high
affinity, particularly given the fact that the interaction of the anion
with 1 is expected to be through hydrogen bonding interactions
to the amidothiourea moieties, possibly in a manner such that
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Fig. 5 The speciation distribution diagram for 1 (3 x 10 M) upon
titration with HP,O,* in 4 : 1 DMSO-H,O solution. Blue = 1; red =
1 : 1 formation and black = 1 : 3 (host—guest). The presence of a 1 : 2
stoichiometry was, interestingly, not observed in a high percentage yield.
The 1 : 3 species most likely represents the deprotonated receptor.

the anion bridges the two amidothiourea moieties within the cleft
of the sensor. Analysis of the results obtained from the fitting of
ADP, using SPECFIT, also indicated the formation of different
absorbing species in solution. However, while the fitting of these
results gave good correlation with the experimental data, it only
resulted in binding constants that carried unacceptably high errors.
Nevertheless, we can conclude from these analyses that the 1 : 1
stoichiometry was initially formed as the main dominant species in
solution, and that at higher concentrations of the ion, other host—
guest complexes were also formed. The results from the fittings in
aqueous solution are summarised in Table 1.

While the above results indicated the generation of new host—
guest complexes in solution, that are formed through hydrogen
bonding between the amidothioureas and the anions, it cannot be
ruled out that such binding will eventually lead to deprotonation
by the anions.* Furthermore, it is also possible that both mecha-
nisms are operating in concert. The binding trend seen above seems
to suggest that such combined processes might be operating, and
that the balance between hydrogen bonding vs. deprotonation is
being tilted during the recognition process. Consequently, sensor
1 was also titrated with NaOH in order to directly deprotonate the
receptor in the 4 : 1 DMSO-H,O solution. This titration indeed
confirmed the HO™ induced deprotonation in the absorption
spectra. However, the titration profile was somewhat different to
that observed for the other anions (see ESI}). Hence, with the aim
of further investigating the balance between hydrogen bonding and

Table 1 Stability constants obtained from fitting the changes in the
absorption spectra of 1 using the nonlinear regression analysis program
SPECFIT**

Anions H-G Logp Standard deviation LogK
TBA-OAc 1:1 5.73 +0.18 —
1:2 11.3 +0.13 5.57
TBA-H,PO, 1:1 4.24 +0.06 —
1:2 8.31 +0.04 4.06
TBA-HP,0;* 1:1 6.53 +0.20 —
1:2 — — —
1:3 15.5 +0.20 —
ADP-Na, 1:1 3.17 +0.10 —
1:2 6.94 0.10 3.77
1:3 10.3 +0.08 3.42

“ All measured in 4 : 1 DMSO-H,O solution. ® The binding profile for F-
and AMP-Na were too complicated to accurately determine logf3.

deprotonation for the anion recognition of sensor 1, we titrated 1,
with TBA-H,PO,, NaAMP, TBA-F and NaOH in DMSO-d, using
"H NMR spectroscopy.>*® The results obtained for the titration of
TBA-H,PO,, are shown in Fig. 6.
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Fig. 6 The '"H NMR (400 MHz) titration of 1 (9.5 mM) with H,PO,~ in
DMSO-d;.

In general, these titrations gave rise to changes in the chemical
shift of both the aryl and the N-H protons. However, even though
the '"H NMR showed similar features at each of the endpoints,
there were distinguishable differences, particularly for the aryl
resonances, for these titrations (see ESI{). The changes seen
in Fig. 6 give an indication of the general trend observed for
these titrations, where the endpoint of each titration produced a
spectrum in which there were only two identifiable NH resonances,
which integrate for four protons. These resonances were sharp and
clearly indicative of the formation of a new species, which was
structurally different from that seen for 1. This we assign to host—
guest formation, which potentially involves the deprotonation of
two N—H donors, rather then broadening of these signals. Selective
ROESY NMR experiments on 1 (600 MHz, DMSO-d;) after the
addition of 2.5 eq of TBAF suggest that the deprotonated N-
H moieties are the thiourea protons adjacent to the amido N-
H moieties (see ESI). Similar deprotonation patterns have been
demonstrated by Gale et al.

It is worth mentioning that the number of equivalents required
to reach the endpoint are in close agreement with those obtained
for the absorption titrations carried out in DMSO. Unfortunately,
accurate binding constants could not be obtained from these
changes. However, these results clearly demonstrate the fine bal-
ance between hydrogen bonding and deprotonation in hydrogen
bonding anion receptor chemistry, even when carried out in mixed
organic—-aqueous solution.

In summary, we have developed a new colorimetric anion sensor
incorporating two amidothiourea moieties, and demonstrated the
sensing of various anions such as biologically relevant phosphates
in4: 1 DMSO-H,O solution. The nature of the anion receptor in-
teraction has been defined by absorption and NMR spectroscopy,
and we have demonstrated that in the case of 1, both hydrogen
bonding and deprotonation interactions are most likely involved
in the recognition process. We are currently exploring the sensing
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ability of structures related to 1, possessing more water soluble
functional groups, in greater detail.
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Notes and references

§ Synthesis of 1,6-bis-[4-nitrophenyl( thioureidocarbamoyl) J-pyridine (1).
2,6-Pyridinedicarboxylic acid, dihydrazide (0.281 g, 1.03 mmol, 1 eq) and
4-nitrophenylisothiocyanate (0.518 g, 2.88 mmol, 2 eq) were refluxed in
acetonitrile for 16 h. The precipitate was isolated by suction filtration and
washed with acetonitrile to give a pale yellow solid, 0.784 g, 98%. Mp 203—
205 °C; 6y (600 MHz, DMSO-d;): 11.30 (2H, br s, NHNH,,.,), 10.37 (2H,
brs, NHNH,.,), 10.20 (2H, br s, NH,.,), 8.31 (2H, br s, CHpy), 8.30 (1H,
br s, CHpy), 8.22 (4H, br s, CHCNO,), 7.92 (4H, br s, Hz, CHCNH,);
dc (150 MHz DMSO-d;) 181.1 (C=S), 162.8 (C=0), 147.8 (C6), 145.7
(CNH), 143.6 (CNO,), 139.8 (C3/5), 125.6 (C4), 125.2 (CHCNH), 123.9
(CHCNO,); éx (600 MHz DMSO-d;) 129.6 (Noigo), 127.7 (NH,peo), 126.2
(NHNH); IR v, (cm™) 3128, 2962, 1704, 1597, 1549, 1506, 1469, 1345,
1278, 1219, 1157, 1002, 887, 851, 745, 698. HRMS (ES*): calculated for
C, H;sNyO¢S,: 556.0821, found: 556.0822 (M + H).

8 X-Ray crystallographic information. The data were collected on a Rigaku
Saturn 724 CCD diffractomer. A crystal, of dimensions 0.27 x 0.20 x
0.08 mm, was selected and mounted on a 0.30 mm quartz fibre tip
and immediately placed on the goniometer head in a 123 K N, gas
stream. The data set was collected using Crystalclear-SM 1.4.0 software
and 1680 diffraction images of 0.5° per image were recorded. Data
integration, reduction, corrections for absorption and polarization effects
were all performed using Crystalclear-SM 1.4.0 software. Space group
determination, structure solution and refinement were obtained using
Crystalstructure ver. 3.8 and Shelxtl" ver. 6.14 software. Crystal data:
CyH3sNyO,Ss, M = 789.99, triclinic, a = 14.489(3), b = 15.929(5), ¢
17.154(5) A, o = 87.377(7)°, B = 68.142(6)°, y = 81.774(8)°, U
3636.5(17) A}, T = 123 K, space group Pl, Z = 4, u (Mo-Ko) =
0.381 mm™, 36636 reflections collected, 12589 unique, (R, = 0.0430),
R=0.0815,wR2[I > 20(I)] = 0.2394. CCDC deposition number 649247.
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Direct amino acid-catalyzed cascade biomimetic reductive alkylations:
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Dhevalapally B. Ramachary* and Mamillapalli Kishor

Received 12th May 2008, Accepted 11th July 2008
First published as an Advance Article on the web 12th August 2008
DOI: 10.1039/b807999d

A direct amino acid-catalyzed chemo- and enantioselective process for the double cascade synthesis of
highly substituted 2-alkyl-cyclopentane-1,3-diones, 2-alkyl-3-methoxy-cyclopent-2-enones and
Hajos—Parrish (H-P) ketone analogs is presented via reductive alkylation chemistry. For the first time,
we have developed a single-step alkylation of cyclopentane-1,3-dione with aldehydes/ketones and a
Hantzsch ester through an organocatalytic reductive alkylation strategy. A direct combination of amino
acid-catalyzed cascade olefination-hydrogenation and cascade Robinson annulations of
cyclopentane-1,3-dione, aldehydes/ketones, a Hantzsch ester and methyl vinyl ketone furnished the
highly functionalized H-P ketone analogues in good to high yields and with excellent
enantioselectivities. Many of the reductive alkylation products have shown direct applications in

pharmaceutical chemistry.

Introduction

Cascade and multi-component reactions are processes in which
three or more easily accessible components are combined together
in a single reaction vessel to produce a functionalized product
displaying features of all inputs; thus, the processes offer greater
possibilities for molecular diversity per step with a minimum of
synthesis time, solvents and effort.! As cascade reactions are one-
pot reactions, they are easier to carry out than classical multi-
step syntheses. Combined with high-throughput library screening,
this cascade strategy was an important development for drug
discovery in the context of rapid identification and optimization
of biologically active lead compounds. Libraries of small-molecule
organic compounds are perhaps the most desired class of potential
drug candidates. With a small set of starting materials, very large
libraries can be built up within a short time, which can then be used
for research on medicinal substances. In spite of the significant
useful attributes of cascade and multi-component reactions for
modern organic chemistry and their suitability for building up
large compound libraries, these reactions have received limited
interest over the past fifty years. However, in the last decade,
with the introduction of high-throughput biological screening, the
importance of cascade and multi-component reactions for drug
discovery has been recognized and considerable efforts from both
academic and industrial researchers have been focused especially
on the design and development of multi-component procedures for
the generation of libraries of highly functionalized compounds.*
In continuation of the development of novel biomimetic cascade
reactions, recently, amino acid- or amine-catalyzed cascade and
multi-component reactions have attracted a considerable amount
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of attention from chemists and biologists. Amino acid- or amine-
catalyzed cascade and multi-component reactions involve two
or more bond-forming transformations that take place under
the same reaction conditions from simple starting materials
catalyzed by small molecular units of metal-free proteins.> Amino
acid/amine-catalyzed reactions have in the past few years emerged
as a powerful synthetic tool for the construction of highly
functionalized, complex and optically active compounds,® in
particular, amino acid-catalyzed cascade and multi-component
reactions emerging as ideal synthetic strategies for the synthesis of
highly functionalized compounds and drug like small molecules
in one pot, mimicking biological reactions.*

As part of our research program to engineer direct amino
acid/amine-catalyzed cascade, multi-component or organo-click
reactions,*~ herein we report the first organocatalytic asymmetric
chemo-selective direct cascade olefination—hydrogenation (O—H),
olefination—hydrogenation-Robinson annulation (O-H-RA) and
olefination—hydrogenation—etherfication (O-H-E) reactions that
produce very useful drug synthons, 2-alkyl-cyclopentane-1,3-
diones 7, Hajos—Parrish (H-P) ketone analogs 10 and 2-alkyl-
3-methoxy-cyclopent-2-enones 13 from commercially available
cyclopentane-1,3-dione 1, aldehydes or ketones 2, Hantzsch
ester 3, methyl vinyl ketone 9 and amino acid 4 as shown
in Scheme 1. 2-Alkyl-cyclopentane-1,3-diones 7, H-P ketone
analogues 10 and 2-alkyl-3-methoxy-cyclopent-2-enones 13 are
attractive intermediates in the synthesis of natural products and
in medicinal chemistry,® whilst 2-alkyl-cyclopentane-1,3-diones 7
and 2-alkyl-3-methoxy-cyclopent-2-enones 13 have broad utility
in pharmaceutical chemistry® and are excellent starting materials
in natural product synthesis as shown in Chart 1. Hence, their
preparation has continued to attract considerable synthetic inter-
est in developing new methods for their syntheses.”

Interestingly, there is no direct methodology for the synthesis
of useful 2-alkyl-cyclopentane-1,3-diones 7 and only two-step
methods are known to prepare them.” Recently, Paquette et al.
developed the two-step synthesis of 2-alkyl-cyclopentane-1,3-
diones 7 in moderate to good yields via an in situ protection and
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Substrates and Catalysts Screened:

2a:R'=H, R? = CgHs

2b: R' = H, R? = 1-Naphthalenyl
2¢c:R'=H R?= 2-Naphthalenyl
2d: R = H, R? = 4-OHCgH,

2e: R" = H, R? = 3-OHCgH,

2f: R' = H, R? = 2-OHCgH,

2g: R' = H, R? = 2-(OCH,CH=CMe,)CgH,4

2h: R" = H, R? = 3-NO,CgH,4
2i: R' = H, R? = 2-NO,CgH,
2j: R' = H, R? = trans-CgH5CH=CH

2k: R' = H, R? = trans-2-NO,CgH,CH=CH
21: R'=H, R?=CH,4

2m: R" = H, R? = CH,CH,

2n: R" = H, R? = CH4CH,CH,

20: R' = H, R? = CH3CH,CH,CH,

2p: R" = H, R? = CH3CH,CH,CH,CH,
2g: R" = H, R? = CH3CH,CH,CH,CH,CH,

2r: R" = H, R? = CH3CH,CH,CH,CH,CH,CH,

2s: R' = H, R? = Me,CH
2t: R' = H, R? = Me,CHCH,

2u: (R)-(+)-Citronellal

2v: (S)-(-)-Citronellal

2w: R'=R?=CH,

2x: R = R? = —CH,(CH,)3CHy—
4a: L-Proline

4b: D-Proline

4c: Benzylamine

4d: Pyrrolidine

4e: Piperidine

4f. Morpholine

Scheme 1 Direct organocatalytic asymmetric cascade O-H, O-H-RA and O-H-E reactions.

deprotection sequence on 2-alkylidene-1,3-diones 5 with thiophe-
nol and Raney nickel, respectively.” As shown in Scheme 1, the
well-recognized fact is the inability to arrest olefination reactions
involving cyclopentane-1,3-dione 1 and aliphatic or aromatic
aldehydes 2 at the mono-addition stage.® Very few adducts such as
5 have been isolated.® This is because these olefination products
5 are highly reactive Michael acceptors capable of engaging the
unreacted cyclopentane-1,3-dione 1 reagent in kinetically rapid
1,4-addition to give bis-adducts such as 6. Also, there is no report
on the asymmetric synthesis of higher alkyl substituted H-P
ketone analogues 10. This has prompted us to investigate the
cascade synthesis of very useful 2-alkyl-cyclopentane-1,3-diones
7, H-P ketone analogues 10 and 2-alkyl-3-methoxy-cyclopent-2-
enones 13 in a single step through mild amino acid-catalysis.

We consequently set out to develop an amino acid-catalyzed
asymmetric cascade synthesis of higher alkyl analogues of H-P
ketones 10 from simple starting materials, which have not been pre-
pared in the past. In this article, we present the development and
application of the amino acid-catalyzed reductive alkylation of cy-
clopentane-1,3-dione 1 through cascade O—H reaction of reactive
1,3-dione 1, aldehydes or ketones 2 and Hantzsch ester 3. Further-
more, we will present mechanistic insight into the reaction course,
applying a new concept of self-catalysis leading to an understand-
ing of the cascade O—H reaction with utilization of calculations.

We imagine that an amino acid or amine would catalyze the
cascade olefination reaction of 1,3-dione 1 with an aldehyde or
ketone 2 to form substituted 2-alkylidene-cyclopentane-1,3-diones
5, which are very reactive intermediates and further undergo
chemoselective reactions with both 1,3-dione 1 and Hantzsch
ester 3 to produce bis-adducts 6 and hydrogenated 2-alkyl-
cyclopentane-1,3-diones 7, respectively, based on reaction con-
ditions. Amino acid-catalyzed Robinson annulation of products
7 with methyl vinyl ketone 9 furnishes the H-P ketones 10 and
alcohols 11 in good yield with very good enantioselectivity, and
alcohol 11 would be converted into ketone 10 without losing
enantioselectivity as shown Scheme 1.

Results and discussion

Direct amino acid-catalyzed cascade reductive alkylation of
cyclopentane-1,3-dione: reaction optimization

We initiated our preliminary investigation by the in situ reduction
of 2-benzylidene-cyclopentane-1,3-dione Sai with Hantzsch ester
3 asshown in Table 1. The self-catalyzed reaction of cyclopentane-
1,3-dione 1 with 3 equiv of benzaldehyde 2a furnished the

1In all compounds denoted 5x, 6x, 7x, 10x, 11x, 12x and 13x, x is
incorporated from reactant aldehydes or ketones 2.

This journal is © The Royal Society of Chemistry 2008

Org. Biomol. Chem., 2008, 6, 4176-4187 | 4177





0) E
18-Nor-98,100.,17a-pregn-4-en-3-one

Me HI oH R oH

Me
H

14-Deoxyisoamijiol

g
|

Gonenones

(o)

. Dihydrojasmone
trans-(-)-Hedione

0
— CO,Me
Me
o P
Me (52)-9,15-Dioxoprosta-5,8(12)-dien-1-oate

4 pPPB, type I: R' = (CH,)¢CO,H, R? = CH,CHj; PPB; type Il: R' = CH,,

Phytoprostane B4

0
04%f
c o D
R

Hajos-Parrish ketone analogs

o)
SN R R
_~__R? _~__R?
F* OH

G® OH
Dinor isoprostane B

z
Me J
Cycloaraneosene

o}
NN
Me
COzMe Me M
L

Phosphodiesterase
inhibitors

13-Eicosen-10-one

0

Cl
N
O
LT
¢ o CO,Et

Treatment for Immune or
Inflammatory Disorders

R? = (CH,);CO,H

b DIPB, type liI: R' = (CH,)3CO,H, R? = (CH,),CH3; DIPB, type IV: R' = (CH,)3CH3, R? = (CH,),CO,H

Chart 1

only unexpected bis-adduct 6a without the expected olefination
product 5a (Table 1, entry 1). The same reaction under proline-
catalysis also furnished the only bis-adduct 6a without product
5a with reduced reaction time (Table 1, entry 2). Interestingly,
self-catalyzed reaction of cyclopentane-1,3-dione 1 and 2 equiv of
benzaldehyde 2a with Hantzsch ester 3 furnished the bis-adduct
6a and expected reductive alkylation product 7a with 80% overall
yield in 1 : 4.3 ratio respectively after 24 h at 25 °C (Table 1,
entry 3). The self-catalyzed reductive alkylation reaction with 3
equiv of benzaldehyde 2a furnished the product 7a in 90% yield
after 24 h at 25 °C (Table 1, entry 4). Interestingly, the same
reaction under proline-catalysis furnished the expected reductive
alkylation product 7a with 90% yield after 12 h at 25 °C in
EtOH as shown in Table 1, entry 5. These preliminary results

Natural and non-natural products library generated from 2-alkyl-cyclopentane-1,3-diones.

prompted us to investigate the solvent and catalyst effect on in situ
trapping of olefination product of cyclopentane-1,3-dione 1 with
benzaldehyde 2a through biomimetic hydrogenation as shown in
Table 2.

After preliminary demonstration of the amino acid-promoted
cascade O-H reactions for the generation of cascade product
7a from 1, 2a and 3, we decided to investigate the solvent and
catalyst effect on cascade O—H reactions. Interestingly, proline-
catalyzed cascade O-H reactions of 1, 2a and 3 are solvent and
catalyst dependent reactions as shown in Table 2. The cascade O-H
reaction of 1, 2a and 3 catalyzed by simple amines like benzylamine
4c, pyrrolidine 4d, piperidine 4e and morpholine 4f in ethanol are
not superior compared to self- and proline-catalysis as shown in
Table 2, entries 1-4. There is a large amount of solvent effect on
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Table 1 Preliminary study for reaction optimization®

[o] £ E Catalyst 4a OH o o] [o]
0,
. (IIHO . II (5 mol%) N .
[\
Ph N EtOH H Ph
o o
1 6a 7a

(0.3 M) 0 HO
2a 3, E = CO,Et RT
Entry Catalyst 4a (5 mol%) Aldehyde 2a (equiv.) Hantzsch ester 3 (equiv.) Time/h Products 6a Yield (%) 7a
1 — 3.0 — 24 75 —
2 Proline 3.0 12 75 —
3 — 2.0 1.0 24 15 65
4 — 3.0 1.0 24 10 90
5 Proline 3.0 1.0 12 10 90

“ Reactions were carried out in ethanol (0.3 M) with 2.0 to 3.0 equiv of 2a and 1.0 equiv of 3 relative to 1 (0.3 mmol) in the presence of 5 mol% of catalyst

4a. ® Yield refers to the column purified product.

Table 2 Reaction optimization®

o] £ E Catalyst 4 OH o] o]
oo S e
+ Fi’ h + —\ +
N Solvent H Ph
o H (0.3M) 0 HO 0
1 2a 3, E=COkEt RT 6a 7a
Entry Solvent (0.3 M) Catalyst 4 (5 mol%) Time/h Products 6a Yield (%)® 7a
1 EtOH Benzylamine 4¢ 24 40 60
2 EtOH Pyrrolidine 4d 24 50 50
3 EtOH Piperidine 4e 24 50 50
4 EtOH Morpholine 4f 24 50 50
5 MeOH Proline 4a 3 8 88
6 H,O Proline 4a 3 71 26
7 DMSO Proline 4a 6 40 60
8 DMF Proline 4a 6 40 60
9 CH;CN Proline 4a 6 10 88
10 CH,(Cl, Proline 4a 2 7 93
11¢ CH,Cl, Proline 4a 6 20 80
124 CH,Cl, Proline 4a 6 40 60

“Reactions were carried out in solvent (0.3 M) with 1.0 to 3.0 equiv of 2a and 1.0 equiv of 3 relative to 1 (0.3 mmol) in the presence of 5 mol% of catalyst
4. * Yield refers to the column purified product. < 2.0 Equiv of 2a was used. ¢ 1.0 Equiv of 2a was used.

the direct proline-catalyzed reductive alkylation or cascade O-H
reaction of 1, 2a and 3 as shown in Table 2. Proline-catalyzed
cascade O—H reactions can be performed in three types of solvents
(protic polar, aprotic polar and aprotic non-polar) with moderate
to good yields as shown in Table 2. Surprisingly, the cascade O-H
reaction of 1, 2a and 3 in H, O furnished the expected hydrogenated
product 7a in 26% yield accompanied by a 71% yield of bis-
adduct 6a after 3 h at 25 °C (Table 2, entry 6). The same cascade
reaction under proline-catalysis in CH,Cl, furnished the expected
product 7a in 93% yield after 2 h at 25 °C (Table 2, entry 10).
We envisioned the optimized conditions to be mixing the 3 equiv
of benzaldehyde 2a with cyclopentane-1,3-dione 1 and Hantzsch
ester 3 at 25 °C in CH,Cl, under 5 mol% of proline-catalysis
to furnish the hydrogenated product 7a in 93% yield (Table 2,
entry 10).

Diversity-oriented synthesis of reductive alkylation products 7a—x

With the optimized reaction conditions in hand, the scope of the
proline-catalyzed O-H cascade reactions was investigated with

cyclopentane-1,3-dione 1, various aldehydes 2a—v or ketones 2w—x
and Hantzsch ester 3 as shown in Table 3. A series of aromatic and
aliphatic aldehydes 2a—v (3 equiv) were reacted with cyclopentane-
1,3-dione 1 and Hantzsch ester 3 catalyzed by 5 mol% of proline
at 25 °C in CH,Cl, (Table 3). The 2-arylmethyl-cyclopentane-
1,3-diones 7a-i and 2-alkyl-cyclopentane-1,3-diones 7j-v were
obtained as single isomers (tautomer) with excellent yields. The
cascade reaction of cyclopentane-1,3-dione 1 with naphthalene-1-
carbaldehyde 2b and 3 furnished the reductive alkylation product
7b as a single tautomer, in 80% yield after 5 h at 25 °C (Table 3).
But the same cascade reaction with naphthalene-2-carbaldehyde
2¢ and 3 furnished the reductive alkylation product 7c¢ as a
single tautomer, with 93% yield after 1 h at 25 °C (Table 3).
Synthesis of 2-arylmethyl-cyclopentane-1,3-diones 7a—i from 1,
2a-i and 3 at 25 °C under proline-catalysis has taken longer
reaction times (1-28 h), compared to aliphatic aldehydes 2j-v
as shown in Table 3. Interestingly, proline-catalyzed reductive
alkylation reaction of cyclopentane-1,3-dione 1, o,B-unsaturated
aldehydes 2j—k and Hantzsch ester 3 generated the expected
2-alkyl-cyclopentane-1,3-diones 7j-k in excellent yields with
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Table 3 Chemically diverse libraries of cascade O—H products 7¢
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“Yield refers to the column purified product.® A 1: 2.0 ratio of completely
reduced and 1,4-reduction 7j/k products were formed (see ESI7). ¢ Solvent
CH,Cl, and ketones 2w/2x were taken in a 1 : 1 ratio.

moderate chemoselectivity (Table 3). Completely hydrogenated
products 7j’/7k’ and 1,4-reduction products 7j/7k are furnished
in a 1 : 2.0 ratio respectively as shown in Table 3. Interest-
ingly, proline-catalyzed cascade reductive alkylation reaction of
cyclopentane-1,3-dione 1 with chiral aldehydes 2u-v and Hantzsch
ester 3 furnished the expected single enantiomer of 2-alkyl-
cyclopentane-1,3-diones 7u—v in excellent yields with high stereos-
electivity (Table 3). Cascade products (R)-(—)-2-(3,7-dimethyl-oct-
6-enyl)-cyclopentane-1,3-dione 7u and (S)-(+)-2-(3,7-dimethyl-
oct-6-enyl)-cyclopentane-1,3-dione 7v are generated in 90% yields
via cascade O-H reaction. Proline-catalyzed cascade reductive
alkylation of cyclopentane-1,3-dione 1 was further extended with
ketones also as shown in Table 3. Cascade reductive alkylation
reaction of cyclopentane-1,3-dione 1 with acetone 2w or cyclohex-
anone 2x and Hantzsch ester 3 under 5 mol% of proline-catalysis
furnished the expected single isomers of 2-alkyl-cyclopentane-
1,3-diones 7w—x in excellent yields (Table 3). The results in
Table 3 demonstrate the broad scope of this reductive cascade
methodology covering a structurally diverse group of aldehydes
2a-v and ketones 2w—x with many of the yields obtained being
very good, or indeed better, than previously published two-step
alkylation reactions.” The structure and regiochemistry of 2-alkyl-
cyclopentane-1,3-diones 7a—x were confirmed by X-ray structure
analysis on 7i as shown in Fig. 1.1

Fig. 1
dione (7i).

structure  of  2-(2-nitro-benzyl)-cyclopentane-1,3-

Crystal

Interestingly, many of the 2-alkyl-cyclopentane-1,3-diones 7a—x
exist in the enol form in both the solid state and solution state,
which may be due to the strong intermolecular hydrogen bonding;
also, this characteristic is observed in many other 1,3-diketones.”
The chemical shifts of the C1 and C3 carbon atoms in the isolated,
non-hydrogen-bonded enol forms of 2-alkyl-cyclopentane-1,3-
diones 7a—x can hardly be determined in solution, due to the
rapid keto—enol and enol-enol tautomerism.”™ Therefore, in 2-
alkyl-cyclopentane-1,3-dione compounds 7a—x, we observed that
3C NMR shows two of CH, carbons o to the carbonyls (C=0)
including the two carbonyl carbons (2 x CH, and 2 x C=0) are
poor resolution even after 2000 scans on standard sampling. This
same kind of BC NMR pattern was observed for the other 1,3-
diketones in the literature due to the rapid keto—enol and enol-enol
tautomerism.”

Applications of reductive alkylation products
Chemoselective O-alkylation of 2-alkyl-cyclopentane-1,3-diones

Cascade products 2-alkyl-cyclopentane-1,3-diones 7 are read-
ily transformed into substituted 2-alkyl-3-methoxy-cyclopent-2-
enones 13 by treatment with an ethereal solution of diazomethane
in one pot as shown in Scheme 2. The highly functionalized 2-
alkyl-3-methoxy-cyclopent-2-enone unit is a basic building block
for a large number of valuable naturally occurring products.®~
Highly functionalized 2-alkyl-3-methoxy-cyclopent-2-enones 13
have gained importance in recent years as starting materials
and intermediates for the synthesis of prostaglandin analogues,
which possess a wide range of physiological and pharmacological
properties.®¢ Long chain 2-alkyl-3-methoxy-cyclopent-2-enones
13 have been successfully utilized as ideal synthons for the
synthesis of prostaglandin analogues, which are used for the
treatment or prevention of cancer.5

Cascade O-H reaction of 1, 2a and 3 under 5 mol% of
proline-catalysis furnished the substituted 2-benzyl-cyclopentane-
1,3-dione 7a in good yield, which on treatment with ethereal
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@ Yield refers to the column purified product.

Scheme 2 Direct organocatalytic one-pot synthesis of 2-alkyl-3-methoxy-cyclopent-2-enones 13.*

diazomethane at 25 °C for 0.5 h furnished the chemoselectively
one-pot O—-H-E product 2-benzyl-3-methoxy-cyclopent-2-enone
13a in 80% yield through self-catalysis as shown in Scheme 2.
The acidic or highly enolizable nature of 2-alkyl-cyclopentane-
1,3-diones 7 is the main driving force in leading us to observe a
highly chemoselective O-alkylation reaction with diazomethane.
The generality of the proline/self-catalyzed chemoselective one-
pot O-H-E reaction was further confirmed by two more examples
using aliphatic acetaldehyde 2l and acetone 2w to furnish the
expected 2-ethyl-3-methoxy-cyclopent-2-enone 131 in 80% yield
and 2-isopropyl-3-methoxy-cyclopent-2-enone 13w in 85% yield,
respectively as shown in Scheme 2. For pharmaceutical applica-
tions, a diversity-oriented library of enones 13 could be generated
by using our amino acid/self-catalyzed, chemoselective one-pot
O-H-E reaction.

Amino acid-catalyzed asymmetric Robinson annulations

Higher alkyl substituted H-P ketone analogues 10 are very good
intermediates for the synthesis of natural products like steroids.®
Recently, Ali Amjad et al. reported in their papers' that higher
alkyl H-P ketone analogues 10 are very good intermediates for
the synthesis of pharmaceutically acceptable salts or hydrates
of heterocycles, which are shown as selective glucocorticoid

receptor modulators for treating a variety of autoimmune and
inflammatory diseases or conditions (see Chart 2). Interestingly,
to the best of our knowledge, there is no report for the asymmetric
synthesis of useful higher alkyl substituted H-P ketone analogues
10. In this paper, we are presenting the asymmetric synthesis of
H-P ketone analogs 10 with very good ee and yields via amino
acid-catalyzed asymmetric RA of 2-alkyl-cyclopentane-1,3-diones
7 with methyl vinyl ketone 9 as shown in Tables 4-5.
Interestingly, L-proline-catalyzed RA reaction of 2-benzyl-
cyclopentane-1,3-dione 7a with 3 equivalents of freshly distilled
methyl vinyl ketone 9 in CH;CN furnished the expected alcohol
product 11a in 60% yield accompanied by Michael adduct 12a in
26% yield at 25 °C for 6 days (Table 4, entry 1). Hydrolysis of
bicyclic-alcohol 11a obtained from L-proline 4a catalysis with 1 N
HCIO, in DMSO at 90 °C for 1 h furnished the expected bicyclic-
ketone (+)-10a in 80% yield with 85% ee as shown in Table 4,
entry 1. Solvent screening on the direct L-proline-catalyzed RA
reaction of 7a with 9 revealed that DMSO solvent is suitable to
achieve high yields and ee’s as shown in Table 4. We envisioned the
optimized conditions to be mixing the 2-benzyl-cyclopentane-1,3-
dione 7a and 3 equivalents of freshly distilled methyl vinyl ketone
9 at 25 °C in DMSO under 30 mol% of L-proline to furnish the
alcohol of H-P ketone analogue 11a in 67% yield accompanied
by Michael adduct 12a in 33% yield, which on hydrolysis with

Chart2 Selective ligand analogues for the human glucocorticoid receptor.
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Table 4 Direct amino acid-catalyzed Robinson annulation of 7a with 9*

o

Ph fo)
v Ao
o]

Catalyst 4 Ph

(30 mol%)

B ——
Solvent (0.3 M)

o O INHCIO, o
(2 equiv.)
+ B — _
DMSO (0.2M) 07
o ™ o (02M) o

O Ph Ph

RT, 6 days 90°C, 05-1.0h
7a 9 11a 12a 10a
First step Second step
Entry Solvent (0.3 M) Catalyst 4 (30 mol%) Yield (%)* 11a Yield (%)® 12a Yield (%)* 10a Ee (%)? 10a
1 CH,CN 4a 60 26 80 85
2 DMSO 4a 67 33 85 91
3 DMF 4a 58 22 80 91
4 DMSO 4b 66 34 96 -90

“Reactions were carried out in solvent (0.3 M) with 3.0 equiv of freshly distilled methyl vinyl ketone 9 in the presence of 30 mol% of proline 4. * Yield
refers to the column purified product. ¢ Yield of 10a is based on 11a. ¢ Ee determined by HPLC analysis.

Table 5 Organocatalytic asymmetric synthesis of H-P ketone analogues
10+°

(0]
R‘+ o
R2 )l\/
(e}

1) L-Proline 4a (30 mol%)
DMSO (0.3 M)
RT, 6 days

R'R?HC Q@

2) 1N HCIOy4 (2 equiv.) [o)
DMSO (0.2 M)

10
7 (0.3 mmol) 9 (0.9 mmol) 90°C,0.5-1.0h
J/Ehj:li &@i@ \f)\'/‘i
o] ¢} o]
10a° 10m9 10n*
57% yield 50% yield 50% yield
91% ee 94% ee 94% ee

“See Experimental Section. * Yield refers to the column purified product
and ee determined by HPLC analysis. © Michael adduct 12a were isolated
in 33% yield.  Michael adducts 12m and 12n were isolated in 40-50%
yields respectively.

1 N HCIO, in DMSO at 90 °C for 1 h furnished the expected
bicyclic-ketone (+)-10a in 85% yield with 91% ee as shown in
Table 4, entry 2. D-Proline-catalyzed RA reaction of 7a with 9
followed by hydrolysis furnished the opposite enantiomer of H-P
ketone analogue (—)-10a in 96% yield with 90% ee (Table 4, entry
4). The absolute configuration of product (+)-10a prepared under
L-proline-catalysis was established by using X-ray crystallography
and also by comparison with the proline-catalyzed Hajos—Parrish—
Eder—Sauer—Wiechert reaction.'? The crystal structure of product
(4+)-10a is depicted in Fig. 2.1

With an efficient amino acid-catalyzed asymmetric cascade
RA protocol in hand, the scope of the proline-catalyzed cascade
asymmetric RA reactions was investigated with various 2-alkyl-
cyclopentane-1,3-diones 7 and methyl vinyl ketone 9. A series
of 2-alkyl-cyclopentane-1,3-diones 7a—n were reacted with 3.0
equivalents of methyl vinyl ketone 9 catalyzed by 30 mol%
of L-proline at 25 °C in DMSO for 6 days (Table 5). All
expected bicyclic-alcohols of H-P ketone analogs 11a—n were
obtained in good yields, which on hydrolysis with 1 N HCIO,
in DMSO at 90 °C for 0.5-1 h furnished the expected bicyclic-
ketones 10a-n in good yields with 91-94% ee as shown in
Table 5.

Fig. 2 Crystal structure of (+)-(R)-7a-benzyl-2,3,7,7a-tetrahydro-6 H-
indene-1,5-dione (10a).

Amino acid-catalyzed asymmetric double cascade one-pot
Robinson annulations

After successful demonstration of the amino acid-catalyzed
cascade asymmetric O-H and RA reactions, we decided to
investigate the combination of these two cascade reactions in
one pot. Reaction of three equivalents of benzaldehyde 2a with
cyclopentane-1,3-dione 1 and Hantzsch ester 3 under 5 mol% of
L-proline in CH,Cl, at 25 °C for 2.0 h furnished the expected
2-benzyl-cyclopentane-1,3-dione 7a in good yield. Removing the
solvent CH,Cl, by vacuum pump and adding DMSO solvent,
30 mol% of L-proline 4a and freshly distilled methyl vinyl ketone 9
to the reaction mixture of cascade asymmetric O-H-RA furnished
the expected bicyclic-alcohol of the H-P ketone analogue 11a in
65% yield accompanied by Michael adduct 12a in 35% yield as
shown in Scheme 3. Hydrolysis of one-pot bicyclic-alcohol 11a
with 1 N HCIO, in DMSO at 90 °C for 1 h furnished the expected
bicyclic-ketone (+)-10a in 85% yield with 88% ee as shown in
Scheme 3. Interestingly, in L-proline-catalyzed sequential one-
pot double cascade asymmetric O-H-RA reactions, ee’s were
not effected by reaction by-product 2,6-dimethyl-pyridine-3,5-
dicarboxylic acid diethyl ester 8. Successful combination of two
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o] E g L-Proline 4a o) L-Proline 4a 1N HCIO4
CHO II (5 mol%) (30 mol%) )ij:g )‘\/% (2 equiv.) %di&
+ T + - .
Ph N CH,Clp (0.3 M) Ph| 9 5 (30 equv) DMSO (0.2 M)
o RT,2.0h ° DMSO (0.3 M) 90°C, 0.5-1.0 h
RT, 6 days
1 2a  3,E=COEt 7a 11a 12a 10a
65% yield 35% yield 85% yield
88% ee
o E g LProline da 0 L-Proline 4a HsC N HCIO4
cHo II (5 mol%) _(Gomoe) J/ij:g /”v% (2 equiv.) ﬁ:ﬁ
+ T + - -
CHs H CH,Cl; (0.3 M) CH3 9 (3 0 equiv.) DMSO (0.2 M)
0 RT,0.25h o) DMSO (0.3 M) 90°C,0.5-1.0 h
RT, 6 days
1 2l 3,E=COEt 7 11 121 101
50% yield 50% yield 95% yield
90% ee
o] E g L-Proline 4a o) L-Proline 4a HiC. o 1N HCIO,4 HC\ o
cHO II (5 mol%) (30 mol%) (4 equiv.)
+ T + . B _—
CHs N CH,Cl, (0.3 M) CHy| 9(30equv) | 90°C o
5 RT,0.25h o) DMSO (0.3 M) OH 051.0h
1 21 3, E = COEt 71 RT, 3 days 11 101

90°C, 12 h

85-90% vyield
86% ee

Scheme 3 Direct organocatalytic one-pot double cascade asymmetric synthesis of H-P ketone analogues 10.

cascade O-H and RA reactions under L-proline-catalysis was
demonstrated by one more example as shown in Scheme 3.

Even after 6 days at 25 °C, the double cascade asymmetric
O-H-RA reaction of 1, 21, 3 and 9 under 4a-catalysis furnished
the unreacted Michael adduct 121 in 50% yield (see Scheme 3). For
the complete conversion of Michael adduct 12l into chiral bicyclic-
alcohol 111 in the double cascade reaction process, we performed
the second step at 25 °C for 72 h and at 90 °C for 12 h followed
by hydrolysis with 1 N HCIO,, furnishing the only expected H-P
ketone analogue 101 in 85-90% overall yield with 86% ee as shown
in Scheme 3. Interestingly, there was only a 4% decrease in ee
compared to the room temperature reaction and this one-pot
double cascade synthetic strategy will have much impact on the
asymmetric synthesis of functionalized small molecules.

R'R?HC ©
5

Enamine catalysis

CHR 'R?

(S)-4a

O 5
0 EtO,C CO,Et
.

R
4‘”)\/ 7

catalyst (S)-4a
(S)-4a

Mechanistic insights

The most possible reaction mechanism for L-proline-catalyzed
regio-, chemo- and enantio-selective synthesis of cascade products
7 and 10 through reaction of cyclopentane-1,3-dione 1, aldehy-
des/ketones 2 and Hantzsch ester 3 is illustrated in Scheme 4. This
catalytic sequential one-pot, double cascade is a four component
reaction comprising a cyclopentane-1,3-dione 1, aldehyde 2,
Hantzsch ester 3, methyl vinyl ketone 9 and a simple chiral amino
acid 4, which is capable of catalyzing each step of this double
cascade reaction. In the first step (Scheme 4), the catalyst (S)-4
activates component 2 by, most likely, iminium ion formation,
which then selectively adds to the cyclopentane-1,3-dione 1 via
a Mannich and retro-Mannich type reaction to generate active

+ R'R?cO
1

Iminium catalysis

S)-4a + H,O

O g HO
N
H 3 -
CO,Et Self-catalysis by
| X 2 decreasing HOMO-LUMO gap
-
N
8

Scheme 4 Proposed catalytic cycle for the double cascade reactions.
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olefin 5.¥ The following second step is biomimetic hydrogenation
of active olefin 5 by Hantzsch ester 3 to produce 7 through self-
catalysis by decreasing the HOMO-LUMO energy gap between
3 and 5 respectively.¥” In the subsequent third step, Michael
addition of 7 to methyl vinyl ketone 9 via, most likely, iminium ion
activation leads to the formation of Michael adduct 12.* In the
fourth step, (S)-4 catalyzed the asymmetric intramolecular aldol
condensation of 12 via enamine catalysis'> and returns the catalyst
(S)-4 for further cycles and releases the desired bicyclic-alcohol of
H-P ketone analogue 11.

Considering the recent applications of amino acid or amine-
catalyzed olefination reactions** and based on our recent dis-
covery of reductive alkylation of CH-acids,*~ we proposed that
the most likely reaction course for the amino acid-catalyzed direct
addition of cyclopentane-1,3-dione 1 to aldehydes 2 is the one out-
lined through iminium-catalysis as shown in Scheme 4. Formation
of active olefins 5 through proline-catalysis by means of Mannich
and retro-Mannich reactions supports our hypothesis that aldol
products did not form in these reactions. This hypothesis is also
supported by our recent discovery of organo-click reactions* and
the mechanistic investigation of pyrrolidine-catalyzed enal forma-
tion through aldehyde self-condensation reported by Saito et al.’®

Highly chemoselective formation of cascade hydrogenated
products 7 over bis-adduct 6 formation from reactants 1, 3 and
5 can be explained by using HOMO-LUMO energy gaps and
enthalpy differences as shown in Scheme 5. We have chosen 1, 3
and 5a for the model theoretical studies.' Self-catalyzed Michael
reaction of cyclopentane-1,3-dione 1 with in sifu generated active
olefin 5a furnishes the bis-adduct 6a. For the same length of time,
self-catalysis furnishes the hydrogenated product 7a and pyridine
8 from hydride transfer reaction of Hantzsch ester 3 with in situ
generated active olefin Sa. Electronically and thermodynamically,
the self-catalyzed hydride transfer reaction is more favorable than
bis-adduct formation as revealed in Scheme 5.

In a first step to probe the competition between two self-
catalyzed reactions between 1, 3 and 5a, we analyzed the energies
of the HOMO and the LUMO for each compound involved in
the reactions (Scheme 5). The calculated energy gaps between
the LUMO of the active olefin 5a and the HOMO of 1 are
greater than the energy gaps between the LUMO of 5a and
the HOMO of the Hantzsch ester 3. This result suggests that
a self-catalyzed hydride transfer reaction proceeds faster than a

Michael reaction of cyclopentane-1,3-dione 1 with active olefin
5a, in agreement with the experimental results. Moreover, the
energy gaps between the LUMO of 5a and the HOMO of 1/3
agree with the experimental reactivity order, indicating that the
hydride transfer is the rate-determining step and is a dynamically
fast reaction compared to the Michael reaction. In a second step
to probe the competition between two self-catalyzed reactions
between 1, 3 and 5a, we analyzed the net heat of formations (AAH)
of the two reactions (Scheme 5). The calculated heat of formation
for the hydride transfer reaction is 7.823 kcal mol™ more than
the bis-adduct formation reaction as revealed in Scheme 5. This
result also strongly suggests that a self-catalyzed hydride transfer
reaction is thermodynamically a more favorable reaction than bis-
adduct formation.

Conclusions

In summary, we have developed the metal-free double cascade syn-
thesis of highly functionalized 2-alkyl-cyclopentane-1,3-diones 7,
chiral H-P ketone analogues 10 and 2-alkyl-3-methoxy-cyclopent-
2-enones 13 from simple starting materials via cascade O-H, RA,
O-H-RA and O-H-E reactions under amino acid-catalysis in one
pot. For the first time, we have reported the reductive alkylation of
highly reactive cyclopentane-1,3-dione 1 with aldehydes/ketones
2 and Hantzsch ester 3 under amino acid-catalysis. The reductive
alkylation strategy, or cascade O—H reaction, proceeds in good
yields with high chemo- and regio-selectivity using only 5 mol%
of amino acid as the catalyst. In this article, we have demonstrated
the concept of self-catalysis by decreasing the HOMO-LUMO
energy gap between in situ generated olefins 5 and Hantzsch ester
3. Furthermore, we have demonstrated the synthetic application
of reductive alkylation products 7. Further work is in progress to
utilize novel O-H, O-H-E and O-H-RA reactions in synthetic
chemistry.

Experimental
General methods

The '"H NMR and “C NMR spectra were recorded at 400 MHz
and 100 MHz, respectively. The chemical shifts are reported in
ppm downfield to TMS (6 = 0) for 'H NMR and relative to the

o} OH OH 0
CH,Cl,, RT Ph
— + —_—
Ph H
o} o} HO
5a 1 6a
LUMO: -0.733 LUMO: -0.043 - AE; (LUMO-HOMO) = 9.049 eV
HOMO: -9.755 HOMO: -9.782 - AAH, = -7.715 keal/mol
AH: -35.455 AH: -72.161 AH: -115.331
o}
EtO,C CO,Et CH,Cly, RT EtO,.C._~ COzEt
S Qi Y S
- N Ph SN
o} o}
5a 3 7a 8
e o e e : L Stk s
1 -9. -8 ) . AAH, = -15.538 kcal/mol
AH: ~35.455 AH: ~165.572 AH: -59.671 AH: ~156.894 :

Scheme 5 HOMO-LUMO energy gaps and enthalpy differences for self-catalyzed hydrogenation and bis-adduct formation reactions.
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central CDCI; resonance (6 = 77.0) for *C NMR. In the “C
NMR spectra, the nature of the carbons (C, CH, CH, or CH,)
was determined by recording the DEPT-135 experiment, and is
given in parentheses. The coupling constants J are given in Hz.
Column chromatography was performed using Acme’s silica gel
(particle size 0.063-0.200 mm). High-resolution mass spectra were
recorded on micromass ESI-TOF MS. GCMS mass spectrometry
was performed on Shimadzu GCMS-QP2010 mass spectrometer.
Elemental analyses were recorded on a Thermo Finnigan Flash
EA 1112 analyzer. LCMS mass spectra were recorded on either
a VG7070 H mass spectrometer using the EI technique or a
Shimadzu-LCMS-2010 A mass spectrometer. IR spectra were
recorded on JASCO FT/IR-5300 and Thermo Nicolet FT/IR-
5700. The X-ray diffraction measurements were carried out at
298 K on an automated Enraf-Nonious MACH 3 diffractometer
using graphite monochromated, Mo-Ka: (4 =0.71073 A) radiation
with CAD4 software or the X-ray intensity data were measured
at 298 K on a Bruker SMART APEX CCD area detector system
equipped with a graphite monochromator and a Mo-Ka fine-
focus sealed tube (A = 0.71073 A). For thin-layer chromatography
(TLC), silica gel plates Merck 60 F254 were used and compounds
were visualized by irradiation with UV light and/or by treatment
with a solution of p-anisaldehyde (23 mL), conc. H,SO, (35 mL),
acetic acid (10 mL), and ethanol (900 mL) followed by heating.

Materials

All solvents and commercially available chemicals were used as
received.

General experimental procedures for the double cascade reactions

Amino acid-catalyzed cascade olefination—hydrogenation reac-
tions with cyclopentane-1,3-dione. In an ordinary glass vial
equipped with a magnetic stirring bar, to 0.9 mmol of the aldehyde
2,0.3mmol of cyclopentane-1,3-dione 1 and 0.3 mmol of Hantzsch
ester 3 was added 1.0 mL of solvent, and then the catalyst amino
acid 4 (0.015 mmol, 5 mol%) was added and the reaction mixture
was stirred at 25 °C for the time indicated in Tables 1-3. The
crude reaction mixture was directly loaded onto a silica gel column
with or without aqueous work-up, and pure cascade products 7
were obtained by column chromatography (silica gel, mixture of
hexane—ethyl acetate).

Amino acid-catalyzed Robinson annulation reaction. In an
ordinary glass vial equipped with a magnetic stirring bar, to
0.3 mmol of 2-alkyl-cyclopentane-1,3-diones 7 and 0.9 mmol of
methyl vinyl ketone 9 was added 1.0 mL of DMSO solvent, and
then the catalyst proline 4a (0.09 mmol, 30 mol%) was added and
the reaction mixture was stirred at 25 °C for 6 days. The crude
reaction mixture was worked up with aqueous NH,Cl solution,
and the aqueous layer was extracted with dichloromethane (3 x
20 mL). The combined organic layers were dried (Na,SO,),
filtered, and concentrated. Pure products 11 and 12 were obtained
by column chromatography (silica gel, mixture of hexane—ethyl
acetate).

Amino acid-catalyzed one-pot double cascade olefination—
hydrogenation—Robinson annulation reactions. In an ordinary
glass vial equipped with a magnetic stirring bar, to 0.9 mmol of the
aldehyde 2, 0.3 mmol of cyclopentane-1,3-dione 1 and 0.3 mmol of

Hantzsch ester 3 was added 1.0 mL of dichloromethane, and then
the catalyst amino acid 4 (0.015 mmol, 5 mol%) was added and
the reaction mixture was stirred at 25 °C for the time indicated in
Scheme 3. After evaporation of the solvent completely, to the crude
reaction mixture were added 0.9 mmol of methyl vinyl ketone 9,
1.0 mL of DMSO solvent and 0.09 mmol of L-proline 4a and the
reaction mixture was stirred at 25 °C for 6 days. The crude reaction
mixture was worked up with aqueous NH,Cl solution, and the
aqueous layer was extracted with dichloromethane (3 x 20 mL).
The combined organic layers were dried (Na,SO,), filtered, and
concentrated. Pure one-pot products 11 and 12 were obtained
by column chromatography (silica gel, mixture of hexane—ethyl
acetate).

General procedure for the direct organocatalytic one-pot synthesis
of 2-alkyl-3-methoxy-cyclopent-2-enones 13. In an ordinary glass
vial equipped with a magnetic stirring bar, to 0.9 mmol of the
aldehyde 2, 0.3 mmol of cyclopentane-1,3-dione 1 and 0.3 mmol
of Hantzsch ester 3 was added 1.0 mL of dichloromethane, and
then the catalyst amino acid 4a (0.015 mmol, 5 mol%) was
added and the reaction mixture was stirred at 25 °C for the
time indicated in Scheme 2. After evaporation of the solvent
completely, to the crude reaction mixture was added an excess
ethereal solution of diazomethane and the reaction mixture was
stirred at room temperature for 0.5 h. After evaporation of the
solvent and excess diazomethane completely in a fume hood, the
crude reaction mixture was directly loaded onto a silica gel column
with or without aqueous work-up and pure one-pot products 13
were obtained by column chromatography (silica gel, mixture of
hexane—ethyl acetate).

General procedure for dehydration of 7a-alkyl-3a-hydroxy-
hexahydro-indene-1,5-diones 11. A solution of alcohol com-
pound 11 (0.2 mmol) and 1 N HCIO, (0.4 mmol) in DMSO
(1.0 ml) was stirred at 90 °C for 0.5 to 1 h. After cooling, the
reaction mixture was washed with water and the aqueous layer
was extracted with dichloromethane (3 x 20 mL). The combined
organic layers were dried (Na,SO,), filtered and concentrated. Pure
products 10 were obtained by column chromatography (silica gel,
mixture of hexane—ethyl acetate).
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Lipoxygenases catalyse the oxidation of polyunsaturated fatty acids and have been invoked in many

diseases including cancer, atherosclerosis and Alzheimer’s disease. Currently, no X-ray structures are

available with substrate or substrate analogues bound in a productive conformation. Such structures
would be very useful for examining interactions between substrate and active site residues. Reported
here are the syntheses of linoleic acid analogues containing a sulfur atom at the 11 or 14 positions. The
key steps in the syntheses were the incorporation of sulfur using nucleophilic attack of metallated

alkynes on electrophilic sulfur compounds and the subsequent stereospecific tantalum-mediated
reduction of the alkynylsulfide to the cis-alkenylsulfide. Kinetic assays performed with soybean
lipoxygenase-1 showed that both 11-thialinoleic acid and 14-thialinoleic acid were competitive
inhibitors with respect to linoleic acid with K; values of 22 and 35 uM, respectively. On the other hand,
11-thialinoleic acid was a noncompetitive inhibitor with respect to arachidonic acid with K, and Kj
values of 48 and 36 uM, respectively. 11-Thialinoleic acid was also a noncompetitive inhibitor of
human 15-lipoxygenase-1 with arachidonic acid (K;, = 11.4 uM, K; = 18.1 uM) or linoleic acid as
substrate (K, = 20.1 uM, K;; = 20.0 uM), and a competitive inhibitor of human 12-lipoxygenase with
arachidonic acid as substrate (K; = 2.5 uM). The presence of inhibitor did not change the
regioselectivity of soybean lipoxygenase-1, human 12- or 15-lipoxygenase-1.

Introduction

Lipoxygenases catalyse the first committed step in one of the two
major pathways leading from arachidonic acid to eicosanoids.
They are non-heme iron proteins that abstract a hydrogen atom
from a bisallylic position of unsaturated fatty acids followed by
the addition of molecular oxygen to generate a hydroperoxide (e.g.,
Fig. 1A).”> The substrates for these enzymes are polyunsaturated
fatty acids containing non-conjugated cis double bonds. The
mammalian lipoxygenases catalyse key steps in the conversion
of arachidonic acid (AA) to lipoxins and leukotrienes, which
are mediators of inflammation and regulators of the immune
system.** Several studies have suggested that these lipids may
also be involved in a number of pathologies including cancer,*$
atherosclerosis,” and Alzheimer’s disease.®® In plants, lipoxyge-
nases convert linoleic acid (LA) into jasmonates and aldehydes,
which are involved in signalling, germination and senescence.'
In mammals, the enzymes are named according to the position
of arachidonic acid that reacts with molecular oxygen." Several
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T Electronic supplementary information (ESI) available: Kinetic inhibition
plots with thialinoleic acids, kinetic isotope effects measurement to deter-
mine if ternary enzyme—substrate—inhibitor complex is active and product
distribution in the presence of inhibitor. See DOI: 10.1039/b808003h
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Fig. 1 A. The reactions catalysed by sLO-1 and 15-hLO-1 with linoleic
acid and arachidonic acid. B. Proposed catalytic cycle of lipoxygenases.

T

human isozymes (5-, 12-, and 15-hLOs) have thus far been
identified'>"* with this study focusing on the latter two.

The majority of our understanding of lipoxygenase structure
and mechanism comes from studies on soybean lipoxygenase-
1 (sLO-1), which acts on polyunsaturated fatty acids in which
a l,4-diene unit is located six carbons away from the methyl
terminus (-6 fatty acids).’®™* Soybean lipoxygenase is relatively
easy to purify, kinetically stable and it requires no cofactors or
activating proteins like some mammalian lipoxygenases. Although
the natural substrate of sSLO-1 is LA whereas human lipoxygenases
predominantly act on AA (Fig. 1A), studies on sLO-1 have led to
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a better understanding of both classes of enzymes. The chemistry
catalysed is the same, even though the substrates differ in chain
length and the number of unsaturated bonds.

Lipoxygenases carry out oxidations in an unusual manner. Most
oxidative enzymes first activate molecular oxygen by catalysing its
reaction with a low valent transition metal and then transferring
the activated oxygen species to the substrate, giving the oxidized
product. In lipoxygenases, the fatty acid substrate is first activated
by hydrogen atom removal to form a radical, which then reacts
with molecular oxygen.'>' Substrate activation is accomplished
by a non-heme ferric hydroxide (Fig. 1B). In resting lipoxygenase,
the iron is in the ferrous form and the enzyme is inactive.'” The iron
must first be converted to the active ferric form by autooxidized
compounds before the catalytic cycle can commence. Then, the
formal hydrogen atom abstraction is thought to involve a proton-
coupled electron transfer between the substrate and the ferric
species forming an intermediate radical (R") and a ferrous species.™®
After stereoselective antarafacial reaction of the substrate radical
with molecular oxygen, the peroxyl radical oxidizes the iron back
to the active ferric state and the peroxide product (ROOH) is
released from the enzyme. The sLO-1 products of linoleic acid and
arachidonic acid are 13-hydroperoxy-octadecadienoic acid (13-
HPODE) and 15-hydroperoxy-eicosatetraenoic acid (15-HPETE),
respectively (Fig. 1A).

The hydrogen abstraction step has received much interest
since kinetic isotope effects (KIE) up to 80 have been reported
in studies with linoleic acid and arachidonic acid.”* These
observations have led to a model in which quantum mechanical
tunneling® is coupled to environmental motions governed by pro-
tein dynamics.?® Several X-ray structures of various lipoxygenases
have been obtained.”* However, no structures of lipoxygenases
with a bound substrate or substrate analogue have been reported,
and thus relatively little structural information is available regard-
ing the binding interactions between substrate and enzyme. Such
structures are eagerly anticipated as they may provide insight into
protein dynamics, the unusually large isotope effects observed, and
the regioselectivity of catalysis.

In this work, sulfur-containing fatty acid analogues were eval-
uated as possible inhibitors. Previous studies have demonstrated
that a variety of organosulfur compounds derived from garlic
essential oil act as inhibitors of soybean lipoxygenase.*** Sulfur-
containing arachidonic acid analogues have also been described as
inhibitors.**** Herein are described the syntheses of 11-thialinoleic
acid (11-thialLA) and 14-thialinoleic acid (14-thialLA), two linoleic
acid analogues containing sulfur at allylic positions. Both com-
pounds were competitive inhibitors for the sLO-1-catalyzed oxi-
dation of linoleic acid. 11-ThialLA also behaved as a competitive
inhibitor for the reaction of human platelet 12-lipoxygenase (12-
hLO) with arachidonic acid, but as a noncompetitive inhibitor for
oxidation of AA and LA by human reticulocyte 15-lipoxygenase-
1 (15-hLO-1, also called 12/15-LO) and the oxidation of AA by
sLO-1.

Results and discussion
Synthesis of 11- and 14-thialinoleic acids

Recently, our laboratory reported the synthesis of 7-thiaara-
chidonic acid (1, Fig. 2) for the purpose of identifying radical

— =~ ~_CO0H

1, 7-thiaarachidonic acid

COOH
— S —
2, 11-thialinoleic acid

COOH
— s\/\/
3, 14-thialinoleic acid

Fig. 2 Fatty acid analogues containing sulfur at allylic positions.

intermediates in the reaction of prostaglandin H synthase with
arachidonic acid.*” Compound 1 was constructed by the prepa-
ration of a bis(alkynyl)sulfide and its subsequent stereoselective
reduction to a (cis, cis)-bis(alkenyl)sulfide in the presence of tanta-
lum(Vv) chloride.”® In this work, we have applied this methodology
to the synthesis of linoleic acids with sulfur present at two of the
three allylic positions of the fatty acid. These thialinoleic acids (2
and 3, Fig. 2) contain sulfur either at the position of hydrogen atom
abstraction (position 11) or at a position where it could potentially
stabilize the radical intermediate formed upon hydrogen atom
abstraction (position 14). Thus, they could either be substrate
analogues or inhibitors that bind in the lipoxygenase active site.

The synthesis of 11-thiaLA is outlined in Scheme 1. 8-
Bromooctanoic acid (4) was first converted to the tert-butyl ester
5, which was then reacted with lithium (trimethylsilyl) acetylide.
The silyl protecting group was subsequently removed with TBAF
to yield the terminal alkyne 6. Deprotonation of a 1-to-3 mixture
of alkyne 6 and 1-heptyne with n-butyllithium followed by slow
addition of sulfur dichloride at =78 °C yielded the desired unsym-
metrical bis(alkynyl)sulfide 7 along with minor amounts of the two
symmetrical dialkyl sulfides. Selective reduction of 7 mediated by
a low-valent tantalum species*® yielded the bis(alkenyl)sulfide 8.
Addition of a small amount of 1-hexyne was needed to achieve a
good yield, although the reason for this requirement is unknown.*’
Only the cis,cis-isomer was observed by '"H NMR spectroscopy.
Finally, the zert-butyl ester was hydrolyzed at 50 °C with a
1.0 M solution of lithium hydroxide in a water-DME mixture.
11-ThiaL A (2) was purified by reverse-phase HPLC and isolated
as a single isomer.

(0] (0]
r 2 /U\/\/\/\/ b
HO)J\/\/\/\/BI I >LO Br .

AN
P a
S e
6,65 % 7, 40%
(o} (0}
L.
O OH
S~ — S~
8,64 % 2, 70%

Scheme 1 Synthesis of 11-thialLA. Reagents and conditions: (a) (CF;-
CO0),0, tert-BuOH, CH,Cl,, 0 °C, (b) lithium (trimethylsilyl)-acetylide,
HMPA, THF, -78 °C, 3 h; TBAF, THF, 25 °C, 30 min, (c) 1-heptyne,
n-BuLi, THF, —78 °C, 1 h; SCL, THF, 2 h, (d) TaCl,, Zn, pyridine, DME,
benzene, 1-hexyne, 25 °C, 1 h, (¢) LiOH, water, DME, 50 °C, 40 h.

The synthesis of 14-thialL A is outlined in Scheme 2. Azelaic
acid monomethyl ester (9) was chemoselectively reduced with
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Scheme 2 Synthesis of 14-thialL A. Reagents and conditions: (a) BH;—
THEF, 25 °C, (b) PPh;, Br,, pyridine, CH,Cl,, 0 °C, 1 h, (c) PPh;,
acetonitrile, reflux, 24 h, (d) TIPSCI, imidazole, CH,Cl,, 0 °C, 3 h,
(e) n-BuLi, THF, —-78 °C, 1 h; butyl disulfide, —78 °C, 3 h, (f) TaCls,
Zn, pyridine, DME, benzene, rt, 1 h, (g) TBAF, THF, 25 °C, 1 h, (h)
Dess—Martin periodinane, CH,Cl,, 0 °C, 1 h, (i) NaHMDS, THF, -78 °C,
1 h; 12,25 °C, 12 h, (j) LiOH, water, DME, 25 °C, 24 h.

borane-THF to alcohol 10. Conversion of 10 to bromide 11
was achieved by treatment with bromine in pyridine. Subsequent
refluxing of 11 in acetonitrile with triphenylphosphine yielded the
phosphonium salt 12. The aldehyde partner 18 for the Wittig
reaction of 12 was prepared by protection of 3-butynol (13)
with triisopropylsilylchloride to afford 14. The terminal alkyne
was deprotonated with n-butyllithium and reacted with dibutyl
disulfide at —78 °C to yield alkynylsulfide 15. Selective reduction
with low-valent tantalum provided the alkenylsulfide 16 in good
yield. Deprotection of the silyl group with TBAF followed by
oxidation of the alcohol with Dess—Martin periodinane afforded
the aldehyde 18. Subsequent Wittig reaction between compounds
12 and 18 yielded the desired methyl 14-thialinoleate (19). Only
the cis, cis-isomer was observed by '"H NMR spectroscopy. Finally,
the methyl ester was hydrolyzed at 25 °C with a 1.0 M solution of
lithium hydroxide in water—-DME. 14-ThialLA (3) was purified by
reverse-phase HPLC and isolated as a single isomer.

Inhibition of sLO-1

Lipoxygenase-catalysed hydrogen atom abstraction from an allylic
position of a fatty acid substrate has been previously observed,
but this reaction is much slower than at a bisallylic position.**
Thus, compound 2 was not expected to undergo oxidation by
lipoxygenase, but compound 3 still contains a bisallylic methylene
group and could be a substrate. However, analysis by thin-
layer chromatography and UV-visible spectroscopy showed that
incubation of 11-thialL A or 14-thialL A with sLO-1 did not result

in any appreciable activity over the course of one hour. Next,
the inhibitory behaviour of these compounds was assessed. The
conversion of linoleic acid to 13-HPODE catalysed by sLO-1
was monitored by following the formation of product at 235 nm
at pH 10.0, the pH optimum for this enzyme.* The K, for
linoleic acid with sLO-1 was 28 £ 5 uM, in good agreement
with previous reports.”? The rate of reaction was examined in
the presence of inhibitor at several different concentrations.
Competitive inhibition was observed with both inhibitors as
shown in Fig. 3 and 4 (see also Dixon and Cornish-Bowden plots
in the ESIY). The K; of 11-thialLA was 22 + S uM, and the value for
14-thialLA was 35 £ 5 uM. These are reasonably good inhibitors
since the inhibitor K; and the substrate K, are similar. Although
competitive inhibition visually appears to be the best model to fit
the data, statistically noncompetitive inhibition with 11-thialLA
having a K, of 36 uM for binding to the enzyme and a Kj; of
115+ 60 uM for binding to the enzyme-substrate complex (Fig. 5)
cannot be ruled out (see ESI). Due to the poor solubility of LA at
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Fig. 3 Double reciprocal plot showing competitive inhibition of sLO-1
by 11-thial. A in the reaction with linoleic acid at pH 10.0. The inhibitor
concentrations shown are 0 uM (circles), 20 uM (squares), 40 uM
(diamonds), and 80 uM (triangles).
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Fig.4 Double reciprocal plot showing competitive inhibition of sSLO-1 by
14-thialLA in the reaction with LA at pH 10.0. The inhibitor concentrations
shown are 0 uM (circles), 20 uM (squares), 40 uM (diamonds), 80 uM
(triangles), and 120 uM (inverted triangles).
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Fig.5 Scheme describing noncompetitive inhibition. When K, # Kj;, the
term mixed inhibition is often used.

pH 7.5, no quantitative inhibition parameters could be determined
at this pH for this substrate.

Next the inhibitory behaviour of 11-thialLA was evaluated for
the oxidation of AA by sLO-1. This transformation displayed a
significant lag phase,® which made rate measurements difficult.
The lag phase is due to the slow conversion of the inactive ferrous
form in which the enzyme is isolated to the active ferric form by
autooxidized compounds in the assay. In order to obtain reliable
initial rates, the enzyme was activated by adding a small amount
of 13-HPODE before presenting substrate.”>*! The addition of
oxidant also helped eliminate substrate inhibition by AA.*

The addition of 13-HPODE raised a concern that this alkylper-
oxide might oxidize the thialLAs and hence affect their inhibition
behaviour. However, incubation of 11-thialLA under turnover con-
ditions with enzyme, AA, and 13-HPODE showed no discernable
conversion of the inhibitor over a period of 1 hour as monitored
by HPLC. On the other hand, 14-thialLA was oxidized to a small
extent over that time frame and was not investigated further as
the oxidation products could affect the inhibition data. With 11-
thialL A, noncompetitive inhibition was observed at both pH 10.0
and pH 7.5 (Fig. 6 and ESIf). Under these conditions, the K, of
AA was 15.1 £ 1.5 uM at pH 10.0 compared to 31.7 £ 3.5 uM
at pH 7.5, but the inhibition constants were similar under both
conditions (pH 10.0, K, = 48.5 £ 12.9 uM, K; = 36.0 £ 4.0 uM;
pH7.5, K, =456t 11.1 uM, K; = 38.2+ 5.4 uM).
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Fig. 6 Double reciprocal plot showing noncompetitive inhibition of
sLO-1 by 11-thialL A in the reaction with AA at pH 10.0. The inhibitor
concentrations shown are 0 uM (circles), 30 uM (squares) and 60 pM
(diamonds).

Inhibition of 15-hLO-1

Next, the behaviour with 15-hLO-1 was examined. While sLO-1
was stable during the course of the reaction, 15-hLO-1 underwent
rapid self-inactivation, as described previously.>¢ In addition,
15-hLO-1 also displayed an initial lag phase. Once again, addition
of 13-HPODE helped eliminate the lag phase and also allowed the
measurement of initial rates before enzyme inactivation.”’

A kinetic assay performed with 11-thiaLA demonstrated that
the compound was a noncompetitive inhibitor for 15-hLO-1 with
respect to LA as the lines converge on the X-axis to the left of
the origin (Fig. 7, see also the ESIt). The K;, and Kj; values were
20.1 £ 1.6 and 20.0 = 1.4 uM, respectively. 11-ThiaLA was also a
noncompetitive inhibitor of 15-hLO-1 with AA as substrate with
K;, and K; values of 11.4 £ 2.0 and 18.1 + 2.0 uM respectively
(ESI). For comparison, the measured K,, values of LA and AA
with 15-hLO-1 were 6.2 £ 0.9 and 5.0 £ 0.5 uM, respectively.
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Fig. 7 Double reciprocal plot showing noncompetitive inhibition of
15-hLO-1 by 11-thial A in the reaction with LA at pH 7.5. The inhibitor
concentrations shown are 0 uM (circles), 15 uM (squares), 30 uM
(diamonds), 45 uM (triangles).

Noncompetitive inhibition indicates a binding site away from
the active site and suggests that the thialLAs act as allosteric
inhibitors of 15-hLO-1. Oleyl sulfate and oleic acid have been
previously described as allosteric inhibitors for this enzyme.®** In
these previous reports, the ternary complex formed by enzyme,
substrate, and inhibitor was catalytically active (k,;, # 0, Fig. 5).
The activity of the complex formed by 15-hLO-1, LA, and 11-
thialLA was investigated by measuring the kinetic isotope effect
(KIE) on k., /K, of the reaction of 15-hLO-1 with protiated and
deuterated substrate in the presence of different concentrations
of the inhibitor. The observed KIE on k./K,, depends on the
commitment of the reaction, which is the ratio of the forward rate
of catalysis and the reverse rate of dissociation of the enzyme—
substrate complex.*® The rate of product formation via the ternary
complex, k., can affect this ratio (Fig. 5). On the other hand, if
the ternary complex is not active, the concentration of inhibitor
affects neither the commitment to catalysis nor the KIE.®

If 11-thialL A formed an active complex with the enzyme and
substrate, increasing inhibitor concentration would skew the reac-
tion to proceed through the ternary complex, which could change
the observed KIE. For instance, a hyperbolic rise in the KIE with
increasing concentration of oleylsulfates has been observed for
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15-hLO-1 (A KIE on k../K,, = 40-60).*® This enzyme exhibits
a much larger primary KIE on k. /K, with 11-d,-LA (KIE on
kew/ Ky = 50)% than with 10,10,13,13-d,-AA (KIE on ko /K, =
7.5).2 Thus, a change in KIE was anticipated to be observable
more readily with LA as substrate. The KIE on k., / K, of the reac-
tion of 15-hLO-1 with LA and 11-d,-LLA was measured at a variety
of concentrations of 11-thialLA. The observed lack of change in the
KIE on k., /K, with increasing inhibitor concentration suggests
the ternary complex is not catalytically active (Fig. 8).
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Fig. 8 Dependence of the KIE on k. /K, for the reaction of 15-hLO-1
with LA and 11-d,-LA on the presence of 11-thial A.

Inhibition of 12-hLO

Finally, the inhibition of 12-hLO was examined. A previous study
showed that LA was a poor substrate for this enzyme,* and
hence the inhibition was evaluated only with AA as substrate.
Michaelis—Menten kinetics were obtained without the addition
of 13-HPODE as an activator, and thus it was possible to
investigate both 11- and 14-thialLAs as inhibitors. 11-ThiaLA
was a competitive inhibitor of 12-hLO (Fig. 9) with a K; value

2.0

1/[8] (M)

Fig. 9 Double reciprocal plot showing competitive inhibition of 12-hLO
by 11-thialLA in the reaction with AA. The inhibitor concentrations shown
are 0 uM (circles), 2.5 uM (squares), 5 uM (diamonds) and 7.5 pM
(triangles).

Table 1 Effect of 11-thialL A (2) on human lipoxygenase product distri-
butions. The error is shown in parentheses.

Conditions 15-HETE (%) 11-HETE (%) 8-/12-HETE (%)
15-hLO-1and AA 80 (3) 6(1) 14 (3)
15-hLO-1, AAand2 79 (3) 5(1) 16 (3)
12-hLO and AA 5(2) 4(2) 91 (4)
12-hLO, AAand2  5(1) 2(1) 93 (1)

of 2.5 £ 0.3 uM compared to a K,, value of 0.3 £ 0.1 uM for
arachidonic acid. Surprisingly, 14-thialL A was neither a substrate
nor an inhibitor.

One particular aspect of the inhibition assays that stands out
is that all noncompetitive inhibition patterns were observed in
experiments in which 13-HPODE was added to activate the
enzyme. As mentioned, the oxidation of AA by 15-hLO-1 or
sLO-1 requires this hydroperoxide in order to obtain reproducible
kinetics without interference by a severe lag phase or substrate
inhibition. However, the oxidation of AA by 12-hLO and LA by
sLO-1 proceeds in the absence or presence of 13-HPODE. Thus, to
investigate whether the presence of 13-HPODE might in some way
be responsible for the observation of noncompetitive inhibition,
the inhibition patterns for these two enzymes were monitored
in the presence of activator. 11-ThialLA displayed competitive
inhibition in both cases (ESIt), suggesting that the addition of
activator does not affect the mode of inhibition.

Effect of inhibitor on product distribution

A number of lipoxygenase isozymes have been isolated thus far
that differ in the regioselectivity of oxidation of AA. Since an
allosteric effector could change the regioselectivity, the product
distribution was determined in the presence of 11-thialLA. The
hydroperoxide products (HPETEs) were reduced with NaBH,
to provide the corresponding alcohols (HETEs) and the relative
amounts of isomers were determined by HPLC analysis. As shown
in Table 1, the addition of inhibitor did not alter the product
distribution for 12-hLO and 15-hLO-1. 11-ThiaLLA also did not
affect the product regioselectivity of sLO-1. In the presence and
absence of inhibitor, the exclusive product was 13-HPODE with no
9-HPODE observed. Thus, both the KIE and product distribution
studies suggest that the ternary complexes of the enzymes with
substrate and 11-thialL. A are not active.

Discussion

The three lipoxygenases investigated show different inhibition
types, and one of the enzymes, sLO-1, displays a substrate
dependence with respect to the observed inhibition type. With
arachidonic acid and 11-thialL A, noncompetitive inhibition was
observed at both pH 7.5 and 10, showing the inhibitor can bind
both to the catalytic site and a physically distinct site on the
enzyme in the ES complex with similar affinities. Such allosteric
sites have been previously documented for sLO-1.5%5636 However,
with linoleic acid as substrate, the data can be fit about equally
well using either the competitive inhibition model or by using
noncompetitive inhibition with a weak affinity of the inhibitor for
the ES complex. These observations suggest that the second site is
less available for binding when linoleic acid occupies the active site
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than when arachidonic acid is bound to the active site. We note
that both the K, values (28 uM for LA, 15 uM for AA) and k,
values (490 s7! for LA, 340 s™' for AA) were similar for the two
substrates. Previous work on sLO-1 has shown that the allosteric
site on the enzyme is sensitive to the chain length of inhibitors
with long alkyl chains.®® To the best of our knowledge, this is the
first report that the affinity of the inhibitor for this site (Kj, Fig. 5)
is dependent on the chain length of the substrate.

Human 15-lipoxygenase-1 also showed noncompetitive inhibi-
tion by 11-thialLA, regardless of whether the substrate was LA or
AA. In both cases, the affinity of the inhibitor for the empty
enzyme and ES complex is similar. Inhibition of 12-hLO by
11-thiaLA on the other hand indicates a much higher affinity
for the catalytic site than for a potential allosteric site, with
the data for AA only fitting well with a competitive inhibition
model. The inhibition constants are smaller for 12-hLO than
those observed for sSLO-1 and 15-hLO-1 but this enzyme also has
significantly lower K, values for its substrates. Hence, 11-thialLA is
not expected to show much selectivity in a physiological setting. In
general, the affinity of the inhibitor for the catalytic site for these
different lipoxygenases tracks well with the K,, values for their
substrates. The most obvious difference between the enzymes is
the greatly different affinities for an allosteric site.

Conclusions

In summary, we have synthesized analogues of linoleic acids
containing sulfur at the 11 and 14 allylic positions. The key steps in
the syntheses were the incorporation of sulfur using nucleophilic
attack of metallated alkynes on electrophilic sulfur compounds
and the subsequent stereospecific tantalum-mediated reduction
of the alkynylsulfide to the cis-alkenylsulfide. Both desired com-
pounds were isolated as single isomers after purification by reverse
phase HPLC.

Both compounds competitively inhibited the oxidation of LA
by sLO-1 with about equal effectiveness, whereas only 11-thiaLA
inhibited 12-hLO and with an approximately 10-fold smaller K;.
11-ThiaLLA was a noncompetitive inhibitor of the oxidation of AA
by sLO-1 and 15-hLO-1, indicating it has an additional, different
binding site from the fatty acid substrate. This different mode
of inhibition is not due to the presence of the activator or to a
pH effect. The location of this binding site and how binding in
this site affords inhibition is currently not known. Future studies
will attempt to answer these questions through crystallographic
investigations.

Experimental section
General

All reactions were performed in oven-dried or flame-dried glass-
ware under an inert atmosphere of dry nitrogen. THF was
distilled from Na metal and benzophenone. CH,Cl, was distilled
from CaH,. Benzene was distilled from Na metal. Brine refers
to a saturated aqueous solution of NaCl. Commercial reagents
were used as received without further purification. Analytical
thin-layer chromatography was performed on Merck silica gel
plates with QF-254 indicator. Visualization was performed with
a KMnO, solution or a UV light. Flash column chromatography

was performed using 230-400 mesh silica gel purchased from EM
Science.

'"H NMR and ®C NMR spectra were recorded on 400 MHz and
500 MHz, 'H (100.6 MHz and 125.6 MHz, *C) spectrometers
in the VOICE laboratory at the University of Illinois, Urbana-
Champaign. Spectra were referenced to chloroform-d, as an
internal standard (6 7.26 ppm, 'H; 6 77.0 ppm, *C). Chemical
shifts are reported in ppm (6) and peak multiplicities are labeled
as s (singlet), d (doublet), t (triplet), q (quartet) and m (multiplet).
Coupling constants are given in Hertz.

Synthesis of 11-thialinoleic acid

8-Bromo-octanoic acid tert-butyl ester (5). A dry flask was
charged with 8-bromooctanoic acid (700 mg, 3.1 mmol) and
purged with nitrogen. Dichloromethane (30 mL) was added
and the solution was cooled to 0 °C. Trifluoroacetic anhydride
(0.96 mL, 6.9 mmol) was added dropwise. The reaction mixture
was stirred at 0 °C for 2.5 h, then tert-butanol (I mL, 11 mmol)
was added slowly. After 1 h, the reaction was warmed to room
temperature. The reaction mixture was stirred for an additional
12 h, quenched with water (20 mL) and extracted with diethyl ether
(4 %20 mL). The combined organic layers were washed with brine
(2 x 20 mL), dried over MgSO,, filtered and concentrated. The
resulting oil was purified by flash chromatography (20% diethyl
ether—pentane), yielding 5 (850 mg, 99%) as a clear oil. '"H NMR
(400 MHz, CDCl,) 6 1.32 (m, 6 H), 1.45 (s, 9 H), 1.58 (m, 2 H),
1.85 (m, 2 H), 2.22 (t, J = 7.5 Hz, 2 H), 3.40 (t, / = 6.8 Hz,
2 H). ®C NMR (125.6 MHz, CDCl,) 6 25.2 (CH,), 28.2 (CH,),
28.3 (CH,), 28.7 (CH,), 29.1 (CH,), 32.9 (CH,), 34.2 (CH,), 35.7
(CH,), 80.2 (Cq), 173.4 (Cq). The spectroscopic data agreed with
a previous report in the literature.*

Dec-9-ynoic acid zert-butyl ester (6). A dry flask was charged
with bromide 5 (300 mg, 1.1 mmol) and purged with nitrogen.
A 4 : 1 THF-HMPA mixture (10 mL total) was added and the
solution was cooled to =78 °C. A 0.5 M lithium(trimethylsilyl)
acetylide solution in THF (2.6 mL, 1.3 mmol) was added and
the reaction mixture was stirred at —78 °C for 1 h, then slowly
warmed to room temperature. After an additional 2 h, hexane
(25 mL) and saturated NH,ClI solution (25 mL) were added and
the layers were separated. The aqueous layer was extracted with
hexane (320 mL). The combined organic layers were washed with
saturated NH,Cl solution (25 mL), dried over MgSQ,, filtered
and concentrated. The resulting crude material was redissolved
in THF (15 mL). A 1 M solution of TBAF in THF (1.3 mL,
1.3 mmol) was added and the reaction mixture was stirred at room
temperature for 30 min. The reaction mixture was diluted with
diethyl ether (20 mL) and washed with water (20 mL). The aqueous
layer was extracted with diethyl ether (2 x 20 mL). The combined
organic layers were washed with brine (25 mL), dried over MgSQO,,
filtered and concentrated. The resulting oil was purified by flash
chromatography (20% diethyl ether—pentane), yielding 6 (155 mg,
65%) as a clear oil. "H NMR (400 MHz, CDCl;) 6 1.32 (m, 6 H),
1.44 (s, 9 H), 1.48-1.60 (m, 4 H), 1.93 (t, / = 2.7 Hz, 1 H), 2.18 (m,
4 H). "C NMR (125.6 MHz, CDCl;) 6 18.6 (CH,), 25.2 (CH,),
28.3 (CH,), 28.6 (CH,), 28.8 (CH,), 29.0 (CH,), 29.1 (CH,), 35.8
(CH,), 68.3 (CH), 80.1 (Cq), 84.9 (Cq), 173.5 (Cq). HRMS (CI,
M) for C,,H,, O, calculated 224.1855, found 224.1859.
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10-Hept-1-ynylsulfanyl-dec-9-ynoic acid zerz-butyl ester (7). A
dry flask was charged with alkyne 6 (180 mg, 0.8 mmol) and purged
with nitrogen. THF (20 mL) was added, followed by 1-heptyne
(232 mg, 2.41 mmol) and the solution was cooled to —-78 °C. A
1.6 M solution of n-butyllithium in THF (1.53 mL, 2.4 mmol) was
added dropwise and the reaction mixture was stirred at —78 °C.
After 30 min, sulfur dichloride (78 uL, 1.2 mmol) was added. The
reaction mixture was stirred at —78 °C for 2 h then slowly warmed
to room temperature. After an additional 3 h, the reaction was
quenched with water (20 mL) and extracted with diethyl ether
(4 x 20 mL). The combined organic layers were washed with
brine (20 mL), dried over MgSQ,, filtered and concentrated. The
resulting oil was purified by flash chromatography (5% diethyl
ether—pentane), yielding 7 (113 mg, 40%) as a yellow oil. '"H NMR
(400 MHz, CDCl;) 6 0.89 (t,J = 7.2 Hz, 3 H), 1.26-1.38 (m, 10 H),
1.43 (s, 9 H), 1.46-1.60 (m, 6 H), 2.19 (t, / = 7.5 Hz, 2 H), 2.30
(t, J = 7.1 Hz, 4 H). HRMS (EI, M*) for C,;H;,0,S calculated
350.2280, found 350.2280.

10-Hept-1-enylsulfanyl-dec-9-enoic acid zerz-butyl ester (8). A
dry flask was charged with tantalum pentachloride (820 mg,
2.28 mmol) and purged with nitrogen. Benzene (10 mL) and then
DME (10 mL) were added, followed by zinc powder (224 mg,
3.42 mmol) in one portion. The solution was stirred at room
temperature for 1 h. To the dark blue mixture was added pyridine
(72 uL, 0.86 mmol) and the red mixture was stirred for 5 min. A
solution of diyne 7 (100 mg, 0.29 mmol) and 1-hexyne (12 pL,
0.10 mmol) in a benzene-DME mixture (1 : 1 ratio, 8 mL) was
added via cannulation. The reaction mixture was stirred at room
temperature for 50 min, then additional pyridine (3 mL) was
added. After Smin, a 1 M solution of NaOH (5 mL) was added and
the reaction mixture was vigorously stirred for 1 h. The mixture
was diluted with water (20 mL) and extracted with diethyl ether
(5%x30mL). The combined organic layers were washed with brine
(2 x 25 mL), dried over MgSO,, filtered and concentrated. The
resulting oil was purified by flash chromatography (4% diethyl
ether—pentane), yielding 8 (64 mg, 64%) as a clear oil. 'H NMR
(400 MHz, CDCl;) 6 0.89 (t, J = 7.0 Hz, 3 H), 1.30 (m, 10 H),
1.40 (m, 4 H), 1.44 (s, 9 H), 1.57 (m, 2 H), 2.11 (m, 4 H), 2.20 (t,
J =17.5Hz, 2 H), 5.58 (m, 2 H), 6.00 (m, 2 H). *C NMR (125.6
MHz, CDCl;) 6 14.3 (CHj;), 22.7 (CH,), 25.3 (CH,), 28.3 (CH,),
28.8 (CH,), 29.0 (CH,), 29.2 (CH,), 29.3 (CH,), 29.3 (CH,), 29.4
(CH,), 29.4 (CH,), 31.7 (CH,), 35.8 (CH,), 80.1 (Cq), 123.8 (CH),
123.9 (CH), 129.9 (CH), 130 (CH), 173.5 (Cq). HRMS (EI, M*)
for C,;H;0,S calculated 354.2593, found 354.2590.

11-Thialinoleic acid (2). A flask was charged with fert-butyl
ester 8 (20 mg) and purged with nitrogen. DME (2 mL) was added,
followed by a 1 M LiOH solution (1 mL). The solution was stirred
at 50 °C for 40 h, and then cooled to room temperature. The
reaction mixture was acidified to a pH of 1 with 1 M HCI in
water and extracted with diethyl ether (7 x 20 mL). The combined
organic layers were dried over MgSQ,, filtered and concentrated.
The resulting oil was purified by flash chromatography (60%
diethyl ether—pentane), yielding a clear oil.

The product was further purified by reverse-phase HPLC
using a Varian Dynamax Microsorb 100-5 C18 column on
a Rainin system (Dynamax model SD-200 pump and model
UV-1 detector). Isocratic conditions were used as follows: 68%
acetonitrile, 31.9% water, 0.1% acetic acid at a flow rate of 1 mL

min™'. Detection was performed at 210 nm. The desired product
eluted at 40 min and after removal of the solvents, 2 (12 mg, 70%)
was obtained as a clear oil. "H NMR (400 MHz, CDCI;) 6 0.89
(t, J = 7.0 Hz, 3 H), 1.29-1.44 (m, 14 H), 1.64 (m, 2 H), 2.12 (q,
J=7.1Hz,4H),2.35(t,J =7.6 Hz, 2 H), 5.58 (m, 2 H), 6.00 (m,
2 H). HRMS (EI, M*) for C,,H;,0,S calculated 298.1967, found
298.1962. The purity of the compound was also checked using
a reverse-phase silver-impregnated Varian ChromSpher 5 Lipids
column (25 cm x 4.6 mm), which showed that only one isomer was
present.

Synthesis of 14-thialinoleic acid

9-Hydroxy-nonanoic acid methyl ester (10). A dry flask was
charged with azelaic acid monomethyl ester, technical grade 85%
(995.5 mg, 4.92 mmol) and purged with nitrogen. THF (30 mL)
was added, and the solution cooled to =78 °C. A 1.0 M solution of
BH;-THF in THF (5.4 mL, 5.41 mmol) was added dropwise. The
reaction mixture was stirred at —78 °C for 30 min, and then warmed
to room temperature. After an additional 2.5 h, the reaction was
quenched with water and extracted with diethyl ether (5 x 30 mL).
The combined organic layers were washed with water (1 x 30 mL),
dried with MgSO,, filtered and concentrated. The resulting oil
was purified by flash chromatography (75% diethyl ether—pentane)
yielding 10 (565 mg, 88%) as a clear oil. The yield was corrected
based on the purity of the starting material. '"H NMR (400 MHz,
CDCl,) 6 1.28-1.42 (m, 8 H), 1.52-1.64 (m, 4 H), 2.30 (t, J = 7.5
Hz, 2 H), 3.63 (t, J = 6.6 Hz, 2 H), 3.66 (s, 3 H). "C NMR (125.6
MHz, CDCl;) d 25.1 (CH,), 25.8 (CH,), 29.2 (CH,), 29.4 (CH,),
29.4 (CH,), 32.9 (CH,), 34.3 (CH,), 51.7 (CH,), 63.2 (CH,), 174.6
(Cq). HRMS (EI, M*) for C;yH,,O; calculated 188.1413, found
188.1411. IR (cm™): 3369 (broad), 2931, 2857, 1740, 1438.

9-Bromo-nonanoic acid methyl ester (11). A dry flask was
charged with triphenylphosphine (386.6 mg, 1.20 mmol) and
purged with nitrogen. CH,Cl, (10 mL) was added, and the solution
cooled to 0 °C. Bromine (55 uL, 1.12 mmol) was added and the
reaction mixture stirred for 20 min. Pyridine (150 puL, 1.36 mmol)
was added and the reaction mixture was stirred an additional
20 min. A solution of the alcohol 10 (151.3 mg, 0.80 mmol) in
CH,Cl, (3 mL) was then added via cannulation. The reaction
mixture was stirred at 0 °C for 2 h, quenched with water and
extracted with diethyl ether (5 x 30 mL). The combined organic
layers were washed with water (1 x 20 mL), dried with MgSO,,
filtered and concentrated. The resulting oil was purified by flash
chromatography (10% diethyl ether—pentane) yielding 11 (179 mg,
89%) as a clear oil. "H NMR (500 MHz, CDCl;) 6 1.28-1.34 (m,
6 H), 1.38-1.45 (m, 2 H), 1.56-1.67 (m, 2 H), 1.81-1.87 (m, 2 H),
2.30 (t, J = 7.6 Hz, 2 H), 3.40 (t, / = 6.9 Hz, 2 H), 3.66 (s, 3 H).
BC NMR (125.6 MHz, CDCl;) 6 25.1 (CH,), 28.3 (CH,), 28.8
(CH,), 29.20 (CH,), 29.24 (CH,), 33.0 (CH,), 34.2 (CH,), 34.3
(CH,), 51.7 (CH;), 174.5 (Cq). HRMS (CI, M*) for C,H,,BrO,
calculated 251.0647, found 251.0645. IR (cm™): 2931, 2856, 1740,
1461, 1436.

Phosphonium salt of 9-bromo-nonanoic acid methyl ester (12).
A dry flask was charged with bromide 11 (166.2 mg, 0.66 mol) and
purged with nitrogen. Acetonitrile (4 mL) was added, followed
by triphenylphosphine (521.7 mg, 1.98 mmol). The reaction was
heated at 80 °C for 60 h, and then cooled to 25 °C. The solution
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was loaded directly onto a column impregnated with 50% diethyl
ether—pentane to elute the excess triphenylphosphine. The mobile
phase was then switched to 7% methanol-dichloromethane to
elute 12 (314 mg, 95%) as a clear oil. "H NMR (500 MHz, CDCl;)
6 1.10-1.22 (m, 6 H), 1.42-1.58 (m, 6 H), 2.16 (t, / = 7.6 Hz, 2 H),
3.54 (s, 3 H), 3.56-3.63 (m, 2 H), 7.60-7.65 (m, 6 H), 7.69-7.76 (m,
9 H). "C NMR (125.6 MHz, CDCl;) 6 22.68 (CH,), 22.74 (CH,),
23.1(CH,), 24.9 (CH,), 28.9 (CH,), 29.04 (CH,), 29.06 (CH,), 30.4
(CH,), 30.5 (CH,), 34.1 (CH,), 51.6 (CH,), 118.4 (d, J/ = 85.8 Hz,
Cq), 130.7 (d, J = 12.5 Hz, CH), 133.8 (d, / = 9.7 Hz, CH), 135.3
(d,J =2.8Hz, CH), 174.4 (s, Cq). *'P NMR (202.3 MHz, CDCl;)
25.2 (s). HRMS (ESI, M — Br) for CxH;,0,P calculated 433.2296,
found 433.2297.

But-3-ynyloxy-triisopropyl-silane (14). A flask was charged
with 3-butynol (0.8 g, 11.4 mmol) and purged with nitrogen.
Dichloromethane (20 mL) was added and the reaction was cooled
to 0 °C. Imidazole (860 mg, 12.6 mmol) was added, followed by
TIPSCI (2.42 g, 12.6 mmol). The reaction mixture was stirred
at 0 °C for 3 h then slowly warmed to room temperature. The
solution was washed with water (2 x 20 mL) and the aqueous layer
was extracted with dichloromethane (2 x 20 mL). The combined
organic layers were washed with brine (20 mL), dried over MgSQ,,
filtered and concentrated. The resulting oil was purified by flash
chromatography (10% diethyl ether—pentane) to yield 14 (2.45 g,
95%) as a clear oil. "H NMR (500 MHz, CDCl,) 6 1.05 (m, 21 H),
1.95(,J =2.7Hz, 1 H),2.43 (td, J = 2.7, 7.4 Hz, 2 H), 3.82 (t,
J =7.4 Hz, 2 H). "C NMR (100.6 MHz, CDCl;) 6 12.2 (CH),
18.2 (CHj;), 23.1 (CH,), 62.2 (CH,), 69.5 (CH), 81.7 (Cq). HRMS
(EI, M*) for C;3H,,0Si calculated 227.1831, found 227.1829.

(4-Butylsulfanyl-but-3-ynyloxy)-triisopropyl-silane (15). A
flask was charged with protected alcohol 14 (497.5 mg,
2.19 mmol) and purged with nitrogen. THF (20 mL) was added
and the reaction was cooled to —78 °C. A 1.6 M solution of
n-butyllithium in THF (1.5 mL, 2.42 mmol) was added dropwise
and the reaction mixture was stirred for 30 min. Butyl disulfide
(490 uL, 2.74 mmol) was then added dropwise. The reaction
mixture was stirred at —78 °C for 20 min then slowly warmed
to room temperature. After an additional 19 h, the reaction
was quenched with water and extracted with diethyl ether (4 x
30 mL). The combined organic layers were washed with water
(1 x 30 mL), dried with MgSQO,, filtered and concentrated. The
resulting oil was purified by flash chromatography (gradient from
100% pentane to 5% diethyl ether—pentane) yielding 15 (656 mg,
94%) as a clear oil. '"H NMR (500 MHz, CDCl;) 6 0.93 (t, J =
7.3 Hz, 3 H), 1.03-1.13 (m, 21 H), 1.42 (sextet, J = 7.4 Hz, 2 H),
1.66-1.72 (m, 2 H), 2.55 (t, J/ = 7.2 Hz, 2 H), 2.66 (t, J = 7.3 Hz,
2 H), 3.79 (t, J = 7.3 Hz, 2 H). "C NMR (100.6 MHz, CDCl;) 6
12.2 (CH), 13.9 (CH,), 18.2 (CH,), 21.7 (CH,), 24.8 (CH,), 31.5
(CH,), 35.3 (CH,), 62.4 (CH,), 70.0 (Cq), 91.2 (Cq). HRMS (CI,
M) for C,;H;;0SiS calculated 315.2178, found 315.2179.

(4-Butylsulfanyl-but-3-enyloxy)-triisopropyl-silane (16). A dry
flask was charged with tantalum pentachloride (1.10 g, 3.13 mmol)
under a nitrogen atmosphere. Benzene (10 mL) was added,
followed by anhydrous DME (10 mL). Zinc powder (301.2 mg,
4.70 mmol) was added in one portion to the yellow solution
and the reaction mixture was stirred at room temperature for
45 min. The reaction mixture turned a dark purple colour, and

then pyridine (140 pL, 1.25 mmol) was added. After 5 min, the
reaction mixture turned slightly red, and a solution of the alkyne
15 in a benzene-DME mixture (1 : 1 ratio, 6 mL) was added
via cannulation. The reaction mixture was stirred under nitrogen
for 1 h, and then pyridine (2.3 mL, 20.8 mmol) was added and
stirred for 5 min. The reaction was quenched with 1 M NaOH in
water (8 mL) and stirred vigorously for 25 min. The mixture was
extracted with diethyl ether (4 x 50 mL), and then the combined
organic layers were washed with water (1 x 20 mL), dried with
MgSO,, filtered and concentrated. The resulting oil was purified
by flash chromatography (2% diethyl ether—pentane) yielding 16
(287 mg, 87%) as a clear oil. '"H NMR (400 MHz, CDCl,) 6 0.91
(t, J = 7.3 Hz, 3 H), 1.03-1.12 (m, 21 H), 1.36-1.45 (m, 2 H),
1.56-1.63 (m, 2 H), 2.38 (dq, J = 1.3 Hz, 6.9 Hz, 2 H), 2.65 (t,
J=74Hz 2H),3.72(t,J = 6.8 Hz, 2 H), 5.62 (td, J = 7.2 Hz,
9.5Hz, 1 H), 5.98 (td, J = 1.4 Hz, 9.5 Hz, 1 H). "C NMR (100.6
MHz, CDCl;) 6 12.2 (CH), 13.9 (CHj;), 18.3 (CHs;), 21.9 (CH,),
32.7 (CH,), 33.2 (CH,), 33.8 (CH,), 62.6 (CH,), 125.9 (CH), 126.9
(CH). HRMS (EI, M*) for C,;H;OSiS calculated 316.2256, found
316.2263. IR (cm™): 2944, 2866, 1727, 1716, 1464.

4-Butylsulfanyl-but-3-en-1-0l (17). A dry flask was charged
with protected alcohol 16 (106.6 mg, 0.34 mmol) and purged with
nitrogen. THF (6 mL) was added, and the reaction was cooled to
0 °C. A 1.0 M solution of TBAF in THF (440 uL, 0.44 mmol)
was added dropwise and the reaction mixture was stirred at 0 °C.
After 90 min, the solvent was removed under vacuum and the
resulting oil purified by flash chromatography (50% diethyl ether—
pentane) yielding 17 (49 mg, 91%) as a clear oil. '"H NMR (400
MHz, CDCL;) 6 091 (t, J = 7.3 Hz, 3 H), 1.36-1.45 (m, 3 H),
1.56-1.64 (m, 2 H), 2.41 (dq, J = 1.4 Hz, 6.5 Hz, 2 H), 2.67 (t,
J=7.4Hz,2H),3.70(q, J = 6.3 Hz, 2 H), 5.58 (td, J = 7.3 Hz,
9.5 Hz, 1 H), 6.09 (td, / = 1.3 Hz, 9.5 Hz, 1 H). *C NMR (100.6
MHz, CDCl;) 6 13.9 (CHj;), 21.9 (CH,), 32.6 (CH,), 32.9 (CH,),
33.8 (CH,), 62.1 (CH,), 124.7 (CH), 128.7 (CH). HRMS (EI, M*)
for C;H,4OS calculated 160.0922, found 160.0924. IR (cm™): 3350
(broad), 2958, 2929, 2874, 1608, 1465.

4-Butylsulfanyl-but-3-enal (18). A dry flask was charged with
Dess—Martin periodinane (75.5 mg, 0.18 mmol) and purged with
nitrogen. CH,Cl, (6 mL) was added, and the solution was cooled
to 0 °C. A solution of alcohol 17 (28.1 mg, 0.175 mmol) in CH,Cl,
(2 mL) was added via cannulation. After 10 min, the reaction was
slowly warmed to 25 °C and stirred for an additional 30 min.
The reaction mixture was then diluted with pentane (75 mL) and
washed with water (4 x 15 mL). The organic layer was dried with
MgSO,, filtered and concentrated. The resulting oil 18 was used
without further purification. "H NMR (500 MHz, CDCl;) § 0.91
(t. J =7.3Hz, 3 H), 1.36-1.44 (m, 2 H), 1.57-1.63 (m, 2 H), 2.70
(t,J =73 Hz, 2 H),3.28 (td, J = 1.5 Hz, 7.0 Hz, 2 H), 5.72 (td,
J =7.0 Hz, 9.5 Hz, 1 H), 6.26 (td, J/ = 1.4 Hz, 9.5 Hz, 1 H),
9.66 (t, J = 1.6 Hz, 1 H). *C NMR (125.6 MHz, CDCl;) 6 13.8
(CH;),21.8(CH,), 32.6 (CH,), 33.9(CH,), 44.1 (CH,), 117.5(CH),
131.1 (CH), 200.0 (Cq). HRMS (EI, M*) for C3H,,OS calculated
158.0765, found 158.0764.

Methyl 14-thialinoleate (19). A dry flask was charged with
phosphonium salt 12 (113.5 mg, 0.225 mmol) and purged with
nitrogen. THF (10 mL) was added and the solution cooled
to =78 °C. A 1.0 M solution of NaHMDS in THF (210 pL,
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0.21 mmol) was added dropwise and the reaction mixture stirred
for 1 h at —78 °C. A solution of aldehyde 18 in THF (1 mL) was
then added dropwise over 30 min. The reaction mixture was stirred
at =78 °C for 2 h, then slowly warmed to 25 °C. After stirring an
additional 16 h, the reaction was quenched with water (30 mL) and
extracted with diethyl ether (4 X 40 mL). The combined organic
layers were washed with water (1 x 20 mL), dried with MgSO,,
filtered and concentrated. The resulting oil was purified by flash
chromatography (10% diethyl ether—pentane) yielding 19 (32 mg,
58% over 2 steps) as a clear oil. "H NMR (500 MHz, CDCl;) 6 0.92
(t,J =7.4Hz, 3 H), 1.24-1.44 (m, 14 H), 1.52-1.64 (m, 6 H), 2.06
(q,J =6.8Hz,2H),2.30(t,/ =7.5Hz,2H),2.66 (t,J =7.4Hz,2
H), 2.85(t,J = 6.8 Hz, 2 H), 3.66 (s, 3 H), 5.32-5.43 (m, 2 H), 5.50
(td,J=7.1Hz,9.3Hz, 1 H),5.92 (td, J = 1.5Hz,9.3 Hz, 1 H). *C
NMR (125.6 MHz, CDCl;) 6 13.9 (CH3), 21.9 (CH,), 25.1 (CH,),
27.4 (CH,), 27.7 (CH,), 29.27 (CH,), 29.32 (CH,), 29.35 (CH,),
29.8 (CH,), 32.6 (CH,), 33.8 (CH,), 34.3 (CH,), 51.7 (CH;), 125.6
(CH), 127.0 (CH), 127.7 (CH), 131.1 (CH), 174.6 (Cq). HRMS
(EI, M*) for C,3sH3,0,S calculated 312.2123, found 312.2124.

14-Thialinoleic acid (3). A flask was charged with methyl ester
19 (7 mg, 0.02 mmol) and purged with nitrogen. DME (2 mL) was
added, followed by a 1 M solution of LiOH in water (1 mL). The
solution was stirred at room temperature for 24 h. The reaction
mixture was acidified to a pH of 1 by adding 1 M HCl in water and
extracted with diethyl ether (7 x 20 mL). The combined organic
layers were dried over MgSO,, filtered and concentrated. The
resulting oil was purified by flash chromatography (60% diethyl
ether—pentane) to yield a clear oil.

The product was further purified by reverse-phase HPLC using a
Varian Dynamax Microsorb 100-5 C18 column on a Rainin system
(Dynamax model SD-200 pump and model UV-1 detector).
Isocratic conditions were as follows: 70% acetonitrile, 29.9% water,
0.1% acetic acid at a flow rate of 1 mL min™'. Detection was
performed at 210 nm. The desired product eluted at 24 min and
after removal of the solvents, 3 (4 mg, 60%) was obtained as a
clear oil. "H NMR (400 MHz, CDCl;) 6 0.91 (t, J/ = 7.3 Hz, 3 H),
1.25-1.45 (m, 10 H), 1.55-1.65 (m, 4 H), 2.06 (q, J = 6.5 Hz, 2 H),
2.35(t,J =7.6Hz 2 H),2.66 (t,J =7.5Hz, 2 H),2.85(,J =
6.9 Hz, 2 H), 5.33-5.44 (m, 2 H), 5.50 (td, J = 7.1, 9.4 Hz, 1 H),
5.93 (td, J = 1.5 Hz, 9.3 Hz, | H). HRMS (EI, M*) for C;;H;,0,S
calculated 298.1967, found 298.1962. The purity of the compound
was also checked using a reverse-phase silver-impregnated Varian
ChromSpher 5 Lipids column (25 cm X 4.6 mm), which showed
that only one isomer was present.

Lipoxygenase protein purification

For sLO-1, the expression and purification procedure developed
by Holman and coworkers® was used with modifications. Cells
of BL21 Escherichia coli carrying the plasmid PT7-7/L1 VT-
SLO-11 were grown in Luria-Bertani broth at 37 °C. When the
ODy reached 1, ethanol was added to give a 3% solution and
the cells were cooled to 15 °C and shaken overnight. The cells
were harvested and resuspended in 50 mL of 50 mM Bis-Tris
buffer (pH 7.5) containing 10% glycerol, 0.1% Triton X-100,
and 500 mM NaCl. The cells were lysed by sonication at 4 °C.
The resulting mixture was centrifuged at 20000g for 20 min to
remove cell remains. The supernatant was kept and dialyzed for
2 h versus 20 mM Bis-Tris buffer (pH 6.0). The solution was

loaded onto an equilibrated SP-Sephadex column (120 mL), and
the column was washed with buffer until the eluting solution did
not contain any protein (A4,, < 0.05). sLO-1 was then eluted
with 500 mM NaCl in Bis-Tris buffer (pH 6.0). Activity assays
were performed by adding aliquots of the fractions to LA and
monitoring product formation at 235 nm. Fractions showing
activity were combined and concentrated in an Amicon pressure
concentrator to 35 mL. The solution was dialyzed versus 3.5 L
of 20 mM Bis-Tris buffer (pH 6.0) overnight and centrifuged at
12 000g for 15 min to remove a white precipitate that formed. The
supernatant was loaded onto an equilibrated Macro-Prep column
(25 mL). The column was washed with starting buffer and the
protein was eluted with a step gradient of 500 mM NaCl and
20 mM Bis-Tris (pH 6.0). Activity assays were repeated as above
and SDS-PAGE was performed to confirm the presence of a 94
kDa band. The fractions showing activity and containing purified
protein were pooled and concentrated in an Amicon pressure
concentrator to a volume of 5 mL. The solution was diluted in
borate buffer (100 mM, pH 10.0) with 30% glycerol before being
concentrated again. The final solution was frozen in liquid nitrogen
and stored at —80 °C. SDS-PAGE gel indicated greater than 90%
purity.

12-hLO and 15-hLO-1 were expressed and purified as described
previously.*” Briefly, these two enzymes contained hexa-His tags,
and were purified in one step by Ni** affinity chromatography.
The iron content of the lipoxygenase enzymes were determined
on a Finnegan inductively coupled plasma mass spectrometer,
using internal standards of cobalt(il)-EDTA, and the data were
compared with those of standardized iron solutions. The two
isozymes yielded approximately 50 mg L' of purified protein
and were greater than 90% pure as judged by SDS-PAGE. As
isolated, the human enzymes had the following iron content: 0.33
+ 0.02 equiv per 15-hLO-1, and 0.28 £ 0.03 equiv per 12-hLO.
The enzymes were frozen at —80 °C, with glycerol added (20% for
12-hLO and 10% for 15-hLO-1) to prevent inactivation. All kinetic
data reported herein were corrected for iron content by adjusting
enzyme concentrations to reflect the active fraction containing
metal.

HPLC purification of arachidonic and linoleic acids

Arachidonic acid and linoleic acid were purchased from Sigma-
Aldrich (Milwaukee, WI). 11,11-d,-Linoleic acid was synthesized
as previously described.®% All fatty acids were repurified by
reverse phase HPLC on a Varian Dynamax Microsorb 100-5 C18
column (25 cm x 10 mm) prior to use in kinetic experiments to
ensure that no auto-oxidation products were present. Solution
A was 99.9% acetonitrile and 0.1% acetic acid, while solution B
was 99.9% water and 0.1% acetic acid. For arachidonic acid, an
isocratic elution of 82% A and 18% B was used; for linoleic acid
and 11,11-d,-linoleic acid, an isocratic elution of 88% A and 12%
B was used. Both runs were monitored at 210 nm and the elution
time was 14 min for arachidonic acid and 11 min for linoleic acid.
In order to make sure that only the all-cis isomers were present, the
purified compounds were analyzed on a silver-impregnated Varian
ChromSpher 5 Lipids column (25 cm x 4.6 mm) at 210 nm using
a solvent of 99% hexane and 1% acetonitrile. In all cases, only one
peak was observed. The fatty acids were dissolved in ethanol and
stored under argon at —80 °C.
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Kinetic inhibition studies with thialinoleic acids

Kinetic assays were performed in 1 mL of borate buffer (100 mM,
pH 10.0) or HEPES buffer (25 mM, pH 7.5). Both buffers
were saturated with oxygen before the assays were performed.
The concentrations of fatty acid solutions were determined
by incubating the substrate with commercial soybean lipoxy-
genase (Sigma-Aldrich Chemical Company) and measuring the
absorbance at 235 nm after the reaction was complete (¢ =
23000 L mol™ cm™ for 13-HPODE and 27000 L mol™ cm™ for
15-HPETE).™"™

The 13-HPODE solution used to activate sLO-1 and 15-hLO-1
was prepared by mixing linoleic acid (350 uM) and sLO-1 (10 nM)
and allowing them to react for 30 min at 0 °C. The solution
was then filtered through a YM-30 Centricon microconcentrator
(Millipore Corporation) to remove sLO-1. The concentration
was determined by measuring the absorbance at 235 nm. The
solution was checked for any remaining LA by adding fresh sLO-
1 and monitoring at 235 nm to see if any more product was
generated.

For sLO-1, the inhibitor and linoleic acid were combined in the
buffer and the reaction was initiated by the addition of enzyme
(4 nM). For sLO-1 reactions with arachidonic acid, 13-HPODE
was added to a final concentration of 16 uM before the addition
of enzyme. For 15-hLO-1, kinetic assays were performed for
the reactions with linoleic acid and arachidonic acid. Substrate,
inhibitor and 13-HPODE (7 uM) were combined in the buffer,
then the reaction was initiated by the addition of enzyme (16 nM).
Finally, for 12-hLO, the inhibitor and arachidonic acid were
combined in the buffer and the reaction was initiated by the
addition of enzyme (2 nM). The 12-hLO reaction was also
monitored in the presence of 13-HPODE (16 uM) to see if the
inhibition mode was altered.

Initial rates were measured on a Cary 100 Bio UV-visible
spectrophotometer (Varian Inc.) by following product formation
at 235 nm at room temperature. All kinetic parameters were
determined by fitting the data to the Michaelis—Menten equation
using KaleidaGraph 4.0 (Synergy Software). Double-reciprocal
plots were fitted to competitive and noncompetitive models to
obtain inhibition parameters using a Fortran program designed by
W. W. Cleland.™ The parameters thus obtained for each inhibition
model are shown in the ESIL.{

KIE measurement of 15-hL.O-1 in the presence of inhibitor

The kinetic isotope effect on k. /K, was determined for the
reaction of 15-hLO-1 with linoleic acid. Steady-state rates using
protiated LA and 11,11-d,-LA were compared at a variety of
concentrations of 11-thialLA. The concentrations of solutions of
linoleic acid and 11,11-d,-LA were determined by incubating
the substrate with commercial sLO (Sigma-Aldrich Chemical
Company) and measuring the absorbance at 235 nm after the
reaction was complete. Assays were performed in 1 mL of
O,-saturated HEPES buffer (25 mM, pH 7.5). The LA and
11,11-d,-LA concentrations ranged from 1 to 12 uM, while the
concentrations of 11-thialLA used were 0, 15, 30 and 45 uM.
The reaction was initiated by addition of 15-hLO-1 (22 nM
for protiated substrate and 220 nM for deuterated substrate)
and initial rates were measured. All kinetic parameters were

determined by fitting the data to the Michaelis—Menten equation
using KaleidaGraph 4.0 (Synergy Software).

HPLC analysis of product distributions

Authentic standards of 9-HODE, 13-HODE, 8-HETE, 11-HETE,
12-HETE and 15-HETE standards in ethanol were purchased
from Cayman Chemical Company. Using an isocratic elution of
55% A-45% B afforded the separation of commercially obtained
standards of 13-HODE, 15-HETE, 11-HETE, 8-HETE, 12-
HETE. Under all the conditions tested, 8- and 12-HETE coeluted.
The elution times were 35, 40, 45, and 50 min, respectively, for
13-HODE, 15-HETE, 11-HETE, and 8-HETE/12-HETE. 13-
HODE was the corresponding alcohol to 13-HPODE, which was
added as an activator in the kinetic experiments involving 15-hLO-
1. For experiments on the regioselectivity of sLO-1, the separation
of 9-HODE and 13-HODE required an isocratic elution of 52%
A-48% B. In this case, the elution times were 82 and 84 minutes
for 9-HODE and 13-HODE, respectively.

For each experiment, substrate (LA or AA; 15 uM) was
combined with enzyme (12-hLO, 15-hLO-1 or sLO-1; 50 nM)
in 1 mL of HEPES buffer (25 mM, pH 7.5). Assays were
performed in the absence or presence of 11-thialL A (concentration
of 5 x K;). The reaction was monitored at 235 nm using a Cary
UV-Vis spectrophotometer and reaction products were isolated
after 15 min. When the reaction stopped, the substrate was not
always entirely consumed in the case of 15-hLO-1 due to enzyme
autoinactivation as previously reported.** However, since HPLC
analysis was performed at 235 nm, unreacted substrate did not
interfere with product analysis because it did not absorb at that
wavelength. In general, three 1 mL assays were performed; the
products were pooled, acidified to pH 1 using 1 N HCl in water
and extracted with dichloromethane (5 x 2 mL). The combined
organic layers were dried by passing through a Pasteur pipette
containing MgSO, and concentrated under a steam of nitrogen
gas. The HPODE or HPETE residue was reconstituted in dry
THF (120 puL).

The enzymes synthesize hydroperoxides, but only a subset of
these are commercially available, whereas all of the corresponding
alcohol standards are available. Therefore, the enzymatic products
were reduced with sodium borohydride prior to analyzing the
product mixture. An aliquot of hydroperoxide solution (20 pL)
was reduced by adding a 0.1 M NaBH, solution in dry THF
(10 uL) and allowing the reaction to proceed for 5 min at 0 °C.
The reaction was quenched by adding 1 N HClin water (10 L) and
waiting until gas evolution had ceased. The solution was analyzed
by HPLC at 235 nm and the composition of the mixture was
determined by comparison of peak areas.

To evaluate the potential consumption of the inhibitors, the
mobile phase was switched to 80% A-20% B at 60 min when all
of the HETE compounds had eluted. Under these conditions, a
peak eluted at 72 min and was identified as 11-thialL A based on
co-injection with pure inhibitor.
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Gold catalyzed intermolecular addition of alcohols toward the proximal allenic double bond of

4-vinylidene-2-oxazolidinones gives hydroalkoxylation products, which can be easily converted into

the corresponding novel spiro dihydrofuran or dihydropyran derivatives in high yield.

The activation of unsaturated C-C bonds by gold complexes
has led to a range of attractive and useful strategies for a
variety of organic transformations.! Gold-catalyzed intramolec-
ular hydro-functionalization, especially hydroamination®> and
hydroalkoxylation,® both of which involve the addition of
heteroatom-containing nucleophiles to alkenes and alkynes, has
emerged as a powerful method for the construction of heterocyclic
compounds. Although a limited number of methodologies for the
catalytic intramolecular hydroalkoxylation of allenes, alkynes and
alkenes have been reported,* to date, only Au(1) complexes have
shown promise as catalysts for the asymmetric hydroalkoxylation
of allenes.?** In the most recent work in this field, Toste and co-
workers developed a powerful chiral counter ion strategy, which
combines chiral ligand platforms with chiral counter ions, and
results in a highly enantioselective intramolecular hydroalkoxy-
lation of allenyl alcohols catalyzed by gold.> However, there are
very few examples of gold-catalyzed intermolecular addition of the
H-X bond of hetero nucleophiles to alkynes, allenes and alkenes.®

Recent developments involving the use of allenylamides in
organic synthesis have had a high impact because their trans-
formation can easily introduce nitrogen functionalities and they
can be used as a tether for the introduction of new stereocenters.®
Moreover, some of these compounds exhibit different reaction
modes to other allenes. For instance, we have already demonstrated
that the terminal allenic C2’=C3’ double bond of N-tosyl-4-
vinylidene-2-oxazolidinone 1a’ acts as an electron acceptor in
a similar manner to the double bond of conjugated enones,
and undergoes a wide variety of unique reactions with olefins,
alkynes and hetero-nucleophiles under strictly thermal activation
conditions.! Compounds possessing a 2-oxazolidione moiety are
also very important in synthetic chemistry since they form the
basis of some antibacterial agents,” and play a crucial role as chiral
auxiliaries in asymmetric synthesis.”® In this paper, we report that
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gold complexes catalyze the intermolecular addition of alcohols
to the proximal allenic double bond of N-tosyl-4-vinylidene-2-
oxazolidinone 1a, with the opposite regioselectivity to other gold-
catalyzed intermolecular hydroalkoxylations of allenes.>

Treatment of 1a and allyl alcohol (5 equiv.) as a nucleophile in
dioxane at 80 °C gave the distal addition product 2a as a major
product and the proximal addition product 3a as a minor product
(Scheme 1). To our surprise, in contrast to thermal condition,
the use of 5% (Ph;P)AuSbF,, which was generated in situ from
5% (Ph;P)AuCl and 5% AgSbF, in dichloromethane, altered
the regioselectivity dramatically, and gave the proximal addition
product 3a as the major product along with minor amounts of
the distal addition product 2a. The stereochemistry of 2a was
determined to be E by NOE experiments.!

0]
L
. ﬁ,ﬁ%>+ /Sf

» O_ _N o_ N
dioxane ~ N
: Ts
2 // 80°C, 1h \ﬂ/ Ts Y
1 (0] (o]
/_< — oH (E)-2a (55%) 3a (15%)
O N s
\[r Ts 5% (PPhg)AuCI
O 1a 5% AgSbFg
| "7 o (B)-2a (8%) 3a (70%)

DCM,rt, 1h

Scheme 1 Intermolecular addition of allyl alcohol to 1a.

Varying the counter anion of the silver salt showed that
AgSbF was the optimal co-catalyst (entries 1-5, Table 1). A
good regioselectivity and high yield of 3a were obtained when
triphenylphosphine was used as a ligand in place of tris(zert-
butyl)phosphine or other phosphine ligands (entries 1 and 4).!
Furthermore, the use of an excess of allyl alcohol (5 equiv.)
improved the yield of 3a and the regioselectivity (entry 3). Gold(1)
chloride and gold(imr) chloride were also found to catalyze the
present reaction, albeit in low yield and with low regioselectivity
(entries 6 and 7). The cationic gold complex generated from AuCl
and AgSbF, led to decomposition of 1a (entry 8), whereas the
combination of AuCl; and AgSbF, (3 equiv. with respect to Au)
as a catalyst provided the desired product 3a in slightly better yield
than with AuCl; alone (entry 9). No reaction or decomposition of
1a was observed in the presence of (Ph;P)AuCl or AgSbF, alone

This journal is © The Royal Society of Chemistry 2008
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Table 1 Catalyst optimization®

// /\/OH

/_( 5% [Au] /5% [Ag]

m§3

O N~ N ~
Y Ts DCM, r.t Ts
O 1a O 2a O 3a
Entry [Au] [Ag] Time/h  2a (%)® 3a (%)°
1 (Ph;P)AuCl AgSbF; 1.5 11 53
2 (Ph;P)AuCl AgBF, 3 18 42
3¢ (Ph;P)AuCl AgSbF, 1.5 8 70
4 (--Bu;P)AuCl  AgSbF; 8 16 44
5 (--Bu;P)AuCl  AgBF, 17 24 30
64 AuCl — 21 6 17
7¢ AuCl, 2 19 21
8 AuCl AgSbF, 16 decomposed
9 AuCl; AgSbF, 0.5 24 30
10 — AgSbF, 20 decomposed

“1a (0.2 mmol), allyl alcohol (0.48 mmol), [Au] (5§ mol%), [Ag] (5 mol%)
in DCM (1 mL) under air. ® Isolated yield. ¢ 5 equiv. of allyl alcohol was
used. 4 1a was recovered in 53%. ¢ 1a was recovered in 10%. /3 equiv. of
AgSbF, with respect to Au was used.

Table 2  Au(1)-catalyzed addition of alcohols to 1a“

// RO

5% (PPh)AuCI y RO —
/—( 5% AgSbFg /A(i
+ ROH ————» +
N
O 1a o 2 0 3
Entry ROH Time/h 2 (%)* 3 (%)
1 A~OH 2 2a (8)° 3a (70)
2 MeOH 4 2b (0) 3b (65)
3 EtOH 4 2¢ (5)° 3¢ (64)
44 A NOH 1.5 2d (6)° 3d (57)
5 Ph A~ OH 2 2e (trace) 3e (60)
6 Y\/OH 3 2f (trace) 3f (68)
7 )\/OH 2 2g (0) 3g (58)
8 ph~OH 3 2h (21)° 3h (37)
9 /\rOH 3.5 2i (34) 3i (trace)
10 tert-BuOH 12 no reaction

“1a (0.2 mmol), alcohol (1.0 mmol), [Au] (5§ mol%) and [Ag] (5 mol%) in
DCM (1 mL) under air. ® Isolated yield. ¢ Only E isomer. “E : Z = 96 : 4
of crotyl alcohol was used. ¢ E : Z = >96 : 4 mixture of crotyl olefin.

(entry 10). Moreover, other group 10 and 11 complexes were found
not to catalyze the present reaction effectively.'?

With the optimized reaction conditions in hand, a variety of
alcohols were examined (Table 2). Primary alcohols such as allyl
alcohol, methanol, and ethanol were found to participate in the
present reaction, by adding to the proximal allenic double bond
of 1a in most cases (entries 1-3, Table 2). In addition, the present

reaction tolerates substitution of the - and y-positions of allyl
alcohol with alkyl and aryl groups (entries 4-7). The structure of 3d
was unambiguously confirmed by X-ray crystallography (Fig. 1).
The reaction of 1a with phenethyl alcohol gave 2h and 3h with
only low regioselectivity (entry 8). The use of sterically bulky 1-
buten-3-ol as a secondary alcohol diminished the yield of 3i, and
increased the yield of 2i (entry 9), which is obtained by addition
to the distal allenic double bond of 1a. As expected, the use of
tert-butanol as a nucleophile resulted in no reaction and 1a was
recovered quantitatively.

Fig. 1 Structure of 3d (CCDC number 688562).1 Hydrogen atoms have
been omitted for clarity.

The catalytic cycle involved in the present reaction, although
still speculative, probably involves initial coordination of the
gold complex to the central carbon of the allene bond of 1a,'
as shown in Scheme 2. To exclude the possibility that an allyl
cationic intermediate might be generated from 1a, 1a was treated
with the present catalyst system in the absence of allyl alcohol.
No isomerization of the allene bond of 1a to the 1,3-diene was
observed, and 1a was recovered quantitatively. Furthermore, no
reaction or decomposition of 1a was observed upon treatment
with a Brensted acid catalyst such as p-TsOH or CF;SO;H.

/RA}L[Au] /R&}H
< [AU]
ROH
1a —> STs T ~Ts —’ O M
Y Wf w0
0

Scheme 2 A plausible mechanism for the hydroalkoxylation of 1a.

The reaction of 1b with allyl alcohol produced only a trace
amount of 2j, and 1b was recovered in 90%. Nucleophilic attack
of the alcohol therefore appears to be hindered by the steric bulk
of the substituent at the C5 position of the 2-oxazolidinone ring.
Changing the tosyl substituent on the nitrogen of 1c for a benzoyl
group, reversed regioselectivity and only a trace amount of 3k were
obtained (Scheme 3). Furthermore, the use of 1d,* which possesses
a benzyl group instead of an electron withdrawing group on the
nitrogen, led to no reaction. Thus, the enamine C1=C2’ double
bond appears to be activated by both the gold complex and the
strongly electron withdrawing tosyl group, thereby allowing attack
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R2 : ’
same above >_\(7
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DCM, it Y “Ry \f( “Ry

N\
Tr
0

1b (R' = Ts, R? = Ph) 2j (trace) 3j (0%)
1¢c (R' =Bz, R? = H) 2k (60%) 3k (trace)
1d (R =Bn, R? = H) no reaction

Scheme 3 Effect of substituents on nitrogen.

of the alcohol at the CS5 position of the 2-oxazolidinone ring to
form vinyl gold intermediate II (Scheme 2).

To gain further insight into the mechanism, the gold(1)-catalyzed
addition of CH;O0D to 1a was carried out. Deuterium was found
to be incorporated only in the C2” position of 1a as determined by
'"H NMR analysis (Scheme 4).

D
-// H3CO
/_( same above

o_ N + CHoD —————>
\ﬂ/ “Ts

\[( STs rt
(0] 1a d-3b (60%, 99%-d)

Scheme 4 Deuterium labeling experiment of 1a with CH;OD.
To illustrate the utility of the present hydroalkoxylation prod-
ucts, ring-closing metathesis (RCM) reactions of 3a and 3l using

Grubbs’ second generation catalyst'® gave the corresponding novel
spiro dihydrofuran 4a and dihydropyrane 4b respectively, in high

yields, as shown in Scheme 5.
~ )n
O

Grubbs 2nd
[0) N — > 0 N
Ts DCM, reflux ~Ts
O 3a(n=1) O 4a(76%n=1)

3l(n=2) 4b (88% n = 2)

Scheme 5 Ring-closing metathesis of 3a and 31.

In conclusion, we have developed a cationic gold(1)-catalyzed
intermolecular addition of alcohols toward the proximal allenic
double bond of 1a. The intermolecular addition of an alcohol to
the proximal allenic double bond catalyzed by gold is the first
example. Further study of synthetic applications of the reaction is
currently ongoing in our laboratory.
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The binding affinity of a series of electroactive glycoconjugates, based on a ferrocene core bearing

o-mannose units on one or both of its cyclopentadienyl rings, to lectin Con A was studied by

isothermal titration calorimetry (ITC) and voltammetry. Voltammetric measurements were performed
by differential pulse adsorptive stripping voltammetry (DPAdSV). Upon complexation of
ferrocene—mannose conjugates with Con A, voltammograms showed a decrease of the peak current.
Both the monomannosylated ferrocene and the bis(mannosylated) ferrocene derivatives form more

stable complexes with Con A than methyl o-D-mannopyranoside. Bis(mannosylated) ferrocene

conjugates were found to bind to Con A with enhanced affinity due to the multivalent effect. A

comparison of the thermodynamic data obtained by ITC and voltammetry is presented.

Introduction

Molecular recognition involving carbohydrates and cell-surface
proteins interactions is key in many biological events such as
viral and bacterial infections, cell-cell adhesion, inflammatory
and immune response, fertilization, and cancer metastasis."?> The
understanding of such phenomena is crucial for shedding light
on the molecular mechanisms that govern such biological events.
The knowledge of the particular role of carbohydrate units in
such biological events is the main aim of glycomics. Inherent in
the advance of glycomics, is the challenge to develop synthetic
tools that can be used for correlating structure and function,
to inhibit, modulate, detect and probe those interactions.** In
this respect, the majority of the carbohydrate—protein interaction
detection methods are based on labeled proteins or carbohydrates
with a fluorescent or a biotin moiety, so that the recognition event
induces a measurable signal.® By contrast, there are very few cases
of biosensors based on carbohydrates labeled with electroactive
moieties triggering electrochemical signals upon binding to a
protein specific receptor such as a lectin.”® There are advantages
attributed to electrochemical biosensors such as low cost and high
sensitivity with relatively simple instrumentation. Also they are
more susceptible to miniaturization and well suited for operating
in turbid media.'*"

In recent years, compounds containing ferrocene and bearing
molecular recognition binding sites have received much attention
due to the possibility of building redox-switching or sensing
molecular or supramolecular systems, which can be controlled
through the application of external stimuli.’*"” In this regard,
ferrocene-containing carbohydrates could be of particular interest
as their reversible and tunable redox properties could be applied
for the development of molecular devices for the detection of
carbohydrate—protein interactions, as well as for a redox switchable

“Area de Quimica Organica, Universidad de Almeria, Crta. de Sacramento,
s/n, 04120, Almeria, Spain. E-mail: avargas@ual.es;, Fax: (+34) 950-
015481

*Area de Quimica-Fisica, Universidad de Almeria, Crta. de Sacramento, s/n,
04120, Almeria, Spain

and tunable control of such interactions. Furthermore, it is well
known that many lectins, in addition to the carbohydrate binding
sites, possess hydrophobic binding sites, in particular around
the site where aglycon would localise upon carbohydrate-lectin
complexation.'® Thus, in many cases, aryl glycosides form more
stable complexes with lectins than their analogues which do not
have hydrophobic substituents, indicating either that the binding
pocket itself is hydrophobic or additional hydrophobic sites exist
close to the primary carbohydrate binding site. Therefore, one
would think that ferrocene, which has a hydrophobic nature and
undergoes a fast and reversible one-electron oxidation at readily
accessible redox potentials,'® could be involved in the lectin binding
interaction when situated at the aglycon site of the saccharide.
On the contrary, its oxidation could lead to a dramatic change
in the stability of the lectin—carbohydrate complex. Taking into
account such factors, we have reported the synthesis of a series of
ferrocene—carbohydrate conjugates and investigated their ability
to function as electrochemical molecular sensors against a model
receptor such as B-cyclodextrin (B-CD).2**! In a further step we
have studied the calorimetric and electrochemical behaviour of
ferrocene-mannosyl conjugates in the presence of concanavalin A
(Con A), a mannose binding lectin. Herein, we report the results
obtained.

Results and discussion
Calorimetric binding assays

A series of monovalent (Fc—-Man) and divalent (Fc-Man,)
ferrocene-containing mannosyl conjugates having a CH,S tether,
1 and 2, CH,-1,2,3-triazol-CH, tether, 3 and 4, and 1,2,3-
triazol-(CH,), tether, 5 (see Chart 1), have been used for the
study of the binding affinity with Con A. We first carried out
isothermal titration calorimetry measurements. This technique
provides direct determination of AH, the enthalpy change of
binding, and K, the affinity constant. In many cases, it is also
possible to obtain n, the stoichiometry (the n values give the
[ligand]-[receptor]| ratio when the lectin binding sites are fully
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Chart 1 Ferrocene-mannose conjugates 1-5.

saturated). From measurements of K, the free energy of binding,
AG®, can be calculated and hence the entropy of binding, AS®,
determined from AG® = AH — TAS®° = —RT InK. The calculation
of thermodynamic functions implies the usual approximation of
setting standard enthalpies equal to the observed values. ITC
data can be fitted using a nonlinear least square algorithm with
the three independent variables (n, AH and K) for the simplest
model based on equal and independent binding sites. In our
experiments, the soluble ferrocene-mannosyl conjugate is titrated
into a solution containing Con A and the heat released or absorbed
during binding is measured as a function of the [glycoconjugate]-
[Con A] molar ratio (Fig. 1). The experiments were performed
at pH 7.4 at which the lectin is a tetramer. Previous studies on
mannose derivatives and Con A interactions have established
a single carbohydrate binding site per Con A monomer.?? ITC

Time /min
0 30 60 90 120 150

T

. ””” T

-6 4

ucal sec”

-8 T T T T T

kecal mol” of injectact

—6 T T T T T
0 1 2 3 4
Molar Ratio

Fig. 1 Titration of Con A (245 uM) with 25 aliquots (10 mm?® each) of
the monovalent mannoside-containing conjugate 3 (5.37 mM) in 20 mM
phosphate buffer (pH 7.4) with 20 mM NaCl, 0.1 mM CacCl, and 0.1 mM
MnCl, at 25 °C. The top panel shows the raw calorimetric data, denoting
the amount of generated heat (negative exothermic peaks) following each
injection of the conjugate. The area under each peak represents the amount
of heat released upon binding of conjugate 3 to the lectin. Note that, as the
titration progresses, the area under the peaks gradually becomes smaller
due to an increased complexation of the ligand by the protein. This area
was integrated and plotted against the molar ratio of the conjugate 3 to
Con A. The smooth solid line represents the best fit of the experimental
data to a model of n equal and independent sites.

experiments showed that the binding interaction between the
lectin and the conjugates 1-5 was exothermic. The results of
those bindings are shown in Table 1 and Fig. 2. As can be seen,
all the Fc-Man-Con A complex formations are enthalpy-driven
with an increase in affinity when compared with the binding of
methyl o-D-mannopyranoside (Me-a-Man) with Con A. Thus,
monovalent Fc-Man conjugates 1, 3 and 5 bind with K values
1.3 to 2.1 times higher than Me-a-Man to Con A, while divalent
Fc-Man, conjugates 2 and 4 afforded complexes with the lectin
21 and 33-fold more stable than Me-a-Man, respectively. By
analyzing the thermodynamic profiles of the monovalent Fc-Man

Table 1 Thermodynamics and stability constants for the binding of Me-a-Man and ferrocene-mannose conjugates 1-5 to Con A obtained from

calorimetric (ITC) and voltammetric (DPAdSV) experiments

Calorimetry* Voltammetry®
n Kx102/M™! —AH/kJ mol™ TAS°/kJ mol™ n? K x107/M™!
Me-o-Man® 1.00 7.6£0.2 28.5+£0.4 -6.3+3.3 — —
1 1.06 £0.33 11.9+£2.5 16.3+£59 7.1£59 1.00 11.2£0.1
2 0.53+0.01 161 £22 31.8+1.3 -2.1+13 0.93+£0.04 152+ 14
3 1.07£0.01 10.2+0.3 293+0.4 -6.3+0.4 1.00 8.8+0.1
4 0.39£0.01 247£30 69.5+2.5 -38.9%2.5 0.80 £0.04 233£30
5 1.07 £0.06 159£0.6 31.0+2.1 -7.1+2.1 1.00 16.4£0.1

“ Determined in 20 mM phosphate buffer (pH 7.4) with 20 mM NaCl, 0.1 mM CacCl, and 0.1 mM MnCl, at 25 °C. * See ref. 24 ¢ Determined in 10 mM
TRIS buffer (pH 7.2) with 200 mM NacCl, 0.1 mM CacCl, and 0.1 mM MnCl,. ¢ Variable n was fixed to 1.00 for monovalent conjugates 1, 3 and 5.

This journal is © The Royal Society of Chemistry 2008

Org. Biomol. Chem., 2008, 6, 4230-4235 | 4231





conjugates, we observe for 3 and 5 AH values more negative than
the AG® values, along with small and negative TAS® values (see
Fig. 2). This has been characterised as the typical energetics of
protein—carbohydrate associations.*2¢ Interestingly, monovalent
conjugate 1 shows a different profile: a AH value less negative than
the AG® value and a positive entropic term upon complexation.
Conjugate 1 is an S-mannoside that possesses the ferrocenyl
moiety located at the shortest distance from the anomeric carbon
of the series of monovalent conjugates. This particular structural
feature would force the ferrocenyl portion to play a more active
role upon the complexation of the conjugate 1 and Con A,
perhaps through a higher contribution of the hydrophobic effect
to the complex stability as shown by the observed entropic gain.
As reported,'®*?3 aryl o-D-mannopyranosides form stronger
complexes with Con A than Me-a-Man, mainly due to lesser
negative entropic changes as compared with the non-aromatic
analogue. This effect has been attributed to a hydrophobic effect
caused by the interaction of the aromatic aglycon with tyrosine
residues of the lectin.

B -AG'ED-AH COTAS
80+ AG AH COTAS

60 1

40

‘. B ol B N

kJ mol”

Fig.2 Free energy (-AG®), enthalpy (-AH), and entropy changes (TAS")
for the binding of conjugates 1-5 to Con A in 20 mM phosphate buffer
(pH 7.4) with 20 mM NacCl, 0.1 mM CacCl, and 0.1 mM MnCl, at 25 °C.

While the n value for monovalent glycoconjugates 1, 3 and 5
binding to Con A is close to 1, in accordance with the expected
stoichiometry of one molecule of Fc-Man conjugate per Con A
monomer, divalent ferrocenyl glycoconjugates 2 and 4 bind Con
A with n values of 0.53 and 0.39, respectively. In previous ITC
studies, n values below one have been associated with binding
of a multivalent carbohydrate to a lectin due to the formation
of a cross-linked complex between the monovalent lectin and the
multivalent carbohydrate.?” In our case, we expect the formation of
complexes by combination of a divalent ligand with a tetravalent
receptor leading to # values in line with those reported. Therefore,
the enhanced affinities shown by 2 and 4 for Con A relative to
the monovalent analogues can be attributed to the multivalent
effect.’*¢ A closer examination of the ITC data revealed further
additional support for the involvement of the multivalent effect
in the binding interactions of 2 and 4 with Con A. Thus, in
accordance with what has been reported,” the AH values of the
binding of 2 and 4 with Con A are approximately twice the AH
values of the monovalent analogues 1 and 3, respectively. As well,
divalent conjugates 2 and 4 bind to Con A with TAS® values more
negative than those that one would expect by subtracting once the
TAS® values of the monovalent analogues 1 and 3.

Voltammetric studies

In order to evaluate the binding interaction of ferrocene-mannose
conjugates 1-5 to Con A by electrochemical methods we carried
out adsorptive stripping voltammetry (AdSV) experiments. As
mentioned above, conjugates 1-5 have shown their ability to
be used as electroactive probes for monitoring binding inter-
actions with a model receptor. The techniques used for those
studies were cyclic and differential pulse voltammetry (CV and
DPYV, respectively). Upon complexation of conjugates 1-5 with
B-cyclodextrin, CV and DPV voltammograms showed a shift of
the half-wave potential for the ferrocene oxidation to a more
positive value as well as a decrease of the peak current. This
electrochemical behaviour is due, respectively, to the inclusion of
the ferrocene moiety into the hydrophobic cavity of the B-CD and
to the decrease of the diffusion coefficient of the complex.* Tt
is expected that the “inclusion” of conjugates 1-5 by the lectin
Con A would lead to similar behaviour. However, given the large
molecular size of the lectin, and hence of the complex, we expect
the complex diffusion coefficient to substantially decrease and,
as a result, the peak current and consequently the sensitivity
of the detection. To overcome the diffusion problem we turned
to the use of AdSV, a voltammetric technique that allows a
preconcentration of the electroactive species by their adsorption
on the working electrode, through a non-electrolytic process, at
a constant potential.’” This is followed by a stripping step in
which the preconcentrated species can be quantified by DPV
(among other modes). As a result, a sensitive electrochemical
measurement can be achieved by using a small amount of lectin.
Accumulation voltammetry has been used before for the detection
of lectins using a carbohydrate labeled with daunomycin.” This
compound, commonly used as an anticancer drug, is electroactive
and strongly absorbs on a carbon electrode surface. However,
daunomycin has the disadvantage of being expensive and highly
toxic.

For the binding studies, we performed voltammetric measure-
ments using solutions containing ferrocene-mannose conjugates
(30 uM) and variable concentrations of Con A (0-90 uM) after
incubation for 1 h at room temperature. Some carbohydrates®**!
as well as Con A** were reported to adsorb on a Pt electrode after
the application of potentials of around +10 mV. Therefore, we
decided to use a Pt electrode as a working electrode, while as a
counter electrode we used glassy carbon to which carbohydrates
do not seem to be sensitive.® We chose to not use phosphate
buffer in the voltammetric measurements, as it was used in the
ITC experiments, due to its electroactivity on a Pt electrode.*
Instead, we used TRIS buffer (pH 7.2). DPV measurements were
performed for each solution after application of a potential of
+50 mV for 5 min to promote accumulation on the electrode. DPV
voltammograms (Fig. 3 and 4) display a progressive decrease of
the peak current with the increase of the Con A concentration
while the oxidation potential does not change. This behaviour
could be caused by the “encapsulation” of the mannosyl conjugate
upon binding to Con A, therefore preventing the oxidation of the
ferrocene moiety. In addition, a larger hydrodynamic radius of the
complex Fc-Man—Con A is expected to diffuse much more slowly
than the free glycoconjugate. Therefore, since the peak current is
directly proportional to the square root of the D,*” the smaller the
D value, the smaller the peak current value.
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Fig.3 DPAASYV curves for monovalent ferrocene-mannose conjugates 1,
3 and 5 (30 uM) in the presence of increasing amounts of Con A ranging
from 0 to 90 uM in 10 mM TRIS buffer (pH 7.2) with 200 mM NacCl,
0.1 mM CaCl, and 0.1 mM MnCl,. A decrease in the current (large arrow)
was observed as Con A concentration increased (small arrow).

As seen in Fig. 5, divalent conjugates Fc(CH,SMan), 2 and
Fc(CH,TACH,Man), 4 show a more marked decrease of the
peak current with the increase of the concentration of Con A
than that shown by the monovalent conjugates FcCH,SMan 1,
FcCH,TACH,Man 3 and FcTACH,CH,Man 5. In the case of

Fc(CH,SMan), 2

0.10 0.15 0.20 0.25 0.30 0.35
EN

3.0
Fc(CH,TACH,Man), 4

1 InA

-0.5 T T T T T T T T T T T T T T
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Fig.4 DPAAJSYV curves for divalent ferrocene-mannose conjugates 2 and
4 (30 uM) in the presence of increasing amounts of Con A ranging from
0 to 90 uM in 10 mM TRIS buffer (pH 7.2) with 200 mM NacCl, 0.1 mM
CaCl, and 0.1 mM MnCl,. A decrease in the current (large arrow) was
observed as Con A concentration increased (small arrow).

divalent conjugates 2 and 4, addition of 3 equiv. of Con A leads to
a decrease of the peak current of about 86 and 91%, respectively,
with values close to 0 LA. By contrast, in the case of monovalent
conjugates 1, 3 and 5, a more moderate decrease is observed,
so that after addition of 3 equiv. of Con A, the peak current
dropped 44, 40 and 53%, respectively, to values around 2.0—
2.5 pA. ITC data had shown that divalent conjugates 2 and 4
bind to Con A very strongly as compared with the monovalent
analogues, forming cross-linked complexes due to the divalency of
the ligand. The loss of the electroactivity observed in 2 and 4 when
the saturation of the ligand binding sites is reached could be due
to an efficient “sequestration” of the electroactive conjugate by the
lectin along with a dramatic increase of the hydrodynamic radius
of the cross-linked structure of the complex. Monovalent Fc-Man
conjugates 1, 3, and 5 form with Con A less stable complexes of
smaller molecular size than those formed with 2 and 4.

In order to obtain the K values of the binding interactions
from the voltammetric data, we assumed the same model used for
the analysis of the ITC experiments. Eqn (1) is the result of the
Scatchard linearization of the binding isotherm for the interaction

This journal is © The Royal Society of Chemistry 2008

Org. Biomol. Chem., 2008, 6, 4230-4235 | 4233





I, lnA
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Fig. 5 Graphical plot of peak current (DPAdSV) of ferrocene—mannose
conjugates 1-5 (30 uM) versus total concentration of Con A (0-90 uM)
in 10 mM TRIS buffer (pH 7.2) with 200 mM NacCl, 0.1 mM CacCl, and
0.1 mM MnCl,. The smooth solid lines are not least square fits.

of the protein with »n equal and independent binding sites with a
monovalent ligand.*#!

[PL]

] = K(n[P], —[PL]) 1)
where K is the affinity constant, [PL] and [L] represent the
equilibrium concentration of bound ligand and free ligand,
respectively, n is the number of receptor binding sites and [P],
is the total concentration of the protein. Under the assumption
of reversible, diffusion-controlled electron transfer and that the
diffusion coefficient of the bound ligand is much lower than
the diffusion coefficient of the free ligand, we can make the
approximation of [PL]/[L] = (I, — Ip.)/Ip., where I and I are
the peak currents in the absence and in the presence of protein,
respectively.”** If we express [PL] as a function of [P], then eqn (1)
can be rearranged in the form:

Ll i -
[PL

(1 + K[L], + K[P],) - J[-(l + K[L], + K[P]O)]2 - 4K[L],[P],
2

2

where [L], corresponds to the total concentration of ligand.

The obtained experimental (I, — Iy )/l data were plotted
versus the concentration of Con A monomer (see Fig. 6). A least
square fit to eqn (2) provides the data shown in Table 1. Given
n = 1 for monovalent conjugates 1, 3 and 5, the best fit affords K
values very similar to those obtained by ITC. Contrary to the linear
relation found between [PL]/[L] and the concentration of Con A
for monovalent conjugates 1, 3 and 5, the best fit calculated for the
divalent conjugates 2 and 4 provides an exponential relation. The
K values for 2 and 4 obtained from voltammetry were also very
close to those obtained by ITC, even though the experiments were
performed in a different buffer.*** The other variable obtained for
divalent conjugates 2 and 4, n, shows values below one (0.93 and
0.80, respectively) as expected for a multivalent interaction, but
higher than those obtained by ITC.

—_—E=- 3 /

[Con A] /uM

Fig. 6 Graphical plot of (I, — Iy )/ I, data from DPAdSV experiments
versus total concentration of Con A (0-90 uM) for ferrocene-mannose
conjugates 1-5 (30 uM) in 10 mM TRIS buffer (pH 7.2) with 200 mM
NacCl, 0.1 mM CacCl, and 0.1 mM MnCl,. The smooth solid lines represent
the best least square fit of the experimental data to eqn (2).

Conclusions

The binding affinity of a series of electroactive conjugates based
on a ferrocene core bearing mannose units on one or both of its
cyclopentadienyl rings to lectin Con A was studied by isothermal
titration calorimetry and voltammetry. Both the monomannosy-
lated ferrocene and the bis(mannosylated) ferrocene derivatives
form more stable complexes with Con A than methyl o-D-
mannopyranoside. In particular, the divalent conjugates bind to
Con A very strongly relative to the monovalent analogues. This
enhanced affinity is attributed to the multivalent effect. Both
calorimetric and voltammetric measurements provide very similar
K values. In addition, the multivalent interaction between Con A
and the glycoconjugates can be identified by voltammetry. There-
fore, ferrocene-mannose conjugates can be used as electrochemical
sensors for the detection of concanavalin A.

Experimental
Materials

Concanavalin A lectin (type VI, lyophilised powder) and all
chemicals were used as received without further purification.
All solutions were made with pure water (MilliQ, 18.2 MQ
cm). The concentration of the lectin solutions was determined
by spectrophotometry (A4s = 13.7 for the tetrameric form).

Ferrocene-mannose conjugates 1-5 were prepared as previously
reported.*!

ITC experiments

The isothermal titration calorimeter was calibrated by known heat
pulses as recommended by the manufacturer. The reference cell
was filled with MilliQ water. Solutions of the conjugates (1.20—
10.27 mM) and Con A (44-245 uM) were prepared in 20 mM
phosphate buffer (pH 7.4) with 20 mM NacCl, 0.1 mM CaCl, and
0.1 mM MnCl,, and degassed for 10 min under vacuum prior to the
titration experiments. The sample cell was filled with the protein
solution, and 250 mm?® of each conjugate were injected in 10 mm?*
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portions every 5 min. During the titration, the reaction mixture
was continuously stirred at 400 rpm. The background titration
profiles, under identical experimental conditions, were obtained
by injecting each conjugate into pure buffer. The dilution heats
were concentration independent and identical to the heat signals
detected after saturation was reached. The raw experimental
data were presented as the amount of heat produced per second
following each injection of conjugate into the Con A solution
(corrected for the conjugate heats of dilution) as a function of
time. The amount of heat produced per injection was calculated
by integration of the area under individual peaks by the Origin
software provided with the instrument. The errors are provided by
software from the best fit of the experimental data to the model
of equal and independent sites, and correspond to the standard
deviation in the fitting of the curves.

Electrochemical experiments

The electrodes were carefully cleaned before each experiment.
The platinum sheet working electrode (6 x 4 mm, effective area
0.410 £0.003 cm?) was immersed in a 50% v/v H,SO, solution for
5 min. The glassy carbon counter electrode (65 mm, @ 2 mm) was
immersed in a 0.1 M HNO; solution for 5 min and polished with
a basic Al,O;—water slurry. Both electrodes were then sonicated
inal:1:1H0-MeOH-CH;CN mixture for 10 min prior to
use. The effective area of the working electrode was determined as
previously reported.”?' A Ag/AgCl (3 M KCl) electrode was used
as a reference. Differential pulse adsorptive stripping voltammetric
(DPAASV) experiments were carried out in 10 mM TRIS buffer
(pH 7.2) with 200 mM NacCl, 0.1 mM CaCl, and 0.1 mM MnCl,.
Solutions of each conjugate (30 uM) and increasing amounts of
Con A varying from 0 to 90 uM were prepared in this buffer and
gently shook for 1 h at room temperature. Before each experiment,
nitrogen was bubbled for 3 min and an adsorption potential of
+50 mV was applied for 5 min. A DPV experiment was then
measured between 0 and +700 mV with a scan rate of 5 mV s,
a step potential of 10 mV, a modulation amplitude of 50 mV,
a modulation time of 0.05 s and an interval time of 2 s. The K
values of the binding interaction of each conjugate to Con A were
obtained as described in the text.
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Hydroxycinnamic acids (HCAs) are among the most abundant dietary polyphenols. Recent

bioavailability studies have shown that HCAs enter the blood circulation mainly as glucuronides, which
are thus most likely to express their potential health effects. In this work, an efficient synthesis of HCA
O-arylglucuronides is developed. As for many xenobiotics, the resilience of HCA O-arylglucuronides in
plasma and subsequent delivery to tissues could be governed by their binding to human serum albumin

(HSA). Hence, the affinity of HCA O-arylglucuronides for HSA and its possible binding site were
investigated by fluorescence spectroscopy. HCA O-arylglucuronides turn out to be moderate HSA
ligands (K in the range 1-4 x 10* M) that bind HSA in sub-domain ITA, competitively or
noncompetitively with other sub-domain ITA ligands such as dansylamide and the flavonol quercetin.

Introduction

The mean consumption of polyphenols is of the order of 0.5 g per
person per day, with hydroxycinnamic acids (HCAs) making one
of the highest contributions."* Hence, investigating the bioavail-
ability of HCAs is of great importance for a better understanding
of the potential health effects of polyphenols. In fact, HCAs are
diversely absorbed from the gastro-intestinal tract depending on
their structure. For instance, chlorogenic acid (5-caffeoylquinic
acid), the most abundant caffeic acid derivative in food, can be
directly taken up from the gastric compartment of rats.® In rats,
p-coumaric and ferulic acids, but not gallic acid, have been shown
to cross the cells of the small intestine via the monocarboxylic acid
transporter.* As for chlorogenic acid, the absorption mechanism
(determined in vitro with Caco-2 cells) involves removal of the
quinic moiety by a mucosa esterase and subsequent absorption of
caffeic acid via the monocarboxylic acid transporter.’ However,
most of the absorption of chlorogenic acid must take place in the
colon after hydrolysis to caffeic acid by bacterial esterases.

After intestinal absorption, HCAs are extensively metabo-
lized in enterocytes and hepatocytes through sulfation and
glucuronidation.*'® These conjugates can be returned to the
gastro-intestinal tract via the bile (and partially re-absorbed)
or excreted in urine. Glucuronidation catalyzed by UDP-
glucuronosyltransferases is the main conjugation pathway. For
instance, 2 hours after ingestion of 700 umol kg™ of pure caffeic
acid by rats, the plasma concentration of caffeic acid glucuronides
reaches ca. 26 uM, i.e. more than 40% of the total circulating
caffeic acid concentration, whereas the concentrations of free
caffeic and ferulic acids do not exceed 1-2 uM.” In humans,
1 hour after ingestion of a cup of coffee (ca. 1 mmol of caffeic
acid), the caffeic acid concentration reaches a maximal value in
the range 0.3-1.0 uM after deconjugation by B-glucuronidases
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of hydroxycinnamic acid glucuronides. See DOI: 10.1039/b809965k

whereas concentrations 45 times as low are detected in untreated
plasma.® After consumption of high-bran cereals rich in ferulic
acid, ferulic acid glucuronide was detected in plasma as the
main metabolite.® After beer consumption, ferulic and caffeic
acids mainly circulate as sulfates and glucuronides, whereas much
higher levels of free p-coumaric acid are detected.’® After tomato
consumption by humans, ferulic acid is excreted as a mixture of the
free form and glucuronide, and the total recovery amounts to 11—
25% of the ingested dose. At the maximal excretion (approximately
7 h after ingestion), the molar ratio of the glucuronide to that of
the free form is 2-3 : 1.1

Polyphenol metabolites probably circulate in association with
plasma proteins. For instance, flavonol conjugates are bound
to human serum albumin (HSA), the most abundant plasma
protein.’? Binding of xenobiotics (e.g., drugs, dietary components,
toxins) to serum albumin typically modulates the rate of clearance
and delivery to tissues.”® It can also modulate the antioxidant
capacity of polyphenols, in particular their ability to inhibit lipid
peroxidation in HSA-polyunsaturated fatty acid complexes and
in low-density lipoproteins.'***

In this work, efficient routes for the chemical synthesis of
O-arylglucuronides of hydroxycinnamic acids are proposed. The
conjugates thus prepared are then tested for their affinity for
HSA. Improved data treatments are devised for the determination
of binding constants, binding sites and possible multiple binding
processes.

Results and discussion
Synthesis of hydroxycinnamic acid O-arylglucuronides

Access to well-characterized chemically pure polyphenol conju-
gates is a critical step toward a better understanding of their
bioavailability and cell effects. Indeed, the low concentration
of circulating polyphenol metabolites requires comparison with
authentic standards for conclusive identification, especially when
it comes to distinguishing between regioisomers. For instance,
glucuronidation of caffeic acid can yield three regioisomers, one
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acylglucuronide’ and two arylglucuronides. On the other hand,
the bulk of cell studies published up to now has dealt with
native polyphenols, typically aglycones, whereas conjugated forms,
especially glucuronides, are much more likely to be distributed to
tissues.

The synthetic route summarized on Scheme 1 is close to that
already developed for the synthesis of 5a.'” The key step is the
glucuronidation of methyl hydroxycinnamates (la—c) by methyl
2,3,4-tri-O-acetyl-1-O-(trichloroacetimidoyl)-o-D-glucuronate (2)
activated by the boron trifluoride—diethyl ether complex in anhy-
drous dichloromethane at room temperature, which afforded the
protected glucuronides (3a—d) in moderate to good yields. In the
case of methyl caffeate, mixtures of 3’-O-B-D-glucuronide (3d) and
4’-O-B-p-glucuronide (3c) were obtained. As expected from the
orienting effect of the 2-O-acetyl group, the glucuronidation was
stereoselective and led to the exclusive formation of the f anomers
(J(H—H,) = 6.9 Hz). As already observed in our previous work
with HCA O-arylglucosides,'® the final cleavage of the acetyl and
methylester groups could not satisfactorily be carried out in one
step in the ferulic and caffeic series. Indeed, 3b and 3c—d had to
be deprotected in two steps involving sugar deacetylation by mild
catalytic methanolysis (compounds 4b—d) followed by methyl ester
saponification using a stoichiometric amount of NaOH (2 equiv.).
All glucuronides were characterized by high-resolution MS and
NMR analyses. Glucuronidation at position 4’ for 5S¢ and at
position 3’ for 5d were deduced from analysis of the chemical shifts
of the aromatic protons (glucuronidation lowers the electron-
donating effect of the OH group, thus producing a deshielding
of the aromatic protons ortho and para to the glucuronyl group)
in comparison with the corresponding aglycones and glucosides.’®

Binding to HSA

As many other xenobiotics, polyphenols could bind to serum
albumin in the blood circulation and form complexes that
modulate their resilience in plasma and their delivery to tissues.'
However, most studies reported up to now'2* have dealt with
native polyphenols, essentially aglycones, although these forms
(when detectable) remain very minor in plasma after ingestion of
polyphenol-rich foods or supplements. Indeed, dietary polyphe-
nols typically travel in plasma as glucuronides and sulfates of
aglycones as a result of extensive conjugation in the intestinal and
liver cells.™? Interestingly, these conjugates themselves could bind
to HSA, as already suggested for flavonol conjugates.’**® In this
work, the preparation of pure hydroxycinnamic acid glucuronides
offers a good opportunity to investigate their affinity toward HSA
in comparison with the parent aglycones.

Polyphenol-HSA binding can be investigated by a combination
of fluorescence techniques.’***?* One method consists of monitor-
ing the fluorescence of the polyphenolic ligand in the presence and
absence of HSA. This approach turned out to be disappointing
with HCAs for several reasons. First, HCAs in their free or
HSA-bound form are poorly fluorescent, so that the relatively
large ligand concentrations required make the data treatment
more complicated because of lack of linearity in the fluorescence
intensity vs. concentration plots and possible multiple bindings.
Second, in the ferulic and caffeic series, substantial photo-induced
Z—E isomerization of the carbon-carbon double bond takes place
that makes the fluorescence intensity unstable. In fact, only 4-O-
B-D-glucuronyl-p-coumaric acid (5a) could be investigated by this
method. Indeed, this ligand is much less prone to isomerization,
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Organic synthesis of HCA arylglucuronides. Reagents and conditions: i) Methyl 2,3 ,4-tri-O-acetyl-1-O-(trichloroacetimidoyl)-o-D-glucuronate

(2, 1-2 equiv.) BF;-Et,0 (1-2 equiv.), CH,Cl,; ii) NaOH (8 equiv.) in H,O-MeOH (1 : 1) (R = H) or MeONa (0.1 equiv.) in MeOH, then NaOH (2 equiv.)
in H,O-MeOH (1 : 1) (R = OH, OMe), followed by final acidification by a proton-exchange resin.
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Table 1 Binding of selected ligands to human serum albumin in a pH 7.4 phosphate buffer at 25 °C. Fluorescence monitoring following excitation of

the ligand or probe

10°K/M™ 107 fp/M™! 1073 fp /M ?, number of points Aexs Aem/nm (g at A,/ M~'cm™)

5¢ 21.9 (£ 1.4) 177 (£ 1) 348 (£ 2) 0.997, 100 335, 430

DNSA 107 (2) 27.5(+3.2) 851 (+3)° 0.9993, 98 360, 490

DNSS 156 (£ 4) 27.7(£4.5) 1010 (= 4)° 0.9994, 58 360, 490

5a (DNSA) 222 (£0.4) 535 (+ 2 — 0.999, 42 360, 490 (170)

5a (DNSS) 16.2 (+0.6) 675 (+ 4y — 0.996, 44 360, 490 (170)

5h (DNSA) 4.0 (£0.1) 620 (£ 2) — 0.997, 56 360, 490 (20)

5h (DNSS) 3.4(£0.1) 705 (+ 2" — 0.996, 44 360, 490 (20)

1a (DNSA) 6.2 (£0.2) 477 (£ 2)¢ — 0.996, 46 360, 490 (290)

1a (DNSS) 8.2 (£0.2) 661 (£ 3)? — 0.997, 58 360, 490 (290)

afL=124%x10° M. 2 f =4625 M. <f| = 2420 M. ¢ Molar fluorescence of the probe-HSA complex.

and its excitation spectrum (Fig. 1) makes it possible to set the
irradiation at a wavelength (335 nm) where absorption is weak (a
condition for proportionality between fluorescence intensity and
concentration®). Consequently, a saturatable binding isotherm
could be constructed from which the binding constant (pure 1 :
1 binding assumed) was extracted (Fig. 2, Table 1): K, = 22 x
10° M.
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Fig. 1 Absorption (1), excitation (2) and emission (3) spectra of
4-0-B-D-glucuronyl-p-coumaric acid (5a) in the absence (A) or presence
(B) of HSA (pH 7.4 phosphate buffer, 25 °C). Excitation and emission
wavelengths are set at 335 and 430 nm, respectively.

For the other ligands, we had to consider the HSA intrinsic fluo-
rescence due to its single Trp residue (Trp-214), which is located in
sub-domain ITA where small negatively charged aromatic ligands
are most likely to bind.* The signal intensity and its sensitivity
to quenching by sub-domain ITA binders make it possible to
use small protein and ligand concentrations. However, all the
selected ligands absorb at the excitation wavelength (295 nm)

so that a correction of the fluorescence intensity at 340 nm for
this inner filter effect has to be applied in the data treatment
(see experimental part and ref. 24). Although acceptable curve-
fittings were achieved within the hypothesis of pure 1 : 1 binding,
significant improvements were noted in the fitting of the final part
of the curves (high ligand concentration) by assuming additional
1 : 2 protein-ligand binding (Fig. 3, Table 2). In the initial
calculations, both the 1 : 1 and 1 : 2 complexes are assumed
to be nonfluorescent. With 5a, the K, values thus obtained can
be compared with the one deduced from the previous method
(enhancement of ligand fluorescence: K, = 22 x 10° M™'): K, =
14 x 10° M (quenching of Trp fluorescence by pure 1 : 1
binding), K, = 10 x 10* M (quenching of Trp fluorescence by
1 :1 and 1 : 2 bindings). Finally, if we consider that the K,
value deduced from the enhancement of ligand fluorescence is
most reliable because no inner filter correction is required, the
best compromise seems to refine the fluorescence quenching data
with a K, value set constant at 22 x 10> M and to assume both
1:1and 1:2 bindings and an intermediate fluorescent 1 : 1
complex (molar fluorescence intensity fp. # 0). A more reliable
value for the stepwise 1 : 2 binding constant is thus obtained:
K, =13x10° M. Hence, HSA seems to display two sites of close
affinity for accommodating 5a. For the other HCAs, such cross-
control cannot be carried out since K, cannot be independently
determined from the ligand fluorescence method. However, for
the other glucuronides, a reasonable strategy could be to use the
S value deduced from L = 4-0-B-p-glucuronyl-p-coumaric acid
and fit the curves with f}» (molar fluorescence intensity of free
HSA), K, and K, as the optimizable parameters (Table 2). As
an example, with 4-O-B-D-glucuronylferulic acid (5b), we obtain:
K, =21 x 10° (1 : 1 binding), 16 x 10* (1 : 1 + 1 : 2 bindings,
fer = 0)and 36 x 10° (1 : 1 + 1 : 2 bindings, f». # 0) M™. These
small discrepancies reflect the difficulties inherent to quantitatively
investigating the binding to serum albumin of relatively small and
moderate ligands that can possibly partition over several binding
sites, even within the same sub-domain. Anyway, it is comforting
to note that the quercetin—-HSA binding constant is consistent
with previous estimations using a variety of techniques.”®?' The
order of magnitude of the K, values for the HCAs (aglycones) is
also in general agreement with previous reports.?”? Taking the K,
values deduced from simple 1 : 1 binding as an acceptable scale of
relative affinity for HSA, it can be noted that the bulky glucuronyl
moiety only moderately lowers the affinity of HCAs for HSA (at
most, by a factor of 2).
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Fig. 2 Changes in the fluorescence intensity of 4-O-B-D-glucuronyl-p-coumaric acid (5a) at 430 nm (4., = 335 nm) as a function of its concentration.
Initial HSA concentration = 75 uM (pH 7.4 phosphate buffer, 25 °C). Fluorescence of HSA-bound ligand (@) and free ligand (M), absorbance of free

ligand at 335 nm (A).

Table 2 Binding of selected ligands to human serum albumin (3.75 uM) in a pH 7.4 phosphate buffer at 25 °C. Fluorescence monitoring at 340 nm

following excitation of HSA (single Trp residue) at 295 nm

Ligand 10°K/M™ 107 /M 107f o/ M™ r?, number of points £ (295 nm)/M" em™ “
la 39.5(£1.3) 95.1(x0.7) — 0.997, 51 14420
1a® 28.7 (£ 1.7), 14.6 (£ 3.0) 93.1(£0.5) — 0.998, 51

1b 33.6(£1.1) 95.9 (£ 0.6) — 0.997, 50 14100
% 234 (£ 1.3), 15.6 (£ 2.7) 93.6 (+£0.5) — 0.999, 50

1c 41.8(x£0.9) 106.3 (£ 0.5) — 0.998, 54 13110
1cb 32.1(£0.8),11.9 (£ 1.1) 104.1 (£ 0.3) — 0.9997, 54

5a 14.1 (£0.3) 116.8 (£ 0.4) — 0.998, 63 10840
5a° 10.1 (£ 0.4), 8.3 (£ 1.0) 114.9 (£0.3) — 0.9995, 63

5ac 21.94,13.2(+0.9) 114.6 (£ 0.3) 65.9 (£2.7) 0.9995, 63

5b 41.8(20.9) 106.3 (£ 0.5) — 0.998, 54 13110
5b* 32.1(£0.8),11.9 (£ 1.1) 104.1 (£0.3) — 0.9997, 54

5b° 35.6(£1.2),17.5(£0.6) 114.9 (£ 0.2) 667 0.9997, 58

5c 19.8 (+0.7) 1114 (+0.7) — 0.997, 59 12850
5c¢t 12.4(£0.8), 15.9 (£ 2.5) 108.6 (£ 0.5) — 0.999, 59

5¢¢ 26.2 (£2.5),22.3(x1.9) 108.0 (£ 0.5) 66" 0.999, 59

5d 28.7 (= 1.1) 118.5 (£ 0.9) — 0.997, 59 14310
5d° 16.3 (£ 0.8), 23.3 (+ 2.6) 114.7 (£ 0.4) — 0.9994, 59

5d¢ 30.2(£2.2),34.8(£2.2) 113.9 (£ 0.4) 664 0.9993, 59

Quercetin 222.0 (£4.7) 114.2 (£0.7) — 0.999, 45 9410
DNSA 1077, 12.9 (£ 0.6) 112.4 (£ 0.5) 529 (£ 1.1) 0.9993, 63

DNSS 1567, 10.1 (£ 0.7) 125.8 (£ 0.6) 55.7(x1.3) 0.999, 56

“ Fluorescence intensity corrected by a factor exp(—¢./L,) with / = 0.65 cm (L,: total ligand concentration). ® 1 : 1 and 1 : 2 bindings (nonfluorescent 1 : 1
and 1: 2 complexes). 1 : 1 and 1 : 2 bindings (fluorescent 1 : 1 complex, nonfluorescent 1 : 2 complex). ¢ Set constant.

The highly sensitive fluorescent probes dansylamide (DNSA)
and dansylsarcosine (DNSS) were used for competitive exper-
iments with the HCAs to gain information about substantial
differences in binding locations. DNSA is a sub-domain ITA binder
whereas DNSS could also partition in sub-domain ITTA.* The
strategy developed above for 4-O-B-D-glucuronyl-p-coumaric acid
(5a) was also applied to the dansyl probes to estimate the values
of their 1 : 1 and 1 : 2 binding constants to HSA. Thus, K,
was accurately determined from the ligand fluorescence method
(excitation at 360 nm, emission at 490 nm) and this value was
used in the quenching of the Trp fluorescence to estimate K,
(Tables 1 and 2). Then, the fluorescence of the dansyl probe-HSA

complex was gradually quenched by increasing concentrations of
5a. The quenching curves were analyzed within the hypothesis
of pure competitive 1 : 1 binding for both the probe and ligand
and by taking into account a very weak inner filter effect due
to absorption of the ligand at the excitation wavelength (Fig. 4).
These assumptions were nicely validated by the K, values thus
extracted (K, = 22 x 10> M with DNSA, 16 x 10° M~ with
DNSS) which are in agreement with our previous estimate (K, =
22 x 10° M) (Table 1). Although the K, values of the other
HCAs are less accurately determined, it can be safely stated that
this competitive binding is not a general rule. For instance, the
quenching of both DNSS-HSA and DNSA-HSA fluorescence
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Fig. 3 Changes in the fluorescence intensity of HSA at 340 nm (A, =
295 nm) as a function of the 4-O-B-D-glucuronylferulic acid (5b) concen-
tration (pH 7.4 phosphate buffer, 25 °C). Initial HSA concentration =
3.75 uM. A: curve-fitting assuming pure 1 : 1 binding, B: curve-fitting 1 :
1 and 1 : 2 bindings.

by p-coumaric acid (1la) and 4-O-B-p-glucuronylferulic acid
(5b) gave K, values significantly weaker than the lower limit
(15 x 10* M) determined from the quenching of HSA fluo-
rescence, which is indicative of possible noncompetitive binding.
Hence, glucuronidation, or even a more minor structural change
such as an additional methoxy group, is enough to induce a
substantial move of the ligand within sub-domain ITA.

Finally, Sa acid barely lowers the fluorescence of the quercetin—
HSA complex at 530 nm. The corresponding Iy vs. L, curve
remains much higher than the theoretical curve assuming com-
petitive binding and construction from K, = 22 x 10* M~ for
the ligand—-HSA complex and 222 x 10° M for the quercetin—
HSA complex, and from the values for the molar fluorescence
intensity of free and HSA-bound quercetin (f = 4290 M, fp =
3 x 10° M at 530 nm) (Fig. 5). It can thus be concluded that the
bindings of 4-O-B-D-glucuronyl-p-coumaric acid and quercetin are
noncompetitive. Unlike competition with the dansyl probes, this
behaviour appears fairly general in the series of HCAs investigated.
The fact that the dansyl probes, despite their relatively high affinity
for HSA, only weakly quench the fluorescence of bound quercetin

o o LA e

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
L,/ mM

Fig. 4 Changes in the fluorescence intensity of dansylamide at
490 nm (A, = 360 nm) as a function of the concentration of
4-0-B-p-glucuronyl-p-coumaric acid (5a). Initial HSA and DNSA con-
centrations = 75 uM (pH 7.4 phosphate buffer, 25 °C). The solid line is
the result of the curve-fitting.
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Fig. 5 Changes in the fluorescence intensity of quercetin at
530 nm (Ax = 450 nm) as a function of the concentration of
4-0-B-p-glucuronyl-p-coumaric acid (5a). Initial HSA and quercetin
concentrations = 75 uM (pH 7.4 phosphate buffer, 25 °C). The solid
line is the result of a simulation assuming competitive binding.

(data not shown) is also consistent with their binding to HSA
noncompetitively with quercetin.?

In conclusion, hydroxycinnamic acids and their O-arylglucu-
ronides moderately bind HSA in the IIA-domain (K, = 1-4 x
10* M™). Their interaction with HSA is clearly noncompetitive
with quercetin and either competitive or noncompetitive with
DNSS and DNSA. The moderate affinity of HCA glucuronides for
HSA should be large enough to ensure substantial in vivo binding
given the high concentration of HSA in plasma (ca. 0.6 mM)
and the low concentrations of circulating polyphenol metabolites
(<1 uM).
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Experimental
Chemicals

p-Coumaric acid, ferulic acid, caffeic acid, quercetin, dansylamide
(DNSA), dansylsarcosine (DNSS), glucurono-3,6-lactone and
HSA (fraction V, MM = 66500 g mol™') were all purchased
from Sigma-Aldrich. Glucuronyl donor 2 was synthesized from
glucurono-3,6-lactone according to a 3-step procedure already
described in the literature.’*® Methyl p-coumarate, ferulate and
caffeate (1a—-1c¢) were prepared as already reported.'®

Analyses

'H- and *C-NMR spectra were recorded on a 300 MHz Bruker
apparatus at 27 °C. Chemical shifts () are given in ppm
(solvent as the internal reference), coupling constants (J) are
given in Hz. High-resolution mass analyses were carried out
on Qstar Elite instrument (Applied Biosystems SCIEX, Foster
City, USA) equipped with API. Mass detection was performed
in the negative or positive electrospray ionization mode. Steady-
state fluorescence spectra were recorded on a thermostatted Safas
Xenius spectrofluorometer. The excitation and emission slit widths
were set at 10 nm. All studies were performed at 25 (£ 1) °C. Two
types of excitation—emission conditions were used: a) excitation at
335 or 360 nm (4-O-B-D-glucuronyl-p-coumaric acid and dansyl
probes, respectively), emission light collected between 350 and
530 nm; or b) excitation at 295 nm (HSA Trp residue), emission
light collected between 260 and 400 nm.

Chemical syntheses

Compound 3a. BF;-Et,0O (2 equiv.i ) was added to a solution
of 1a (1 mmol) and 2 (2 equiv.) in dry CH,Cl, (4 ml) under N, in the
presence of 4 A molecular sieves. The mixture was stirred at room
temperature for 1 h, then concentrated and directly subjected to
chromatography on silica gel (eluent AcOEt-C¢H,,, 3 : 7) to afford
3a. R/(AcOEt-C¢H,,, 6 : 4) = 0.53, yield 43%. '"H-NMR (CDCl;):
7.66 (1H,d, J =15.9, Hy), 7.50 (2H, d, J = 8.7, H,, Hy), 7.02 (2H,
d,J =38.7,H;, Hy), 6.36 (1H, d, J = 15.9, H,), 5.39-5.31 (3H, m,
H,,H;, H,),521 (1H,d,J =69,H,),4.23 (1H,d, J =9.3, Hy),
3.82 (3H, s, CO,CH;), 3.75 (3H, s, CO,CH; (GlcU)), 2.08-2.06
(9H, 3 s, 3 OCOCHj;). "C-NMR (CDCl,): 170.5, 169.7, 169.6,
167.2 (2 CO,CH;, 3 OCOCH,;), 158.4 (C,), 144.3 (C;), 130.0 (C,,
Co), 128.3(C)),117.6,117.2(C;, Cs,C,),99.0(C,), 73.1,72.1,71 .4,
69.4 (Cy, Cy, Cy, Cy), 53.4-52.1 (2 COOCHs;), 21.0 (3 OCOCH,).
The NMR data of 3a are consistent with the literature."”

Compound 3b. Same procedure as for 3a. R,(AcOEt-C.H,,,
6:4) = 0.56, yield 84%. 'H-NMR (CDCL,): 7.63 (1H, d, J = 15.9,
Hp), 7.11 3H, m, H,, Hs, Hy), 6.36 (1H, d, J = 15.9, H,), 5.36—
5.30 3H, m, H,, Hy, H,), 5.10 (1H, d, J = 6.9, H,)), 4.13 (1H, d,
J =9.3, Hy), 3.86, 3.82, 3.76 (9H, 3 s, 3 OCH,;), 2.10-2.05 (9H,
35,3 OCOCH,). *C-NMR (CDCl,): 170.5, 169.7, 167.8, 159.6 (2
CO,CH;, 30COCH;), 151.2,147.9, 144.6 (C;, C,, Gp), 131.5(C)),
120.4 (Cy), 117.6, 117.4 (C,, Cs), 111.9(C,), 100.7 (C,), 73.1, 72.1,
71.4,69.6 (C,, Cy, Cy, Cy), 56.5 (OCH;), 53.4, 52.1 (2 CO,CH,),
21.1,20.9 (3 OCOCH,).

1 Concentration not optimized: a catalytic amount could suffice.'™!

Compounds 3c-3d. Same procedure as for 3a except for the
concentrations of BF;-Et,0 and 2 (1 equiv.). The two regioisomers
were isolated together. R (AcOEt-C4H,,, 6 : 4) = 0.62, yield 35%.
'H-NMR (CDCL): 7.59 (1H, d, J = 15.9, Hp), 7.27-6.96 (3H,
m, H,, Hs, Hy), 6.28 (1H, d, J = 15.9, H,), 5.60-4.80 (3.4 H,
m, Hy, H,, Hy, Hy), 4.61 (0.6 H, d, J = 9.9, H,), 4.24 (1H,
d, J = 9.0, Hy), 3.81-3.76 (6H, m, 2 CO,CH,), 2.14-2.05 (9H,
m, 3 OCOCHs;). "C-NMR (CDCl,): 170.8, 170.2, 168.3, 167.5
(2 CO,CH;, 3 OCOCH,), 150.3-148.3-145.5 (C,, Cs, Gp), 132.4-
128.0-126.7 (C,, C,, Cy), 118.3 (Cs), 116.7 (C,), 91.0 (C)), 73.4,
72.0, 71.9, 69.7 (C,, Cy, Cy, Cy), 54.0, 52.5 (2 CO,CH;), 21.5 (3
OCOCH,).

4-0-B-p-Glucuronyl-p-coumaric acid (5a). 3a (0.5 mmol) was
stirred in 1 M NaOH (8 equiv.)-MeOH-H,O (1 : 3 : 2) (24 ml)
at room temperature for 15 h. After acidification with a proton-
exchange resin and concentration, 5a was isolated. R,(CH,Cl,—
MeOH, 1 : 1) = 0.32, yield 95%. '"H-NMR (CD;O0D): 7.65 (1H, d,
J =159, Hy), 7.58 2H, d, J = 8.7, H,, H), 7.13 2H, d, J = 8.7,
H;, H;), 6.39 (1H,d, J =159, H,), 5.07 (1H,d, J = 7.8, H,), 4.04
(1H, d, J = 9.6, Hy), 3.64-3.52 (3H, m, H,, Hy, H,). "C-NMR
(CD;0D): 171.5 (Cg), 169.9 (CO,H), 145.2 (C,, Cp), 130.2 (C,,
Co), 130.1 (C)), 117.3, 117.0 (C;, Cs, C,), 101.2 (Cy), 76.4, 76.3,
73.9, 72.3 (C,, Cy, Cy, Cs). HRMS: m/z 339.0718 (M — H]")
(339.0722, caled for C,sH,cO,). [a]p—72.1 (¢ 1, MeOH).

Compound 4b. 3b (0.6 mmol) was stirred in MeOH (30 ml)
containing ca. 0.1 equiv. MeONa at room temperature for 24 h.
After acidification with a proton-exchange resin, concentration
and chromatography on silica gel (eluent AcOEt), 4b was isolated.
R/(AcOEt) =0.15, yield 64%, melting point 180-181 °C. "H-NMR
(CD;0OD): 7.66 (1H, d, J = 15.9, Hy), 7.29-7.20 (3H, m, H,, Hs,
Hy), 6.50 (1H, d, J = 15.9, H,)), 4.96 (1H, H,,, masked by water
signal), 3.91-3.37 (13H, m + 3 s, H,, Hy, Hy, Hy + 3 OCHj;). *C-
NMR (CD;0D): 172.6 (Cy), 167.3, 155.3 (CO,CH;), 149.2 (Cy),
135.1,127.4,126.4, 122.6 (C,, C,, C,, Cy), 121.0, 117.1, 115.8 (C;,
C;s, C,), 103.0 (C)), 74.2, 70.4 (C,, C;, C,, Cy), 59.9, 56.2, 55.4
(3 OCH,).

Compounds 4c—4d. Same procedure as for 4b. R,(AcOEt) =
0.2, yield 50%. '"H-NMR (CD,0D): 7.60 (0.6H, d, J = 15.9, Hyg)),
7.58 (0.4H, d, J = 15.9, Hpu,), 7.44 (0.6H, d, J = 2.1, Hyuy), 7.21
(0.6H, dd, J = 2.1 and J = 8.4, Hyyy), 7.13 (0.4H, d, J = 2.1,
Hyu), 7.12 (0.4H, d, J = 8.4, Hyyy), 7.05 (0.4H, dd, J = 2.1,
J = 8.4, Hyuy), 6.89 (0.6H, d, J = 8.4, Hsyy), 6.38 (0.4H, d, J =
15.9, Hyuy), 6.34 (0,6H, d, J = 15.9, Hyua), 4.96 (0.4H, d, J =
7.5, Hyuo), 4.95 (0.6H, d, J = 7.5, Hy4g), 4.10 (0.6H, d, J = 9.6,
Hyua), 4.07 (0.4H, d, J = 9.6, H,4,), 3.83 (1.8H, s, OCH,,), 3.80
(1.2H, s, OCH4y), 3.78 (3H, s, OCH;Gy), 3.73-3.51 (3H, m, Hy,
Hy, Hy).

4-O-f-D-Glucuronylferulic acid (Sb). 4b (0.5 mmol) was stirred
in 1 M NaOH (2 equiv.-MeOH-H,O (1 : 3 : 2) (6 ml) at room
temperature for 15 h. After acidification with a proton-exchange
resin and concentration, Sb was isolated. R (C18-silica gel, 0.05%
ag. HCO,H-MeCN, 1: 1) = 0.89, yield 80%. '"H-NMR (CD;0OD):
7.64 (1H, d, J = 15.9, Hp), 7.28-7.18 (3H, m, H,, H;, Hy), 6.42
(1H,d,J=159,H,),5.06 (1H,d, J =7.5,H,),3.99 (1H,d, J =
9.6, Hy), 3.92 (3H, s, OCH,), 3.67-3.52 (3H, m, H,, Hy, H,). "C-
NMR (CD;OD): 171.5 (Cy), 169.9 (CO,H), 150.6, 149.0, 145.4
(G;, G, Cy), 1304, 122.6, 117.4, 117.2, 112.0 (C,, C,, Cs, Cs, C,),
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101.7 (C,), 76.6, 76.0, 73.9, 72.3 (Cs, Cy, Cy, Cs), 55.3 (OCH.).
HRMS: m/z 369.0825 (IM — HJ") (369.0828, caled for C,H Oy).
[edp —19.9 (¢ 1, MeOH).

4-0-B-p-Glucuronylcaffeic acid (5¢) and 3-O-B-p-glucuronyl-
caffeic acid (5d). Same procedure as for Sb. R,(C18 silica gel,
0.05% aq. HCO,H-MeCN, 1 : 1) = 0.77, yield 80%. Sc¢ and 5d
were separated by semi-preparative chromatography on C18 silica
gel (eluent 0.05% aq. HCO,H-MeOH 9 : 1 to pure MeOH).

Data for 5¢: "TH-NMR (CD;0D): 7.58 (1H, d, J = 15.9, Hy),
7.17 (1H,d, J = 8.4, H;), 7.13 (1H, d, J = 2.1, H,), 7.06 (1H, dd,
J=284and J = 2.1, Hy), 6.34 (1H, d, J = 15.9, H,), 4.94 (1H,
d,J=17.2,H,),4,00 (1H, d, J = 9.6, Hy), 3.64-3.53 (3H, m, H,,
H;, H,). "C-NMR (CD;0D): 169.9 (2 CO,H), 148.0, 147.9, 145.4
(Gs, G5, Cy), 130.9, 121.4, 117.7, 117.3, 115.5 (C,, C,, Cs, G, Cy),
103.0 (C,), 76.3, 76.0, 73.8, 72.4 (C,, C;, C,, Cy). HRMS: m/z
357.0815 (M + HJ"), 374.1077 (IM + NH,]*) (357.0816, 374.1081,
calcd for C,sHsOy). [o]p —84.4 (¢ 1, MeOH).

Data for 5d: 'H-NMR (CD,O0D): 7.59 (1H, d, J = 15.9, Hy),
747 (1H, d, J = 2.1, H,), 7.22 (1H, dd, J = 8.1 and J = 2.1,
Hy), 6.90 (1H, d, J = 8.1, Hj), 6.31 (1H, d, J = 15.9, H,), 4.92
(1H, d, J = 7.2, H}), 4.03 (1H, d, J = 9.6, Hy), 3.65-3.54 (3H,
m, H,, Hy, Hy). *C-NMR (CD;0D): 171.7 (Cy), 170.2 (CO,H),
150.6, 146.1, 145.7 (C;, Cs, Cy), 127.4,125.6, 117.9, 117.0 (C,, C,,
Cs, Cy), 1159 (C,), 103.7 (C}), 76.4, 75.9, 73.9, 72.3 (C,, Cy, Cy,
Cs). HRMS: m/z 357.0814 (IM + H]J"), 374.1080 ([M + NH,]*)
(357.0816, 374.1081, calcd for C,sH50,). [t]p =73.4 (¢ 1, MeOH).

Fluorescence measurements

Solutions were prepared daily by dissolving HSA in a pH 7.4
buffer (50 mM phosphate—100 mM NaCl).

Interaction of albumin with a single ligand. Small aliquots (1-
80 uL) of a concentrated ligand solution in MeOH or in MeOH—
DMSO (9 : 1) were added via syringe to 2 mL of a 3.75 uM
HSA solution placed in a quartz cell (path length: 1 cm). In all
experiments, the maximal cosolvent concentration was 5%.

Interaction of albumin with a dansyl probe and a second ligand.
To2mL ofa 75 uM HSA solution were successively added 20 uL of
a 7.5 mM solution of the dansyl probe in MeOH (1 : 1 HSA-probe
molar ratio) and aliquots (1-300 uL) of a concentrated solution
of the second ligand in MeOH or MeOH-DMSO (9 : 1).

Binding data treatment

All calculations were carried out with the least-square regression
program Scientist (MicroMath, Salt Lake City, USA). Standard
deviations and correlation coefficients are reported. Beside the
expression of the fluorescence intensity 7, the typical relationships
used in the curve-fitting procedures were combinations of the mass
law for the complexes and mass conservation for the ligand L,
protein P and dansyl probes D (see below).

Fluorescence of the ligands in the presence of HSA. The excita-
tion wavelength was selected so as to maximize the fluorescence of
the bound ligand or probe (4-O-B-D-glucuronyl-p-coumaric acid,
DNSA, DNSS). Assuming 1 : 1 binding, optimized values for
the binding constant (K,) and the molar fluorescence intensity of
the complex (fp.) were estimated by fitting the I vs. L, curves
against eqns (1)-(3) where L, is the total ligand concentration

and C the total protein concentration. The molar fluorescence
intensity of the free ligand (f ) was estimated from a linear plot of
the fluorescence intensity vs. ligand concentration in the absence
of HSA. The weak fluorescence intensity of free HSA (molar
fluorescence intensity f5) detected in the absence of ligand was
taken into account.

Iy = f1[L] + f¢[P] + fo K, [L][P] ()
L, = [L](1 + K\[P])) (@)
C=[PI(1 + K,[L]) (©)

Quenching of the intrinsic fluorescence of HSA by the ligands.
The excitation wavelength was selected so as to maximize the
fluorescence of the single Trp residue of HSA. However, most
ligands substantially absorb light at the excitation wavelength
(295 nm) so that an inner filter correction is necessary. Hence,
the protein fluorescence intensity is expressed as eqn (4), which is
used with eqn (2) and eqn (3) in the curve-fitting procedure.

I = fe[Plexp(—e. /L) “)

In eqn (4), & stands for the molar absorption coefficient of the
ligand at the excitation wavelength, and has been checked to be
identical for the bound or free ligand. Its value is determined
independently by UV-visible spectroscopy from a Beer’s plot.
Finally, / is the mean distance travelled by the excitation light
at the site of emission light detection. For the spectrometer used
in this work, / is estimated to be 0.65 cm.

When necessary, additional 1 : 2 protein-ligand binding (step-
wise binding constant K,) was taken into account, leading to eqns

)

L, = [L] + K\[P][L] + K, K,[P][LJ (5)
C=[PI(1 + K\[L] + K, K,[L}") (6)
Ir = [PI(f» + fr Ki[L]exp(—eLIL,) (7

In eqn (7), the fluorescence of complex PL, is neglected.

Quenching of the fluorescence of dansyl probe-HSA complexes
by the ligands. The excitation wavelength was selected so as
to maximize the fluorescence of the bound probe. Assuming
competition between the dansyl probe D and ligand L and pure 1 :
1 binding, eqns (8) and (9) can be derived and used in the curve-
fitting of the I vs. L, curve for the determination of optimized
values for parameters K, and f 1, (after preliminary determination
of K}, in the absence of L and of /7, in the absence of L and P).

:D .fD +fDPKD[P]

. TR KL ] exp(—sLlLt) (8)
C= [P][l + KoD, + KL, ] )
1+K,[P] 1+K,[P]

where /1, and f,p are the molar fluorescence intensities of the
dansyl probe and dansyl probe—-albumin complex, respectively, D,
is the total concentration of the dansyl probe, K, the probe-HSA
binding constant and & the molar absorption coefficient of the
ligand at the excitation wavelength.

This journal is © The Royal Society of Chemistry 2008

Org. Biomol. Chem., 2008, 6, 4253-4260 | 4259





References

1 M. Clifford and J. E. Brown, in: Flavonoids: Chemistry, Biochemistry
& Applications, ed. O. Andersen and K. Markham, CRC Press, Boca
Raton, 2006, pp. 319-370.

2 C. Manach, G. Williamson, C. Morand, A. Scalbert and C. Remesy,
Am. J. Clin. Nutr., 2005, 81, 230S-242S.

3 S. Lafay, A. Gil-Izquierdo, C. Manach, C. Morand, C. Besson and A.
Scalbert, J. Nutr., 2006, 136, 1192-1197.

4 Y. Konishi, Y. Hitomi and E. Yoshioka, J. Agric. Food Chem., 2004, 52,
2527-2532.

5'Y. Konishi and S. Kobayashi, J. Agric. Food Chem., 2004, 52, 2518
2526.

6 S. M. Kern, R. N. Bennett, P. W. Needs, F. A. Mellon, P. A. Kroon
and M. T. Garcia-Conesa, J. Agric. Food Chem., 2003, 51, 7884—
7891.

7 K. Azuma, K. Ippoushi, M. Nakayama, H. Ito, H. Higashio and J.
Terao, J. Agric. Food Chem., 2000, 48, 5496-5500.

8 M. Nardini, E. Cirillo, F. Natella and C. Scaccini, J. Agric. Food Chem.,
2002, 50, 5735-5741.

9S. M. Kern, R. N. Bennett, F. A. Mellon, P. A. Kroon and
M. T. Garcia-Conesa, J. Agric. Food Chem., 2003, 51, 6050-
6055.

10 M. Nardini, F. Natella, C. Scaccini and A. Ghiselli, J. Nutr. Biochem.,
2006, 17, 14-22.

11 L. C. Bourne and C. Rice-Evans, Biochem. Biophys. Res. Commun.,
1998, 253, 222-227.

12 O. Dangles, C. Dufour, C. Manach, C. Morand and C. Remesy,
Methods Enzymol., 2001, 335, 319-333.

13 T. Peters, All about albumin: biochemistry, genetics and biomedical
applications, Academic Press, San Diego, 1996.

14 C. Dufour, M. Loonis and O. Dangles, Free Radical Biol. Med., 2007,
43, 238-250.

15 K. M. Janisch, G. Williamson, P. Needs and G. W. Plumb, Free Radical
Res., 2004, 38, 877-884.

16 A. V. Stachulski, J. R. Harding, J. C. Lindon, J. L. Maggs, B. K. Park
and 1. D. Wilson, J. Med. Chem., 2006, 49, 6931-6945.

17 A. G. Pearson, M. J. Kiefel, V. Ferro and M. V. Itzstein, Carbohydr.
Res., 2005, 340, 2077-2085.

18 S. Galland, N. Mora, M. Abert-Vian, N. Rakotomanomana and O.
Dangles, J. Agric. Food Chem., 2007, 55, 7573-7579.

19 D. W. Boulton, U. K. Walle and T. Walle, J. Pharm. Pharmacol., 1998,
50, 243-249.

20 F. Zsila, Z. Bikadi and M. Simonyi, Biochem. Pharmacol., 2003, 65,
447-456.

21 B. Sengupta and P. K. Sengupta, Biochem. Biophys. Res. Commun.,
2002, 299, 400-403.

22 C. Dufour and O. Dangles, Biochim. Biophys. Acta, 2005, 1721, 164—
173.

23 C. Manach, C. Morand, V. Crespy, C. Demigne, O. Texier, F. Regerat
and C. Remesy, FEBS Lett., 1998, 426, 331-336.

24 D. E. Epps, T. J. Raub, V. Caiolfa, A. Chiari and M. Zamai, J. Pharm.
Pharmacol., 1999, 51, 41-48.

25 B. Valeur, Molecular fluorescence, Wiley-VCH, Weinheim, 2002.

26 J. Ghuman, P. A. Zunszain, 1. Petitpas, A. A. Bhattacharya, M. Otagiri
and S. Curry, J. Mol. Biol., 2005, 353, 38-52.

27 J. Min, X. Meng-Xia, Z. Dong, L. Yuan, L. Xiao-Yu and C. Xing,
J. Mol. Struct., 2004, 692, 71-80.

28 J. Kang, Y. Liu, M.-X. Xie, S. Li, M. Jiang and Y.-D. Wang, Biochim.
Biophys. Acta, 2004, 1674, 205-214.

29 D. E. Epps, T. J. Raub and F. J. Kezdy, Anal. Biochem., 1995, 227,
342-350.

30 B. Fischer, A. Nudelman, M. Ruse, J. Herzig, H. E. Gottlieb and E.
Keinan, J. Org. Chem., 1984, 49, 4988-4993.

31 R. T. Brown, F. Scheinmann and A. V. Stachulski, J. Chem. Res. (S),
1997, 370-371.

4260 | Org. Biomol. Chem., 2008, 6, 4253-4260

This journal is © The Royal Society of Chemistry 2008






PAPER

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

Conformational preferences and basicities of monofluorinated cyclopropyl
amines in comparison to cyclopropylamine and 2-fluoroethylaminef

Isabella Hyla-Kryspin, Stefan Grimme,* Svenja Hruschka and Giinter Haufe*

Received 16th June 2008, Accepted 23rd July 2008

First published as an Advance Article on the web 22nd September 2008

DOI: 10.1039/b810108f

Fluorine substituents in organic molecules do dramatically influence the electronic structure of
neighbouring functional groups and the conformation of molecules. Hence the presence of fluorine in a
compound changes its chemical reactivity and biological activity. On the basis of MP2 and SCS-MP2
calculations, we discuss the conformational preferences and basicity of the diastereoisomeric
2-fluorocyclopropylamines (cis-2 and trans-2) in comparison to those of cyclopropylamine (1) and
2-fluoroethylamine (3). 1 and 2 are viewed as model compounds for the antidepressant drug
tranylcypromine (trans-2-phenylcyclopropylamine, 1’a) and its fluorinated derivatives 2. The potential
energy profile for the rotation of the amino group in cis-2 differs from that of trans-2 and 1 which have

very similar rotational curves. For 2 the global minimum conformer is trans-2a and the lowest energy
cis-conformer 2c is less stable by 2.57 kcal mol™. The calculated enthalpy differences between the
conformers gauche-1b and s-trans-1a (2.0 kcal mol™) as well as between gauche-3b and gauche-4a

(0.2 kcal mol™) agree well with the available experimental data of 2.0 kcal mol™ and 0.1 £ 0.3 kcal
mol™, respectively. The calculated gas phase proton affinities (PA) of 1 (217.6 kcal mol™), cis-2¢

(215.6 kcal mol™), and trans-2a (209.3 kcal mol™) follow the trends of the pK, values measured in
solution for the diastereomeric 2-phenylcyclopropylamines 1’a and 1’b and their fluorinated derivatives
cis-2" and trans-2’. Tt is shown that the conformational preferences and basicity of the investigated
molecules are due to stereoelectronic effects from hyperconjugative interactions which lead to different
local charge distributions and different hybridization of the nitrogen lone-pair. The basicity of
gauche-3a (PA = 215.3 kcal mol™) and anti-3b (PA = 210.1 kcal mol™) is controlled by the charge of the
nitrogen atom, while that of cis-2¢ and trans-2a is overlap controlled as a result of different

hybridization of the nitrogen lone-pair [sp*** (cis-2¢), sp*”’ (trans-2a)].

Introduction

Due to the specific effects of fluorination on structure-activity
relationships, fluorinated compounds are attractive synthetic
targets in many areas of organic, biological, and medicinal
chemistry. The effects of a fluorine substituent on chemical
reactivity and biological activity of molecules as well as its
influence on the electronic structure of neighbouring functional
groups and intermolecular interactions have been intensely studied
in recent years.! In recent papers, we published work on the
inhibitory effect of monofluorinated tranylcypromine (tzrans-2-
phenylcyclopropylamine) derivatives on different monoamine
oxidases.”™ In order to find a correlation between the actual
biological activity and the physical chemical properties of these
compounds, we determined their pK, values. We found that the
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Miinster, Corrensstr. 40, D-48149, Miinster, Germany. E-mail: ihk@
uni-muenster.de,  grimmes@uni-muenster.de,  haufe@uni-muenster.de;
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T Electronic supplementary information (ESI) available: Optimized pa-
rameters of the conformers of 1, 2, and 3 (Table S1), MP2/TZVPP
vibrational frequencies of the global and local minima of 1, trans- and
cis-2 (Table S2), and NBO analysis of the important hyperconjugative
interactions of the protonated species 1H*, cis-2H*, and trans-2H*
(Table S3) together with Scheme S1 showing the labeling of atoms. See
DOI: 10.1039/b810108f

isomers with a trans-arrangement of the amino group and the
fluorine have a significantly lower pK, value than those with a
cis-arrangement, while no such effect of the configuration was
observed for the non-fluorinated parent compounds 1’a and 1’b
(Scheme 1).2

X NH, X

NH,

Tranylcypromine (1’a),
X =H, pK,=8.50
cis-2’, X =F, pK,=17.35

epi-Tranylcypromine (1’b),
X =H, pK, =847
trans-2’, X =F, pK, = 6.98

Scheme 1

Fluorine is the most electronegative element in the periodic table
and a decrease of the basicity of an organic molecule by 1-2 units
is to be expected when fluorine is introduced in the B-position.®
In accordance with that, we observed for both cis- and trans-
2’ lower pK, values than for 1’a and 1’b (Scheme 1).> However,
one would expect cis-2” to exhibit a lower basicity than trans-2’
as fluorine is in the vicinity of the amino group and therefore
can more easily influence the electron density distribution at
nitrogen. Since experiments disprove these expectations, other
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effects seem to play a more important role for the basicity of
the amino group. An effect that is often mentioned in conjunction
with acyclic fluorinated alkyl compounds is the gauche effect.* A
classical example of the fluorine-gauche effect is 1,2-difluoroethane
(4), where the supposedly disfavoured (by steric and electrostatic
reasons) gauche conformer has a lower energy than the anti one.”™
The origin of the gauche effect has been discussed in terms of bond
bending.® Substituents with larger electronegativity increase the
C-C bond bending which in turn destabilizes the anti-conformer
in favour of the gauche conformer. Another simple explanation
for the predominance of a conformation is commonly related
with favourable hyperconjugative interactions.®”*' In view of the
recent investigations on donor and acceptor properties of the
C-H and C-F bonds," one can postulate that in the gauche-
1,2-difluoroethane there are stabilizing 6(C-H) — o*(C-F)
interactions between an anti to fluorine lying 6-C-H bond that is
a better 6-donor than the C-F bond in the case of the anti-con-
former. Due to the gain in energy from such ¢(C-H) — ¢*(C-F)
hyperconjugation, the gauche arrangement should be the most
stable structure.®

In the cyclopropane compounds cis-2” and trans-2’, the config-
uration of fluorine and the amino group is fixed leading to either
a staggered (cis) or an anti (trans) arrangement. Consequently the
gauche effect cannot stabilize or destabilize one or the other isomer.
Nevertheless, hyperconjugation may influence the properties of
these compounds since it is inherently connected with electron
density reorganizations at the particular molecular sites.” The
shifts of electron density may change the basicity and stabilize the
particular conformations. In order to rationalize the experimental
findings concerning the basicity of fluorinated tranylcypromine
derivatives, we present here the calculated gas phase proton affinity
of the parent compounds: cyclopropylamine (1) and its fluorinated
counterparts cis-2 and trans-2 (Scheme 2).

NH, F NH, F F
; ; NH, NH,
1 cis-2 trans-2 3
Scheme 2

The electronic structures and conformational preferences as well
as the nature of interactions in the global minimum structures
of 1, cis-2 and trans-2 are the main focus of this paper. Since
hyperconjugation depends on the overlap of orbitals and their
intrinsic properties such as polarizability and energy,' in the case
of cyclopropane compounds this may be inhibited or enhanced
by the rigid structure of the small carbocycle. Thus, with the
aim of comparison we included 2-fluoroethylamine (3) in our
investigations.

Computational details

The calculations were carried out with the TURBOMOLE!
and the Gaussian 03" suite of programs. All structures were
geometry optimized at the second order Moller—Plesset perturba-
tion theory (MP2) level.”® Energetic properties of all investigated
molecules were also examined at the SCS-MP2 level™ and for
the energetically close conformers of 2-fluoroethylamine (3) at

the QCISD(T) level.’® The SCS-MP2 approach improves the
accuracy of the correlation energies calculated in the framework
of the MP2 method and outperforms MP2 for reaction energies
and activation barriers."* The QCISD(T) method provides energy
predictions quite similar to those obtained with the CCSD(T)
approach,' and therefore the QCISD(T) energies computed in
this work should be reliable. The QCISD(T) calculations were
carried out with the RICC program'” which was designed as a
TURBOMOLE extension. The MP2, SCS-MP2, and QCISD(T)
calculations were carried with the resolution of the identity
technique (RI)"™ by using the TURBOMOLE software. According
to prior experience, errors resulting from the RI approximation
are negligible for both, the relative energies and the optimized
structural parameters. In both approaches, the 1 s electrons of
carbon, nitrogen and fluorine were frozen in the correlation
treatment. All atoms were described with valence triple-{ basis sets
augmented with polarization functions: (11s6p2d1f)/[5s3p2d1f]
for C, N, and F, and (5s2p1d)/[3s2p1d] for H. These basis sets and
the corresponding auxiliary basis sets for the RI approximation
were taken from the TURBOMOLE basis set library where
they are denoted as TZVPP.” In addition to conformational
searches, stereoelectronic effects were also investigated with the
NBO program® implemented in the GAUSSIAN 03 package.
The hyperconjugative energies, AE..-?, were calculated with the
second-order perturbation theory approach according to eqn (1).*

AE ?® = ngF* oo/ (6gx — €5) €))

F 4 is the Fock matrix element in the NBO basis between the
donor (6) and acceptor (6*) NBOs, ¢, and &, are the energies of
o and o* NBOs, and 7, is the population of the donor NBO(o).
The NBO analyses were carried out for the Hartree—Fock electron
densities and with a threshold of 0.5 kcal mol™' for the AE,,.®
values.

The proton affinity (PA) is calculated as a negative value of the
enthalpy change of the protonation reaction: B + H* — BH".*
Using standard thermochemistry formulas for an ideal gas,® the
change of enthalpies at 298.15 K and 1 atmosphere was calculated
from the differences between the total electronic energies (E...),
zero-point-vibrational-energy (ZPVE), and thermal energies (Ey,)
of the product (i.e., the conjugate acid BH*) and the reactants (i.e.,
B + H*, the neutral base and the proton) and corrected for the
molar work term [A(PV)] (eqn (2)).

PA = ~AH.; AHos = AE,.. + AZPVE + AE, + A(PV)  (2)

Zero-point energies were obtained from MP2 harmonic vibra-
tional frequencies (unscaled) which were obtained with the SNF
program.? The thermal energy contributions (AE,,) correspond to
the sum of the changes in translational, rotational, and vibrational
energies when going from 0 to 298.15 K. For an ideal gas the
A(PV) term is equal to AnRT.* For graphical displays we used
the MOLDEN program.?

Conformational preferences of cis- and trans-2-
fluorocyclopropylamines (cis-2 and trans-2) vs.
cyclopropylamine (1)

The conformational preferences of cyclopropylamine (1) were
investigated decades ago with semiempirical (CNDO/2)* and
ab initio (HF)* methods using very small basis sets and fixed
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geometries. Therefore, we recalculated the potential energy profile
for the amine rotation in 1 at the MP2/TZVPP level. Confor-
mational analyses for the 2-fluorocyclopropylamines trans-2 and

cis-2 were not discussed so far. The potential energy profile of

1 obtained from constrained geometry optimization, that is, for
fixed rotation angle of the amino group relative to the cyclopropyl
ring and with all other parameters relaxed is shown in Fig. 1.
The analogous graphs obtained for trans-2 and cis-2 are displayed
in Fig. 2. The minima of 1, trans-2 and cis-2 were optimized
with all parameters relaxed. Relative energies of the stationary
points 1a—le are compared with available experimental data®?
in Table 1. Selected optimized parameters of the lowest energy
conformers, 1a, trans-2a, and cis-2¢, are depicted in Fig. 3. The
comparison of bond lengths and bond angles of all conformers is
provided in the ESI (Table S1).1 According to the suggestion of one
reviewer, we added to the ESI the calculated harmonic vibrations
for the minima of 1, trans-2, and cis-2. All investigated minima
exhibit few low vibrational frequencies. In general, compared to
the local minima, the low frequencies are slightly larger for the
global minima (Table S2).f

E

rel

(kcal mol ])

5
4 i Y
3 scis (1e) s-cis (1e)
2 gatiche (1¢) gauche (1b)
1 ] Y
2 o
0+ s-trans (1a)

T T 1 T T T T
80 120 160 200 240 280 320 360

o (deg.)
Fig. 1 MP2 potential energy profile for the rotation of the amino group
relative to the cyclopropyl ring in 1 derived from constrained geometry
optimizations with an interval of 20° for the rotational angle a. All
parameters were relaxed in optimizations of the global and local minima.
The rotational angle oc = 0° corresponds to the s-cis conformer 1le.

trans-2-fluorocyclopropylamine (frans-2)

E.
(kcal mol ) &3:}@‘}
¥ s

T T 1T T T T T T
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o (deg.)
(kc;';'ml N cis-2-fluorocyclopropylamine (cis-2)
v

3
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o (deg.)
Fig. 2 MP?2 potential energy profile for the rotation of the amino group
relative to the cyclopropyl ring in trans-2 (top) and cis-2 (bottom) derived
from constrained geometry optimization with an interval of 20° for the
rotational angle o. All parameters were relaxed in optimizations of the
global and local minima.

The conformational potential function of cyclopropylamine (1)
was estimated experimentally from the measured infrared and
Raman spectra.”®® The lowest energy structure was found to
correspond to the symmetric s-trans conformer la and the AH
of the gauche conformer 1b/1¢ was estimated as 2 kcal mol™ ? or
1.69 kcal mol™, respectively.? In the following, s-trans means that
the protons at nitrogen point away from the cis-protons at carbon
relative to nitrogen and s-cis means that the protons at nitrogen
point towards the cis-protons at carbon.

Table 1 Relative energies (kcal mol™) of the minima (a—c) and maxima (d-f) on the potential energy curves for the rotation of the amino group in 1,

trans-2, and cis-2

Compound Method a d b e c f
1 Exp.* 0.00 3.44 2.00 3.40 2.00 3.44
Exp.t 0.00 3.62 1.69 2.88 1.69 3.62
MP2/TZVPP 0.00 4.42 2.21 2.73 2.21 442
SCS-MP2/TZVPP 0.00 4.29 2.17 2.72 2.17 4.29
trans-2 MP2/TZVPP 0.00 4.16 2.65 2.89 2.34 443
SCS-MP2/TZVPP 0.00 4.07 2.65 2.93 2.33 4.45
cis-2 MP2/TZVPP ¢ 0.09 1.71 0.12 0.50 0.00 3.74
(2.60) (4.22) (2.63) (3.01) (2.51) (6.25)
SCS-MP2/TZVPP 0.02 1.65 0.01 0.47 0.00 3.58
(2.59) (4.22) (2.58) (3.04) (2.57) 6.15)

“Ref. 28. ? Ref. 29. < Values in parentheses refer to relative energies with respect to the global minimum frans-2a.
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trans-2a

Fig.3 Optimized bond distances (A) of 1a, trans-2a, and cis-2e.

The calculated AE between the gauche-1b/1¢ and s-trans-la
conformers [2.21 kcal mol™ (MP2), 2.17 kcal mol™ (SCS-MP2)] is
closer to the experimental AH values than the previous theoretical
estimates which range from 2.53 kcal mol™ to 4.40 kcal mol™.%*
Adding zero-point vibrational energies and thermal corrections
gives AH 5 of 2.02 kcal mol™ (SCS-MP2) which is in excellent
agreement with the experimental value of 2.00 kcal mol™ from
ref. 28.

In accord with experimental estimates from ref. 29, the calcu-
lated barrier for the gauche — gauche rotation is lower than that
for the gauche — s-trans one. Note, that according to ref. 28, both
rotational barriers should be the same (Table 1).

The introduction of the fluorine substituent in the trans position
to the amine does not have a strong influence on the rotational
energy profile of the amino group (Fig. 2, top). The stationary
points of trans-2 are similar to those of 1 and differ only slightly in
the amino group rotational angles. The dissymmetry introduced by
the trans-fluorine substituent results in slightly different energies of
the local minima trans-2b vs. trans-2¢ and of the maxima trans-2d
vs. trans-2f but their relative energies are close to the values of the
energetically degenerated structures 1b/1c and 1d/1f, respectively
(Table 1).

Similar to the case of 1, the relative energies of the structures a—f
of trans-2 and cis-2 calculated at the MP2 level are very close to
those from the SCS-MP2 level. For the sake of clarity we continue
our discussion with the later values.

The rotational energy profile of cis-2 differs significantly from
those calculated for 1 and trans-2 (Fig. 2, bottom). The three
minima cis-2a, cis-2b, and cis-2¢ have almost the same energy. The
lowest energy minimum corresponds to cis-2¢. Due to the repulsive
interactions between the lone pairs of fluorine and nitrogen the
conformer cis-2a is less stable than frans-2a by 2.59 kcal mol™.
Large differences are also discernible for the rotational barrier cis-
2d (1.65 kcal mol™) vs. 1d (4.29 kcal mol™) and trans-2d (4.07 kcal
mol™). The energetic stabilization of cis-2b, cis-2¢, and cis-2d is
due to the N-H - - - F—C interaction, which to some extent makes
up for F---N repulsion. The optimized F---H contacts of cis-
2¢ (2.257 A) and cis-2d (2.285 A) are short and that of cis-2b
(2.610 A) is also below the sum of the fluorine and hydrogen
van der Waals radii (2.67 A).* The rotational energy profile
of the amino group in frans-2-fluorocyclopropylamine (zrans-2)
suggests that the thermally most populated form will be the
conformer trans-2a. For cis-2-fluorocyclopropylamine (cis-2), the
situation is less clear. Due to the low energy barriers, at elevated
temperature the conversion of cis-2¢ through cis-2e to cis-2b and
further through cis-2d to cis-2a is possible and all conformers may
coexist.

The optimized structure of la agrees well with the exper-
imental and previously calculated data.’® In la the amino

group is pyramidalized and the lone-pair of the nitrogen points
into the cyclopropyl ring. The C-C bonds adjacent to the
amino substituent are shorter than the opposite C-C bond
(Fig. 3). Such structural properties were commonly discussed
on the basis of the Walsh/Bent model.** According to this
model, an electronegative substituent increases the s-character
in the adjacent C-C bonds and consequently these bonds are
shorter.

With respect to 1, fluorine substitution does not change the
C-N bond distance, but influences the C-C bond lengths of
the cyclopropyl ring. In accord with the Walsh/Bent model,*
the vicinal to fluorine C-C bonds of frans-2 and cis-2 are
significantly shorter and the opposite C-C bond is longer than
in the conformers of cyclopropylamine (1) (Fig. 3, Table S17).

Conformational preferences of 2-fluoroethylamine (3)

The optimized structures of the conformers of 3 and their relative
energies are shown in Fig. 4. All these conformers correspond to
true minima. Similar to the case of 1, trans-2, and cis-2, three
minima corresponding to the rotamers of the amino group were
obtained for gauche-3 and anti-3. During geometry optimization,
the structure syn-3a converged to the gauche-3b.

gauche-3a gauche-3b gauche-3c¢
0.00 (0.00) [0.00]  +0.22 (+0.21) [+0.14]  +2.42 (+2.36) [+2.38]
—0
1512 1515 1512
anti-3a anti-3b anti-3¢

+1.35 (+1.19) [+1.30]  +1.28 (+1.20) [+1.20]  (+1.35) (+1.19) [+1.30]

2,560

5561

syn-3¢
+10.97 (+10.72)

syn-3a

syn-3b
+5.89 (+5.67)

converges to gauche-3b

Fig.4 MP2/TZVPP optimized structures and relative energies (AE kcal
mol™) of the conformers of 2-fluoroethylamine (3). The SCS-MP2
and QCISD(T) relative energies are given in parentheses and brackets,
respectively. Distances are given in A.

The rotamers of 3 were investigated in the vapour phase in a mi-
crowave study.®® Only the gauche-3a and gauche-3b rotamers were
observed and the existence of a large fraction of other conformers
was ruled out. The enthalpy difference was estimated as 0.1 £
0.3 kcal mol™, with gauche-3a as the most stable conformer.*
Our result [0.17 kcal mol™'(MP2), 0.16 kcal mol™ (SCS-MP2),
0.09 kcal mol™ (QCISD(T))] agrees well with this experimental
value. The conformers gauche-3a,b and anti-3a,b were investigated
decades ago by theoretical methods. It is interesting to note that
the energetic order found in earlier ab initio studies:* gauche-3a <
gauche-3b < anti-3b < anti-3a is the same as from the present
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work, but due to small basis sets used previously, differences
are discernible for relative energy values.** Note that at the SCS-
MP2 level, anti-3a and anti-3b are energetically almost equivalent
(Fig. 4). Also a recent DFT study found gauche-3a and gauche-3b
as the most stable structures.*

The larger stability of gauche-3a and gauche-3b with respect
to the other conformers was attributed to intramolecular C—
F.--H-N hydrogen bonding which should be possible in these
structures.®*?* Indeed, the optimized F---H contacts in gauche-
3a (2.501 A) and gauche-3b (2.576 A) are short, while that of
gauche-3c (3.415 A) excludes any stabilization from a C—F - -- H-
N hydrogen bridge. Short F - - - H contacts are also calculated for
syn-3b(2.566/2.561 A) (Fig. 4) suggesting that this structure is also
stabilized by intramolecular hydrogen bonding. However, syn-3b
is less stable than all gauche- and anti-conformers (Fig. 4) and
consequently an intramolecular hydrogen bridging cannot be the
decisive factor that controls the conformational preferences of 3.
To finish this section we notice that the only experimental values
reported for the molecular structure of 3 are those for the dihedral
angle NCCF and the angle NCC.*® The optimized values for the
dihedral angle NCCF of 64.8° (gauche-3a) and 60.8° (gauche-3b)
compare well with the experimental estimates of 64 +£2° and 63
2°, respectively.** According to the experimental studies, the angle
NCC of gauche-3a of 110 £ 1° opens in gauche-3b to 114.5+ 1° .3
This behaviour is also very well reproduced by our calculations.
The optimized NCC angle is 109.4° for gauche-3a and 115.3° for
gauche-3b.

Proton affinities and molecular structures of the protonated species

The optimized structures of the protonated conformers of 1, 2, and
3 are shown in Fig. 5. The calculated proton affinities are collected
in Table 2. There is only one minimum for cyclopropylammonium
(1H*), as well as one minimum for each of the protonated

1.021

. +
anti-3H

gauche-3H+

Fig. 5 Optimized distances (A) of the protonated conformers of 1, 2,
and 3.

Table 2 Calculated energetics (kcal mol™) of the protonation reactions
of the representative conformers of cyclopropylamine (1), cis- and trans-
2-fluorocyclopropylamines (cis-2 and trans-2), and 2-fluoroethylamine (3)

-AE PA = -AH
Protonation reaction MP2 SCS-MP2 SCS-MP2
la+ H" — 1H* 222.4 224.5 217.6
cis-2¢ + H* — cis-2H* 221.4 2234 215.6
trans-2a + H* — trans-2H* 215.0 217.0 209.3
gauche-3a + H* — gauche-3H* 221.4 223.2 215.3
anti-3b + H* — anti-3H* 216.1 218.1 210.1

cis-2a—c¢, trans-2a—c, gauche-3a—c, and anti-3a—c structures. The
later minima are labelled below as cis-2H*, trans-2H*, gauche-
3H*, and anti-3H* (Fig. 5).

The protonation of the amino group changes the distances of
the adjacent C1-C2/C3 bonds. Compared with 1, the C2-C3
bond length of 1H* is practically the same but that of the C1-
C2/C3 bonds decreases from 1.500 A in 1 to 1.492 A in 1H*
(Fig. 3,5). Fluorination of C2 elongates the C1-C2 bond distance
and shortens the C1-C3 distance.

The protonated structures cis-2H* and gauche-3H* are by
3.9 kcal mol! (MP2), 3.8 kcal mol™" (SCS-MP2), and 6.6 kcal
mol™ (MP2), 6.3 kcal mol™ (SCS-MP2) more stable than trans-
2H* and anti-3H*, respectively. The later value compares well to
that obtained in DFT studies (5.8 kcal mol™).3% Note that despite
small differences between MP2 and SCS-MP2 levels for relative
energies, the SCS-MP2 protonation energies are 1.8-2.1 kcal mol™
larger than the corresponding MP2 values (Table 2).

The protonated species cis-2H* and gauche-3H* are character-
ized by strong intramolecular C-F--- H-N hydrogen bridging.
The optimized F---H(N) distance of cis-2H* (2.072 A) and
gauche-3H* (2.188 A) is significantly shorter than that in the neu-
tral species cis-2a (2.257 A) and gauche-3a (2.501 A). Furthermore,
as in the case of conventional (so called “red shifted”) hydrogen
bridged systems,*® the H-N bond involved in the C-F---H-N
interaction is longer than the other two H-N bonds (Fig. 5).

The calculated proton affinities (PA) of cyclopropylamine (1)
and the cis- and trans-2-fluorocyclopropylamines (cis-2 and trans-
2) follow the trends observed for the measured pK, values of the
tranylcypromine and its monofluorinated derivatives. The SCS-
MP2 PA value of la is larger than that of both fluorinated
congeners and the PA value of frams-2a is lower than that of
cis-2¢ (Table 2). Taking into account that the PAs of gauche-3a
and anti-3b are almost the same as those of cis-2¢ and trans-2a
(Table 3), this suggests that similar effects should be responsible
for the basicity of these species. Different basicities of fluorinated
cyclopropylamines are one factor influencing the activity and
selectivity of monoamine oxidase inhibitors.*

Hyperconjugative interactions, conformational preferences and
basicity of the investigated conformers

In the frame of the NBO analysis, the second-order perturbative
estimates of specific donor-acceptor interactions (AE?) give
the opportunity to clarify stereoelectronic effects in molecules.
Due to the electron density delocalization from filled Lewis-
type NBOs to the unoccupied non-Lewis, that is, antibonding
or Rydberg NBOs, the interaction energies AE® can be regarded
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Table 3 Strengths of the hyperconjugative interactions in the gauche- and anti-conformers of 3 and 3H*. AE@  is given in kcal mol™, and &5 — &5, and

Fy in E,
X=F,Y=H
Donor Acceptor gauche-3a gauche-3H*
NBO(o) NBO(c*) AE® &g — &g Fooe AE® Eqv — &g Foo
o(C1-H,) c*(C2-X) 5.59 1.18 0.072 3.55 1.24 0.059
o(C1-N) c*(C2-Y) 1.41 1.50 0.041 0.99 1.58 0.035
o(C2-Y) o*(C1-N) 4.13 1.29 0.065 5.26 1.14 0.069
o(C2-X) o*(C1-H,) 0.94 1.76 0.036 1.02 1.75 0.038
Total 12.07 10.83
Lp N o*(C1-Hy) 11.06 1.06 0.097
X = H; Y=F
anti-3b anti-3H*
AE® Egr — &g Fogr AE® Eor — &g Foo
o(C1-H,) c*(C2-X) 3.06 1.24 0.055 222 1.30 0.048
o(CI-N) c*(C2-Y) 2.09 1.44 0.049 1.34 1.54 0.041
o(C2-Y) c*(C1-N) 1.26 1.79 0.042 1.82 1.64 0.049
o(C2-X) c*(C1-H,) 2.90 1.28 0.055 2.80 1.26 0.053
Total 9.31 8.18
Lp N c*(C1-C2) 9.84 1.07 0.092

as a measure of stabilizing two-electron delocalization. For the
sake of clarity we first describe the gauche-preferences of 3, and
3H*. The corresponding NBO data with atom labeling according
to Scheme 3 are presented in Table 3.

Scheme 3

From previous investigations, it is known that the acceptor
ability of the o*(C—X) orbitals from o(C-H) donors smoothly
increases in parallel to the increase in electronegativity'® and
an inverse ordering can be expected for the donor ability of
the analogous bonding counterparts. Thus, for gauche-3 and
gauche-3H*, the strongest hyperconjugative interactions concern
the 6(C-H) — o*(C-F/N) delocalizations. Since upon going
from the gauche-conformers to the anti-ones, the H and F
atoms attached to C2 change their position, the strong ¢*(C-
F) acceptor and strong 6(C-H) donor are replaced by poorer
ones. Consequently, the stabilizing effect of the hyperconjugative
interactions, 6(C1-H,) — o*(C2-X) and o(C2-Y) — ¢*(C1-N),
decreases significantly in the anti-structures (Table 3). For the same
reasons, the two other interactions: 6(C1-N) — ¢*(C2-Y) and
o(C2-X) — o*(Cl1-H,) are slightly stronger in the anti structures,
but the gain in energy [+2.64 kcal mol™ (anti-3b), +2.13 kcal
mol™! (anti-3H*)] cannot compensate the loss of energy [-5.40 kcal
mol™ (anti-3b), —4.77 kcal mol™ (anti-3H*)] from the two former
o(C1-H,) —» o*(C2-X) and o(C2-Y) — o*(C1-N) interactions
(Table 3). Note that electron density delocalization from the
nitrogen lone-pair contributes also to the stabilization of gauche-
3a [L.p. N — o*(C1-H,] and anti-3b [L.p. N — o*(C1-C2)], but
once again this stabilizing effect is slightly larger in gauche-3a
(Table 3). The comparable strength as well as the same nature

of hyperconjugative interactions in the gauche structure of 2-
fluoroethylamine (3a) and the 2-fluoroethylammonium ion (3H*)
shows that the gauche preference is of comparable magnitude in
both of these species (Table 3). Thus, the larger stabilization of
gauche-3H* over anti-3H* [AE = 6.6 kcal mol™ (MP2), 6.3 kcal
mol™ (SCS-MP2)] as compared to that of gauche-3a vs. anti-3b
[AE = 1.28 kcal mol™ (MP2), 1.20 kcal mol™ (SCS-MP2)] should
be attributed to strong C-F---H-N hydrogen bridging in the
protonated gauche-form.

The question about the origin of the stability of the cyclopropy-
lamine s-trans conformer 1a has been addressed years ago by vari-
ous theoretical workers.*” In addition to the mentioned arguments
on the basis of the Walsh/Bent model,*? interactions between the
nitrogen lone-pair orbital and the C-C ¢ and ¢* MOs of the
cyclopropyl ring have also been considered.?” The widely presented
interpretation referred to the electron density delocalization from
the nitrogen lone-pair (L.p.) orbital to the unoccupied 4¢” MO of
cyclopropane in which the interactions of the C1 atom with the
C2 and C3 atoms have antibonding character.’”

The strengths of the important hyperconjugative interactions in
the conformers of 1 are compared to those of cis-2 and trans-2
in Table 4. The results of the NBO analysis for 1H*, cis-2H* and
trans-2H* are provided in the ESI (Table S3).T The data in Table 4
show that the L.p. (N) — ¢*(C1-C2)/0*(C1-C3) delocalizations
with AE® of 1.88 kcal mol™ contribute only marginally to the
stabilization of 1a (for labeling of atoms see Scheme 4).

Scheme 4

A strong interaction is discernible for electron density de-
localization into the *(C1-H,) NBO. The strength of the
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Table 4 Strengths of the important hyperconjugative interactions AE@ , (kcal mol™) in the conformers of 1" ¢is-2’, and trans-2"

Donor Acceptor X=Y=H X=FY=H X=H,Y=F
NBO NBO 1’a 1'b/1’c cis-2'a cis-2'b cis-2'c trans-2'a trans-2'b trans-2'c
6(C1-N) o*(C2-Y) 0.84 0.82 0.74 0.73 0.70 1.27 1.22 1.10
o(CI-N) o*(C3-H,) 0.84 0.71 0.85 0.83 0.82 0.72 0.56 0.69
o(C2-X) o*(C1-H,) 1.49 1.58 - — - 1.11 1.25 1.14
o(C2-X) o*(C3-H) 1.50 1.45 — — — 1.18 1.24 1.18
o(C3-H,) o*(C1-H,) 1.49 1.47 1.65 1.69 1.50 1.28 1.23 1.35
o(C3-H,) 6*(C2-Y) 1.50 1.48 1.66 1.49 1.55 2.48 2.48 2.38
o(C2-Y) o*(C1-N) 2.05 1.96 1.89 1.85 1.49 0.66 0.65 0.73
o(C2-Y) o(C3-H,) 1.42 1.41 1.27 1.11 1.13 — — —
o(C3-H,) 6*(C1-N) 2.05 2.38 1.75 1.87 2.17 2.12 2.48 2.07
o(C3-H,) o*(C2-X) 1.42 1.44 2.42 2.36 2.52 1.47 1.46 1.44
o(C1-H,) o*(C2-X) 1.37 1.62 2.28 2.28 2.46 1.30 1.62 1.45
o(C1-H,) 6*(C3-H,) 1.37 1.51 1.28 1.56 1.45 1.44 1.65 1.71
Lp. N o*(C1-H,) 12.62 4.14 13.39 2.93 6.12 12.99 441 4.04
Lp N o*(C1-C2) 1.88 — 2.66 15.52 — 3.62 — 14.71
Lp. N o*(C1-C3) 1.88 14.51 2.57 — 14.52 1.52 15.34 —
o(N-H)® o*(C-C) 9.96 4.69 9.94 5.38 5.03 9.30 4.98 4.75
o(C-C)® o*(N-H) 5.54 2.53 5.53 2.51 291 5.59 2.37 2.73
o(C2-C3) 6*(C1-N) 3.89 5.43 3.26 4.52 4.38 4.09 6.08 5.76
Total 53.11 49.13 53.14 46.63 48.75 52.14 49.02 47.23

“ Labeling of atoms according to Scheme 4. Sum of interaction energies between the corresponding donor and acceptor NBOs.

L.p (N) - o*(C1-H,) delocalization decreases from 12.66 kcal
mol™ in 1a to 4.14 kcal mol™ in 1b/1c. However, for 1b/1c,
the NBO analysis predicts strong (14.51 kcal mol™) interaction
between the L.p. (N) orbital and the ¢*(C1-C3) NBO. These
findings suggest that electron density delocalization from L.p. (N)
is not responsible for the conformational preferences of 1. Exam-
ination of the data from Table 4 shows that the most striking differ-
ences between 1a and 1b/1c concerns the 6(N-H) — ¢*(C-C) and
o(C-C) — o*(N-H) delocalizations. Compared to 1a, all these
interactions are weaker in 1b/1¢. Note that the NBOs 6(C1-N) and
6*(C1-N) are also involved in the hyperconjugative interactions.
The sum of the stabilizing interactions present in 1a decreases from
53.11 kcal mol™ to 49.13 kcal mol™ in 1b/1¢ (Table 4).

From Table 4 it is evident that the stabilizing interactions of
the conformers, cis-2 and trans-2, have a comparable nature to
those of 1a and 1b/1c¢. Similar to the case of 1a and 1b/1¢, the
total hyperconjugative interactions of the 2b and 2c¢ structures
are weaker than those of the corresponding 2a forms (Table 4).
The reasons for this behavior are the same as in the case of
1a and 1b/1c. The total stabilization energy of cis-2a is slightly
stronger than that of frans-2a. However, as frans-2a is the most
stable form, this finding suggests that stabilizing interactions in
cis-2a do not make up for repulsive interactions between fluorine
and nitrogen, as it was the case in gauche-3a. This is due to
the rigid structure of the small carbocycle. The F--- N distance
of cis-2a (2.799 A) is shorter than that of gauche-3a (2.839 A)
and consequently repulsive F - - - N interactions are stronger in the
former structure. As in the case of 2-fluoroethylamine (3), upon
going from the conformers of cis-2-fluorocyclopropylamine (cis-2)
to those of the trans-isomer, trans-2, the poor 6*(C-H) acceptor is
replaced by the good 6*(C-F) one and the poor 6(C-F) donor is
replaced by the better 6(C—H) donor. Thus, compared to the trans-
2 conformers, the 6(C2-Y) — o*(C1-N) interactions are stronger
for the cis-2 conformers and those from the 6(C1-N) — ¢*(C2-
Y) hyperconjugation are weaker (Table 4). As a result of these
interactions, one can expect that the electron density at nitrogen

in the cis-2 conformers should be larger than that in the trans-2
ones. However, hyperconjugative interactions of the nitrogen lone-
pair orbital and the N-H bonds do also contribute. Consequently,
the electronic properties of the amino group, such as the charge
of the nitrogen and the hybridization and energy of the lone-pair
orbital, will result from complex combination of all particular
charge flows. It is obvious that all these properties are inherently
connected with the basicity of the conformers and their reactivity
in the protonation reactions.

The calculated NPA charge (¢) of the nitrogen atom as well as the
hybridization (sp"), energy (&) and electronic population (OCC)
of the nitrogen lone-pair orbital of the relevant conformers (see
Table 2) for the protonation reaction of 1, 2, and 3 are collected in
Table 5. These data suggest that the basicity of the conformers
is controlled by the charge of the nitrogen atom and/or the
hybridization of the nitrogen lone-pair. Thus, the larger proton
affinity of gauche-3a vs. that of anti-3b is due to the charge on
the nitrogen atom which in the former conformer is more negative
than in the latter one. This property is mainly due to the c(Cl1-
N) — o*(C2-Y) hyperconjugation whose strength increases from
1.41 kcal mol™ in gauche-3a to 2.09 kcal mol™ in anti-3b as well
as to the o(C2-Y) — ¢*(CI1-N) hyperconjugation whose strength
decreases from 4.13 kcal mol™ in gauche-3a to 1.26 kcal mol™ in
anti-3b.

Table 5 Electronic properties of the nitrogen lone-pair and the charge (¢)
of the nitrogen atom from the NBO and NPA population analyses

Conformer L.p.(N)* & (a.u) ocCct g NPA (N)
gauche-3a sp*¥’ —-0.49841 1.96807 -0.82602
anti-3b sp** —0.49562 1.96543 —0.81465
s-trans-1a sp*”’ —0.48690 1.96509 —0.81822
cis-2¢ sp** —0.48148 1.95625 —-0.81329
trans-2a sp*”’ —-0.49836 1.96267 -0.81741

“Hybridization of the nitrogen lone-pair. * OCC gives the electronic
population of the nitrogen lone-pair.
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Similar arguments explain also the larger proton affinity of s-
trans-1a vs. that of the cis- and trans-conformers of 2. However,
the larger proton affinity of cis-2¢ as compared to that of trans-2a
cannot be related to charge distributions. The NPA charge ¢ of
the nitrogen atom calculated for cis-2c¢ is slightly less negative than
that of trans-2a. For cis-2¢ and trans-2a, differences are discernible
for the hybridization of the nitrogen lone-pair (L.p.). Upon going
from cis-2c to trans-2a, the hybridization of the L.p. (N) changes
from sp** to sp*”’. Due to the higher s-character, the energy of
the L.p.(N) in trans-2a (—0.49836 a.u.) is lower than in the case of
cis-2¢ (—-0.48148 a.u.). These finding suggest that the basicity of
cis-2c and trans-2a is overlap controlled as a result of the different
hybridization of the nitrogen lone-pair.

Conclusions

The conformational preferences and basicity of cyclopropylamine
(1), and cis- and trans-2-fluorocyclopropylamines (2) were studied
in comparison to 2-fluoroethylamine (3) using the MP2 and SCS-
MP2 methods with extended basis sets. The potential energy
profile for the rotation of the amino group in cis-2 differs from
that of trans-2 and 1, whose rotational curves are very similar.
Stereoelectronic effects were analyzed with the help of the NBO
procedures. The global minimum conformer trans-2a is 2.57 kcal
mol™ more stable than the lowest energy cis-conformer 2¢. In
accord with the experimental pK, values of compounds cis-2’
and trans-2’ in solution,” the calculated proton affinity of cis-2¢
is larger than that of the trans-form 2a. Similar results are also
observed for the gauche- and anti-forms of 3. The changes of
basicity with respect to the particular molecular conformation are
due to stereoelectronic effects from hyperconjugative interactions
which lead to different local charge distributions and different
hybridization of the nitrogen lone-pair. The basicity of gauche-3a
and anti-3b is controlled by the charge of the nitrogen atom, which
in the former structure is more negative. The charge of the nitrogen
atom of cis-2c is slightly less negative than that of trans-2a and the
basicity of these forms is overlap controlled due to the different p-
character of the nitrogen lone-pair [sp*** (cis-2a), sp*”’ (trans-2a)).
Similar to the case of gauche-3H*, intramolecular C-F --- H-N
interactions contribute also to the stability of cis-2H*. The MP2
and SCS-MP2 relative enthalpies agree well with the available
experimental data, but the accuracy of the later calculated values
is better than that of the former ones.

Acknowledgements

Support of this work from the Deutsche Forschungsgemeinschaft
in the framework of the SFB 424 (“Molekulare Orientierung
als Funktionskriterium in chemischen Systemen”) is gratefully
acknowledged.

References

1 (a) P. Love, R. B. Cohen and R. W. Taft, J 4m. Chem. Soc., 1968,
90, 2455-2462; (b) M. Schlosser, Angew. Chem., Int. Ed., 1998, 110,
1496-1513; (c) J. T. Welch, S. Eswarakrishnan, Fluorine in Bioorganic
Chemistry, Wiley, New York, 1991; (d) B. E. Smart, J. Fluorine Chem.,
2001, 109, 3-11; (¢) G. Haufe, T. C. Rosen, O. G. J. Meyer, R. Frohlich
and K. Rissanen, J. Fluorine Chem., 2002, 114, 189-198; (f) 1. Hyla-
Kryspin, G. Haufe and S. Grimme, Chem.—Eur. J., 2004, 10, 3411-3422;
(g) H.-J. Bohm, D. Banner, S. Bendels, M. Kansy, B. Kuhn, K. Miiller,

U. Obst-Sander and M. Stahl, ChemBioChem, 2004, 5, 637-643 and
references cited therein; (1) P. Kirsch, Modern Fluoroorganic Chemistry:
Synthesis, Reactivity, Application, Wiley-VCH, Weinheim, 2004; (i) R.
Frohlich, T. C. Rosen, O. G. J. Meyer, K. Rissanen and G. Haufe, J. Mol.
Struct., 2006, 787, 50-62; (j) K. Uneyama, Organofiuorine Chemistry,
Blackwell, Oxford, 2006; (k) D. O’Hagan, Chem. Soc. Rev., 2008,
37, 308-319; (/) Fluorine and Health. Molecular Imaging, Biomedical
Materials and Pharmaceuticals, ed. A. Tressaud and G. Haufe, Elsevier,
Amsterdam, 2008.

2 T. C. Rosen, S. Yoshida, K. L. Kirk and G. Haufe, ChemBioChem,
2004, 5, 1033-1043.

3 (@) S. Yoshida, T. C. Rosen, O. G. J. Meyer, M. J. Sloan, S. Ye, G. Haufe
and K. L. Kirk, Bioorg. Med. Chem., 2004, 12, 2645-2652; (b) S. Ye, S.
Yoshida, R. Frohlich, G. Haufe and K. L. Kirk, Bioorg. Med. Chem.,
2005, 13, 2489-2499; (¢) S. Yoshida, O. G. J. Meyer, T. C. Rosen, G.
Haufe, S. Ye, M. J. Sloan and K. L. Kirk, J Med. Chem., 2004, 47,
1796-1806; (d) T. C. Rosen, S. Yoshida, R. Frohlich, K. L. Kirk and G.
Haufe, J. Med. Chem., 2004, 47, 5860-5871.

4 (a) S. Hruschka, T. C. Rosen, S. Yoshida, K. L. Kirk, R. Frohlich, B.
Wibbeling and G. Haufe, Bioorg. Med. Chem., 2008, 16, 7148-7166;
(b) S. Hruschka, S. Yoshida, K. L. Kirk and G. Haufe, J Fluorine
Chem., 2008, 129, 875-880.

5 (a) C. D. Cox, M. J. Breslin, D. B. Whitman, P. J. Coleman, R. M.
Garbaccio, M. E. Fraley, M. M. Zrada, C. A. Buser, E. S. Walsh, K.
Hamilton, R. B. Lobell, W. Tao, M. T. Abrams, V. J. South, H. E.
Huber, N. E. Kohl and G. D. Hartman, Bioorg. Med. Chem. Lett.,
2007, 17, 2697-2702; (b) R. Zheng and J. S. Blanchard, Biochemistry,
2000, 39, 16244-16251; (¢) R. W. Fuller, B. B. Molly, The Effect of
Aliphatic Fluorine on Amine Drugs, in Biochemistry Involving Carbon—
Fluorine Bonds, ACS Symposium Series, vol. 28, ed. R. Filler, American
Chemical Society, Washington D.C., 1976, pp. 77-98.

6 (a) S. Wolfe, Acc. Chem. Res., 1972, 5, 102-111; (b) K. B. Wiberg, Acc.
Chem. Res., 1996, 29, 229-234.

7 (a) R.J. Abraham and R. H. Kemp, J. Chem. Soc. B, 1971, 1240-1245;
(b) D. Friesen and K. Hedberg, J. Am. Chem. Soc., 1980, 102, 3987—
3994; (¢) P. Huber-Wilchli and H. H. Gunthard, Spectrochim. Acta,
Part A, 1981, 37, 285-304; (d) T. Hirano, S. Nonoyama, T. Miyajima,
Y. Kurita, T. Kawamura and H. Sato, J. Chem. Soc., Chem. Commun.,
1986, 606-607; (e) J. R. Durig, J. Liu, T. S. Little and V. F. Kalasinsky,
J. Phys. Chem., 1992, 96, 8224-8233.

8 (a) K. B. Wiberg and M. A. Murcko, J. Phys. Chem., 1987, 91, 3616—
3620; (b) D. A. Dixon and B. E. Smart, J. Phys. Chem., 1988, 92,
2729-2733; (¢) K. B. Wiberg, M. A. Murcko, K. E. Laidig and P. J.
MacDougall, J. Phys. Chem., 1990, 94, 6956-6959; (d) H. Senderowitz,
L. Goldener and B. Fuchs, Tetrahedron, 1994, 50, 9707-9728; (e) P. R.
Rablen, R. W. Hoffmann, D. A. Hrovat and W. T. Borden, J. Chem.
Soc., Perkin Trans. 2, 1999, 1719-1726; (f) L. Goodman, H. Gu and V.
Pophristic, J. Chem. Phys. A, 2005, 109, 1223-1229.

9 For some recent examples of the fluorine-gauche effect see: (a) R. D.
Amos, N. C. Handy, P. G. Jones, A. J. Kirby, J. K. Parker, J. M. Percy
and M. D. Su, J Chem. Soc., Perkin Trans. 2, 1992, 549-558; (b) D.
O’Hagan, C. Bilton, J. A. K. Howard, L. Knight and D. J. Tozer,
J. Chem. Soc., Perkin Trans. 2, 2000, 605-607; (c¢) C. R. S. Briggs, D.
O’Hagan, J. A. K. Howard and D. S. Yufit, J. Fluorine Chem., 2003,
119, 9-13; (d) C. R. S. Briggs, D. O’Hagan, H. P. Rzepa and A. M. Z.
Slawin, J. Fluorine Chem., 2004, 125, 19-25.

10 (@) 1. V. Alabugin, J. Org. Chem., 2000, 65, 3910-3919; (b) L. V. Alabugin

and T. A. Zeidan, J Am. Chem. Soc., 2002, 124, 3175-3185, and
references cited therein; (c¢) J. J. Urban, J. Phys. Org. Chem., 2005,
18, 1061-1071.

R. Ahlrichs, M. Bér, H.-P. Baron, S. Bauernschmitt, S. Bocker, P.
Deglmann, M. Ehrig, K. Eichkorn, S. Elliot, F. Furche, F. Haase, M.
Hiser, H. Horn, C. Hittig, C. Huber, U. Huniar, M. Kattannek, A.
Kohn, C. Kolmel, M. Kollwitz, K. May, C. Ochsenfeld, H. Ohm, H.
Patzelt, O. Rubner, A. Schifer, U. Schneider, M. Sierka, O. Treutler,
B. Unterreiner, M. von Arnim, F. Weigend, P. Weis and H. Weiss,
TURBOMOLE (Version 5.7), University of Karlsruhe, Karlsruhe,
Germany, 2005.

—_

12 M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A.

Robb, J. R. Cheeseman, J. A. Montgomery, Jr., T. Vreven, K. N.
Kudin, J. C. Burant, J. M. Millam, S. S. Iyengar, J. Tomasi, V. Barone,
B. Mennucci, M. Cossi, G. Scalmani, N. Rega, G. A. Petersson, H.
Nakatsuji, M. Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa,
M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, M. Klene, X.
Li, J. E. Knox, H. P. Hratchian, J. B. Cross, C. Adamo, J. Jaramillo,

4174 | Org. Biomol. Chem., 2008, 6, 4167-4175

This journal is © The Royal Society of Chemistry 2008





R. Gomperts, R. E. Stratmann, O. Yazyev, A. J. Austin, R. Cammi,
C. Pomelli, J. W. Ochterski, P. Y. Ayala, K. Morokuma, G. A. Voth,
P. Salvador, J. J. Dannenberg, V. G. Zakrzewski, S. Dapprich, A. D.
Daniels, M. C. Strain, O. Farkas, D. K. Malick, A. D. Rabuck, K.
Raghavachari, J. B. Foresman, J. V. Oritz, Q. Cui, A. G. Baboul, S.
Clifford, J. Cioslowski, B. B. Stefanov, G. Liu, A. Liashenko, P. Piskorz,
I. Komaromi, R. L. Martin, D. J. Fox, T. Keith, M. A. Al-Laham, C. Y.
Peng, A. Nanayakkara, M. Challacombe, P. M. W. Gill, B. Johnson,
W. Chen, M. W. Wong, C. Gonzales and J. A. Pople, Gaussian 03 Rev.
C01, Gaussian, Inc., Wallingford CT, 2004.

13 C. Moller and M. S. Plesset, Phys. Rev., 1934, 46, 618-622.

14 (a) S. Grimme, J. Chem. Phys., 2003, 118, 9095-9102; (b) T. P. M.
Goumans, A. W. Ehlers, K. Lammertsma, E.-U. Wiirthwein and
S. Grimme, Chem.—Eur. J., 2004, 10, 6468-6475; (¢) S. Grimme,
J. Phys. Chem. A, 2005, 109, 3067-3077; (d) S. Grimme, C. Miick-
Lichtenfeld, E.-U. Wiirthwein, A. W. Ehlers, T. P. M. Goumans and
K. Lammertsma, J. Phys. Chem. A, 2006, 110, 2583-2586; (¢) R. A.
DiStasio, Jr. and M. Head-Gordon, Mol. Phys., 2007, 105, 1073-1083;
(f) T. Takatani and C. D. Sherrill, Phys. Chem. Chem. Phys., 2007,
9, 6106-6114; (g) see also: A. Szabados, J. Chem. Phys., 2006, 125,
214105-1-214105-7.

15 (a) J. A. Pople, M. Head-Gordon and K. Raghavachari, J Chem.
Phys., 1987, 87, 5968-5975; (b) T. Helgaker, P. Jorgensen and J. Olsen,
Molecular Electronic Structure Theory, Wiley, Chichester, 2000.

16 F. Jensen, Introduction to Computational Chemistry, Wiley, Chichester,
1999.

17 S. Grimme, E. Izgorodina, RICC (Version 1.7): A coupled cluster
program that uses the resolution of the identity method, University
of Miinster, Miinster, Germany, 2003.

18 (a) O. Vahtras, J. Almléf and M. W. Feyereisen, Chem. Phys. Lett.,
1993, 213, 514-518; (b) F. Weigend and M. Héser, Theor. Chem. Acc.,
1997, 97, 331-340.

19 (a) The basis sets and the corresponding auxiliary basis sets for the
RI approximation are available from the TURBOMOLE homepage
http://www.turbomole.com in the subdirectory basen, and cbasen,
respectively, where they are labeled as TZVPP; see also; (b) A. Schifer,
C. Huber and R. Ahlrichs, J. Chem. Phys., 1994, 100, 5829-5835; (¢) F.
Weigend, M. Haser, H. Patzelt and R. Ahlrichs, Chem. Phys. Lett.,
1998, 294, 143-152; (d) F. Weigend and R. Ahlrichs, Phys. Chem. Chem.
Phys., 2005, 7, 3297-3305.

20 E. D. Glendening, J. K. Badenhoop, A. E. Reed, J. E. Carpenter, F.
Weinhold, NBO 4.0., Theoretical Chemistry Institute, University of
Wisconsin, Madison WI, 1996.

21 A. E. Reed, L. A. Curtiss and F. Weinhold, Chem. Rev., 1988, 88,
899-926.

22 (a) 1. Hyla-Kryspin, S. Grimme, H. H. Biiker, N. M. M. Nibberg,
F. Cottet and M. Schlosser, Chem.—Eur. J., 2005, 11, 1251-1256; (b) M.

Swart, E. Rosler and F. M. Bickelhaupt, J. Comput. Chem., 2006, 27,
1486-1493; (¢) I. Despotovic, Z. B. Maksi¢ and R. Vianello, Eur. J. Org.
Chem., 2007, 3402-3413 and references cited.

23 (a) J. E. Del Bene, in Molecular Structure and Energetics: Bonding
Models, ed. J. F. Liebmann and A. Greenberg, VCH, Deerfield Beach,
Fl, 1986, vol. 1, pp. 319-349; (b) K. S. Pitzer, Quantum Chemistry,
Prentice-Hall, Englewood Cliffs, NJ, 1961.

24 C.Kind, M. Reiher, J. Neugebauer and B. A. Hess, SNF (Version 2.2.1),
A program for Numerical Frequency Analyses, University of Erlangen,
2002.

25 G. Schaftenaar and J. H. Nordik, MOLDEN: a-pre- and post-
processing program for molecular and electronic structures, J. Comput.
Aided Mol. Des., 2000, 123.

26 M. Pelissier, C. Leibovici and J.-F. Labarre, Tetrahedron, 1972, 28,
4825-4833.

27 A.R.Mochel, J. E. Boggs and P. N. Skancke, J. Mol. Struct., 1973, 15,
93-102.

28 D. A. C. Compton, J. J. Rizzolo and J. R. Durig, J. Phys. Chem., 1982,
86, 3746-3753.

29 V. F. Kalasinsky, D. E. Powers and W. C. Harris, J. Phys. Chem., 1979,
83, 506-510.

30 A. Bondi, J. Phys. Chem., 1964, 68, 441-451.

31 (a) T. Lijima, T. Kondou and T. Takenaka, J. Mol. Struct., 1998, 445,
23-28; (b) M. Rall, M. D. Harmony, D. A. Cassada and S. W. Staley,
J. Am. Chem. Soc., 1986, 108, 6184-6189.

32 (a) A. D. Walsh, Discuss. Faraday Soc., 1947, 2, 18-25; (b) H. A. Bent,
Chem. Rev., 1961, 61, 275-311.

33 K.-M. Marstokk and H. Mollendal, Acta Chem. Scand., Ser. A, 1980,
34, 15-29.

34 (a) L.Radom, W. A. Lathan, W. J. Hehre and J. A. Pople, J. Am. Chem.
Soc., 1973, 95, 693-698; (b) T. Lotta, J. Murto, M. Rdsdnen, A. Aspiala
and P. Sarkka, J. Chem. Phys., 1985, 82, 1363-1375.

35 (a) C. R. S. Briggs, M. J. Allen, D. O’Hagan, D. J. Tozer, A. M. Z.
Slawin, A. E. Goeta and J. A. K. Howard, Org. Biomol. Chem., 2004, 2,
732-740; (b) see also: N. E. J. Gooseman, D. O’Hagan, M. J. G. Peach,
A. M. Z. Slawin, D. J. Tozer and R. J. Young, Angew. Chem., 2007, 119,
6008-6012, (Angew. Chem., Int. Ed., 2007, 46, 5904-5908).

36 (a) S. Scheiner, Hydrogen Bonding, Oxford University Press, New York,
1997; (b) G. R. Desiraju and T. Steiner, The Weak Hydrogen Bond,
Oxford University Press, Oxford, 1999.

37 (a) A. Skanke and J. E. Boggs, J Mol. Struct., 1978, 50, 173-182;
(b) S. Durmaz and H. Kollmar, J Am. Chem. Soc., 1980, 102, 6942—
6945; (c¢) T. Clark, G. W. Spitznagel, R. Klose and P. v. R. Schleyer,
J. Am. Chem. Soc., 1984, 106, 4412-4419; (d) D. Cremer and E.
Kraka, J. Am. Chem. Soc., 1985, 107, 3811-3819; (e) 1. F. Tupitsyn,
A. Yu. Shibaer and Yu. V. Puzanov, Teor. Eksp. Khim., 1985, 21, 399—
407.

This journal is © The Royal Society of Chemistry 2008

Org. Biomol. Chem., 2008, 6, 4167-4175 | 4175






PAPER

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

Acid-base properties and DNA-binding of water soluble N-confused

porphyrins with cationic side-armsT

Yoshiya Ikawa,”® Shoji Moriyama,” Hiroyuki Harada“ and Hiroyuki Furuta*“

Received 16th June 2008, Accepted 29th July 2008

First published as an Advance Article on the web 16th September 2008

DOI: 10.1039/b810171j

Water soluble N-confused porphyrins, 5,10,15,20-tetrakis(o-pyridinio-p-tolyl)-2-aza-21-carbaporphyrin
(pPyNCP) and its N-methyl derivative, 2-N-methyl-5,10,15,20-tetrakis(a-pyridinio-p-tolyl)-
2-aza-21-carbaporphyrin (NMe-pPyNCP), have been synthesized by introducing cationic side-arms at
the meso-positions of N-confused porphyrin. Their acid—base properties (pK,4) and DNA-binding
ability in aqueous solutions were elucidated in comparison with the corresponding porphyrin
derivative. Photophysical behaviors of pPyNCP were largely influenced by buffer compositions and
DNA structures, whereas NMe-pPyNCP is considerably robust against these factors. In addition,
significant enhancement of the fluorescence was observed with NMe-pPyNCP by the addition of
DNA. The unique properties of pPyNCP and NMe-pPyNCP stem from the confused pyrrole

rings in the macrocycle.

Introduction

Among biologically active aromatic compounds, cationic porphy-
rins and their metal complexes have attracted particular attention
because of their remarkable affinity with double stranded DNA
(dsDNA)™ as well as the ability to cleave DNA.*¢ 5,10,15,20-
Tetrakis(4’- N-methylpyridyl)porphyrin (TMPyP, Chart 1) is a
representative molecule of such cationic porphyrins. A number of
studies on the interaction between TMPyP and dsDNA revealed
several distinct binding modes (electrostatic binding along the
outside of the DNA helix, groove binding, and intercalation),
which depend on the buffer conditions and DNA sequences.!>*"
These studies have provided a framework for understanding the
interactions between cationic porphyrins and dsDNA.

In parallel with the development of biological and diagnostic
applications of cationic porphyrins, chemistry of porphyrinoids
(porphyrin analogues) is expanding rapidly.”® Porphyrinoids in-
clude porphyrin-like macrocycles with increased or reduced num-
ber of pyrrole units,”? porphyrin-like tetrapyrroles possessing
various heteroatoms in place of original carbon or nitrogen
atoms,”* and genuine isomers of porphyrin such as porphycene*
or N-confused porphyrin.?*?¢ It is highly plausible that some of
these porphyrinoids have biological activities distinct from regular
porphyrins.?”” However, only few have been decorated with cationic
substituents for the study of their biological properties.?*3°

N-Confused porphyrin (NCP, Chart 1) is one of the most
attractive porphyrinoids due to the peculiar properties arising
from a “confused” (i.e., o, -linked) pyrrole ring in the macrocyclic

“Department of Chemistry and Biochemistry, Graduate School of Engineer-
ing, Kyushu University, 744 Moto-oka, Nishi-ku, Fukuoka 819-0395, Japan.
E-mail: hfuruta@cstf.kyushu-u.ac.jp; Fax: +81-92-802-2865

*Precursory Research for Embryonic Science and Technology (PRESTO),
Japan Science and Technology Agency, Kawaguchi, Saitama 332-0012,
Japan

T Electronic supplementary information (ESI) available: Absorption,
fluorescence, and CD spectra of water-soluble N-confused porphyrins in
the titration and DNA binding experiments. See DOI: 10.1039/b810171j

core.** This structural feature forces one pyrrolic nitrogen atom
to face outside of the macrocycle but this outward-pointing
nitrogen can still participate in NH tautomerism, affording two
types of tautomers (Chart 1).* In the macrocycle core of NCP, an
internally protonated tautomer (3H-tautomer) has three hydrogen
atoms whereas an externally protonated tautomer (2H-tautomer)
has only two hydrogen atoms. At the peripheral nitrogen moiety,
the 3H-tautomer can serve as a monodentate ligand for various
metal ions whereas the 2H-tautomer recognizes neutral and an-
ionic molecules through hydrogen bonding interactions.”>*® These
features associated with the outward-pointing nitrogen and its NH
tautomerism would provide new advantages in the application for
biological system. As a first step to exploit bioorganic chemistry
of N-confused porphyrins in aqueous media, we have synthesized
water soluble NCP and its N-methyl derivative and characterized
their acid—base properties and DNA-binding abilities.

Results and discussion
Synthesis of cationic NCP and NMe-NCP

As a prototype of cationic porphyrin, we selected 5,10,15,20-
tetrakis(o-pyridino-p-tolyl)porphyrin (pPyP, Chart 1) because it is
reported to bind to dsDNA with an affinity comparable to that be-
tween TMPyP and dsDNA.” At first, a key precursor, 5,10,15,20-
tetrakis(4’-bromomethylphenyl) NCP (2), was synthesized by one-
pot condensation of pyrrole and p-bromomethylbenzaldehyde (1)
with methanesulfonic acid (MSA), followed by oxidation with
2,3-dichloro-5,6-dicyano-p-benzoquinone (DDQ) (Scheme 1).%*
Compound 2 was then treated with excess pyridine to afford the
target compound (pPyNCP).”* The N(2)-methylated derivative
of pPyNCP (NMe-pPyNCP) was also synthesized from 2 through
selective methylation of peripheral nitrogen and then treatment
with excess pyridine.®

Solubility of porphyrins and porphyrinoids in water was
examined by partition experiments between ultrapure water
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Scheme 1 Synthesis of pPyNCP and NMe-pPyNCP.

and CH,Cl,. 5,10,15,20-Tetraphenylporphyrin (TPP), 5,10,15,20- Table 1 Absorption maxima (A,.,) and molar extinction coefficients (&)
tetraphenyl-2-aza-21-carbaporphyrin (NCTPP), and 2-N-methyl-

5,10,15,20-tetraphenyl-2-aza-21-carbaporphyrin (NMe-NCTPP) PH 7.0 pH 3.5

were extracted in CH,Cl, phase (Fig. 1, lane b). In contrast, Amax/ DM ex 10° Anmax (D) ex 10°

pPyP, pPyNCP, and NMe-pPyNCP were extracted in water phase

(Fig. 1. lane ) pPyP 416 3.48 415 2.63
& o . pPyNCP 444 1.09 442 0.94
Molar extinction coefficients of pPyP, pPyNCP, and NMe- NMe-pPyNCP 460 0.88 448 0.84

pPyNCP were determined in 50 mM HEPES buffer at pH 7.0
and 8.5 (Table 1). Over the concentration range (0.5-7.5 uM)
examined, the absorption intensities of above compounds were
linearly correlated to the concentrations of porphyrinoids with- aggregation of porphyrins is not significant under these buffer
out the shift of absorption maxima, which indicates that the conditions.

4158 | Org. Biomol. Chem., 2008, 6, 4157-4166 This journal is © The Royal Society of Chemistry 2008





Porphyrin

=
. B
NCP
& & ¥
e
NMe-NCP
. | s
a b c d

Fig. 1 Partition experiments of hydrophobic and hydrophilic deriva-
tives of porphyrin (top), NCP (middle), and N-methyl NCP (bottom).
Hydrophobic derivatives were dissolved in DMF (a) or H,O + CH,Cl,
(b) and hydrophilic derivatives were dissolved in H,O + CH,Cl, (c) or
DMF (d). Concentrations of porphyrins, NCPs, and N-methyl NCPs are
100 uM, 10 uM, and 10 uM, respectively.

Acid-base properties of pPyP

To access acid—base properties of cationic porphyrins (pPyP,
pPyNCP, and NMe-pPyNCP) in aqueous solutions, UV-vis
absorption spectra were measured under different ionic strength
conditions. The low ionic strength was attained by adjusting the
pH using HCI or NaOH without salt addition (Fig. 2). On the
other hand, the high ionic strength was maintained by 0.2 M
NaNO; and the pH was adjusted with HNO; or NaOH (Fig. S1).
pPyP exhibits a Soret band at 414 nm in neutral to basic pH
range (Fig. 2A) and at 435 nm in acidic region (Fig. 2B). Each ab-
sorption maxima (4,,,) falls within the typical values of free-bases
and dications of water-soluble meso-tetraaryl porphyrins.®"*° In
the pH 7.0 solution where pPyP takes a free-base form, pPyP exists
as a mixture of monomer (A,,,, = 414 nm) and J-aggregates (A, =
420 nm).” The ratio of these two forms is shown to be dependent
on the buffer composition and pPyP concentration.”*4#! Under
our conditions, pPyP exhibits a Soret band at 414 nm without
a particular shoulder (Fig. 2A). The same trend is also observed
under high ionic strength conditions (Fig. S1). These data indicate
pPyP exists dominantly in a monomeric state at pH 7.0 and 8.5.
Generally, the equilibrium for the multistep proton dissociation
process of porphyrin can be described by four dissociation
constants (pK,4, Scheme 2).** However, detection of unstable
porphyrin monocations is often difficult and the apparent dis-
sociation constant (pK,) between the free-base and dication has
been employed as a convenient parameter (Scheme 2).5%4 The
apparent pK, values of pPyP under the low and high ionic strength
conditions were determined to be 3.5 and 4.3, respectively.

Ki K; K3 Ky
(P)y == HPy == HyP) = HyP)* = H,PY

K,
HyP) ——H 4(P)2+

Scheme 2 Proton dissociation equilibria of porphyrin macrocycle.
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Fig.2 Absorption spectra of pPyP (5 uM) titrated with NaOH and HCl;
(A) pH 13-6 and (B) pH 7-0.7.

Acid-base properties of NMe-pPyNCP

In the pH titration of NMe-pPyNCP with HCI and NaOH,
characteristic spectral changes were observed as follows: i) along
with a pH decrease from 13 to 9, the intensity of the Soret band
increased slightly without a shift of A,,,, (446 nm) (Fig. 3A); ii)
along with a pH decrease from 10 to 5, the intensity of the Soret
band increased, coinciding with a red-shift of the A, by a 15 nm
(446 to 461 nm). Q-type bands also showed a spectral change
with an isosbestic point at 738 nm (Fig. 3B); iii) along with a pH
decrease from 6 to 0.9, the intensity of the Soret band increased
with a very small red-shift (461 to 463 nm) accompanied by a
change of Q-type bands with new isosbestic points at 391 and
837 nm (Fig. 30).

Through the comparison with the absorption spectra of the
monocation and dication of NMe-NCTPP generated by the addi-
tion of trifluoroacetic acid in CH,Cl, solution,*® the major species
formed at pH 5.6 and 0.91 can be identified as the monocation and
dication of NMe-pPyNCP, respectively. Therefore, equilibrium
constants between the species of dication and monocation (pK,)
and between monocation and free-base (pK;) were estimated to be
4.2 and 8.6, respectively (Table 2). Similarly, from the pH titration
under high ionic strength conditions (Fig. S1), pK, and pK; were
estimated to be 4.5 and 8.6, respectively (Table 2).

This journal is © The Royal Society of Chemistry 2008

Org. Biomol. Chem., 2008, 6, 4157-4166 | 4159





A pH13-9
0.25 -
@
Qo
s
3
S
1]
-1
<
o L 1 1 1 J
300 400 500 600 700 800 900
Wavelength (nm)
B pH10-5
04
8
c
]
2
o
1]
2
<
300 400 500 600 700 800 900 1000
Wavelength (nm)
C pH6-0.9
04 f
0.35 -
§ 0.3
3
H 0.25
0
E-1
< 0.2

0.15

0.1

0.05

0 .
300 400 500 600 700 800 900

Wavelength (nm)

Fig.3 Absorption spectra of NMe-pPyNCP (5 uM) titrated with NaOH
and HCI; (A) pH 13-9, (B) pH 10-5, and (C) pH 6-0.9. Asterisk indicates
isosbestic point.

Table 2 pK, , values of cationic N-confused porphyrins

NMe-pPyNCP pPyNCP
ITonic strength pK, pK; pK, pK; pK,
Low 42 8.6 22 6.3 9.8
High 4.5 8.6 3.3 7.2 11.2

Acid-base properties of pPyNCP

In the pH titration of pPyNCP under low ionic strength conditions
(Figs. 4A—-C), spectral changes were seen at three pH regions (12—
8.5, 8.5-4, and 4-1.8). In the neutral to acidic pH regions, the
titration profile was similar to that of NMe-pPyNCP although the
isosbestic points were less clear (Figs. 4B and 4C). However, at
the basic pH region, further spectral change was observed with
two isosbestic points at 622 and 698 nm (Fig. 4A). This change
could be attributed to an equilibrium between the monoanion
and free-base of pPyNCP. From the titration data, pK,, pK;, and
pK, values were estimated to be 2.2, 6.3, and 9.8, respectively
(Table 2). In a 2.5% aqueous micellar sodium dodecyl sulfate
(SDS) solution, pK, and pK; values of NCTPP are reported
to be 3.3 and 8.4, respectively.*’ Therefore, pPyNCP under low
ionic strength conditions is less basic than NCTTP in aqueous
micellar SDS. On the other hand, in the pH titration under
high ionic strength conditions (Figs. 4D-F), spectral changes of
pPyNCP were similar but not identical to those of low ionic
strength conditions. Especially the changes in the Soret region
were considerably different. pK,, pK;, and pK, were estimated to
be 3.3, 7.2, and 11.2, respectively, which are one unit larger than
the corresponding values obtained under the low ionic strength
conditions (Table 2).

Interaction with double stranded DNA

Interaction between cationic N-confused porphyrins and dsDNA
is an interesting issue because dsDNA binding ability is the most
notable feature of cationic porphyrins.® Thus DNA titration
experiments were carried out at pH 7.0 and 8.5 where the equilib-
rium of protonation is different in pPyNCP and NMe-pPyNCP.
Namely, at pH 7.0, pPyNCP exists as a mixture of free—base
and monocation whereas NMe-pPyNCP exists as monocation,
predominantly. At pH 8.5, on the other hand, the free-base form
is predominant with pPyNCP whereas NMe-pPyNCP exists as a
mixture of free-base and monocation (Table 2).

In the presence of dsDNA from salmon testes at pH 7.0 or 8.5,
pPyP shows a Soret band at 419 or 421 nm, respectively (Figs. SA
and S2). A positive circular dichroism (CD) signal was also
induced in the Soret region (Fig. 5B). These results are consistent
with a previous report concluding that pPyP interacts along the
exterior of DNA helix.”*! UV-vis absorption and fluorescence
spectra of pPyP were not drastically changed by the addition of
dsDNA (Fig. 5), which suggests that the porphyrin core of pPyP
received no significant perturbation from dsDNA 37

Then we examined the interaction between dsDNA and NMe-
pPyNCP (Fig. 6). Both at pH 7.0 and 8.5, addition of dsDNA
induced red-shifts of the Soret band to 464-465 nm, accompanied
by the increase of Q-like band at 809-810 nm (Fig. 6A and
6D). These changes were closely similar to those observed in the
formation of NMe-pPyNCP dication, which shows the Soret band
at 464 nm and an intensified Q-like band at 823 nm (Figs. 4C
and S1). This similarity strongly suggests that the interaction
of NMe-pPyNCP and dsDNA induces the formation of NMe-
pPyNCP dication at 7.0 (Fig. 6D) and even at pH 8.5 (Fig. S3).
Addition of dsDNA significantly enhanced the fluorescent from
NMe-pPyNCP (Fig. 6C). This result also suggests the dication
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formation because similar fluorescent enhancement was observed
by protonation of NMe-pPyNCP (Fig. S4).

In the UV-vis spectra at pH 7.0, the titration of NMe-pPyNCP
with dsDNA exhibited an isosbestic point at 838 nm (Fig. 6A),
which is almost identical with that observed in the transition

High ionic strength
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Fig.4 pH dependence of absorption spectra of pPyNCP. A—C: pH was adjusted with NaOH and HCI; (A) pH 12-8.5, (B) pH 8.5-4, and (C) pH 4-1.8.
D-F: pH was adjusted with NaOH and HNOj; in the presence of 0.2 M NaNO;; (D) pH 13-10, (E) pH 10-6, and (F) pH 6-2. Asterisk indicates isosbestic

point. [pPyNCP] = 5 uM.

between the monocation and dication (837 nm). Whereas the
pK, of NMe-pPyNCP is 4.2 or 4.5 (Table 2), the above result
suggests that dsDNA induced a transition of the NMe-pPyNCP
monocation to the dication at pH 7.0. At pH 8.5 where NMe-
pPyNCP exists as a mixture of free base and monocation,
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Fig. 5 Double stranded DNA binding ability of pPyP. A: Absorption
spectra of pPyP (5 uM) in the absence and presence of dsDNA at pH 7.0.
B: Circular dichroism spectra of pPyP (5 uM) in the absence and presence
of dsDNA at pH 7.0. C: Fluorescence spectra of pPyP in the absence and
presence of dSDNA at pH 7.0. Excited at 414 nm in the absence of dSSDNA
and at 421 nm in the presence of dsSDNA.

addition of the dsDNA gave the isosbestic point at 741 nm
(Fig. 6D), which suggests that NMe-pPyNCP binds to the dSSDNA
without affecting its own equilibrium between the free-base and
monocation under the present conditions.

Association between NMe-pPyNCP and dsDNA was also
supported by the positive CD signal in the Soret region (Fig. 6B).
At pH 7.0, induced CD spectra showed two isosbestic points at
336 and 409 nm. Closely similar CD spectra were also observed
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Fig. 6 Double stranded DNA binding ability of NMe-pPyNCP. A:
Absorption spectra of NMe-pPyNCP (5 uM) in the absence and presence
of dsDNA at pH 7.0. B: Circular dichroism spectra of NMe-pPyNCP
(15 uM) in the absence and presence of dsDNA at pH 7.0. C: Fluorescence
spectra of NMe-pPyNCP in the absence and presence of dsDNA at pH 7.0.
Excited at 444 nm in the absence of dsDNA and at 464 nm in the presence
of dsDNA. D: Absorption spectra of NMe-pPyNCP (5 uM) in the absence
and presence of dsDNA at pH 8.5. Asterisk indicates isosbestic point.
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even at pH 8.5 with two isosbestic points at 338 and 409 nm
(Fig. S3), indicating that in both pH 7.0 and 8.5, binding mode
between NMe-pPyNCP and dsDNA is basically unchanged. By
analogy to the porphyrin—-DNA interaction, the observed positive
CD spectra suggest that NMe-pPyNCP binds to the phosphate
backbones and/or helical grooves of dsDNA.*

Upon addition of dsDNA at pH 7.0, where pPyNCP exists as
a mixture of free-base and monocation, pPyNCP showed a red-
shift of the Soret band to 459 nm and a rise of Q-like band at
798 nm (Fig. 7A). These changes suggest a formation of NCP
dication that exhibits the Soret and Q-like bands at 458 and
809 nm, respectively (Fig. 4C and 4F). Fluorescent spectra of
pPyNCP were also significantly enhanced upon the addition of
dsDNA (Fig. 7C) or acid (Fig. S4). Similar to the case of NMe-
pPyNCP, protonation of pPyNCP was facilitated by the binding
with dsDNA to form the dication at pH 7.0. In the titration at
pH 8.5, however, only a small amount of dication is induced to
form by the addition of dsDNA, presumably because pPyNCP is
less basic than NMe-pPyNCP (Fig. 7D).

In the titrations of pPyP and NMe-pPyNCP, significant spectral
changes were observed with one- and two-fold molar amounts of
DNA base-pairs, respectively (Fig. SA and 6A). On the other
hand, spectral changes were modest for pPyNCP until adding
a five-fold molar amount of DNA base-pairs (Fig. 7A). These
results suggest that the affinity to dsDNA could be aligned in
the order of pPyP > NMe-pPyNCP > pPyNCP at pH 7.0
although the precise comparison based on their DNA binding
constants, which were not yet available due to the lack of isosbestic
points with pPyP and pPyNCP, is an issue to be addressed. Acid
dissociation constants in Scheme 2 provide an equation pK, =
pK; + pK,, from which expected pK, values of pPyNCP and
NMe-pPyNCP can be calculated to be 8.5 and 12.8 under the low
ionic strength conditions and 10.5 and 13.1 under the high ionic
strength conditions, respectively. These values are much higher
than those of pPyP that are 3.5 and 4.3 under the low and high
ionic strength conditions, respectively. Therefore an order of pK,
values, NMe-pPyNCP > pPyNCP > pPyP, is not directly related
to the order of apparent affinity to dsDNA.

Interaction with single stranded DNA

Interaction of cationic porphyrins with single stranded nu-
cleic acids was less extensively investigated than that with
dsDNA although a limited number of studies were per-
formed with TMPyP.** We examined the effects of single
stranded DNA (ssDNA) using a 20 nucleotide oligomer (5'-
TGTAGGCATGCTTAAGCAT-3'). This sequence contains ap-
proximately equal number of four nucleobases and thus, is unlikely
to form particular secondary structures.

Upon addition of the ssDNA, spectral changes of the UV-vis
absorption of pPyNCP and NMe-pPyNCP were closely similar
to those observed with dsDNA (Fig. S5). However, the induced
CD spectra with ssDNA were different from those with dSDNA
(Fig. 8). Consistent with the result of TMPyP with poly(dA),
where the negative CD signals at the Soret regions are observed,*
pPyP gave negative CD signals with ssDNA (Fig. 8A). On
the other hand, pPyNCP exhibited positive CD spectra but
their shapes were different from those induced by dsDNA
(Fig. 8B). These results suggest that the helical structure of double
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Fig.7 Double stranded DNA binding ability of pPyNCP. A: Absorption
spectra of pPyNCP (5 uM) in the absence and presence of dsDNA at
pH 7.0. B: Circular dichroism spectra of pPyNCP (15 uM) in the absence
and presence of dsDNA at pH 7.0. C: Fluorescence spectra of pPyNCP
in the absence and presence of dsDNA at pH 7.0. Excited at 458 nm
in the absence of dsDNA and at 464 nm in the presence of dsDNA. D:
Absorption spectra of pPyNCP (5 uM) in the absence and presence of
dsDNA at pH 8.5.
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stranded DNA plays specific role in the interactions with
pPyP and pPyNCP. In the case of NMe-pPyNCP, ss- and
ds-DNA induced similar CD signals at the Soret region where the
two isosbestic points were observed at 336 and 411 nm (Fig. 8C),
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Fig. 8 Single stranded DNA binding ability of the cationic porphyrin
and its confused derivatives. Circular dichroism spectra of 5 uM pPyP
(A), 15 uM pPyNCP (B), and 15 uM NMe-pPyNCP (C) in the absence
and presence of ssDNA at pH 7.0. Asterisk indicates isosbestic point.

which suggests that the binding mode(s) of NMe-pPyNCP with
ss- and ds-DNA are closely similar.

Conclusions

We have synthesized water-soluble derivatives of NCP bearing
cationic side-arms, pPyNCP and NMe-pPyNCP, and their pK,_,
values were determined in aqueous solution. Titration experiments
with dsDNA revealed that, both pPyNCP and NMe-pPyNCP
bind to dsDNA similar to the mother porphyrin pPyP, with affin-
ity order of pPyP > NMe-pPyNCP > pPyNCP. Photophysical
behaviors of pPyNCP were influenced by buffer compositions and
DNA structures. This property might arise from the confused
pyrrole moiety which can serve as proton/cation and anion
binding sites depending on the tautomerism of NCP skeleton. On
the other hand NMe-pPyNCP appears considerably robust against
these factors. Interestingly, the fluorescence of NMe-pPyNCP was
significantly enhanced by the addition of DNA, because of the
induced formation of NMe-NCP dication by association. This
features should be attributed to much higher basicity of the NMe-
NCP skeleton than mother porphyrin macrocycle.

Recently quadraplex DNAs and functional RNAs receive
significant attention as novel targets of cationic porphyrins and
their related macrocycles.?®*-' Unlike simple DNA double helix,
they have more complex structures consisting of canonical and
noncanonical base-pairings as well as single stranded regions.***
Therefore the robust DNA binding ability of NMe-pPyNCP re-
vealed in this study might be attractive to develop novel molecules
that can modulate and probe the structures and functions of
quadraplex DNAs and functional RNAs that play pivotal roles
in living cells.**2

Besides DNA binding ability studied in this study, water soluble
porphyrins have been known to have other interesting properties.
For instance, self-aggregation of porphyrin macrocycle in aqueous
media is typically observed in porphyrins with water-soluble
neutral or anionic moieties.®* Generation of singlet oxygen inside
living cells is also an important property of porphyrins which
makes them promising compounds as photosensitisers for photo-
dynamic therapy.** To address these properties of N-confused
porphyrins, we are currently synthesizing other types of water
soluble NCPs bearing non-cationic hydrophilic moieties or ex-
hibiting cell penetrating abilities.

Experimental
Chemicals

For chemical synthesis, commercially available reagents and
solvents were used without further purification. Silica gel column
chromatography was performed on KANTO Silica Gel 60 N
(spherical, neutral, particle size 40-50 um). For preparation
of aqueous buffer solutions for photophysical measurements,
molecular biology grade reagents (Nacalai Tesque, Kyoto, Japan)
and ultrapure water (prepared by Organo Puric-Z, Tokyo,
Japan) were employed. Double stranded DNA (dsDNA) from
salmon testes and synthetic single stranded DNA (ssDNA) (5’-
TGTAGGCATGCTTAAGCAT-3’) were purchased from Sigma-
Aldrich Japan (Tokyo, Japan) and Hokkaido System Science
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(Hokkaido, Japan), respectively. Concentrations of DNA solu-
tions were calculated from absorbance at 260 nm. In DNA
titration experiments, the molar ratios between the compounds
and DNA were adjusted using the molar concentration of DNA
base-pairs for dsDNA or with that of nucleobases for ssDNA,
respectively.

Spectral measurements

'"H NMR spectra were recorded on a JEOL JNM-AL300 spec-
trometer (operating 300.40 MHz for 'H). Chemical shifts were
expressed in parts per million from a residual portion of deuterated
solvent, CHCI; (6 = 7.26). The chemical shift of HDO at a given
temperature was determined by the previously reported equation.
UV-Vis, fluorescence, and CD spectra were measured using 10 mm
quartz cells (except for CD spectra of pPyP for which 20 mm
quartz cell was used) at ambient temperature. UV-vis spectra were
recorded on a Shimadzu UV-3150PC spectrometer using 5 uM
solutions. Induced CD spectra, which were recorded on a JASCO
J-720 spectropolarimeter, were obtained as averages of three
accumulations recorded with steps of 0.5 nm (band width: 2.0 nm,
response: 2 s, scan speed: 200 nm min ") using 5 uM pPyP solutions
or 15 uM pPyNCP and NMe-pPyNCP solutions. Fluorescence
spectra were recorded on an SPEX Fluorolog spectrometer
(HORIBA) with photomultiplier module (Hamamatsu R928P)
and InGaAs photodiode array. Excitation wavelengths, which were
set at the absorption maxima of the Soret bands of respective
sample solutions, are shown in the figure legends. Intensities of
absorption spectra of respective sample solutions were adjusted
to be 0.1 and relative intensities of fluorescence spectra were
normalized with molar extinction coefficients at the excitation
wavelengths.

Synthesis

5,10,15,20-Tetrakis(4’-bromomethylphenyl)-2-aza-21-
carbaporphyrin (2)

Pyrrole (0.69 mL, 10 mmol) and 1 (1.99 g, 10 mmol) were
dissolved in 1 L of CH,Cl, and the reaction was initiated by
adding methanesulfonic acid (MSA) (0.45 mL, 7 mmol). The
reaction mixture, which soon turned dark brown, was stirred
at room temperature for 30 min. 2,3-Dichloro-5,6-dicyano-p-
benzoquinone (DDQ) (2.00 g, 8.8 mmol) was added and the
mixture was allowed to stir for 1 min and then the reaction was
quenched by adding water saturated with Na,CO;. The organic
layer was separated and the solution was dried over Na,SO, The
solution was purified by silica gel column chromatography with
CH,Cl,—CH;0H (v/v = 100 : 3) as eluants and precipitated from
CH,Cl,—CH;OH. 2 was obtained as dark green solid, which was
subjected for subsequent transformations as quickly as possible
after precipitation without drying because 2 was unstable under
condensed conditions. "H NMR (CDCl;, ppm): é —5.04 (s, 1H),
4.80 (s, 2H), 4.82 (s, 6H), 7.77 (d, 4H, J = 7.2 Hz), 7.85-7.87 (m,
4H), 8.11 (d, 2H, J = 6.6 Hz), 8.13 (d, 2H, J = 6.9 Hz), 8.29 (d,
1H, J =7.8 Hz), 8.34 (d, 2H, J = 8.1 Hz), 8.53-8.56 (m, 3H), 8.61
(d, 2H, J = 4.2 Hz), 8.70 (s, 1H), 8.93 (d, 1H, J = 4.8 Hz), 8.98
(d, 1H, J = 5.7 Hz).

5,10,15,20-Tetrakis(o-pyridinio-p-tolyl)-2-aza-21-carbaporphyrin
tetrabromide salt (pPyNCP)

Compound 2 was prepared from 10 mmol pyrrole and 10 mmol
aldehyde and was employed directly after precipitation without
drying. 2 was dissolved in 500 mL of pyridine. The mixture was
vigorously stirred for 7 days at ambient temperature. The solution
was filtrated. A dark green solid of pPyNCP was obtained as a
hygroscopic solid in 7.8% yield from 1 (276 mg, 194 umol as 7H,O
adduct). "HNMR (D,0, 80 °C): § 6.18 (s, 4H), 6.20 (s, 4H), 7.85—
7.93 (m, 9H), 8.13-8.14 (m, 9H), 8.27 (m, 11H), 8.39-8.41 (m,
2H), 8.53 (s, 2H), 8.57 (s, 2H), 8.65 (s, 1H), 8.72 (m, 4H), 9.18 (d,
8H, J = 6.0 Hz). [Note: inner C(21)H, which was not observed in
D,0O due to H-D exchange, was observed in DMSO-d, at § 0.46
(s, 1H)]. Anal. Calcd for C,HssNgBr,-7H,0: C: 57.16, H: 4.80, N:
7.84, found: C: 57.10, H: 4.73, N: 7.83%.

2-N-Methyl-5,10,15,20-tetrakis(4’-iodomethylphenyl)-2-aza-21-
carbaporphyrin (3)

Compound 2 prepared from 3 mmol pyrrole and 3 mmol aldehyde
was employed directly after precipitation without drying. 2 was
dissolved in 300 mL of CH,Cl,. To the solution, 20 mL of
iodomethane was added. The reaction mixture was stirred for
15 h at ambient temperature. After the reaction was completed,
the solvent was evaporated and the residue was purified on a silica
gel column with CH,Cl,—~CH;OH (v/v = 100 : 3) as eluants. The
dark green fraction was collected and the solvent was evaporated
to afford 3 in 5.0% yield from 1 (37.5 mg, 37.7 umol). '"H NMR
(CDCl): 6 1.09 (s, 1H), 3.39 (s, 3H), 4.67 (s, 8H), 7.10 (s, I H), 7.45
(d, 1H, J =4.5Hz), 7.48 (d, 1H, J = 4.5 Hz), 7.56-7.67 (m, 8H),
7.71-7.74 (m, 6H), 7.80-7.91 (m, 6H).

2-N-Methyl-5,10,15,20-tetrakis(a-pyridinio-p-tolyl)-2-aza-21-
carbaporphyrin tetraiodide salt (NMe-pPyNCP)

37.5 mg (37.7 umol) of 3 was dissolved in pyridine and vigorously
stirred for 6 days at room temperature. After the solution was
filtrated, the residue was dried to afford NMe-pPyNCP (31.1 mg,
16.3 umol as 1(pyridine)-2HI-2H,O adduct) as a hygroscopic solid
in 43% yield. "H NMR (D,O0, 80 °C): 6 —0.10 (s, I H), 3.47 (s, 3H),
6.10 (s, 4H), 6.12 (s, 2H), 6.13 (s, 1H), 7.55 (d, 1H, J = 5.1 Hz),
7.60 (d, 1H, J = 4.6 Hz), 7.69 (s, 1H), 7.75-7.82 (m, 8H), 7.87-
7.93 (m, 5H), 7.98-8.00 (m, 7H), 8.21-8.27 (m, 8H), 8.69 (d, 2H,
J =7.8 Hz), 8.74 (d, 2H, J = 8.1 Hz), 9.11 (d, 8H, J = 5.1 Hz).
Anal. Calcd for CeoHsNgI,-CsH;N,-2HI-2H,O: C: 46.49, H: 3.74,
N: 6.59, found: C: 47.08, H: 3.63, N: 6.74%.

5,10,15,20-Tetrakis(a-pyridinio-p-tolyl)porphyrin tetrabromide
salt (pPyP)

5,10,15,20-Tetrakis(4’-bromomethylphenyl)porphyrin (18.5 mg,
18.8 umol) was dissolved in 20 mL of pyridine and the solution
was refluxed for 2 h with vigorous stirring. After the solvent
was filtrated, pPyP was obtained as a purple solid in 81% yield
(20.6 mg, 15.3 umol as 2H,0 adduct). '"H NMR (DMSO-d,):
-3.03 (s, 2H, inner NH), 6.23 (s, 8H, -CH,-), 7.95 (d, 8H, J =
8.4 Hz, phenyl), 8.27 (d, 8H, J = 7.8 Hz, phenyl), 8.35 (t, 8H, J =
7.1 Hz, pyridine), 8.77 (t, 4H, J = 8.1 Hz, pyridine), 8.78 (s, 8H,
B pyrrole), 9.48 (d, 8H, J = 5.7 Hz, pyridine), 'H NMR (DO,
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80 °C): 6 6.62 (s, 8H, -CH,-), 8.32 (d, 8H, J = 7.3 Hz, phenyl),
8.69 (t, 8H, J = 6.7 Hz, pyridine), 8.75 (d, 8H, J = 7.9 Hz, phenyl),
9.15(t, 4H, J = 7.6 Hz, pyridine), 9.39 (s, 8H, B-pyrrole), 9.60 (d,
8H, J = 6.1 Hz, pyridine). Anal. Calcd for C,HssNyBr,-2H,0: C:
60.96, H: 4.44, N: 8.36, found: C: 60.75, H: 4.20, N: 8.30%.
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The potent activity of 2-substituted estra-1,3,5(10)-triene-3-O-sulfamates against the proliferation of
cancer cells in vitro and tumours in vivo highlights the therapeutic potential of such compounds.
Optimal activity is derived from a combination of a 2-XMe group (where X = CH,, O or S), a
3-O-sulfamate group in the steroidal A-ring and a H-bond acceptor around C-17 of the D-ring. Herein,
we describe the synthesis and anti-proliferative activities of a series of novel 2-substituted
estra-1,3,5(10)-triene-3-O-sulfamates bearing heterocyclic substituents (oxazole, tetrazole, triazole)
tethered to C-17. In vitro evaluation of these molecules revealed that high anti-proliferative activity in
breast and prostate cancer cells lines (GI;, of 340-850 nM) could be retained when the heterocyclic
substituent possesses H-bond acceptor properties. A good correlation between the calculated electron
density of the heterocyclic ring and anti-proliferative activity was observed. Docking of the most active
compounds into their putative site of action, the colchicine binding site of tubulin, suggests that they
bind through a different mode to the previously described bis-sulfamate derivatives 1 and 2, which

possess similar in vitro activity.

Introduction

In previous studies, we explored the structure—activity relation-
ships of 2-substituted estra-1,3,5(10)-triene-3-O-sulfamates as
multi-mechanism anti-cancer agents.'”* 2-Methoxyestradiol-3,17-
0, 0-bis-sulfamate 1 (2-MeOE2bisMATE) and 2-ethylestradiol-
3,17-0,0-bis-sulfamate 2 (2-EtE2bisMATE) are members of a
series of orally bioavailable compounds that inhibit both cancer
cell proliferation and angiogenesis (Fig. 1).%° The potential of
compounds such as 1, which combine an anti-angiogenic effect in
concert with a second anti-tumour activity, has been underlined
by recent studies demonstrating that administration of a pure
anti-angiogenic agent such as the anti-VEGF antibody beva-

OSO,NH,
/X /O
H,NO,SO HO
1 X=0 3
2 X=CH,

Fig. 1 Structures of 2-methoxyestradiol-3,17-0,0-bis-sulfamate 1,
2-ethylestradiol-3,17-0, O-bis-sulfamate 2 and 2-methoxyestradiol 3.
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cizumab (an intravenously dosed regimen) alongside conventional
chemotherapeutic agents provides for improved clinical outcomes
in the treatment of colorectal, lung and breast cancers."!
Although 2-MeOE2bisMATE is an estrogen derivative, its
activity is independent of the estrogen receptor (to which it
displays negligible affinity) and thus its anti-proliferative effects
are expressed against both estrogen receptor positive (ER+)
and negative (ER—) human cancer cell lines.* The structurally
related endogenous estrogen metabolite 2-methoxyestradiol (2-
MeOE2),">"* a molecule that was until very recently in phase II
clinical trials as a treatment for a range of cancers, displays similar
anti-proliferative effects, albeit at far higher concentrations (the
mean concentrations required to cause 50% growth inhibition
across the NCI 60 cell line panel are 1.3 uM for 2-MeOE2
and 87 nM for 2-MeOE2bisMATE).> As this result indicates,
and as discussed in depth elsewhere,™'*" sulfamoylation of
the 3-hydroxyl group delivers greatly enhanced anti-proliferative
activity. A number of additional advantages are also conferred
by incorporation of the sulfamate group. The sulfamate groups of
2-MeOE2bisMATE block conjugation of the 3- and 17-hydroxyl
groups, which leads to inactivation and accelerated systemic
clearance in the parent 2-substituted estradiol series. In addition,
the 17-O-sulfamate group is resistant to metabolism by 17f-
hydroxy steroid dehydrogenase (17B-HSD II) which converts 2-
MeOE?2 into inactive 2-methoxyestrone (2-MeOEl) in the non-
sulfamoylated series.”® Finally, many estrogen sulfamates, includ-
ing 2-MeOE2bisMATE, reversibly inhibit carbonic anhydrase,*'¢
an enzyme highly expressed in red blood cells. This interaction
is believed to underlie the high oral bioavailability observed for
estradiol-3-O-sulfamates (E2MATESs) in vivo, wherein reversible
uptake by red blood cells and interaction with carbonic anhydrase
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II (CAII) results in avoidance of first pass liver metabolism.!” It
is also possible that some of the anti-tumour effects observed
with sulfamate ester based drugs in vivo can be ascribed to
inhibition of the hypoxia-induced carbonic anhydrase isozymes
CAIX and CAXII."™ Protein crystallographic studies investigating
the interaction of 2-MeOE2bisMATE and related compounds
with CAII revealed coordination of a sulfamate NH, group to
the zinc ion of the enzyme active site.* Pharmacokinetic studies
in rodents showed the excellent oral bioavailability (>85%) and
long half-life of 2-MeOE2bisMATE, which contrasts to the poor
bioavailability of p.o. or i.v. dosed 2-MeOE2." Confirmation that
the in vitro activity could be translated into in vivo activity was
achieved in NMU-induced tumors in rats and in various xenograft
models in athymic nude mice,** with treatment of nude mice
bearing MDA-MB 231 human breast cancer tumour xenografts
with 2-MeOE2bisMATE (20 mg kg™, p.o., qd 28d) causing tumor
regression in 8/8 animals and, in 2/8 animals, complete tumor
disappearance.’®

Mechanistic studies have indicated that both the anti-
proliferative and anti-angiogenic effects of 2-MeOE2bisMATE
are, like 2-MeOE?2, principally derived from its ability to disrupt
the dynamic polymerisation of tubulin to form the microtubules
required for normal cell division.” Microtubule disruptor drugs
(e.g. Taxol and Vinca alkaloids) are widely used in the clinic
primarily as intravenous agents but suffer from problems of
resistance and toxicity. Recent work from this group has shown
that compounds such as 2-MeOE2bisMATE are not only ef-
ficacious against multidrug resistant tumours, including those
resistant to taxanes,” but they are also not a substrate for the
P-glycoprotein pump.” The development of novel microtubule
disruptors, particularly with oral bioavailability, is thus highly
appealing and our sulfamate-based approach holds considerable
promise to this end.

Having established that optimal activity is derived from a
combination of a 2-XMe group (where X = CH,, O or S)
and 3-O-sulfamate group in the steroidal A-ring and a H-
bond acceptor around C-17 of the D-ring,> we were drawn to
explore whether 2-substituted estra-1,3,5(10)-trienes bearing a
heterocyclic substituent linked to C-17 would exhibit similar, or
even enhanced, activity. Herein we report the synthesis of a series
of such compounds, their in vitro activity and the correlation of
this activity to the steric and electronic properties of the putative
H-bond acceptor.

Chemistry

Selection of the heterocyclic substituents and the nature of their
attachment to C-17 was based on synthetic accessibility and
their potential to exploit those H-bonding interactions around
C-17 identified as key to the high anti-proliferative activity of
the 2-substituted E2bisMATEs 1 and 2. We envisaged that a
set of heterocycles with diverse electronic properties/H-bonding
potential could be synthesised from the relevant nitrile, either by
direct dipolar cycloaddition reaction, conversion to the alkyne
followed by cycloaddition, or by reduction to the corresponding
amine followed by annulation. A set of exploratory tetrazoles,
isoxazoles and triazoles was thus targeted (Scheme 1).

The synthesis of the cyanomethyl derivative 5 was achieved
in three steps from 2-ethyl-3-O-benzylestrone 4 as shown in

Ex
—Z

s
—

=z
\

cN_7

5

NH, N\
L\ N

7/

_ N

Scheme 1 Proposed elaboration of various heterocycles from the
17B-cyanomethyl group.

Scheme 2.2 Horner—Wadsworth—-Emmons olefination with di-
ethylcyanomethyl phosphonate afforded the 17-cyanomethylene
derivative. Catalytic hydrogenation over 10% palladium on char-
coal effected concomitant debenzylation and double bond re-
duction. Reprotection of the phenol with benzyl bromide and
potassium carbonate allowed access to the nitrile intermediate
5 in high overall yield (86%, 3 steps) from which the tetrazoles,
isoxazoles and triazoles would be elaborated. The tetrazole group
was installed by dipolar cycloaddition of nitrile 5 and sodium azide
to give pentacycle 6. Hydrogenolysis of 6 over Pd/C gave phenol 7,
which was converted to the corresponding sulfamate 8 by reaction
with sulfamoyl chloride in DMA.* Alkylation of 6 with methyl
iodide in DMF in the presence of potassium carbonate afforded
9 as the sole product, albeit in a modest 28% yield. However,
alkylation of 6 with methyl iodide in acetone in the presence of
triethylamine delivered the isomeric N-methyl tetrazoles 9 and
10, which were separable by chromatography and were isolated in
yields of 41% and 33% respectively. The position of N-methylation
of the tetrazole ring was determined by NMR spectroscopy
using the HMBC 'H-"*C long range heterocorrelation experiment,
with the spectrum of 10 revealing a correlation between the
protons of the methyl group and carbon C5 of the tetrazole.
The corresponding HMBC spectrum of 9, in contrast, showed
no correlation between the methyl group and carbon C5 of the
tetrazole. Hydrogenolysis of 9 and 10 furnished the corresponding
phenols 11 and 13, which were then sulfamoylated as described
above to afford the sulfamoylated tetrazole derivatives 12 and 14.
Conversion of the common nitrile intermediate 5 into
2-ethyl-17B-(3-methyl-isoxazol-5-ylmethyl)-3-O-sulfamoyl-estra-
1,3,5(10)-triene 19 required a dipolar cycloaddition of an alkyne
with a nitrile oxide. Conversion of the nitrile 5 into the alkyne
was achieved in two steps with DIBAL-H reduction of the nitrile
5 delivering the aldehyde 15, which was then reacted with Ohira’s
diazophosphonate reagent® to deliver the alkyne 16 (Scheme 3)
(51% yield, 2 steps). The isoxazole ring was then installed by
reaction of 16 in pyridine with acetonitrile oxide (generated in
situ from the acetaldehyde oxime and N-chlorosuccinimide).?®
The 3-O-benzyl protecting group of 17 was then removed with
trimethylsilyl iodide in acetonitrile to give phenol 18, which in turn
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Scheme 2 The synthesis of C-17 linked tetrazole derivatives.
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Scheme 3  Synthesis of C-17 tethered isoxazole derivatives.
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was sulfamoylated as described above to give the sulfamoylated
oxazole target 19 (43% yield over 2 steps).

1,2,4-Trisubstituted triazoles are readily accessible by re-
action of primary amines and DMF-azine as described by
Bartlett et al** Thus, 3-O-benzyl-2-ethyl-17B-(cyanomethyl)-
estra-1,3,5(10)-triene 5 was reduced with lithium aluminium
hydride in THF to give the amine 20 in 46% yield (Scheme 4).
Acid catalyzed cyclization of 20 with DMF-azine then afforded
triazole 21 in 73% yield, which could be transformed into the
phenol 22 and sulfamate derivatives 23 as described above.

In addition to the annulation approaches described above, a
heterocyclic substituent could also be conveniently introduced by
condensation of the C-17 ketone of estrone with an appropriate
nucleophile. Thus, acid catalyzed reaction of unprotected 2-
methoxyestrone 24 with 4-amino-1,2,4-triazole at 130 °C in
ethanol in a sealed tube gave access to the 3-hydroxy-2-methoxy-
17-(1,2,4-triazol-4-ylimino)-estra-1,3,5(10)-triene 25 (Scheme 5).
Sodium borohydride reduction afforded the phenol 26 whilst
sulfamoylation of 25 following the conditions described above led
to the sulfamate 27. Reduction of 27 with sodium borohydride in
methanol gave the 2-methoxy-3-O-sulfamoyl-17-(1,2,4-triazol-4-
ylamino)-estra-1,3,5(10)-triene 28. Compounds 27 and 28 were
of interest to explore any effects of C-17 stereochemistry and
rotational freedom on biological activity.

Results and discussion

To assess their potential as anti-cancer agents, members of the
series of novel C-17 heterocycle substituted 2-ethyl estratriene
derivatives were evaluated for their ability to inhibit the prolif-
eration of DU-145 (prostate) and MDA-MB 231 (ER-) breast
cancer cells in vitro. In addition, compounds 12, 14, 19 and 23
were also evaluated for their ability to inhibit the proliferation
of MCF-7 (ER+ breast) cancer cells. The results of these assays
and comparator data for 2-MeOE2, 2-MeOE2bisMATE and 2-
EtE2bisMATE are presented in Table 1.

As can be seen from the data presented in Table 1, the phenolic
compounds displayed little or no activity in the assay (Gls, >
10 uM or 100 uM, depending on cell lines), although tetrazole 11
exhibited modest activity against the proliferation of MDA MB-
231 cells. Clearly, in the 2-substituted estradiol series, substitution
of the 17B-hydroxyl group with the heterocyclic groups selected
in this study does not yield more active compounds, albeit the
parent 2-ethyl estradiol only displays modest activity compared
to 2-MeOE2. In order to assess the possibility that these results
might be linked to a decrease in cellular permeability of the
heterocyclic compounds, their ClogP values were calculated by
using ChemDraw software version 11.0. The ClogP of the phenols
and sulfamates, although higher than those of the bis-sulfamates 1

N
N\
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NJ/ \\—N N
_ LiAH,;
THF 0°C TsOH PhMe
BnO reflux
N N
4_\\ A\
N 4\ /N
N N
Hp, Pd/C HoNSO,CI
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THF, MeOH HO DMA HQNOQSO
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Scheme 4 Synthesis of 1,2,4-triazole derivatives.
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Scheme 5 Synthesis of C-17 4-amino-(1,2,4)-triazole derivatives.
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Table 1 Anti-proliferative activities of substituted estradiol derivatives against DU-145 human prostate cancer cells, MDA-MB-231 and MCF-7 human

breast cancer cells

GI5/uM
Compound R, R, R; ClogP DU-145 MDA-MB-231 MCF-7
7 Et H ~N 2.33 >100 >100 ND
N N\
7
° H
8 Et SO,NH, N— N\\ 1.47 >100 >100 ND
7
° H
11 Et H N$N 2.37 47.0 19.2 ND
N
<!
. N
12 Et SO,NH, N’N 1.52 1.64 1.71 0.8
— /N
r N
13 Et H ~N 2.28 >100 >100 ND
N\
| N,N
14 Et SO,NH, ~N 1.42 0.39 0.55 0.34
NT\
| N,N
18 Et H 3.18 >100 ND ND
|
/
p o)
19 Et SO,NH, 2.32 1.83 ND 1.62
| w
/
R O
22 Et H /N\ 1.97 >100 >100 ND
[~
\/N\/
23 Et SO,NH, /N\ 1.11 0.85 0.61 0.34
[~
\/N\/
25 MeO H /N\ —0.56 ND ND >10
[
N/N\/
27 MeO SO,NH, /N\ —1.40 ND ND 10
[
N/N\/
26 MeO H 1.77 ND ND >10

_\\Z

\
z
&

I
Z
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Table1 (Contd.)

GL,/uM
Compound R, R, R, ClogP DU-145 MDA-MB-231 MCE-7
28 MeO SO,NH, N 0.93 ND ND >10

P

N

s /4
3 MeO H OH 0.60 1.22 0.94 2.35
Et H OH 1.73 10.3 8.0 10.5

1 MeO SO,NH, OSO,NH, -0.69 0.34 0.28 0.25
2 Et SO,NH, OSO,NH, 0.42 0.21 0.21 0.07

and 2 (Table 1), were found to be within reasonable values for good
absorption and permeation. The benefits of the 3-O-sulfamate
substituent on anti-proliferative activity in this series of C-17
heterocycle substituted compounds are, however, evident in Table 1
and in agreement with those results obtained in previous studies.'™
A number of the novel, sulfamoylated estratriene derivatives
displayed anti-proliferative activity in the micromolar (tetrazole
12, oxazole 19 and triazole 27) to sub-micromolar (tetrazole 14
and triazole 23) range (Table 1).

In the tetrazole series, the 1-methyl derivative 14 proved to
be 4-fold more active than the isomeric 2-methyl compound 12
and greater than 250-fold more active than the non-methylated
tetrazole 8, which can exist in both the 1-H and 2-H tautomeric
forms. One potential explanation for this difference in activity
is the relative potential of 14, 12 and 8 to exploit lipophilic
interactions at the site of interaction with tubulin with, presum-
ably, the 1-methyl derivative 14 possessing optimal substitution.
Support for this postulate can be drawn from the bisMATE
series, where steric factors are seen to be key determinants of
activity and N-methylation causes a radical reduction in activity.®
However, since the C-17 sulfamate appears to act as a H-bond
acceptor® and alternate H-bond acceptor groups at C-17 also
confer high anti-proliferative activity,>® it is also necessary to
consider the electronic character of the tetrazole series and,
indeed, that of the other heterocycles appended to C-17. In order

-0.119 0.009
—N -
-0.100 N=" ¢ 186 -0.151 N—
-0.090 I~ N o5 0185/l N-0177
-0.150 N -0.155 N 0.160
e -0.286
12 14
1.64 uM 0.39 uM

to determine the electron densities around the heterocyclic ring
and thus the potential of the respective heterocycles and their
substituted derivatives to participate in electrostatic interactions
with the residues of tubulin proximal to the site of interaction,
a series of calculations using Mulliken population analysis was
performed. Compounds 2, 12, 14, 19 and 23 were initially built
and energy minimized in the Sybyl 7.0 molecular modelling suite
using the MMFFs94 force field and charges.”® The calculations
were then carried out at the end of a full geometry optimisation
using the PM3 level of calculation as implemented within the
ArgusLab 4.0.1 molecular modelling package.”® The calculated
electron densities are displayed in Fig. 2. Importantly, we only
considered compound 2 in its neutral form. Indeed, although
the pK,s of aromatic sulfamates (typically around 7-9) allow for
partial ionization at physiological pH, aliphatic sulfamates are
slightly less acidic (pK, around 8-10), as shown, for instance, by a
comparative study of the pK,s of imidazolylphenyl sulfamates
and (imidazolylphenoxy)alkyl sulfamates” and it is likely that
the D-ring sulfamate is mostly unionized. As can be seen from
Fig. 2, and unsurprisingly, the D-ring sulfamate of compound 2
can clearly act as a strong H-bond acceptor with its two electron
rich oxygen atoms. Likewise, Fig. 2 shows that both the N-5
nitrogen of 14 and the carbon of the N-Me group of N-1 are
electron rich and are thus able to undergo electrostatic interaction
with electron deficient residues of the active site. The N-5 and

08513,  -0.856
N
2
-0.639 152" S y—H 0.154
[ 2379|0560
M0 155
o :
0.21 uM
N -0.061 0220 A8
o072 - NA,P"O 089
-0.157
\—=n-0.089
-0.318
19 23

1.83 uM 0.85 uM

Fig.2 Mulliken charges as calculated following the Mulliken population analysis for compounds 2, 12, 14, 19 and 23. GI;, values against the proliferation

of DU-145 human prostate cancer cells are also presented.
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N-1 groups of 12 are also electron rich and would thus offer
similar potential for electrostatic interaction as those available
to 14, although methylation of N-2 may sterically impede the
ligand—tubulin interaction and thus result in the 4-fold difference
in anti-proliferative activity between 14 and 12. Interestingly,
isoxazole 19, which displays a similar electron density profile
across the heterocycle to tetrazole 12, shows comparable anti-
proliferative activity. In contrast, the non-methylated tetrazole 8
is clearly less able to participate in electrostatic interaction as the
tautomeric forms interconvert rapidly in solution and thus offer
no stable dipole with which to interact with the proximal residues
of the site of action. Additionally, since the pK, of compound
8 is probably in the same range as the one of tetrazole (pK, =
4.89), the predominant form of 8 in physiological solution is very
likely to be its aromatic tetrazole anion species, which offers little
H-bonding potential. It would therefore appear that there is a
good correlation between the anti-proliferative activity across the
oxazole/tetrazole series and the ability of the respective oxazole
and tetrazole derivatives to undergo electrostatic interaction (14 >
12 and 19 >> 8) and furthermore that steric effects also play a
significant role in differentiating between the activity of 12 and
14. The electron density calculated for triazole 23 indicates the
presence of different electron rich atoms (N-4, C-3 and C-5), which
offer potential for electrostatic interactions with electron deficient
residues of the active site and shows two unfavourable electron
deficient nitrogen atoms.

In order to investigate the potential mode of binding of
compounds 12, 14, 19 and 23, these compounds, together with
2EtE2bisMATE 2 were energy minimized using the MMFFs94
force field as implemented within Sybyl 7.0 then docked into the
ISAQ crystal structure of tubulin® using the GOLD package. The
colchicine binding site was defined as a 8.5 A radius around the
terminal carbon of Leu255 and each ligand was docked a total
of 30 times and scored with the GOLD Score scoring function.
Docking results obtained for 2EtE2bisMATE 2 are presented in
Fig. 3. Optimal docking shows the H-bonding interactions of the
3-O-sulfamate group with the amide of the side chain of Asn249
and the OH group of Tyr224. The C-17 sulfamate group of 2
occupies a small, essentially lipophilic pocket (Fig. 3a) where
potential H-bonding interactions are available with the backbones
of Asn 258, Val315, Asn349, Asn350 and Lys352 and the side chain
hydroxy group of Thr314.

Due to size constraints, the binding pocket around the C-17 O-
sulfamate of 2-EtE2bisMATE 2 is unable to accommodate the dif-
ferent heterocycles of compounds 12, 14, 19 and 23. As a result, the
highest scoring binding modes obtained for these compounds dif-
fer noticeably from that of 2 (Fig. 3b). A consistent binding mode
was observed for compounds 12, 14 and 19 in which the tetrazole
and isoxazole rings lie in a lipophilic pocket formed by Tyr224,
Ser178 and Thr179 (Fig. 4). These residues provide several poten-
tial H-bonding interactions with the heterocycles. In particular,
Ser178 and the OH group of Tyr224 and NH of Thr179 are likely to
interact through H-bonding with the heterocycles. The difference
in activity between the most active 1-methyltetrazole compound 14
and its N-2 isomer 12 and the isoxazole 19 appears to be due to the
position of the methyl group which, in the case of 14, better favours
H-bonding interactions. Indeed, the methyl group of compounds
12 and 19 looks likely to partly shield the tetrazole and isoxazole
respectively and prevent them from interacting with Tyr224.

(b)

Fig.3 (a) Docking of 2-EtE2bisMATE 2 into the ISAO crystal structure
of tubulin and (b) docking of 2-EtE2bisMATE 2 (magenta), compounds
12, 14,19 (green) and 23 (orange). The surface of the protein was generated
to show a colour gradient from electron donors as red, to lipophilic areas
in green.

Fig. 4 Docking of compounds 12, 14, 19 (green) and 23 (orange) in the
colchicine binding site of tubulin.

An alternate binding mode was obtained for compound 23
(Fig. 4). Whilst the steroid skeleton and 3-O-sulfamate group of
12, 14, 19 and 23 occupy the same area of space, the triazole
group at position C-17 of 23 projects into a distinct area of space
with respect to the tetrazole and isoxazole rings of 12, 14 and
19. Thus, for 23, the highest scored dock suggests that triazole
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can potentially form a favorable cation—r interaction with Lys352
in addition to lipophilic interactions (in particular with Leu248).
These interactions offer a possible explanation as to why 23 retains
a good level of anti-proliferative activity even though it differs
significantly from other active members of the screening set since,
although the nitrogen atom at position 3’ of compound 23 displays
a similar electron density to the corresponding nitrogen atom in
compound 14 (Fig. 2), it is unlikely to act as a H-bond acceptor,
its lone pair being involved in the aromaticity of the triazole ring.

2-Methoxy-3-O-sulfamoyl-17-(4H-1,2,4-triazol-4-ylimino)-
estra-1,3,5(10)-triene 27 exhibited modest activity (GIs, = 10 uM
in MCF-7 cell line) indicating that C-178 stereochemistry is not
absolutely essential for anti-proliferative activity as previously ob-
served in earlier studies on O-substituted C-17-oximo-derivatives
of 2-methoxy-3-O-sulfamoylestrone.® The related amine 28 was,
however, inactive, suggesting that the activity of 27 may derive
from the imino group and not the tethered heterocycle.

Conclusion

Our study has shown that high anti-proliferative activity can
be retained in 2-substituted estratriene-3-O-sulfamates by sub-
stitution with an appropriate heterocycle (14, 23) at C-17. As
demonstrated by the range of activities obtained for the tetrazoles
8,12 and 14, the presence of both a hydrogen bond acceptor and its
steric environment are likely key to high anti-proliferative activity.
Docking studies of these compounds and isoxazole 19 in the
colchicine binding site of tubulin suggest that they have a similar
binding mode. A number of potential H-bonding interactions
between the C-17 heterocyclic substituent and the postulated site
of interaction were identified and used to explain some of these
requirements. Based on the computational analysis, the distinct
binding mode observed for compound 23 suggests that cation—7
and lipophilic interactions around C-17 could explain the anti-
proliferative activity of this compound more than those of H-
bonding. The results obtained in this SAR study, particularly
those for compounds 23 and 32, are currently being used to design
further candidate microtubule disruptor compounds as potential
therapeutic agents for the treatment of cancer.

Experimental section
Materials and methods

Chemistry. All chemicals were either purchased from Aldrich
Chemical Co. (Gillingham, UK), Fluka (Gillingham, UK) or
Lancaster Synthesis (Morecambe, UK). Organic solvents of A.R.
grade were supplied by Fisher Scientific (Loughborough, UK)
and used as supplied. Sulfamoyl chloride was prepared by an
adaptation of the method of Appel and Berger? and was stored
in the refrigerator under positive pressure of N, as a solution in
toluene as described by Woo et al.*® An appropriate volume of
this solution was freshly concentrated in vacuo immediately before
use. Reactions were carried out at room temperature (rt) unless
otherwise stated. Flash column chromatography was performed
on silica gel (MatrexC60). '"H NMR and "C NMR spectra
were recorded with either a JMN-GX270 at 270 and 67.5 MHz
respectively or a Varian Mercury VX400 spectrometer at 400 and
100.6 MHz. Chemical shifts are reported in parts per million (ppm,

) relative to tetramethylsilane (TMS) as an internal standard and
coupling constants in hertz (J). Mass spectra were recorded at the
Mass Spectrometry Service Center, University of Bath, UK. FAB-
MS were carried out using m-nitrobenzyl alcohol (NBA) as the
matrix. Elemental analyses were performed by the Microanalysis
Service, University of Bath. Melting points were determined using
a Stuart SMP3 melting point apparatus and are uncorrected.

Biology. The effects of compounds on MCF-7, DU-145 and
MDA MB-231 cell growth were determined using a microtiter
plate assay as described previously.**!

Molecular modeling. Compounds were builtin the SYBYL 7.0
molecular modelling program.? To obtain low energy conforma-
tions of these models, energy minimization was performed to con-
vergence using the MMFF94s forcefield with MMFF94 charges.
The calculation of Mulliken populations was then performed
at the end of a full geometry optimisation using the PM3 level
of calculation as implemented within ArgusLab 4.0.1 molecular
modelling package.? Compounds were then docked into the 1SA0
crystal structures® using the GOLD package. The active site was
defined as an 8.5 angstrom radius around the terminal carbon of
Leu255. Each ligand was docked a total of 30 times and scored
with the GOLD Score fitness function.

2-Ethyl-3-O-benzyl-17 B-( cyanomethyl )-estra-1,3,5( 10 )-triene 5.
To a suspension of NaH (10 mmol, 400 mg of a 60% dispersion
in mineral oil) in dry THF (50 mL) stirred at 0 °C under
nitrogen was added dropwise diethylcyanomethylphosphonate
(1.77 g, 10 mmol). After completion, the mixture was stirred
for an additional 30 minutes before 4 (1.94 g, 5 mmol) in THF
(10 mL) was added dropwise. The solution was stirred at room
temperature for 18 h, cooled to 0 °C and quenched with water
(30 mL). The mixture was then extracted with ethyl acetate, the
combined organic layers washed with water, brine and dried and
evaporated. Chromatography (hexane—ethyl acetate 25 : 1 to 20 :
1) gave the olefin as a mixture of Z and E isomers. The olefin
was then dissolved in THF (10 mL) and methanol (30 mL)
and treated with 10% Pd/C (100 mg) prior to stirring under
an atmosphere of hydrogen for 18 h. The resultant suspension
was filtered through celite, washed with ethyl acetate and then
evaporated. The resultant solid was stirred with K,CO; (1.38 g,
10 mmol) and benzyl bromide (0.59 mL, 5 mmol) in DMF (20 mL)
for 24 h at room temperature. After addition of water (50 mL),
the organics were extracted with ethyl acetate (2 x 80 mL), the
combined organic layers washed with water, brine, dried and
evaporated. Flash chromatography (hexane-ethyl acetate 20 : 1)
gave 5 (1.7 g, 86% over 3 steps) as a white solid. Mp 158-159 °C;
dy (270 MHz, CDCl;): 0.67 (3H, s), 1.21 (3H, t, J 7.4), 1.26-1.56
(6H, m), 1.60-1.66 (1H, m), 1.72-2.01 (5H, m), 2.12-2.34 (2H, m),
2.62 (2H, q, J 7.4), 2.76-2.81 (2H, m), 2.84 (1H, dd, J 14.9 and
5.4),3.10 (1H, dd, J 14.9 and 5.7), 5.07 (2H, s), 6.70 (1H, s), 7.06
(1H, s) and 7.28-7.50 (SH, m); ¢ (67.5 MHz, CDCl,) 12.3, 14.6,
17.7,23.5, 24.0, 26.3, 27.8, 28.3, 29.7, 37.4, 38.9, 42.7, 43.9, 54.4,
69.8, 111.9, 119.8, 126.2, 127.0, 127.6, 128.4, 130.3, 132.0, 134.9,
137.7, 145.5 and 154.5; m/z (ESI+) 414.1 (M + HJ*, 100%).

2-Ethyl3-O-benzyl-17 B-( 1 H-tetrazol-5-ylmethyl )-estra-1,3,5( 10 )-
triene 6. A mixture of 5 (0.83 g, 2 mmol), sodium azide (0.26 g,
4 mmol) and ammonium chloride (214 mg, 4 mmol) in DMF
(10 mL) was refluxed for 24 h. Four further aliquots of sodium

This journal is © The Royal Society of Chemistry 2008

Org. Biomol. Chem., 2008, 6, 4108-4119 | 4115





azide (0.13 g, 1 mmol) were added after 24, 48, 72 and 96 h prior
to cessation of reflux after 120 h and cooling to room temperature.
Water (50 mL) and ethyl acetate (100 mL) were then added
and the separated organic layer washed successively with water
and brine, dried and evaporated. Purification (chromatography
hexane—ethyl acetate 5: 1 to 3 : 2) gave a white solid (0.78 g, 85%).
Mp 214-215 °C; 6y (270 MHz, CD;COCD:;) 0.79 (3H, s), 1.15
(2H, t, J 7.4), 1.22-1.48 (6H, m), 1.60-1.66 (1H, m), 1.72-2.01
(5H, m), 2.12-2.34 (2H, m), 2.62 (2H, q, J 7.4), 2.78 (2H, m), 2.84
(1H, dd, J 14.9 and 5.4), 3.10 (1H, dd, J 14.9 and 5.7), 5.07 (2H,
s), 6.70 (1H, s), 7.06 (1H, s) and 7.28-7.50 (5H, m); 6. (100 MHz,
CD,COCD:;) 11.8, 14.3, 23.3, 23.9, 24.0, 26.3, 27.8, 28.0, 29.5,
37.4,39.0, 42.5, 44.1, 49.4, 54.5, 69.4, 111.9, 126.1, 127.2, 127.6,
128.4, 129.6, 132.1, 134.8, 138.1, 154.4 and 164.7, m/z (FAB-)
455.23 (IM - HJ, 100%).

2-Ethyl-3-hydroxy-17 B-( 1 H-tetrazol-5-ylmethyl )-estra-1,3,5(10 )-
triene 7. A solution of 6 (228 mg, 0.5 mmol) in THF (5 mL)
and methanol (15 mL) was treated with 10% Pd/C (50 mg)
then stirred under an atmosphere of hydrogen for 48 h. The
resultant suspension was then filtered through celite, washed
with ethyl acetate and evaporated under reduced pressure. The
crude solid was purified by flash chromatography (hexane—ethyl
acetate 4 : 1 to 1 : 1) and recrystallised from ethyl acetate to give
a white powder (155 mg, 85%). Mp 248-249 °C; 6, (400 MHz,
CD;COCD:;) 0.81 (3H, s), 1.15 (3H, t, J 7.4), 1.20-1.47 (6H,
m), 1.60-1.66 (1H, m), 1.72-2.01 (SH, m), 2.12-2.34 (2H, m),
2.60 2H, q, J 7.4), 2.78 (2H, m), 2.94 (1H, dd, J 14.5 and 5.5),
3.10 (1H, dd, J 14.9 and 5.8), 6.54 (1H, s) and 7.02 (1H, s); éc
(100 MHz, CD,COCD;) 11.2, 13.6, 22.5, 23.3, 25.4, 25.8, 27.2,
27.6, 29.0, 37.0, 38.5, 41.8, 43.5, 49.2, 53.9, 114.1, 125.4, 126.8,
130.3, 133.9, 151.9 and 164.9; m/z (FAB+): 367.2488 [M + HJ*.
Cy,H; N,O requires 367.2498.

2-Ethyl-3-O-sulfamoyl-17 - (1 H-tetrazol-5-ylmethyl )-estra-1,3,
5(10)-triene 8. Phenol 7 (80 mg, 0.22 mmol) was added to an ice
cold solution of sulfamoyl chloride (0.87 mmol) in DMA (1 mL).
The resulting mixture was stirred for 16 hours at room temperature
then diluted with ethyl acetate (50 mL), and washed with water (3 x
20 mL), brine (20 mL), dried and evaporated. The resulting solid
was purified by flash chromatography (hexane—ethyl acetate 1 : 1)
to give a white powder (50 mg, 52%). (Found C, 59.00; H, 7.05;
N, 15.50 requires C,,H; N5;O;S C, 59.30; H, 7.01; N, 15.72%); mp
223-224 °C. 6y (400 MHz, CD;COCD;) 0.68 (3H, s), 1.04 (3H,
t, J 7.3), 1.08-1.40 (7H, m), 1.49-1.55 (1H, m), 1.62-1.80 (3H,
m), 1.82-1.94 2H, m), 2.07-2.14 (1H, m), 2.18-2.24 (1H, m), 2.56
(2H, q, J 7.3), 2.66-2.76 (3H, m), 2.98 (1H, dd, J 14.8 and 5.9),
6.95 (1H, s) and 7.01 (1H, s); éc (100 MHz, CD;COCD;) 11.8,
14.2,22.8, 23.9, 26.1, 27.5, 28.0, 28.9, 29.2, 37.3, 38.6, 42.5, 44.2,
49.4,54.4,121.8,126.7,133.9, 135.4, 138.6, 146.6 and 164.9; m/z
(FAB+) 446.4 (M + HJ*, 100%).

2-Ethyl-17 B-( 2-methyl-2 H-tetrazol-5-ylmethyl )-3-O-benzyl estra-
1,3,5(10)-triene 9 and 2-ethyl-17B-( 1-methyl-2H-tetrazol-5-
yimethyl)-3-O-benzyl estra-1,3,5(10)-triene 10. Method A: A
mixture of 6 (225 mg, 0.49 mmol), methyl iodide (0.1 mL,
1.6 mmol) and potassium carbonate (207 mg, 1.5 mmol) in DMF
(2 mL) was stirred at room temperature for 24 h. The mixture was
stirred for an additional 72 h during which time additional aliquots
of methyl iodide (0.5 mL, 8 mmol) were added every 24 hours.
After addition of water (20 mL), the organics were extracted with

ethyl acetate (2 x 50 mL) and the combined organic layers were
washed with water, brine, dried and evaporated. The residual solid
was purified by flash chromatography (hexane—ethyl acetate 10 : 1
to 1: 1) to give 9 (65 mg, 28%) and 6 (30 mg, 13%) as white
powders.

Method B: A solution of 6 (456 mg, 1 mmol), methyl iodide
(0.12mL, 2 mmol) and triethylamine (0.28 mL, 2 mmol) in acetone
(10 mL) was stirred at room temperature for 5 h. After addition of
water (20 mL), the mixture was extracted with ethyl acetate (2 X
50 mL) and the combined organic layers were washed with water,
brine, dried and evaporated. The residual solid was purified by
flash chromatography (hexane—ethyl acetate 10: 1 to 3 : 1) to give
9 (155 mg, 33%) and 10 (195 mg, 42%) as white powders.

2-Ethyl-17B-(2-methyl-2 H-tetrazol-5-ylmethyl)-3-O-benzyl estra-
1,3,5(10)-triene 9; mp 144-145 °C. 8, (270 MHz, CDCl;) 0.74
(3H, s), 1.19 (3H, t, J 7.4), 1.21-1.51 (7H, m), 1.60-2.03 (6H, m),
2.15-2.34 (2H, m), 2.62 (2H, q, J 7.4), 2.66 (1H, dd, J 14.4 and
9.7), 2.81 (2H, m), 2.99 (1H, dd, J 14.9 and 5.0), 4.23 (3H, s),
5.03 (2H, s), 6.61 (1H, s), 7.09 (1H, s) and 7.26-7.45 (5H, m); ¢
(100 MHz, CDCl;) 12.5, 14.7, 23.5, 24.2, 26.2, 26.5, 27.9, 28.4,
29.8, 37.6, 39.0, 39.2, 42.7, 44.1, 49.6, 54.5, 69.9, 111.9, 126.2,
127.1, 127.6, 128.5, 130.2, 132.5, 135.1, 137.8, 154.5 and 167.0;
m/z (ESI+) 471.3107 [M + HJ". C3,H3N,O requires 471.3118.

2-Ethyl-17B-(1-methyl-2 H-tetrazol-5-ylmethyl)-3-O-benzyl estra-
1,3,5(10)-triene 10; mp 125-126 °C. &y (270 MHz, CDCI;) 0.69
(3H, s), 1.13 (3H, t, J 7.3), 1.15-1.52 (7H, m), 1.59-1.97 (SH, m),
2.09-2.27 (2H, m), 2.58 (2H, q, J 7.3), 2.60 (1H, m), 2.74 (2H,
m), 2.87 (1H, dd, J 14.9 and 4.6), 3.91 (3H, s), 4.95 (2H, s), 6.55
(1H, s), 7.00 (1H, s) and 7.26-7.40 (5H, m); 8. (100 MHz, CDCl;)
12.6, 14.7, 23.5, 23.9, 24.2, 26.4, 27.8, 28.4, 29.7, 33.4, 37.4, 38.9,
42.8,44.0,48.6,54.3,69.9,111.9, 126.2,127.1,127.7, 128.5, 130.3,
132.2, 135.0, 137.8 and 154.5, 155.1; m/z (ESI+) 471.3101 [M +
H]*. C3H3N,O requires 471.3118.

2-Ethyl-3-hydroxy-17 B-( 2-methyl-2 H-tetrazol-5-ylmethyl ) estra-
1,3,5(10)-triene 11. A solution of 9 (165 mg, 0.35 mmol) in THF
(5 mL) and methanol (15 mL) was treated with 10% Pd/C (40 mg)
then stirred under an atmosphere of H, for 24 h as described for
the synthesis of 7. The resultant crude solid was purified by flash
chromatography (hexane—ethyl acetate 8 : 1) and recrystallised
(hexane—diethyl ether 2 : 1) to give a white powder (85 mg,
64%). (Found C, 72.50; H, 8.50; N, 15.16 requires C,;H;,N,O
C, 72.60; H, 8.48; N, 14.72%); mp 117-118 °C; 6y (270 MHz,
CD;COCD;) 0.73 (3H, s), 1.19 (3H, t, J 7.3), 1.21-1.53 (7H, m),
1.58-2.00 (5H, m), 2.11-2.29 (2H, m), 2.58 (2H, q, J 7.3), 2.71
(1H, dd, J 14.6 and 9.9), 2.76 (2H, m), 2.97 (1H, dd, J 14.6 and
5.0), 4.29 (3H, s), 4.73 (1H, s), 6.48 (1H, s) and 7.02 (1H, s); d¢
(100 MHz, CD,COCD:s) 12.5, 14.4, 23.1, 24.2, 26.2, 26.5, 27.8,
28.3, 29.3, 37.6, 38.9, 39.3, 42.7, 44.1, 49.6, 54.5, 115.2, 126.3,
127.2,132.7, 135.5, 151.2 and 167.0; m/z (FAB+): 381.2648 [M +
H]*. C;3H3,N,O requires 381.2654.

2-Ethyl-3-O-sulfamoyl-17 3- ( 2-methyl-2 H-tetrazol-5-ylmethyl ) -
estra-1,3,5(10)-triene 12. Phenol 11 (65 mg, 0.17 mmol) was
reacted with sulfamoyl chloride (0.34 mmol) in DMA (1 mL) as
described for the synthesis of 8. Flash chromatography (hexane—
ethyl acetate 5 : 1 to 2 : 1) gave a white powder which was
recrystallized (hexane—ethyl acetate 3 : 1) (70 mg, 90%). (Found C,
59.80; H, 7.33; N, 14.90 requires C;; H33NsO;S C, 60.11; H, 7.24; N,
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15.24%); mp 86-87 °C; 8y (270 MHz, CDCL,) 0.67 (3H, s), 1.13
(GH, t, J 7.3), 1.19-1.44 (6H, m), 1.60-1.96 (6H, m), 2.09-2.24
(2H, m), 2.61 (2H, q, J 7.3), 2.65 (1H, dd, J 14.6 and 9.7), 2.75
(2H, m), 2.92 (1H, dd, J 14.6 and 5.0), 4.23 (3H, s), 5.01 (2H, br
s), 7.00 (1H, s) and 7.10 (1H, s); 8 (100 MHz, CDCl,) 12.5, 14.6,
23.5,24.2,26.2,26.3, 27.6,28.3, 29.2, 37.5, 38.4, 39.3, 42.6, 44.3,
49.5,54.5, 121.4, 127.0, 133.6, 136.0, 139.7, 146.1 and 166.9; m/z
(FAB+): 460.2381 [M + HJ*. C»yHy,N;O,S requires 460.2382.

2-Ethyl-3-hydroxy-17 B-( I-methyl-2 H-tetrazol-5-ylmethyl ) estra-
1,3,5(10)-triene 13. A solution of 10 (110 mg, 0.23 mmol) in
THF (5 mL) and methanol (20 mL) was treated with 10% Pd/C
(30 mg) then stirred under an atmosphere of hydrogen for 24 h
as described for the synthesis of 7. The resultant crude solid
was recrystallised (hexane—ethyl acetate 1 : 5) to give pale yellow
needles (80 mg, 90%). (Found C, 72.60; H, 8.51; N, 14.30 requires
C;H;,N,O C, 72.60; H, 8.48; N, 14.72%); mp 206-207 °C; oy
(270 MHz, CDCl,) 0.76 (3H, s), 1.22 (3H, t, J 7.3), 1.24-1.55 (7H,
m), 1.65-2.03 (SH, m), 2.14-2.32 (2H, m), 2.60 (2H, q, J 7.3), 2.67
(1H, dd, J 14.8 and 5.2), 2.73-2.82 (2H, m), 2.96 (1H, dd, J 14.8
and 4.5), 4.02 (3H, s), 5.18 (1H, s), 6.53 (1H, s) and 7.03 (1H, s);
dc (100 MHz, CDCl,) 12.5, 14.4, 23.0, 23.8, 24.1, 26.3, 27.7, 28.3,
29.2, 33.4, 37.3, 38.8, 42.7, 43.9, 48.5, 54.2, 115.2, 126.2, 127.3,
132.2, 135.3, 151.3 and 155.0; m/z (FAB+): 381.2645 [M + HJ*.
CyH3,N,O requires 381.2654.

2-Ethyl-3-O-sulfamoyl-17 B-( I-methyl-2 H-tetrazol-5-ylmethyl ) -
estra-1,3,5(10)-triene 14. Phenol 13 (50 mg, 0.13 mmol) was
reacted with sulfamoyl chloride (0.26 mmol) in DMA (1 mL) as
described for the synthesis of 8. Flash chromatography (hexane—
ethylacetate 1 : 1 to 1: 3) gave a white powder (30 mg, 52%). (Found
C,59.80; H, 7.22; N, 15.20 requires C,;H33N5O;S C, 60.11; H, 7.24;
N, 15.24%); mp 218-219 °C; 8, (270 MHz, CDCl;) 0.76 (3H, s),
1.19 3H, t, J 7.3), 1.20-1.51 (7H, m), 1.54-2.01 (8H, m), 2.12—
2.30 (2H, m), 2.67 (2H, q, J 7.3), 2.70 (1H, dd, J 14.9 and 5.3),
2.78-2.83 (2H, m), 2.95 (1H, dd, J 14.9 and 4.6), 4.00 (3H, s), 5.05
(2H, s), 7.06 (1H, s) and 7.15 (1H, s); 6. (100 MHz, CDCl;) 12.5,
14.7,23.1, 23.9, 24.2, 26.2, 27.5, 28.4, 29.2, 33.5, 37.3, 38.4, 42.7,
44.2,48.6, 54.3,121.5, 126.9, 133.7, 136.0, 139.3, 146.2 and 155.0;
m/z (FAB+): 460.2376 [M + H]". C,3H3,N;O;S requires 460.2382.

2-Ethyl-3-O-benzyl-estra-1,3,5( 10 )-triene 17 B-acetaldehyde 15.
A THF solution of DIBAL (3.6 mL, 1.5 M, 5.4 mmol) was added
in a dropwise manner to a 0 °C solution of 5 (0.75 g, 1.80 mmol).
The reaction was then allowed to warm to rt and stirred for a
further 3 h before acidifying with HCI (2 M aqueous). After 0.5 h,
the mixture was extracted with ethyl acetate (3 x 30 mL), the
combined organics were washed with water, then brine, dried and
evaporated to give a white powder (480 mg, 64%); mp 135-136 °C;
ou (270 MHz, CDCl;) 0.69 (3H, s), 1.26 (3H, t, J 7.3), 1.29-1.59
(7H, m), 1.81-1.87 (2H, m), 1.91-2.09 (3H, m), 2.24-2.41 (3H, m),
2.58 (1H, ddd, J 15.7, 4.3 and 2.2), 2.71 (2H, q, J 7.3), 2.86-2.90
(2H, m), 5.09 (2H, s), 6.68 (1H, s), 7.15 (1H, s), 7.33-7.50 (5H, m)
and 9.84 (1H, dd, J 2.5 and 2.2); 6. (100 MHz, CDCl;) 12.2, 14.6,
19.1,23.4,24.0, 26.4, 27.9, 28.4, 29.7, 37.9, 38.9, 42.5, 44.1, 45.6,
49.6,54.6,68.1,69.8,84.5,111.8,126.2, 127.0, 127.6, 128.4, 130.2,
132.5, 135.0, 137.7, 154.5 and 203.1; m/z (FAB+) 417.3 (M +
HJ*, 100%); m/z (ESI+): 417.2773 [M + H]*. C,,H;,0, requires
417.2788.

2-Ethyl-3-O-benzyl-17 B-prop-2-ynyl-estra-1,3,5(10 )-triene  16.
A mixture of (1-diazo-2-oxo-propyl)-phosphonic acid dimethyl
ester (290 mg, 1.5 mmol) and K,CO; (210 mg, 1.5 mmol) in dry
methanol (2.5 mL) was stirred under nitrogen and cooled to 0 °C
before dropwise introduction of 15 (208 mg, 0.5 mmol) in DCM
(2 mL). After 24 h at room temperature, water (10 mL) and DCM
(50 mL) were added to the solution, the organic layer was separated
and washed with water then brine, dried and evaporated. The
resultant oil was purified by flash chromatography (hexane—ethyl
acetate 25 : 1) to give a white powder (165 mg, 80%). Mp 78-79 °C;
dy (270 MHz, CDCl,) 0.67 (3H, s), 1.22 3H, t J 7.3), 1.24-1.59
(8H, m), 1.66-1.80 (2H, m), 1.87-2.14 (4H, m), 2.15-2.38 (3H, m),
2.70 (2H, q, J 7.3), 2.84-2.89 (2H, m), 5.01 (2H, s), 6.66 (1H, s),
7.14 (1H, s) and 7.30-7.49 (5H, m); é. (67.5 MHz, CDCl;) 12.2,
14.6, 19.1, 23.4, 24.0, 26.4, 27.9, 28.4, 29.7, 37.9, 38.9, 42.5, 44.1,
45.6, 49.6, 54.6, 68.1, 69.8, 84.5, 111.8, 126.2, 127.0, 127.6, 128.4,
130.2, 132.5, 135.0, 137.7 and 154.5; m/z (ESI+): 413.2842 [M +
H]*. C3,H3, 0 requires 413.2844.

2-Ethyl-3-0-benzyl-17 - (3-methyl-isoxazol-5-ylmethyl ) -estra-
1,3,5(10)-triene 17. A mixture of NCS (800 mg, 6 mmol) and
pyridine (80 puL, 1 mmol) in CHCI; (10 mL) was stirred at rt
under nitrogen then treated with acetaldoxime (354 mg, 6 mmol)
in portion wise manner. After 0.25 h, a solution of 16 (825 mg,
2 mmol) in CHCI; (2 mL) was added drop wise before addition of
Et;N (0.9 mL, 8 mmol). The mixture was then refluxed for 24 h.
The solvents were evaporated and the residual oil dissolved in ethyl
acetate (100 mL). The organic solution was washed with water and
brine then dried and evaporated. The residual oil was purified by
flash chromatography (hexane—cthyl acetate 50 : 1 to 35: 1) to give
16 (380 mg, 46%) and 17 (350 mg, 37%) as a white powder. Mp
128-129 °C; iy (270 MHz, CDCl;) 0.70 (3H, s), 1.21 (3H, t, J 7.3),
1.22-1.97 (12H, m), 2.18-2.33 (5H, m), 2.54 (1H, dd, J 15.1 and
9.4),2.67 (2H, q, J 7.3),2.78-2.86 (3H, m), 5.04 (2H, s), 5.81 (1H,
s), 6.63 (1H, s), 7.10 (1H, s) and 7.28-7.46 (5H, m); d¢ (67.5 MHz,
CDCly) 11.5, 12.5, 14.7, 23.5, 24.3, 26.5, 27.7, 27.9, 28.6, 29.8,
37.6, 38.9,42.7, 44.1, 49.1, 54.5, 69.9, 101.8, 111.9, 126.3, 127.1,
127.7, 128.5, 130.2, 132.4, 135.0, 137.7, 154.5, 159.7 and 173.3;
m/z (FAB+) 470.4 (IM + H]*, 100%); m/z (ESI+) 470.3034 [M +
H]*. C;,HyN,O, requires 470.3054

2-Ethyl-3-hydroxy-17B-(3-methyl-isoxazol-5-ylmethyl) -estra-
1,3,5(10)-triene 18. A mixture of TMSCI (0.1 mL, 1.1 mmol) and
sodium iodide (165 mg, 1.1 mmol) in dry acetonitrile (5 mL) was
stirred for 0.5 h at room temperature under nitrogen. Benzyl ether
17 (200 mg, 0.42 mmol) in dry acetonitrile (2 mL) was then added
and the mixture stirred at 50 °C for 2 h. Ethyl acetate (80 mL) was
added and the organic layer was washed successively with 1 M
sodium thiosulfate, water then brine, dried and evaporated. The
resulting oil was purified by flash chromatography (hexane—ethyl
acetate 10 : 1 to 8 : 1) to give a white solid (110 mg, 70%). Mp
204-205 °C; 6y (270 MHz, CDCl;) 0.70 (3H, s), 1.21 (3H, t, J
7.3), 1.24-1.55 (7H, m), 1.70-1.77 (2H, m), 1.81-1.97 (3H, m),
2.14-2.32 (5H, m), 2.55 (1H, dd, J 14.9 and 9.8), 2.59 (2H, q, J
7.3),2.78 (2H, m), 2.82 (1H, dd, J 14.9 and 4.5), 4.67 (1H, s), 5.81
(1H, s), 6.50 (1H, s) and 7.04 (1H, s); 8. (67.5 MHz, CDCl;) 11.5,
12.4,14.5,23.1, 24.2, 26.5, 27.7, 27.8, 28.5, 29.3, 37.5, 38.9, 42.6,
44.1, 49.1, 54.5, 101.8, 115.2, 126.3, 127.2, 132.6, 135.5, 151.2,
159.7 and 173.3; m/z (FAB+): 379.2503 [M]*. C,sH3;NO, requires
379.2511.
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2-Ethyl-17 B-( 3-methyl-isoxazol-5-ylmethyl )-3-O-sulfamoyl-estra-
1,3,5(10)-triene 19. Phenol 18 (60 mg, 0.16 mmol) was reacted
with sulfamoyl chloride (0.32 mmol) in DMA (1 mL) as described
for the synthesis of 8. Flash chromatography (hexane—ethyl
acetate 6 : 1 to 3 : 1) gave a white powder (45 mg, 63%). Mp
103-104 °C; 6y (270 MHz, CDCL;) 0.68 (3H, s), 1.19 3H, t, J
7.3), 1.22-1.55 (7H, m), 1.70-1.74 (2H, m), 1.80-1.95 (3H, m),
2.17-2.29 (5H, m), 2.53 (1H, dd, J 14.9 and 9.4), 2.65 (2H, q, J
7.3), 2.76-2.84 (3H, m), 5.01 (2H, s), 5.79 (1H, s), 7.05 (1H, s),
7.16 (1H, s); ¢ (67.5 MHz, CDCl;) 11.4, 12.4, 14.6, 23.0, 24.2,
26.2,27.5,27.6,28.5,29.2,37.4,38.4,42.5,44.2,49.0, 54.5, 101.8,
121.4, 126.9, 133.6, 136.0, 139.6, 146.1, 159.7 and 173.1; m/z
(FAB+): 458.2240 [M]*. C,sH3,N,O,S requires 458.2239.

2-Ethyl-17 B-( 2-aminoethyl )-3-O-benzyl estra-1,3,5(10)-triene
20. A solution of 5 (1.35 g, 3.3 mmol) in dry THF (50 mL) was
cooled to 0 °C under nitrogen then treated with LiAlH, (495 mg,
13 mmol) in a portion wise manner. The reaction mixture was
stirred at room temperature under nitrogen for 8 h. Saturated
aqueous NH,Cl (10 mL) was then added cautiously and the
mixture was extracted with ethyl acetate. The organic layer was
washed with water, brine, dried and evaporated. The crude solid
was purified by flash chromatography (ethyl acetate-methanol—
40% aq. NH,OH 10: 1: 0 to 10 : 1 : 0.5) to give a white powder
(550 mg, 46%). Mp 58-60 °C; v, (KBr) 3395 and 3314 cm™
(NH,); oy (400 MHz, CDCl;) 0.62 (3H, s), 1.18-1.98 (19H, m),
2.12-2.35 (2H, m), 2.62-2.93 (6H, m), 5.03 (2H, s), 6.63 (1H, s),
7.11 (1H, s) and 7.28-7.46 (5H, m); 6. (100 MHz, CDCl,) 12.7,
14.7, 22.0, 23.5, 24.5, 26.6, 28.0, 28.5, 29.8, 34.8, 37.9, 38.9, 41.7,
44.3,48.7,54.8,69.8,111.9,126.3,127.1,127.7,128.5,130.2, 132.7,
135.1, 137.8 and 154.4; m/z (FAB+) 418.3 (IM + HJ*, 100%).

2-Ethyl-3-O-benzyl-173-(2-[ 1,2,4 ] triazol-4-yl-ethyl) estra-1,3,
5(10)-triene 21. A solution of 20 (417 mg, 1 mmol), DMF azine
(285 mg, 2 mmol) and p-TsOH-H,O (19 mg, 0.1 mmol) in toluene
(30 mL) was refluxed for 24 h. After evaporation of the solvent,
the residual solid was dissolved in ethyl acetate and the organic
layer washed with water and brine then dried and evaporated. The
desired product was isolated by chromatography (ethyl acetate—
methanol 1 : 0 to 15 : 1) to give a white solid (340 mg, 73%).
Mp 203-204 °C; 6y (270 MHz, CDCl;) 0.63 (3H, s), 1.20 (3H, t,
J 7.3), 1.24-1.70 (9H, m), 1.75-1.99 (5H, m), 2.15-2.35 (2H, m),
2.60(2H, q, J 7.3),2.78-2.83 (2H, m), 3.90-4.10 (2H, m), 5.02 (2H,
s), 6.62 (1H, s), 7.08 (1H, s), 7.26-7.45 (5H, s) and 8.16 (2H, s);
éc (100 MHz, CDCly) 12.7, 14.7, 23.5, 24.4, 26.4, 27.9, 28.1, 29.8,
31.8, 37.7, 38.8, 42.7, 44.1, 44.8, 47.8, 54.5, 69.9, 111.9, 126.2,
127.1, 127.6, 128.5, 130.3, 132.2, 135.0, 137.8, 142.7 and 154.5;
m/z (ESI+) 470.3154 [M + HJ*. C;;H,N;O requires 471.3166.

2-Ethyl-3-hydroxy-17B-(2-[ 1,2,4 Jtriazol-4-yl-ethyl) estra-1,3,
5(10)-triene 22. A solution of 21 (234 mg, 0.50 mmol) in THF
(5 mL) and methanol (20 mL) was treated with 10% Pd/C (30 mg)
then stirred under an atmosphere of hydrogen for 24 h. The
resultant suspension was filtered through celite, the celite washed
with ethyl acetate and the combined filtrates evaporated. The
residual solid was recrystallized from ethanol-water 5 : 1 to give a
white powder (150 mg, 79%). (Found C, 75.70; H, 8.79; N, 10.70
requires C,,H33 N3O C, 75.95; H, 8.76; N, 11.07%); mp 257-258 °C;
oy (270 MHz, CD;0D) 0.67 (3H, s), 1.13 (3H, t, J 7.3), 1.15-1.49
(8H, m), 1.60-2.16 (7H, m), 2.25-2.32 (1H, m), 2.53 (2H, q, J 7.3),

2.71 (2H, m), 4.03-4.22 (2H, m), 6.41 (1H, s), 6.93 (1H, s) and
8.57 (2H, s); d¢ (100 MHz, CD;0OD) 11.6, 13.7, 22.9, 24.0, 26.3,
27.6,27.8,29.0,31.4,37.5,39.1,42.4,44.1,44.7,47.8, 54.5, 114.4,
125.6, 127.5, 131.0, 134.4, 137.8 and 152.2; m/z (FAB+) 380.5
(IM + HJ*, 100%); m/z (ESI+) 380.2693 [M + HJ*. C,,H;,N;0
requires 380.2696.

2-Ethyl-3-O-sulfamoyl-173-(2-[ 1,2,4 ] triazol-4-yl-ethyl) estra-
1,3,5(10)-triene 23. 22 (80 mg, 0.21 mmol) was reacted with
sulfamoyl chloride (0.42 mmol) in DMA (1 mL) as described for
the synthesis of 8. Flash chromatography (ethyl acetate-methanol
10: 1) gave a white powder (65 mg, 68%). (Found C, 62.70; H, 7.63;
N, 11.90 requires C,,H;,N,O;S C, 62.85; H, 7.47; N, 12.22%); mp
245-246 °C; oy (270 MHz, CD;0D-DMSO-d, 10 : 1) 0.70 (3H,
s), 1.18 3H, t, J 7.3), 1.20-1.58 (8H, m), 1.65-2.10 (6H, m), 2.21—
2.32 (1H, m), 2.32-2.43 (1H, m), 2.72 (2H, q, J 7.3), 2.84 (2H, m),
4.09-4.23 (2H, m), 7.06 (1H, s), 7.21 (1H, s) and 8.61 (2H, s); S
(100 MHz, CD;0OD-DMSO-d, 10 : 1) 11.7, 14.0, 22.7, 24.1, 26.1,
27.5,27.6,29.0,31.5,37.4,39.1,42.3,44.3,44.6,47.9, 54.5, 110.1,
121.6, 126.4, 133.9, 135.4, 138.7 and 146.6; m/z (FAB+) 458.2347
[M]*. C,yH3,N,O;S requires 458.2352

2-Methoxy-3-hydroxy-17-(4H-1,2,4-triazol-4-ylimino ) -estra-
1,3,5(10)-triene 25. A solution of 2-methoxyestrone 24 (1.00 g,
3.33 mmol), 4-amino-4H-1,2,4-triazole (560 mg, 6.66 mmol) and
pTsOH hydrate (50 mg) in EtOH (5 mL) was heated in an ACE-
pressure tube to 100 °C for 20 h. After cooling to rt, a white
crystalline solid was filtered off, washed with a small amount of
cold EtOH (ca. 5 mL) and dried under high vacuum to give 25
(877 mg, 72%) as fine colorless needles. (Found C, 68.7; H, 7.09;
N, 15.0 requires C,;H,\N,O, C, 68.83; H, 7.15; N, 15.29%); mp
>230 °C (dec.); 6y (400 MHz, DMSO-d,) 1.03 (3H, s), 1.24-1.73
(6H, m), 1.84-1.96 (2H, m), 2.02-2.08 (1H, m), 2.19-2.27 (1H,
m), 2.36-2.48 (2H, m), 2.62-2.78 (2H, m), 2.86-2.94 (1H, m), 3.74
(3H, s), 6.48 (1H, s), 6.81 (1H, s), 8.67 (1H, s) and 8.76 (2H, s);
dc (100 MHz, DMSO-d,) 16.5, 22.7, 25.9, 26.8, 28.3, 28.7, 33.6,
37.8,43.7,46.4,50.7,55.8,109.6, 115.6, 128.2, 129.8, 140.1, 144.5,
145.7 and 188.5; m/z (FAB+) 367.2144 [M + HJ*. C,,H3,N,O;S
requires 367.2134.

2-Methoxy-3-hydroxy-17B-(4H-1,2,4-triazol-4-ylamino ) -estra-
1,3,5(10)-triene 26. To a solution of 25 (110 mg, 0.30 mmol) in
MeOH (10 mL) was added NaBH, (38 mg, 1.00 mmol) at 0 °C. The
clear solution was stirred for 2 h at this temperature, then water
(50 mL) and EtOAc (50 mL) were added. The organic layer was
separated, washed with water (20 mL) and brine (20 mL), dried
over Na,SO, and evaporated. The residue was dissolved in EtOAc
and precipitated by addition of Et,O to give 26 (69 mg, 62%) as
a white solid: mp >190 °C (dec.); oy (270 MHz, DMSO-d;) 0.78
(3H, s, H-18), 1.00-1.54 (7H, m), 1.60-1.92 (4H, m), 1.98-2.22
(2H, m), 2.54-2.78 (2H, m), 3.12-3.24 (1H, m, H-17), 3.68 (3H, s,
-OCH,;), 6.42 (1H, s), 6.64-6.74 (2H, s), 8.58 (1H, s) and 8.61 (2H,
s); m/z (FAB+) 369.2291 [M + H]*. C,;H,,N,O, requires 369.2290.

2-Methoxy-3-O-sulfamoyl-17-(4H-1,2,4-triazol-4-ylimino )-estra-
1,3,5(10)-triene 27. To a solution of sulfamoyl chloride (566 mg,
4.9 mmol) in DMA (5 mL) was added 25 (550 mg, 1.5 mmol) at
0 °C. The mixture was stirred for 18 h at rt, then ethyl acetate
(70 mL) and water (50 mL) were added. The organic layer was
separated, washed with water (2 x 30 mL) and brine (20 mL),
dried over Na,SO, and evaporated. The residue was dissolved in
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a small amount of acetone and Et,O was added. The resulting
precipitate was filtered off and dried under high vacuum to give
27 (568 mg, 85%) as a white solid. Mp 180-184 °C; dy (400 MHz,
DMSO-d¢) 1.06 (3H, s), 1.24-1.78 (7H, m), 1.88-1.98 (1H,
m), 2.04-2.14 (1H, m), 2.27-2.50 (2H, m), 2.76-2.84 (2H, m),
2.88-2.98 (1H, m), 3.80 (3H, s), 7.03 (1H, s), 7.04 (1H, s), 7.85
(2H, s) and 8.79 (2H, s); ¢ (100 MHz, CDCl;) 16.9, 23.2, 26.1,
26.9, 28.6, 29.2, 31.4, 34.0, 37.9, 44.4, 46.8, 51.1, 56.4, 111.0,
123.5, 128.7, 137.4, 138.9, 140.5, 150.0 and 189.0; m/z (FAB+)
446.1884 [M + HJ*. C,;H;xN;O,S requires 446.1862.

2-Methoxy-3-O-sulfamoyl-17 B-(4H-1,2,4-triazol4-ylamino )-estra-
1,3,5(10)-triene 28. To a solution of 27 (143 mg, 0.32 mmol) in
MeOH (10 mL) was added NaBH, (38 mg, 1 mmol) at 0 °C. The
clear solution was stirred for 2 h at this temperature, then water
(50 mL) and EtOAc (50 mL) were added. The organic layer
was separated, washed with water (20 mL) and brine (20 mL),
dried over Na,SO, and concentrated under reduced pressure. The
residue was dissolved in EtOAc and precipitated by addition of
Et,0 to give 28 (81 mg, 57%) as a white solid. Mp >145 °C (dec.);
o (270 MHz, DMSO-d,) 0.79 (3H, s, H-18), 1.02-1.54 (7H,
m), 1.60-1.92 (4H, m), 2.04-2.22 (2H, m), 2.66-2.78 (2H, m),
3.14-3.24 (1H, m, H-17), 3.73 (3H, s, -OCH;), 6.71 (1H, d, J =
1.7), 6.93 (1H, s), 6.95 (1H, s), 7.80 (2H, s, -NH,), 8.61 (2H, s);
m/z (FAB+) 448.2019 [M + H]*. C,,H;,N;O,S requires 448.2016.
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Triplex forming oligonucleotides (TFOs) containing the nucleoside analogues
2’-O-methyl-5-propynyluridine (1) and 2’-O-methyl-5-(3-amino-1-propynyl)uridine (2) were
synthesized. The affinity and selectivity of triplex formation by these TFOs were studied by gel shift
analysis, 7', value measurement, and association rate assays. The results show that the introduction of 1
and 2 into TFOs can improve the stability of the triplexes under physiological conditions. Optimized
distribution of 1 or 2 in the TFOs combined with a cluster of contiguous nucleosides with
2’-aminoethoxy sugars resulted in formation of triplexes with further enhanced stability and improved

selectivity.

Introduction

A DNA triple helix can form when a third strand binds in the major
groove of an intact polypurine:polypyrimidine duplex.* The
structure is stabilized by Hoogsteen hydrogen bonds between the
third strand bases and the duplex purines. These interactions are
sequence specific and a triplex binding code has been elaborated.?
The third strand may consist of purines or pyrimidines, depending
on the target sequence. The absence of a requirement for a protein
or enzyme cofactor, coupled with the sequence stringency, support
the long standing view that triple helix forming oligonucleotides
(TFOs) have the potential to become effective gene targeting
reagents in living cells.**

There are, however, a number of impediments to the activity
of TFOs against polypurine:polypyrimidine targets in vivo. These
include the instability of triplexes with pyrimidine third strands at
physiological pH due to the requirement for cytosine protonation,
the repulsion between third strand and duplex phosphates, and
the conformational restrictions on both third strand and duplex
(reviewed in refs. 4, 6). Although these are significant challenges,
base and sugar analogues have been described that provide
promising solutions to these problems.

RNA analogue sugar substitutions have been of interest ever
since the demonstration that RNA third strands formed more
stable triplexes than their deoxy counterparts.” This observation
prompted analysis of third strands with 2’-O-methyl sugars, which
have been shown to impose relatively little distortion on the
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TOF data of oligos and Fig. S1 The profile of non-denaturing gel
electrophoresis of triplexes. See DOI: 10.1039/b810709b

underlying duplex.® TFOs with other analogues, such as locked
or bridged (LNA/BNA) ribose, make very stable triplexes.*!* The
2’-aminoethoxy (2’-AE) modification, which imparts a positive
charge to an RNA analogue sugar, has been shown to improve
both the kinetics of formation and the stability of pyrimidine
motif triplexes. Additionally, we have shown that appropriate use
of this modification supports gene targeting activity by TFOs in
living cells.!!

Base analogues in TFOs also improve triplex stability. For
example, 5-methylcytosine has been used for many years as a
replacement for cytosine in TFOs, with a partial amelioration
of the pH limitation on triplexes with pyrimidine third strands."
Other cytosine replacements have been discussed more recently.’!
The 3-propynyl derivative of uridine, as a replacement for
thymidine enhances the stability of pyrimidine motif triplexes.'®
This work has been substantially extended by the synthesis
and characterization of the 5-(3-amino-1-propynyl)uridine.'® This
analogue adds a favorable electrostatic interaction via the positive
charge of the amino group to the stacking interactions of the
propynyl group. The importance of positively charged residues in
TFOs, either sugar or base, on triplex stabilization has been noted
previously.'¢*

Typically, studies on the contribution of a base analogue to
the activity of a TFO vary the extent and distribution of the
particular modification in the context of a DNA third strand, that
is, with deoxy sugars. In this format the influence of the individual
modification can be assessed against the background of a relatively
weak baseline. Experiments with TFOs carrying combinations of
base and sugar analogues are less common. However it is likely
that biologically active TFOs will require multiple modifications,
as some of our previous work suggests.? In these circumstances the
contribution of an individual analogue, previously characterized
in a deoxyoligonucleotide, may not be predictable. Here we have
addressed this issue and describe the influence on TFO activity of
combinations of propynyl or aminopropynyl uridine, with 2’-O-
methyl and/or 2’-O-aminoethyl ribose sugars.
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Results

The nucleoside analogues 2’-O-methyl-5-propynyluridine (1), 2’-
O-methyl-5-(3-amino-1-propynyl)uridine (2) and the correspond-
ing phosphoramidites were synthesized according to published
procedures.*** The structure of the 1 or 2-A:T triplet is shown
in Scheme 1. The triplex target sequence is 19 mer duplex (5:6)
from Intron 4, adjacent to Exon 5, of the Hprt gene in the
Chinese Hamster genome, and consists of an uninterrupted 17 nt
polypurine: polypyrimidine element.? The TFOs examined in this
report contained 2’-O-Me ribose and the additional modifications,
1, 2, and 2’-AE (3, 4) as shown in Table 1.

(0] HoN (0]
A\ TN
[ NH [ NH
N'go N'go

HO o HO o
HO O~cH, HO O~cH,
1 2
NHZ 0
SN NH
\f)\\ \fL)\\
N™ ~O N0
HO O HO (0]
HO [0} HO o)
NH, NH,
3 4

1: R=H, 2: R=NH,,
dR = 2'-deoxy ribose, MR =2'-OMe ribose

Scheme 1 Chemical structures of 1, 2, 3, 4 and the triplet base pair of 1
or 2-AT.

Non-denaturing gel analysis

The ability of the TFOs to form triplexes was examined by
neutral gel electrophoresis. In this assay the duplex purine strand
6 was labeled by *P, and then the labeled duplex target was
incubated with the TFOs. The shift of the labeled strand towards
slower mobility demonstrates the extent of triplex formation. After
incubation of each of the TFOs in this study the duplex was
completely converted to the triplex (supplementary materialst).
Thus all the modified TFOs in our work could form stable triplexes
at pH 7.0. We then measured the K, value of TFO-7 and TFO-9

Table 1 The upper part is the duplex target sequence in the Chinese
hamster Hprt gene. The target lies in Intron 4 adjacent to Exon 5. Also
shown is the modification pattern of the TFOs, in which T is 2"-O-Me-5-
methyl dU and C is 2’-O-Me-5-methyl dC

Duplexes

S-TTICTCTTTTTTCTTCT AC-3 5
3-AAAGAGAAAAAAGAAGA TG-5 6
TFOs

I-TTTCTCTTTTTTCTTCT-5 7
3-TTTCTCITTTTICITC1-5 8
3-TTTCTCTITITICITCT-5 9
3-TTTCTCT1111ITCTTCT-5 10
Y-TTTCTC2TTTT2C2TC2-5 11
3-TTTCTCT2T2T2C2TCT-5" 12
3-TTTCTCT2222TCTTCT-5 13
3-T4434CTTTTTTCTTCT-5 14
3’-T4434CT2T2T2C2TCT-5" 15
3-T4434C22TTTTC22CT-5 16
3'-T4434C2T2TTTCT2C2-5 17

by gel shift. The gel profile of the TFO concentration dependent
forming of triplex 12-5:6 is shown in Fig. 1 (top). The relative
intensity of the duplex and the triplex bands was quantified
by Phosphorimager analysis and the corresponding data were
converted to binding isotherm curves (Fig. 1b). The 2 modified
TFO-12 shows higher binding affinity with lower K, (321 nM)
value than that of TFO-7 (427 nM). The improvement in K, value
of the 2 modified TFO is not as great as observed previously with
TFOs with 2’-aminoethoxy-5-(3-aminoprop-1-ynyl) uridine.*"*
This is because the reference TFO-7 contained 2’-OMe sugars,
a modification that confers relatively high affinity at pH 7.0.

1 2 3 4 5 6 7 8§ 9 10

0.8

0.6+

Triplex(%)

0.4+

0.2

0.0+

Ig ([TFO] (nM))

Fig.1 (Top) Typical non-denaturing gel profile of the TFO concentration
dependent forming of triplex 12-5:6. Concentration of duplex target 5:6
was fixed at 5 nM. Lane 1-10, TFO-12 concentration (nM): 0, 20, 40, 60,
80, 100, 200, 400, 600, 800. (Bottom) Binding isotherms of TFOs 7 (circles)
and 12 (squares) in Hepes buffer (20mM, pH 7.2) with 10 mM MgCl,.

Thermal stability measurements

We investigated the thermostability of the 1 or 2 modified triplexes
at pH 7.0. As discussed before,® the stability of the triplex formed

This journal is © The Royal Society of Chemistry 2008
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Table 2 T, Values and associate rates of triplexes (TFOs 7-13)

TFOs T,/°C kon/187 mol™!
Y- TTTCTCTTTTTTCTTCT-5" 7 54 2000
J-TTTCTCITTTTICITC1-5" 8 59 2400
3-TTTCTCT1T1TICITCT-5" 9 62 3400
- TTTCTCT1111TCTTCT-5" 10 63 3500
3-TTTCTC2TTTT2C2TC2-5" 11 59 2800
3-TTTCTCT2T2T2C2TCT-5" 12 65 3600
3-TTTCTCT2222TCTTCT-5" 13 65 3600

T, Buffer: 100 mM NaCl. 2.0 mM MgCl, and 10 mM Na-cacodylate,
pH 7.0. Kinetic buffer: 150 mM KCI. 1.0 mM MgCl, and 10 mM Na-
cacodylate, pH 7.2.

by the 2’-O-Me TFO (7) was 54 °C, which is higher than the duplex
target alone. Therefore, only one transition in the melting curve
was detected during the denaturation process, and that transition
reflected the T, value of the triplex. TFOs with 2’-O-Me ribose
at all positions and with four substitutions of 1 or 2 formed
triplexes with 7', values greater than formed by 7 (Table 2). The
stabilizing effect of 1 and 2 was similar when they were distributed
throughout the TFO. Thus the T, values of 8-5:6 and 11-5:6 were
both 59 °C. When 1 or 2 were introduced in the middle of the
TFOs, either separated by one base or adjacent to each other,
the triplexes modified by 2 were slightly more stable than the
triplexes containing 1. For example the T, value of 12-5:6 was
65 °C, 2 °C higher than that of 9-5:6. Consequently the positively
charged analogue made only a modest contribution to triplex
stability. Furthermore, clustering, or close alternation yielded
greater stability than a more dispersed distribution. One possible
reason is in the triplexes 8-5:6 and 11-5:6 one of the modified
nucleosides was introduced at the end of the TFOs. Generally
base analogues show weaker stabilizing effect when located at the
end of the sequence than in the middle of the strand. Another
explanation is the arrangement of modified residues is important
for maximum stability, as observed previously.”® In the optimal
configuration, the increment of additional stability provided by 1
was 2.25 °C per residue, while that from 2 was 2.75 °C per residue.

Association rate measurements

The relative association rates for the TFOs were measured. As
shown in Table 2, the k,, of the 2’-O-Me TFO (7) was 2000 1 s~
mol™. Additionally modified TFOs with 1 or 2 showed enhanced
ko, values. With the modification at the 5 prime end, in both cases
the k,, increased to 2500 1 s7! mol™'. The TFOs with a middle
cluster of 1 or 2 showed the highest k,,, 3500-3600 1 s mol™. As
with thermal stability, the positive charge added only a modest
increment to the k., value.

Discrimination of duplex targets with sequence interruptions by
TFOs with 2’-OMe and 2 modifications

In the light of the increased stability of the triplexes formed
by TFOs containing 2 and 2’-O-Me ribose, it was important
to examine the influence of the combined modifications on the
specificity of triplex formation. Consequently we measured the
thermal stability of triplexes formed by TFO-12 with four duplexes
containing a different base pair at one position. The variable base
pair was located at the site of one of the 2 substitutions. For

Table 3 T, values of triplexes with mismatch base pairs (TFO 7 and TFO
12)

N
OMe T (TFO 7) 2(TFO 12)
T./°C AT,/°C T./°C AT,/°C
N-AT 54 N/A 65 N/A
N-TA 41 13 49 16
N.GC 47 7 57 8
N-CG 36 18 53 12

Duplex target 3~ AAAGAGAAAAAXGAAGATC, 5-TTTCTCTTTT-
TYCTTCTAG. X, Y = each base A, G, T, C in turn. A T,, (°C): the
T, value difference between the N-AT and mismatch base pairs.

comparison we determined the stability of triplexes formed by
the variable duplex targets and TFO-7. The typical T,, values
for 12-5:6 with 2 placed at different X:Y base pairs are shown
in Table 3. The T, value for the triplex with the 2-A:T pair was
65 °C. As expected, the triplexes formed with duplexes containing
the other base pairs showed declines in thermal stability. The
greatest discrimination was with the triplex containing the 2-T:A
pairing (49 °C, AT, between 2-A:T and 2-T:A is 16 °C), while that
with the 2-G:C combination was relatively more stable with a T,
value of 57 °C. The 2-C:G pairing was of intermediate stability
(53 °C). It was noteworthy that the least stable triplex formed by
the third strand with 2’-OMeT was against the duplex target with
the C:G interruption (36 °C), in contrast to the result with TFO-
12. Apparently the presence of 2 changed the affinity relationships
and stabilized the interaction with the C:G interruption of the
polypurine:polypyrimidine target.

TFOs with 2’AE, 2’-OMe, and 2

The preceding results indicated that the introduction of 1 or 2
into TFOs increased triplex stability and enhanced association
rates relative to TFO 7. In our earlier work we found that
a patch of 34 contiguous 2’-AE residues made an important
contribution towards the bioactivity of TFOs containing 2’-O-Me
ribose sugars.”? Accordingly we synthesized TFO-15 with 2’-O-
Me ribose, four contiguous 2’-AE residues at the 3" end, and the
alternating distribution pattern of 2 found in TFO-12. The T\,
value of the resultant triplex was 72 °C, an improvement over the
63 °C obtained with the 14-5:6 triplex. This result was consistent
with expectations, and indicated that the increase in stability due to
the added 2 was 2.25 °C per residue. However, when we determined
the k., value for TFO-15 we found a pronounced decline relative
to the TFO-14 control. This was unexpected since both the 2’-
AE cluster,?® and the alternating pattern of 2 (Table 2) enhance
association rate relative to TFOs containing only the 2’-O-Me
modification. Given the importance of the association rate as a
correlate of TFO bioactivity, we examined the properties of two
additional TFOs containing 2’-AE and 2’-O-Me ribose. In these
the four residues of 2 were well separated such that there were two
groups of two, either immediately adjacent or alternating (TFO-
16, -17). One of these, TFO-16 (12000 1 s mol™) had a k., slightly
greater than the reference TFO-14 (1000 1 s mol™), while the T,
value of 16-5:6 (67 °C) was greater than that of the 14-5:6 triplex
(Table 4).
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Table 4 T, values and association rates of triplexes (TFO 14-17)

TFOs T./°C kon /18 mol™
3’-T4434CTTTTTTCTTCT-5 14 63 11000
3’-T4434CT2T2T2C2TCT-5" 15 72 5500
3’-T4434C22TTTTC22CT-5" 16 67 12000
3/-T4434C2T2TTTCT2C2-5" 17 66 8500

T, buffer: 100 mM NaCl. 2.0 mM MgCl, and 10 mM Na-cacodylate,
pH 7.0. Kinetic buffer: 150 mM KCI. 1.0 mM MgCl, and 10 mM Na-
cacodylate, pH 7.2.

Discrimination of duplex targets with sequence interruptions by
TFOs containing 2’-AE, 2’-0-Me, and 2 modifications

The preceding results indicated that TFO-16 formed triplexes with
a slightly improved k,, and increased thermal stability relative
to the reference TFO-14. We then asked if this TFO, with
three modifications would display the same selectivity seen with
TFO-12. This analysis was performed with two different duplex
targets. In one the X:Y position, as before, was at the position
corresponding to a residue of 2 in the TFO. In the other we
used a duplex with the X:Y pair placed between two residues
of 2 in TFO-16. This experiment was performed to ask if the
improved stability afforded by 2 would influence selectivity when
sequence interruptions in the duplex were located adjacent to
the canonical triplet formed by 2. We found that the differential
between the triplex with the 2-A:T triplet and the most stable
alternate, the 2-G:C triplet, actually increased from 6 °C to
10 °C as compared to the T, values obtained with the reference
TFO-14 (Table 5). Apparently the introduction of substitutions
of 2 had the effect of increasing the overall stability of the
triplex, but also of improving the relative selectivity. The same
trend was observed with the triplexes in which 2-A:T triplets
flanked T-X:Y triplets. The differentials were enhanced relative
to the triplexes formed by TFO-14. Consequently, substitution
by 2 in a TFO also containing 2’-O-Me and 2’-AE, whether
opposite or adjacent to “interrupting” duplex pairs, increased
stability without loss, even slight improvement, in target sequence
selectivity.

Table 5 T, values of triplexes with mismatch base pairs (TFO 14 and
TFO 16)

N

OMe T (TFO 14) 2 (TFO 16) OMe T (TFO 16)

T./°C AT,/°C T,/°C AT,/°C T,/°C AT,/°C
N-AT 63 N/A 67 N/A 67 N/A
N-TA 50 13 49 18 48 19
N.GC 57 6 57 10 57 10
N.CG 53 10 52 15 50 17

Duplex target for the mismatch of OMe T in TFOs 14 and 16: 3-AAA-
GAGAAAAAXGAAGATC, 5-TTTCTCTTTTTYCTTCTAG. Duplex tar-
get for the mismatch of 2 in TFOs 16: 3~ AAAGAGAXAAAAGAAGATC,
SY-TTTCTCTYTTTTCTTCTAG. X, Y = each base A, G, T, C in turn. A
T, (°C): the T,, value difference between the N-AT and mismatch base
pairs.

Discussion

A central goal of triple helix research is the identification of base
and sugar modifications that overcome the challenges to triplex
stability under physiologically relevant conditions. There is now
a wealth of base and sugar analogues that improve TFO affinity,
and in some cases, triplex formation kinetics. Most of these studies
describe the consequences of a particular analogue in the context
of deoxyoligonucleotides. However, there is ample evidence that
RNA analogue sugar modifications can greatly improve TFO
performance.®'*%? Among the base analogues that show promise
are propynyl and aminopropynyl uridine, both of which have
been shown to enhance triplex stability in deoxyoligonucleotide
TFOs.'%* In this study we have examined the influence of these
analogues on TFOs additionally containing 2’-O-Me, and 2’-AE
substitutions.

We found that the addition of 1 or 2 improved the stability
of triplexes formed by TFOs also containing uniform 2-O-Me
ribose substitution. In previous work with deoxyoligonucleotide
TFOs it was found that propynyl deoxyuridine residues increased
T, values by about 2 °C per residue,”® while the increase for
deoxyaminopropynyluridine was about 3 °C per residue."” In
the work presented here we found that, despite the gain in
thermal stability derived from the 2’-O-Me modification, further
improvement from the addition of 1 or 2 was possible, and this was
comparable to earlier findings. There was only a modest difference
in increment between the two modifications, suggesting that the
major contribution comes from the propynyl moiety. This has
been ascribed, by the Feigon group, to an increase in stacking
interactions between the propynyl group and the aromatic ring of
the 5" adjacent base in the TFO. In addition, these workers have
pointed to the stabilizing influence of the localized hydrophobic
environment resulting from the propynyl substitution.*

A second observation of note was that the increased stability
did not come at the expense of relative selectivity. The T, value
differentials between the triplexes formed by TFOs 7 or 12 on the
“perfect” match duplex target, and the “mismatched” target sup-
porting the most stable triplex (the G:C target) were quite similar
(Table 3). Furthermore, an even greater differential between the
perfect match triplex and the most stable interrupted triplex (again
the G:C replacement) was observed with the TFOs containing
the cluster of 2’-AE residues (Table 3). This was independent of
whether 2 was placed at, or adjacent to, the “mismatch” base
pair (Table 3). Thus, although there was an elevation of the
T, value when 2 was incorporated into TFOs with 2’-O-Me, or
2’-AE and 2'-O-Me, relative selectivity was maintained. This is
in agreement with studies of TFOs using 2’-aminoethoxy-5-(3-
aminoprop-1-ynyl)uridine (BAU) for recognizing AT base pairs in
duplex DNA, in which BAU showed high selectivity and conferred
enhanced stability on BAU-A:T triplets relative to T-A:T.?*? It will
be important to determine if this selectivity is maintained in assays
of TFO bioactivity in living cells.

The measurement of the association rates revealed an interesting
paradox. When residues of 2 were clustered or alternated in
the TFOs with only 2’-O-Me ribose there was an increase in
association rate. This was consistent with our earlier study in
which clustered 2’-AE, residues were found to increase k.,.%
However, when alternating residues of 2 were placed on TFO-
15, also containing clustered 2’-AE substitutions, the association

This journal is © The Royal Society of Chemistry 2008

Org. Biomol. Chem., 2008, 6, 4212-4217 | 4215





rate declined, despite an increase in the thermal stability of the
triplex. Disruption of the cluster of 2, at the expense of the
T, value, was required to slightly improve the association rate
relative to that of TFO-14. There may be multiple reasons for
this. In light of the relatively simple target sequence, two closely
spaced groups of positive charges may increase the frequency
of incorrectly positioned nucleation events. This would have the
effect of slowing the rate of formation of correct nucleation events,
and thus the overall rate of triplex formation. It is also possible
that the conformational and structural adjustments imposed by
the propynyl side chain on the duplex, and resultant triplex,*
contribute to the slowed association. However, if this were true
TFO-9 would have been expected to show a slower k,, than
the reference TFO-7, rather than the increased rate that was
observed (Table 2). It is of interest that in other work TFOs
with the nucleoside analogue, 2’-O-(2-aminoethyl)-5-(3-amino-
1-propynyl)uridine did not show an enhanced association rate,
although analogues with either modification alone would have
increased the rate.”

The conclusion that we draw from these studies is that multiple
base and sugar modifications clearly improve TFO performance.
However, it is also apparent that we have much to learn regarding
the optimal organization of these modifications. At this time we
are in an empirical phase. Eventually principles with predictive
value should emerge.

Experimental
Materials

Phosphoramidites and CPG Supports. N*-Formamido-5"O-
(4,4’-dimethoxytrityl)-5-methylcytidine-2’- O-methyl-3’-O-(B-cya-
noethyl- N, N-diisopropyl)phosphoramidite, 5’-O-(4,4’dimethoxy-
trityl)-5-methyluridine  2’-O-methyl-3’-O-(B-cyanoethyl-N,N-di-
isopropyl)phosphoramidite and 5-0-(4,4’-dimethoxytrityl)-Smet-
hyluridine-2’-O-methyl-3’-O-succinamido-N¢-hexanamidoN?-pro-
pyl-CPG (controlled pore glass) support were purchased from
Chemgenes, Ashland, MA. Synthesis of N*-(N-methylpyrrolid-
inoamidino)-5"-0-(4,4'-dimethoxytrityl)-5-methylcytidine  2’-O-
(2-aminoethyl)-3’- O-(B-cyanoethyl-N,N-diisopropyl)phosphora-
midite and 5-0-(4,4’-dimethoxytrityl)-5-methyluridine, 2-O-(2-
aminoethyl)-3’- O-(B-cyanoethyl- N, N -diisopropyl)phosphorami-
dite was reported previously.’®*® The compounds 1, 2 and the
corresponding building block were synthesized according to
published work.?**

Synthesis, deprotection and purification of TFOs. The oligonu-
cleotides were synthesized on a 1 pumol scale on CPG supports
(1000 A) using an Expedite 8909 synthesizer as previously
described.!! The phosphoramidites were dissolved at a concen-
tration of 0.1 M. The coupling times for the phosphoramidite
monomers of protected 2’-O-methylthymidine, 2’-O-methyl-5-
methylcytidine, 1 and 2 were 360 s. The coupling times for the
phosphoramidite monomers of protected 2’-aminoethylthymidine
and 2’-aminoethyl-5-methylcytidine were 900 s. The TFOs were
deprotected with equal ratios (1 : 1) of 0.5 mL of 28% aqueous NH;
and 0.5 mL of 40% aqueous methylamine (Aldrich Chemicals)
solution for 90 min at room temperature, immediately evaporated
to dryness, and resuspended in HPLC grade H,O. Purification
of TFOs was carried out by an ion-exchange HPLC using a

Dionex DNAPac PA-100 column (column sizes are 4.0 mm X
250 mm for analysis and 9.0 mm X 250 mm for purification,
respectively) on a Shimadzu HPLC system (LC-10ADvp) with
a dual wavelength detector (SPD-10AVvp) and an auto in-
jector (SILI0ADvp). HPLC conditions were as follows: linear
gradient, % buffer B 0-50% for 45 min, ~100% for 60 min,
1.5 mL min™'; buffer A consisted of 100 mM Tris (pH 7.8)
containing 10% CH;CN; buffer B consisted of 1.0 M NaCl
containing 100 mM Tris (pH 7.8) and 10% CH;CN; UV monitor,
254 and 315 nm (A, for psoralen). The oligonucleotides were
collected, lyophilized, and desalted using a Sep-Pak Plus C18
cartridge (Waters Corp.). The masses of the chemically modified
oligonucleotides were determined by the positive ion mode using
MALDI-TOF (matrix-assisted laser desorption ionization time
of flight) mass spectroscopy on a Voyager Applied Biosystem
Instrument. The matrix used for preparing the MALDI-TOF
samples is a mixture of 3-hydroxypicolinic acid (50 mg mL™ in
50% CH;CN) and ammonium citrate (50 mg mL™" in HPLC grade
water).

Thermal denaturation

The thermal melting experiments were carried out using
TFOs with a 19-mer HPRT hamster duplex target (5-GTA-
GAAGAAAAAAGAGAAA and 3-CATCTTCTTTTTTC-
TCTTT) which had a T, value of 53.5 °C. A 1.0 uM stock
solution of target duplex was prepared in a buffer containing
100 mM NaCl, 2 mM MgCl,, and 10 mM sodium cacodylate at
pH 7.0. The solution was heated to 80 °C for 15 min, allowed
to reach room temperature over 4 h, and then stored in the
refrigerator at 4 °C. An aliquot of concentrated TFO solution
was added to 1.0 mL of the stock duplex to make the final
concentration of the TFO is 2.0 uM, and the mixture was
incubated at room temperature overnight. Thermal melting
determinations were carried out using a Cary 3E UV-Vis
spectrophotometer fitted with a thermostat sample holder and
a temperature controller. The triplex solution was heated from
25 to 85 °C at a rate of 0.4 °C min™', and the absorbance at
260 nm was recorded as a function of the temperature. The raw
data were processed using Origin 7.0 software to determine the
first derivative curve, from which the T,, value was obtained. All
analyses were performed at least twice with an error of no more
than 0.5 °C.

Association rate analysis

The TFO + duplex to triplex transition is accompanied by
a decrease in UV absorbance. To measure the association
rate kinetics of TFOs, we used a 19-mer linear duplex tar-
get (5-GTAGAAGAAAAAAGAGAAA and 3-CATCTTCTTT-
TTTCTCTTT). A stock duplex solution (2.0 uM for each strand)
was prepared in a kinetic buffer containing 150 mM KCI, 1 mM
MgCl,, and 10 mM sodium cacodylate at pH 7.2. 0.5 ml TFO
solution (2.0 uM) was added with vigorous mixing to 0.5 ml of the
duplex stock solution. The mixing process was no longer than
10 s. The experiments were carried out on a Cary dual-beam
spectrophotometer fitted with a Peltier temperature controller
at 25 °C. The UV decay curves were fitted to second-order
kinetics using software supplied with the instrument, where
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association rate constants were obtained. The rate constants re-
ported here were taken from an average of three individual experi-
ments.

Polyacrylamide gel electrophoresis

Purine strand (5-GTAGAAGAAAAAAGAGAAA) (0.5 uM)
was ¥P-end labeled using [y-*P] ATP (NEN) and T4 polynu-
cleotide kinase (New England Biolabs, Beverly, MA) and an-
nealed with pyrimidine strand (3’-CATCTTCTTTTTTCTCTTT)
(5.0 uM). Then the *P-end labeled duplex was diluted 20-fold
with 2 x triplex buffer (40 mM Tris, 20 mM MgCl,, pH 7.0) to
make a stock duplex solution. Ten microliters of stock duplex
oligos were incubated with 10 uL of each TFO (4.0 uM stock in
water) at room temperature overnight. The final concentrations
of both duplex strands were negligible relative to the third strand
concentration. For native gel electrophoresis, the dye (0.1% xylene
cyanol, 0.1% bromophenol blue, 5.0 uL) was added to each of
the triplex mixtures, and the mixtures were immediately loaded
onto a 12% polyacrylamide gel in 1x TAE buffer and run for 4 h
at 150 V. Gels were visualized using a Fuji Phosphorimager and
quantified using ImageQuant software.

K; Determination

5 nM of labeled duplex was incubated with various concentrations
of the TFOs in buffer consisting of 20 mM Hepes, pH 7.2, and mM
MgCl, as indicated, at room temperature for 24 h. Samples were
then loaded on a 15% acrylamide gel in Hepes buffer, pH 7.2,
containing 10 mM MgCl, and electrophoresed for 16 h. The
relative intensity of the duplex and triplex bands was determined
by Phosphorimager analysis. The K, values were determined by
Hill’s equation [y = ax"/(¢" + x*)], where y = percent triplex
formation, x = TFO concentration, ¢ = maximum percent value
of triplex formation, » = Hill’s coefficient, ¢ = approximate value
of K. The assumptions on the basis of which the Hill’s equation
was used are (1) TFOs do not interact with themselves and (2)
the concentration of the duplex target is too small to influence the
equilibrium of triplex formation. The data were processed with
origin 8.0 software.
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New C-linked carbo-B-amino acids (B-Caas), Cbz-(S)-p-Caa-(NHBoc)-OMe (1) and
Cbz-(R)-B-Caa-(NHBoc)-OMe (2), with an additional amine group (methylamino group of NHBoc) at
the C-1 position of the lyxofuranoside side chain and Boc-(S)-B-Caa-(diFP)-OMe (3) and
Boc-(R)-B-Caa-(diFP)-OMe (4), with a C-difluorophenyl (diFP) moiety at the anomeric position of the
lyxofuranoside side chain were prepared from D-mannose. B-Peptides [tetra- and hexapeptides] were
synthesized from these -Caas, ‘epimeric’ [at the amine stereocentre (Cg)], using the concept of
‘alternating chirality’ to carry out their conformational studies [NMR (CDCl;), CD and MD]. In the
monomer design, it was envisaged that the presence of an additional amine group in 1 or 2 would help
in solubilizing the peptides in water, while, the C-difluorophenyl (diFP) moiety of 3 and 4 is expected to
enhance the biological activity. The peptides having 1 and 2, though could not retain their 12—-10-mixed
helices in water, have shown moderate activity against Gram positive and Gram negative bacterial
strains. The peptides prepared from 3 and 4, much against our expectations, did not display any

biological activity.

Introduction

Designing non-biological polymers, which fold into predictable
secondary and tertiary structures, referred to as ‘foldamers’,! has
been an area of intense research activity.? B-Peptides, obtained
from B-amino acids,® the higher homologues of o-amino acids,
display a wide variety of secondary structures,*® thereby pro-
viding an unparalleled opportunity to understand the factors
governing protein structure and folding.” The wide variety of
biological activities® of B-peptides, besides their resistance to
enzyme degradation’ and enhancing protein binding ability,"
has made them attractive targets in the area of peptidomimetics
and drug discovery. From extensive theoretical and molecular
dynamics simulation studies' it was found that there is an
intrinsic preference for the formation of 10-12-mixed helices in
these B-peptides. The mixed 10-12-helices (B-helices), containing
intertwined 10- and 12-membered (mr) H-bond rings, unique to [3-
peptides, were first reported by Seebach et al.’> by using alternating
B*—pB*-amino acids as a motif, while, Kessler et al.*® realized them
using furanose amino acid (FAA)-B-hGly (B-homo glycine). In
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NMR spectra, solvent titration plots and distance constraints used in MD
calculations for selected compounds. See DOI: 10.1039/b810817j

our earlier studies, we designed ‘new motifs’ using C-linked carbo-
B-amino acids™ (B-Caa; ‘epimeric’ at the amine stereocentre),
having carbohydrate moieties as side chains,”” and demonstrated
that peptides derived with ‘alternating chirality’ generate very
robust and stable right handed 10-12-mixed helices.”® Similarly,
peptides made from the dipeptide repeats of B-Caa—p-hGly (B-
homo glycine), resulted in both right- and left-handed mixed
helices,® where the ‘switch’ in the handedness was governed by
the stereochemistry at the C; of the f-Caa used in the design.
Our further designs with dipeptide repeats to enhance the skeletal
diversity resulted in o—y-hybrid peptides,’ which generated a
10-12-helix devoid of B-amino acid. Yet another new motif for
the realization of 10-12-B-helices from peptides with o-aminoxy
acid (Ama) and (R)-B-Caa alternating was recently reported.'”

Therapeutic applications of cationic B-peptides or their
biomimetic analogues, as antibacterial agents are promising.?**!
Their direct action on the bacterial cell membrane is likely to pre-
vent rapid development of bacterial resistance. The designs used by
different research groups® for imparting antibacterial activity in
B-peptides had helical structures with charged hydrophilic residues
on one face of the helix and hydrophobic residue on its other face,
providing amphiphilicity to the helix.

In our studies, the design of B-Caas was based on the C-
linked ribosyl glycine moiety that is present in nikkomycins,*
the dipeptide antibiotics. The B-peptides investigated by us
however could not be explored for therapeutic applications due
to their inherent limitation of insolubility in water. To address the
problems associated with water solubility and biological activity,
we designed new -Caa monomers. In the first simple design on
bifunctional B-Caas, an additional amine group (NHBoc) was
introduced at the C-1 position of a carbohydrate side chain, which
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is expected to help enhancing solubility of derived peptides in
water.

In yet another novel design, we envisaged B-Caas having
C-difluorophenyl (diFP) glycoside as side chain, to promote bi-
ological activity. The rationale behind such a design was two fold:
firstly, C-aryl glycoside moieties* are present in several bio-active
compounds. The difluorophenyl moiety is part of the structure
of the drugs such as fluconazole and diflunisal. Secondly, the
highly electronegative character of fluorine imparts very different
properties to the molecule,” allowing exploration by replacing
hydrogen with fluorine in drug design and discovery.” Further,
it is well documented that fluorinated amino acids enhance
protein stability and support in other applications.”” Based on
the above observations, the preparation of a new class of B-Caas,
having difluorophenyl (diFP) C-glycofuranoside as side chain, was
considered to improve the biological activity of the B-peptides
thus derived. The present work reports the synthesis of ‘epimeric’
(at the amine stereocentre, C;), bifunctional B-Caas 1 and 2 and
B-Caa (diFP) 3 and 4 (Fig. 1), with NHBoc and C-difluorophenyl
(diFP) groups respectively at the anomeric position (C-1) of
lyxofuranoside side chain from D-mannose, conversion of these
monomers into the corresponding tetra- and hexapeptides 7-16
(Fig. 2 and 3) and their structural studies by extensive NMR, MD
and CD analysis. Thus, the structural features incorporated in the
newly designed B-Caas 14 in the present study: a) would help
in solubilizing the peptides in water due to the additional amine
group (NHBoc) and b) the C-difluorophenyl (diFP) glycoside side
chain might provide desirable biological activity to the B-peptides
13-16.

Results and discussions
1. Synthesis of amino acids 1 and 2

The main strategy in the synthesis of 1 and 2, from D-mannose
lies in the conversion of a) the anomeric (C-1) carbon into a Boc
protected aminomethyl group and b) to install the amino acid side
chain at the C-4 centre using the C-5 carbon. Accordingly, the
known alcohol 17% was treated with p-TsCl, Et;N and DMAP
(catalytic) in CH,Cl, at room temperature for 3 h to give 18 in
83% yield (Scheme 1). Tosylate 18 was further reacted with NaN,
in DMF at 70 °C for 6 h to afford azide 19 (65%), which on

O NHCbz Q
H3CO)J\/\\»/O N H3CO)J\/k
H NHBoc
0. (6]

X

1 [Cbz-(S)-B-Caa-(NHBoc)-OMe]

NHCbz

(0]
SUN
H NHBOC feo H
(0]
X

2 [Cbz-(R)-B-Caa-(NHBoc)-OMe]

reduction with Ph;P in methanol for 1 h, followed by protection
with (Boc),O for 5 h furnished 20 (75%).

Further, hydrolysis of the 5,6-acetonide in 20, on reaction
with PTSA in aq. MeOH at room temperature for 8 h gave the
diol 21 in 87% yield. Oxidative cleavage of the diol in 21 with
NalO, in a solution of MeOH-H,O at room temperature for 2 h
afforded aldehyde 22, which on subsequent Wittig olefination with
(methoxycarbonylmethylene)triphenylphosphorane in benzene at
reflux for 5 h furnished o,B-unsaturated ester 23 as a cis—
trans mixture of isomers (81%). Michael addition on 23 with
benzylamine® at room temperature for 12 h gave an ‘epimeric’ (at
the amine stereocentre) mixture of esters 24 (43%) and 25 (25%)
separable by column chromatography. Hydrogenolysis of esters 24
and 25 in the presence of 10% Pd—C in methanol under hydrogen
atmosphere afforded the respective amines 26 and 27, which were
treated with DIPEA and Cbz-Cl in CH,Cl, at room temperature
for 2 h to furnish 1 (87%) and 2 (90%) respectively. Base hydrolysis
(aq. NaOH in methanol) of 1 and 2 gave the corresponding acids
28 (83%) and 29 (86%) respectively. The overall yield was 14%.

2. Synthesis of amino acids 5 and 6

Reaction of the ester 30 with benzylamine? (Scheme 2) at room
temperature for 12 h gave a separable mixture of esters 31 (38%)
and 32 (26%), which on reaction with 10% Pd-C in methanol and
subsequent treatment of the resulting amines 33 and 34 with Et;N
and (Boc),0 in THF furnished 5 (92%) and 6 (88%) respectively.

3. Synthesis of peptides 7-12

The synthesis of the peptides 7-12 is outlined in Schemes 3 and
4. Accordingly, Boc-(R)-B-Caa-OMe 6 (Scheme 3) was saponified
with aq. 4 N NaOH to give acid 35 (90%), which on coupling with
33in the presence of EDCI, HOBt and DIPEA in CH,Cl, afforded
the dipeptide 36 (83%). Ester 36 on exposure to CF;COOH in
CH,Cl, was converted into the salt 37, which on condensation with
acid 28 in the presence of EDCI, HOBt and DIPEA in CH,Cl,
furnished the tripeptide 7 in 60% yield.

Base hydrolysis of tripeptide 7 gave the corresponding acid 38,
which on coupling with 27 in the presence of EDCI, HOBt and
DIPEA in CH,Cl, afforded the tetrapeptide 8 in 49% yield. Peptide
8 on sequential treatment with base, followed by Cbz deprotection
with 10% Pd-C in MeOH at room temperature under hydrogen

F.
O NHBoc F

/U\/\\/O

o_ O

X

3 Boc-(S)-p-Caa (diFP)-OMe

F F O NHBoc 0
O NHBoc N NHBoc
0 (o}
HCOJ\/K 0 H3CO)J\/\\/ \OMe HﬁOM/ .\OMe
3 0 H o
o__0

X

4 Boc-(R)-p-Caa (diFP)-OMe

><0 O><O

5 [Boc-(S)-p-Caa-OMe]

6 [Boc-(R)-f3-Caa-OMe]

Fig. 1 Structures of C-linked carbo B-amino acids 1-6.
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15n=1
16n=2

Fig. 3 Structures of peptides 1316 derived from B-Caas 3 and 4.

atmosphere and subsequent exposure to CF;COOH gave the acid
salt 8a. Similarly, peptide 8 on exposure to CF;COOH underwent
Boc deprotection to furnish the salt 8b.

Likewise, Boc-(S)-B-Caa-OMe 5 (Scheme 3) was saponified with
aq. 4 N NaOH to give acid 40, which on coupling with 34 in the
presence of EDCI, HOBt and DIPEA in CH,Cl, afforded the
dipeptide 41 (84%). Coupling of the salt 42 (obtained from 41 by
the exposure to CF;COOH) with acid 29 gave peptide 10 (67%).
Hydrolysis of 10 with base afforded the corresponding acid 43,

while, exposure to CF;COOH furnished the salt 44. Peptide 43 on
further Cbz and Boc deprotection with 10% Pd-C and CF;COOH
respectively gave the salt 10a.

In a further study, acid 38 on coupling with 44 (Scheme 4) in
the presence of EDCI, HOBt and DIPEA in CH,CIl, gave the
peptide 9 (54%) yield. Base hydrolysis of 9 and subsequent Cbz
and Boc deprotections on the resulting acid, using 10% Pd-C and
CF,COOH in CH,Cl,, respectively afforded the salt 9a. Similarly,
peptide 9 on reaction with CF;COOH furnished the salt 9b.

4144 | Org. Biomol. Chem., 2008, 6, 4142-4156

This journal is © The Royal Society of Chemistry 2008





OI O\I\
_ab | ¢, H

O Ay
/: i SR /: i “NHBoc  d
H —

o_ O o><0
18 R=0Ts 20
19R=N;
0
OHC._, . H.CO N0
NHBoc o NHBoc 3 NHBoc g
H _ f . i H
o_ O o><0
22 23
9 R R
RN g /0 AR
NHBoc \‘: Z " “NHBoc
H
el <
24R=NHBn,R'=H |
{25R:H R' =NHBn 1R =NHCbz R'=H 28R ~NHCbz R - H
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Scheme 1 Synthesis of amino acids 1 and 2. Reagents and conditions: a) p-TsCl, Et;N, cat. DMAP, CH,Cl,, 0 °C-RT, 3 h; b) NaN;, DMF, 70 °C, 6 h;
¢) Ph;P, CH;0H, 1 h, then (Boc),0, RT, 5 h; d) PTSA, CH;OH-H,0, 5 : 1, RT, 8 h; ¢) NalO,, MeOH-H,O (5 : 1), RT, 2 h; f) PhP=CHCOOCH;,
benzene, reflux , 5 h; g) BaNH,, RT, 12 h; h) H,, 10% Pd-C, CH;OH, RT, 12 h; i) Cbz-Cl, DIPEA, CH,Cl,, 0 °C-RT, 2 h; j) aq. 4 N NaOH, CH;0H,
0°C-RT, 2 h.

0 1 O R R
R, ,R .
M2 o ome H3COM./O OMe

7

0><O (6] O
30 31 R=NHBn,R'=H 33R=NH, R'=H
32R=H,R!=NHBn 34R=H,R'=NH,

5R=NHBoc,R'=H
6 R=H,R' =NHBoc

Scheme 2 Synthesis of amino acids 5 and 6. Reagents and conditions: a) BhNH,, RT, 12 h; b) H,, 10% Pd-C, CH;OH, RT, 12 h; ¢) (Boc),0, Et;N, THF,
0°C-RT, 2 h.

C

Boc-(R)-B-Caa-OMe Boc-(R)-f3-Caa-OH Boc-(R)-f-Caa-(S)-p-Caa-OMe
6 35 36

ﬁ' H-(S)-B-Caa-(NHBoc)-(R)-p-Caa-(S)-p-Caa-OMe
39

H-(R)-B-Caa-(S)-B-Caa-OMe.CF;COOH 7 —2 > Cbz-(8)-B-Caa-(NHBoc)-(R)-B-Caa-(S)-B-Caa-OH

37 28 38
b g 2% 1) B Caa-(NHy)-(R)-B-Caa-(S)-P-Caa-(R)-B-Caa-(NHy)-OH.CF3COOH
27
8a

8 —S > Cbz(8)-B-Caa-(NH,)-(R)-B-Caa-(S)-B-Caa-(R)-B-Caa-(NH,)-OMe.CF;COOH
8h

C

Boc-(8)-f-Caa-OH Boc-(5)-B-Caa-(R)-f3-Caa-OMe
5 40 41
d H-(R)-B-Caa-(NHBoc)-(5)-B-Caa-(R)-p-Caa-OMe.CF;COOH
44

Boc-(S)-p-Caa-OMe

HH(S)-f-Caa-(R)-p-Can-OMe.CF,COOH —2 10— Cbz-(R)--Caa-(NHBoc)-(5)-f-Caa-(R)-B-Caa-OH
42 43

E» H-(R)-B-Caa-(NH,)-(S)-B-Caa-(R)-p-Caa-OH.CF;COOH
10a

Scheme 3 Synthesis of peptides 7, 8 and 10. Reagents and conditions: a) aq. 4 N NaOH, CH,OH, 0 °C-RT; b) HOBt (1.2 equiv.), EDCI (1.2 equiv.),
DIPEA (2 equiv.), dry CH,Cl,, 0 °C-RT; ¢) CF;COOH, dry CH,Cl,, 0 °C-RT; d) H,, 10% Pd-C, CH;OH, RT.
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H-(S)-B-Caa-(NH,)-(R)-B-Caa~(S5)-B-Caa~(R)-B-Caa~-(NH,)-(S)-p-Caa-(R)-B-Caa-
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b
8 11— Cbz-(R)-B-Caa-(NHy)-(S)-B-Caa-(R)-B-Caa-(S)-B-Caa-(NHy)-OMe.CF;COOH
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11b
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43 —— 12 — H-(R)-B-Caa-(NH,)-(S)-B-Caa-(R)-p-Caa~(S)-B-Caa-(NH,)-(R)-p-Caa-(S)-B-Caa-OH.CF;COOH
12a

39

Scheme 4 Synthesis of peptides 9, 11 and 12. Reagents and conditions: a) aq. 4 N NaOH, CH;0H, 0 °C-RT; b) HOBt (1.2 equiv.), EDCI (1.2 equiv.),
DIPEA (2 equiv.), dry CH,Cl,, 0 °C-RT; ¢) CF;COOH, dry CH,Cl,, 0 °C-RT; d) H,, 10% Pd-C, CH;OH, RT.

Acid 43 on condensation with 26 and 39 (Scheme 4) indepen-
dently in the presence of EDCI, HOBt and DIPEA in CH,Cl,
afforded the peptides 11 (53%) and 12 (56%) respectively. The
peptide 11 on Boc deprotection by exposure to CF;COOH gave
corresponding amine salt 11a. Similarly, peptides 11 and 12
on sequential treatment with aq. 4 N NaOH, 10% Pd-C (Cbz
deprotection) and CF;COOH (Boc deprotection) furnished the
salts 11b and 12a respectively.

><1

H3COP
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57R =NH,.CF,COOH, R'=H
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50

4. Synthesis of amino acids 3 and 4

Amino acids 3 and 4 were prepared from the known lactone 45.3°
Accordingly, lactone 45 (Scheme 5) on reaction with the aryl
lithium reagent generated from 1-bromo-2,4-difluorobenzene and
n-BuLi in dry THF at —78 °C gave 46 (85%) as a diastereomeric
mixture. Hydrolysis of 5,6-acetonide in 46 with 60% aq. AcOH at
room temperature afforded the diol 47 (75%). Oxidative cleavage

O R R!
H,CO f, HCO
P ——8 H

51R= NHBn R'=H
52R=H,R' =NHBn
53R=NH,, R'=H
54R=H,R'=NH,
F F
O R, R!
\/O
0
o><o
55R =NHBoc, R' =H
56 R = H, R' = NHBoc

Scheme 5 Synthesis of amino acids 3 and 4. Reagents and conditions: a) 1-bromo-2,4-diflurobenzene, n-BuLi, dry THF, —78 °C-RT, 5 h; b) 60% aq.
AcOH, RT, 6 h; ¢) NalQ,, aq. sat. NaHCO;, CH,Cl,, 0 °C-RT, 5 h; d) Ph;P=CHCOOCH;, CH;O0H, 0 °C-RT, 5 h; e) Et;SiH, BF;-Et,0, dry CH;CN,

-10 °C, 1 h; f) BaNH,, RT, 12 h; g) H,, 10% Pd-C, CH;O0H, RT, 12 h; h) (Boc),0, Et;N, CH,Cl,,

j) CF;COOH, CH,Cl,, 0 °C-RT.

0 °C-RT, 3 h; i) 4 N NaOH, CH;OH 0 °C-RT, 2 h;
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of 47 (NalO,, ag. NaHCO.;) in CH,Cl, furnished aldehyde 48,
which on subsequent Wittig olefination in MeOH gave ester 49
in 78% yield as a cis-isomer, as adjudged from the NMR data.
Ester 49 on reductive deoxygenation with triethylsilane® and
BF;-OEt, in dry CH;CN furnished B-C-aryl glycoside 50 (86%)
as an exclusive product. The exclusive formation of B-glycoside
50 may be attributed to the presence of 2,3-acetonide group at
the B-face, which thereby directs the nucleophile attack from the
a-face.

Michael addition on ester 50 (Scheme 5) with benzylamine® at
room temperature gave a mixture of esters 51 (41%) and 52 (20%)
as epimers at the amine stereocentre. Hydrogenolysis of 51 and 52
with 10% Pd—C in MeOH and subsequent reaction of 53 and 54
with (Boc),0 and Et;N in CH,CI, furnished 3 (89%) and 4 (94%),
respectively. Esters 3 and 4 on hydrolysis with ag. NaOH solution
gave the respective acids 55 and 56, while exposure to CF;COOH
afforded the TFA salts 57 and 58 respectively. The overall yield
was 24%.

The absolute stereochemistry of 3 was unambiguously obtained
from the spectral analysis (Fig. 4). From the "H NMR spectrum
(500 MHz) of 3 at 303 K, the observed couplings, *Jcijmcon =
3.7 Hz, *J oncan = 6.2 Hz, 3J casp.can = 3.5 Hz and NOE:s such as:
C,H-C,H and C,H-C;H in the NOESY spectrum provide ample
proof, that the difluorophenyl ring at C, is in the B-position and
the sugar pucker is °E. Very strong NOEs, CH,,,.x~C,H and
CH,,,,,.r—C;H, suggest an envelop conformation for isopropyli-
dine ring, where C,, C; and both oxygens are in one plane.

Fig.4 Ester 3 (A) characteristic NOE correlations; (B) energy minimized
structure.

5. Synthesis of peptides 13-16

Condensation of acid 55 with the salt 58 (Scheme 6) in the presence
of EDCI, HOBt and DIPEA in CH,Cl, afforded dipeptide 59
(73%), which on base (aq. 4 N NaOH) hydrolysis gave 60, while
exposure to CF;COOH afforded salt 61. Condensation of acid 60
with 61 gave the tetrapeptide 13 (45%). Hydrolysis of 13 with base
furnished the acid 62, which on reaction with 61 in the presence
of EDCI, HOBt and DIPEA in CH,Cl, afforded the hexapeptide
14 (34%).

Likewise, condensation of acid 56 with salt 57 in the presence
of EDCI, HOBt and DIPEA in CH,Cl, furnished the dipeptide
63 (64%) yield. Ester 63 on base hydrolysis with aq. 4 N NaOH
gave the corresponding acid 64, which on coupling with the salt
65 (obtained from 63 by the exposure to CF;COOH) afforded
tetrapeptide 15 (48%). Base hydrolysis of 15 and coupling of the
corresponding acid 66 with 65 in the presence of EDCI, HOBt
and DIPEA in CH,C], resulted in the hexapeptide 16 (41%).

a

Boc-(S)-B-Caa-(diFP)-OH Boc-(S)-p-Caa-(diFP)-(R)-B-Caa-(diFP)-OMe
55 58 59

/b—> Boc-(S)-B-Caa-(diFP)-(R)-B-Caa~(diFP)-OH
| 60

IL» H-(S)-B-Caa-(diFP)-(R)-B-Caa-(diFP)-OMe.CF,COOH ——
61

Boc-[(S)-B-Caa-(diFP)-(R)-B-Caa-(diFP)],-OR
13R=Me;62R=H

b
Boc-(R)-B-Caa-(diFP)-OH 2 Boc-(R)-B-Caa-(diFP)-(S)-B-Caa-(diFP)-OMe
56 57 63
’L, Boc-(R)-B-Caa-(diFP)~(S)-B-Caa-(diFP)-OH
a

— ! 64

L H-(R)-B-Caa-(diFP)-(S)-B-Caa-(diFP)-OMe.CF;COOH
65

Boc-[(R)-B-Caa-(diFP)-(S)-B-Caa-(diFP)],-OR 16

1SR=Me; 66 R=H

Lo |

Scheme 6 Synthesis of peptides 13-16. Reagents and conditions: a) HOBt
(1.2 equiv.), EDCI (1.2 equiv.), DIPEA (2 equiv.), dry CH,Cl,, 0 °C-RT,
4 h; b) 4 N NaOH, CH,;0H, 0 °C-RT, 2 h; ¢) CF,COOH, dry CH,Cl,,
0°C-RT, 2 h.

65

6. Conformational analysis of peptides 7-16

Having obtained the first family of water soluble peptides derived
from bifunctional B-Caas, it was important to learn as to whether
the design sustains a stable helix in water. As a first step, therefore,
NMR studies on 5-10 mM solution of peptides 8b, 9b and 11a
were conducted in water and DMSO-d, at 303 K.3 The spectra
in water (90% H,O + 10% D,0O) did not display any distinct
signatures of a secondary structure. Most of the NH resonances
were grouped in the region of 7.70-8.40 ppm. The large value of
the temperature coefficients of the amide proton chemical shifts
(AS/AT > 7.6 ppb °C™") imply that they do not participate in H-
bonding. The absence of medium range NOEs further ruled out
well defined folds. The strong propensity to form intermolecular
H-bonds with water molecules appears to destabilize formation of
the secondary structure. The spectra of these peptides in DMSO-
d, were, however, broad and lacked the desired resolution, leading
us to abandon our efforts for a detailed NMR study. The NMR
studies of 9b were also carried out in CD;OH. Limited dispersion
of amide chemical shift and resonance overlap of C;H and C,H
region did not permit the analysis. Though the destabilization
of helices in water is observed for most of the B-peptides,?'®** it
has been demonstrated that these peptides may reorganize into
helices upon docking to their receptors.** Since, a preorganized
structure is not a prerequisite for antimicrobial activity,* it does
not preclude these peptides from displaying biological activity.

The lack of secondary structures in peptides 8b, 9b and 11a,
obtained by using the concept of ‘alternating chirality’, compelled
us to check the validity of the design principle. Therefore the NMR
studies of 5-10 mM solutions of peptides 7-16 in CDCl, solutions
were undertaken in order to find the presence of 10-12-helical
structures.®

This journal is © The Royal Society of Chemistry 2008
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The tripeptide 7 does not seem to have a folded structure. For
tetrapeptide 8, a highly dispersed spectrum in the amide and C,H
region, with chemical shift (6) dispersion of 1.68 and 0.64 ppm
respectively, indicate the presence of a well defined structure. The
amide protons, NH(1)-NH(4) resonated at 6.73, 7.23, 7.33 and
8.31 ppm respectively, suggesting involvement of several of them
in H-bonds. To confirm this observation, solvent titration studies®®
were carried out by adding up to 50% v/v DMSO-d,; and small
variation in their é values (Adny) confirmed, that except NH(2),
all amide protons participate in intramolecular H-bonding. The
3 nicpn = 8.6-9.3 Hz for all the four residues suggest that NH and
CsH protons are in antiperiplanar (ap) arrangement corresponding
to C(0)-N-C;—C,(¢) ~£120° (Fig. 5). Values of *J copr.con > 10 Hz
and < 5 Hz imply predominance of a single conformation about
N-C—C,—C(O) (0).

S Eali 1

Fig.5 Schematic representation of backbone torsion angles in B-peptides.

C(0)-N-Cy-Cq -
Cp-Co-C(O)N -y
N-Cp-Co-C(O) -0
Co-C(O)N-Cy -

The NOEs such as: NH(2)-C,H,,,.(1), NH(3)-C,H,,.5(2),
NH(4)-C,H,,,.x(3) support a value of 6 ~ 60°. These observations
along with the presence of medium range NOEs, CgH(2)-NH(4)
and C;H(2)-C,H,,,.z(4) and weak NOEs, NH(1)-NH(2) and
NH(3)-NH(4), in the ROESY experiments (Fig. 6) confirm the
10-12-10-H-bonded arrangement in tetrapeptide 8. The structure
is stabilized by one 12-mr H-bond NH(4)-CO(1) and two 10-mr
H-bonds [NH(1)-CO(2) and NH(3)-CO(4)]. The exchange peaks
in the ROESY spectrum indicate the presence of a very small
amount of other isomer.

Hexapeptide 9, an extension of 8 at the C-terminal, again
displayed all the signatures of a well defined 10-12-mixed
helix. All the amide protons, excluding NH(2) participate in
intramolecular H-bonding, which was confirmed by the solvent
titration studies.* The distinctive NOEs, C;H(2)-NH(4), C;H(2)—
CoHor(4), CyH(4)-NH(6) and CyH(4)-C,H,,.x(6), confirm
the 12-mr H-bonds between NH(4)-CO(1) and NH(6)-CO(3),
whereas 10-mr H-bonds between NH(1)-CO(2), NH(3)-CO(4)
and NH(5)-CO(6) were confirmed by the NOEs, NH(1)-NH(2),
NH(3)-NH(4) and NH(5)-NH(6) respectively. The above data
along with the coupling constants and the H-bonding information,

provide compelling evidence for the presence of extended 10-12-
helix for the peptide 9.

The CDCI; spectrum of 10 shows the appearance of two amide
signals with § > 7 ppm, which hints at their participation in
intramolecular H-bonds. Solvent titration studies* confirmed that
NH(2) and NH(3) participate in H-bonds because of small ASyy
(< 0.51 ppm). The observation of the *Jcoucpu With values >
9 Hz and < 5 Hz, suggest predominantly a single conformation
about C,-Cy. The *Jegmcpn Vvalues, along with various C,H-CzH
and strong sequential NOEs, C,H(i-1)-NH(i) confirm that the 6
for the predominant conformation is ~ 60°, which is found to be
consistent with a right handed helix. Additionally, NOEs, CgH(1)-
NH(3) and CgH(1)-C,H,,,.»(3) demonstrate the presence of a
12-10-mixed helical structure. However, larger deviations from
extreme values of the couplings as well as weaker NOEs compared
to 8 and 9 indicate the presence of a sizeable fraction of disordered
structures in 10. In the present study 10 is the smallest peptide that
generated a well defined structure.

Peptide 11, a tetrapeptide, made by an elongation of 10 with
monomer 1 at the C-terminal end, again shows the features very
similar to those of 10. The participation of the NH(2) and NH(3)
in H-bonding was confirmed from their large 6 as well as small
Ad\y shifts in the solvent titration studies.*® The indirect couplings
as well as the medium range NOEs, C;H(1)-NH(3) and C;H(1)-
CoH,0./(3), are consistent with a 12-10-H-bonded arrangement.

For peptide 12, the extended structure of 11, all but the first
and the sixth amide protons are not involved in H-bonds.* The
*Jnicpn = 8.0-9.8 Hz, for all the residues corresponds to ¢ ~
+120°, which is in accordance with the value for mixed helices.
3J corcpn values of > 10 Hz and < 5 Hz for all the residues suggest
predominance of a single conformation about C,-Cy, which along
with some sequential NH-C,H NOEs confirm a value of ~ 60°
for 0. The distinct signatures for the 12-10-12-10-H-bonds in the
ROESY spectrum are very clearly noticeable. The medium range
NOEs like CgH(1)-NH(3), CgH(1)-C,H,0.x/(3), CyH(3)-NH(5)
and CiH(3)-C,H,,,,.x/(5) strongly support the presence of 12-mr H-
bonds between NH(3)-CO(Boc) and NH(5)-CO(2) and medium
NOEs NH(2)-NH(3) and NH(4)-NH(5) show the presence of
10-mr H bonds exist between NH(2)-CO(3) and NH(4)-CO(5).

'"H NMR study on tetrapeptide 13, in CDCl; showed a well
dispersed spectrum in both amide and alpha regions. Most
of the amide protons appear at low field. Solvent titration
studies® confirm that except NH(2) all of them participate in
intramolecular H-bonding. The *Jxucpu = 8.1-9.5 Hz for all

4.
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Fig. 6 ROESY spectrum of 8: The characteristic NOE interactions CyH(2)-NH(4), CyH(2)-C.H,,,,.x/(4), NH(1)-NH(2) and NH(3)-NH(4) are marked

as 1, 2, 3 and 4 respectively.
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Fig.7 ROESY spectrum of 13: The characteristic NOE interactions C;H(2)-NH(4), CsH(2)-C,H,,..r (4), NH(1)-NH(2) and NH(3)-NH(4) are marked

as 1, 2, 3 and 4 respectively.

the four residues, suggest that NH and C;H protons are in
ap arrangement, corresponding to C(0)-N-C;3-C,y(0) ~ £120°.
Observation of *Jcou.cpu > 10 Hz and < 5 Hz, clearly demonstrates
the predominance of a single conformation around C,-Cg, while
the characteristic NOEs (Fig. 7) like, C;H(2)-NH(4), C;H(2)-
C.H0x/(4), qualify 12-mr H-bond, NH(4)-CO(1), while 10-mr
H-bonds, NH(1)-CO(2) and NH(3)-CO(4), are confirmed by
the NOEs, NH(1)-NH(2) and NH(3)-NH(4). These observations
fully support a 10-12-10-H-bonded arrangement in peptide 13.

For hexapeptide 14, the participation of all amide protons,
excluding NH(2), was confirmed by their low field s as well
as solvent titration studies (Adwy < 0.34 ppm).** A single
conformation around C,-C; is indicated by the values of Jcon.cpu
(> 10 Hz and < 5 Hz), while, the characteristic NOEs, such
as: CygH(2)-NH(4), CyH(2)-C,H,,.,. #/(4), CsH(4)-NH(6), C;H(4)—
C.H,,, #(6), NH(1)-NH(2), NH(3)-NH(4) and NH(5)-NH(6)
qualified the extended 10-12-mixed helix.

'H NMR spectra of tetrapeptide 15 and hexapeptide 16
distinctly show the presence of a 12-10-mixed helix, as confirmed
by the low field amide resonances, solvent titration studies,
coupling constants and characteristic NOEs.** In tetrapeptide
15, the presence of a very small amount of the other rotamer
is indicated by the exchange peaks in the ROESY spectrum.

Except for the second residue in 8, 9, 13 and 14, and the first
residues in 10-12, 15 and 16, for all B-Caa residues *Jegucan >
9 Hz implies y1(C;H-C;—C,—C,H) ~ 180°. However, like earlier
observations,' the second residue in 8, 9, 13 and 14 and the first
residue in 10-12, 15 and 16 have *Jcgyca ~ 6 Hz, suggesting
predominance of structures with |y1| ~ 60°. The sugar ring
couplings of *Jein.con ~ 0 Hz, *Jconean ~ 5.8 Hz and *Japcan ~
3.2 Hz are in conformity with the T sugar pucker for the furanose
rings.%

The CD spectra (100 uM solution in methanol) of the peptides
8,9, 11 and 12 (Fig. 8) show diagnostic signatures of a right handed
12-10-mixed helix with a maxima at about 203 nm, with very little
excursion in the negative molar ellipticity. For 10 the maximum
has shifted to 197 nm, partly due to fraying at the termini and
contributions from other disordered structures.

On the other hand, 13-16 (Fig. 9) show distinctly different
signatures. Though the maxima around 203-208 nm are no-
ticeable, a shoulder at higher wavelength around 218 nm is
unmistakably present. For 15, the maximum has shifted to a lower
wavelength compared to 13, 14 and 16, possibly due to fraying and
contributions from other disordered structures.

The peptides 9a and 9b display rather unusual CD spectra
(Fig. 10).
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Fig. 8 CD spectra of 8-12.
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Fig. 10 CD spectra of 9b and 9a.

For the restraint molecular dynamics (MD) studies (Fig. 11
and 12), constraints were derived from the volume integrals ob-
tained from the ROESY spectra using a two-spin-approximation.
Fig. 11A and B show the 20 lowest energy superimposed structures
of 8 and 9 respectively. The MD structures depict the features
already alluded to the heavy atom and the backbone RMSDs
respectively of 1.56 A and 0.74 A for 8 and 1.67 A and 1.10 A
for 9. These values are significantly larger than those observed for
the corresponding peptides studied earlier, which resulted in very
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Fig. 11 Stereoviews of the superimposition of the 20 lowest energy
structures of (A): peptide 8 and (B): peptide 9 (sugars are replaced with
methyl groups after calculations).

A B

Fig. 12 Stereoviews of the superimposition of the 20 lowest energy
structures of (A): peptide 13 and (B): peptide 14 (sugars are replaced
with methyl groups after calculations).

robust mixed helices. Fig. 12A and B show the 20 lowest energy
superimposed structures of 13 and 14 respectively. The heavy atom
and the backbone RMSDs respectively are 1.86 A and 0.51 A for
13and 1.71 A and 0.62 A for 14.

6. Evaluation of antibacterial activity

The B-peptides 9a, 10a, 11b and 12a were evaluated for their
antibacterial activity. The standard measurement of antibacterial
potency of a compound is the minimum inhibitory concentration
(MICQ), required for complete inhibition of growth, were obtained
by the broth dilution method.’” The above peptides showed
antibacterial activity against a variety of bacterial strains whose
MIC values towards the six selected bacterial strains are shown in
Table 1. The MIC required for complete inhibition of growth was
6.3 ug mL™" for 9a against Gram positive Bacillus sphaericus and
Gram negative Chromobacterium violaceum (standard: melittin).
The MIC values of peptide 12a (6.3 pg mL™) also showed

Table 1 Antibacterial activities of water soluble carbo-B-peptides”

good antibacterial activity against Chromobacterium violaceum
compared to all other bacterial strains. The MIC values for peptide
11b were better in Gram negative Pseudomonas oleovorans and
Chromobacterium violaceum bacteria when compared to Gram
positive bacteria. The activity of all these peptides however is very
much inferior to that observed for melittin.

Similarly, the peptides 1316 were tested for their antimicrobial
activity against S. aureus, E. faecalis, E. faecium and E. coli and
found to show no activity.*

8. Conclusions

New C-linked carbo-B-amino acids (f-Caas) have been prepared,
with a methylamino (NHBoc) group and a difluorophenyl (diFP)
moiety at the anomeric (C-1) position of the lyxofuranoside side
chain. The new ‘epimeric’ (at Cy) monomers were utilized for the
synthesis of B-peptides, using the design principle of ‘alternating
chirality’ to realize the 12-10-mixed helical patterns in them. The
helical structures in the new peptides were ascertained from the
NMR, CD and MD studies. No helical patterns were observed
in aqueous solutions for the peptides having bifunctional B-Caas,
after the removal of protecting groups. Though, some of the water
soluble peptides have shown moderate antibacterial activity, the
peptides derived from B-Caas (diFP) have shown no activity, much
against our expectations. Further, no effect of the bulky aromatic
ring, with fluorines, was observed on the helix formation and
stability. The present study thus creates new B-Caas with anomeric
substitution in the sugar side chain. Expanding the conformational
space by using new B-amino acids opens up novel options and
enhances the diversity in synthetic peptides and proteins.

Experimental section

(3aR,4R,6R,6a5)-6-[(4R)-2,2-Dimethyl-1,3-dioxolan-4-yl]-2,2-
dimethylperhydrofuro[3,4-d][1,3]dioxol-4-yl-methyl 4-methyl-1-
benzenesulfonate (18)

A solution of 17 (5 g, 18.2 mmol) and Et;N (4.9 mL, 36.4 mmol)
in CH,Cl, (50 mL) containing DMAP (0.1 eq.) at 0 °C was
treated with p-TsCl (3.82 g, 20 mmol) and stirred at ambient
temperature for 3 h. The reaction mixture was diluted with CH,Cl,
(30 mL), washed with water (30 mL), brine (30 mL) and dried
(Na,SO,). Evaporation of solvent and purification of the residue
by column chromatography (silica gel, 20% EtOAc in petroleum

Microorganism

Gram positive

Gram negative

Bacillus Bacillus Serratia Pseudomonas Klebsiella Chromobacterium
Peptide subtilis sphaericus marcescens oleovorans aerogenes violaceum
9a 25 6.3 12.5 12.5 12.5 6.3
10a 50 25 25 25 50 25
11b 25 25 25 12.5 25 12.5
12a 25 12.5 12.5 12.5 12.5 6.3
Melittin 0.8 0.4 0.4 6.3 6.3 3.1

“ Activities are expressed as minimum inhibitory concentration (MIC, pg mL™) defined as lowest concentration required for inhibition of growth of

bacterial strain.
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ether) afforded 18 (6.48 g, 83%) as a colorless syrup; [a]p, = +9.7
(¢ 1.0, CHCl); IR (neat): 2950, 1580, 1210, 1175, 1005, 825 cm™;
'H-NMR (CDCl,, 500 MHz): 6 7.79 (d, 2H, J = 8.3 Hz, Ar-H),
7.37 (d, 2H, J = 8.3 Hz, Ar-H), 4.77 (dd, 1H, J = 3.7, 6.0 Hz,
C;H),4.72 (dd, 1H, J = 1.3, 6.0 Hz, C,H), 4.30 (ddd, 1H, J = 4.5,
6.3, 7.4 Hz, CsH), 4.19 (ddd, 1H, J = 1.3, 4.6, 5.8 Hz, C,H), 4.08
(dd, 1H, J = 4.5, 10.5 Hz, C{H), 4.02 (dd, 1H, J = 5.8, 8.6 Hz,
CH,a), 4.01 (dd, 1H, J = 4.5, 10.5, Hz, C¢H), 3.90 (dd, 1H, J =
4.6, 8.6 Hz, CH,b), 3.86 (dd, 1H, J = 3.7, 7.4 Hz, C,H), 2.46 (s,
3H, Ar-CH;), 1.47 (s, 3H, Me), 1.41 (s, 3H, Me), 1.36 (s, 3H, Me),
1.32 (s, 3H, Me); *C NMR (CDCl;, 100 MHz): § 130.0, 127.9,
112.9,109.1,82.5,82.4,81.7,80.9, 73.3, 69.6, 66.5, 26.8, 26.0, 25.0,
24.5, 21.6; HRMS (ESI): m/z calculated for C,iH,,OsS (M*+H)
429.1583, found 429.1578.

(3aR4R,6R,6a5)-6-|(4R)-2,2-Dimethyl-1,3-dioxolan-4-yl]-2,2-
dimethylperhydrofuro|3,4-d][1,3]dioxol-4-yl-methyl azide (19)

To a solution of 18 (7.03 g, 16.42 mmol) in dry DMF (15 mL),
NaN; (3.18 g, 49.0 mmol) was added and stirred at 70 °C for
6 h. The reaction mixture was diluted with EtOAc (20 mL),
washed with water (20 mL), brine (20 mL) and dried (Na,SO,).
Evaporation of solvent and purification of the residue by column
chromatography (silica gel, 10% EtOAc in petroleum ether)
afforded 19 (3.19 g, 65%) as a white semi solid; mp 65-67 °C;
[als = —4.9 (¢ 0.5, CHCL); IR (neat): 2988, 2951, 2168, 2092,
1455, 1248, 1207, 1163, 1088, 887 cm™'; '"H-NMR (CDCl;, 500
MHz): 6 4.81 (dd, 1H, J = 3.8, 6.0 Hz, C;H), 4.63 (dd, 1H, J =
1.5, 6.0 Hz, C,H), 4.38 (ddd, 1H, J = 4.7, 6.3, 7.4 Hz, C;H), 4.22
(ddd, 1H, J = 1.5, 4.7, 6.6 Hz, C,H), 4.10 (dd, J = 6.3, 8.8 Hz,
C¢H), 4.05(dd, 1H, J =4.7, 8.8 Hz, C¢H), 3.94 (dd, 1H, J = 3.8,
7.4Hz, C,H), 3.41 (dd, 1H, J = 6.6, 13.0 Hz, CH,a), 3.24 (dd, 1H,
J=4.7,13.0 Hz, CH,b), 1.50 (s, 3H, Me), 1.45 (s, 3H, Me), 1.38 (s,
3H, Me), 1.35 (s, 3H, Me); *C NMR (CDCl,, 100 MHz): 6 113.0,
109.2, 83.5, 83.1, 81.6, 80.9, 73.3, 66.7, 51.3, 26.8, 26.1, 25.0, 24.6;
HRMS (ESI): m/z calculated for C;;H,,N;Os (M*+Na) 322.1378,
found 322.1386.

tert-Butyl N-((3aR,4R,6R,6a5)-6-[(4R)-2,2-dimethyl-1,3-
dioxolan-4-yl]-2,2-dimethylperhydrofuro|3,4-d][1,3]dioxol-4-
ylmethyl)carbamate (20)

A solution of 19 (2.5 g, 8.36 mmol) and Ph;P (4.37 g, 16.7 mmol)
in methanol (10 mL) was stirred below 20 °C for 1 h and then
treated with (Boc),0 (2.22 mL, 8.36 mmol) and stirred at ambient
temperature for 5 h. Methanol was evaporated and the residue
purified by column chromatography (silica gel, 25% EtOAc in
petroleum ether) to give 20 (2.33 g, 75%) as a pale yellow syrup,
[a]p_+4.8 (¢ 0.5, CHCLy); IR (neat): 3365, 2981, 2936, 1701, 1522,
1455, 1369, 1253, 1210, 1118, 850 cm™; "H-NMR (CDCl;, 500
MHz): 6 4.78 (dd, 1H, J = 3.7, 6.0 Hz, C;H), 4.67 (br's, |H, NH),
4.57(d, 1H, J = 6.0 Hz, C,H), 4.39 (ddd, 1H, J =4.7,6.4,7.4 Hz,
C;H), 4.09 (dd, J = 6.4, 8.7 Hz, C¢H), 4.07 (m, 1H, C,H), 4.03
(dd, 1H, J = 4.7, 8.7 Hz, C¢H), 3.85 (dd, 1H, J = 3.7, 7.4 Hz,
C,H), 3.26 (m, 1H, CH,a), 3.07 (ddd, 1H, J = 4.6, 8.9, 14.0 Hz,
CH,b), 3.24 (dd, 1H, J = 4.7, 13.0 Hz, CH,b), 1.49 (s, 3H, Me),
1.45 (s, 9H, Boc), 1.44 (s, 3H, Me), 1.37 (s, 3H, Me), 1.33 (s, 3H,
Me); *C NMR (CDCl;, 100 MHz): 6§ 155.8, 112.8, 109.1, 83.6,
83.1,80.7,80.5,73.3, 66.8,40.0,28.3,26.9, 26.1, 25.1, 24.6; HRMS

(ESI): m/z calculated for C,sH;; NO, (M* + Na) 396.1998, found
396.2007.

Methyl (E-Z)-3-((3aS,4R,6 R,6a R)-6-|(tert-butoxycarbonyl)-
amino]methyl-2,2-dimethylperhydrofuro|3,4-d][1,3]dioxol-4-yl)-2-
propenoate (23)

To asolution of 21 (2.66 g, 8.0 mmol) in MeOH-H,O (30 mL; 5: 1),
NalO, (1.71 g, 8.0 mmol) was added and the reaction mixture was
stirred at room temperature for 2 h. MeOH was removed, the
residue extracted with CH,Cl, (3 x 30 mL), dried (Na,SO,) and
evaporated to give aldehyde 22 as a yellow liquid, which was used
as such for the next reaction.

A solution of 22 (1.90 g, 6.31 mmol) in benzene (10 mL)
was added to a stirred solution of (methoxycarbonylmethy-
lene)triphenylphosphorane (2.52 g, 7.54 mmol) in benzene (10 mL)
and heated at reflux for 5 h. Benzene was evaporated and residue
purified by flash column chromatography (silica gel, 15% EtOAc
in petroleum ether) to give a cis—trans-mixture of 23 (1.82 g, 81%)
as a pale yellow syrup.

trans 23. [o]p = —19.0 (¢ 2.0, CHCI;); IR (neat): 3370, 2979,
1791, 1521, 1438, 1368, 1270, 1252, 1165, 1098, 860 cm™; '"H NMR
(CDCl;, 500 MHz): 6 6.96 (dd, 1H, J = 5.2, 15.7 Hz, CsH), 6.12
(dd, 1H, J = 1.6, 15.7 Hz, C;H), 4.78 (dd, 1H, J = 4.3, 5.9 Hz,
C;H), 4.73 (br s, 1H, NH), 4.61 (dd, 1H, J = 1.3, 5.9 Hz, C,H),
4.51 (ddd, 1H, J = 1.6, 4.3, 5.2 Hz, C,H), 4.16 (m, 1H, C,H),
3.75 (s, 3H, COOMe), 3.33 (m, 1H, CH,a), 3.11 (ddd, 1H, J =
4.8, 8.7, 13.9 Hz, CH,b), 1.45 (s, 3H, Me), 1.44 (s, 9H, Boc), 1.31
(s, 3H, Me); BC NMR (CDCl;, 100 MHz): 6 166.3, 155.9, 141.8,
122.6,113.4,83.3,83.2,82.2,79.4,51.6,40.2,29.6,28.3,26.2, 25.1;
HRMS (ESI): m/z calculated for C;H,,NO; (M* + Na) 380.1685,
found 380.1680.

cis 23. [a]p = —126.3 (¢ 0.3, CHCI;); IR (neat): 3374, 2967,
1799, 1535, 1429, 1373, 1265, 1241, 1171, 1092, 845 cm™; '"HNMR
(CDCl;, 500 MHz): 6 6.33 (dd, 1H, J = 6.7, 11.7 Hz, C;H), 5.97
(dd, 1H, J = 1.6, 11.7 Hz, C¢H), 5.33 (ddd, 1H, J = 1.6, 4.0,
6.7 Hz, C,H), 5.01 (dd, 1H, J = 4.0, 5.9 Hz, C;H), 4.77 (br s, 1H,
NH), 4.59(d, 1H,J =59 Hz,C,H),4.18 (dd, 1H, J =5.4,9.2 Hz,
C,H), 3.73 (s, 3H, COOMe), 3.35 (m, 1H, CH,a), 3.04 (ddd, 1H,
J =13.8,9.2,14.0 Hz, CH,b), 1.47 (s, 3H, Me), 1.44 (s, 9H, Boc),
1.30 (s, 3H, Me); *C NMR (CDCl;, 100 MHz): 6§ 165.9, 155.6,
145.3, 120.5, 112.6, 83.3, 83.1, 82.5, 79.6, 51.5, 40.1, 29.7, 28.4,
26.2, 24.8; HRMS (ESI): m/z calculated for C,;H,;NO, (M* +
Na) 380.1685, found 380.1672.

Methyl (35)-3-((3aS,4R,6 R,6a R)-6-[(tert-butoxycarbonyl)amino]-
methyl-2,2-dimethylperhydrofuro|3,4-d|[1,3]dioxol-4-yl)-3-
(benzylamino)propanoate (24) and methyl (3R)-3-((3aS,4R,6R,
6aR)-6-|(tert-butoxycarbonyl)amino]methyl-2,2-dimethylper-
hydrofuro[3,4-d][1,3]dioxol-4-yl)-3-(benzylamino)propanoate (25)

A mixture of 23 (1.84 g, 5.15 mmol) and benzylamine (1.38 mL,
12.8 mmol) was stirred at room temperature. After 12 h, the
reaction mixture was directly purified by column chromatography.
First eluted (silica gel 25% EtOAc in petroleum ether) was 25
(0.59 g, 25%) as a pale yellow syrup; [&]p, = +37.25 (¢ 1.3, CHCl;);
IR (neat): 3366, 2980, 2939, 2397, 1714, 1561, 1446, 1264, 1168,
1103, 754 cm™; '"H NMR (500 MHz, CDCl;): 6 7.36-7.20 (m,
5H, Ar-H), 4.79 (dd, 1H, J = 3.8, 6.1 Hz, C;H), 4.76 (br s,
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1H, NH), 4.51 (d, 1H, J = 6.1 Hz, C,H), 4.04 (dd, 1H, J =
5.3, 9.7 Hz, C/H), 3.88 (d, 1H, J = 13.1 Hz, BnCH,a), 3.85
(d, 1H, J = 13.1 Hz, BnCH,b), 3.78 (dd, 1H, J = 3.6, 8.4 Hz,
C,H), 3.68 (s, 3H, COOMe), 3.47 (ddd, 1H, J = 4.7, 6.5, 8.4 Hz,
CyH), 3.29 (m, 1H, CH,a), 2.99 (ddd, 1H, J = 3.9, 9.7, 13.6 Hz,
CH,b), 2.72 (dd, 1H, J = 4.7, 15.2 Hz, C,H), 2.60 (dd, IH, J =
6.5, 15.2 Hz, C,H), 1.45 (s, 3H, Me), 1.44 (s, 9H, Boc), 1.32 (s,
3H, Me); "C NMR (CDCl;, 150 MHz): 6 172.8, 155.8, 140.3,
128.9, 128.8, 128.2, 128.1, 126.8, 112.5, 83.0, 82.4, 81.2, 80.7,
79.4, 79.1, 53.2, 51.4, 51.0, 39.6, 36.0, 28.3, 26.2, 24.9; HRMS
(ESI): m/z calculated for C,,H3,N,O; (M* + H) 465.2600, found
465.2598.

Second eluted was (30% EtOAc in petroleum ether) 24 (1.02 g,
42.6%) yield as a yellow solid; mp 84-86 °C; [¢]p = +21.5 (¢ 0.5,
CHC,); IR (neat): 3392, 2976, 2871, 2358, 1739, 1685, 1531, 1274,
1164, 1040, 862, 701 cm™; '"H NMR (CDCl;, 500 MHz): 6 7.35-
7.21 (m, 5H, Ar-H), 4.75(dd, 1H, J = 3.7, 6.0 Hz, C;H), 4.73 (br s,
1H, BocNH), 4.55(d, 1H, J = 6.0 Hz, C,H), 4.08 (dd, I1H, J = 5.4,
9.2Hz,C/H),3.97(dd, 1H,J =3.7,8.4Hz, C,H),3.91 (d, IH,J =
12.9 Hz, PhCH,a), 3.82 (d, 1H, J = 12.9 Hz, PhCH,b), 3.69 (s,
3H, COOMe), 3.44 (dt, 1H, J = 10.8, 5.4 Hz, CzH), 3.27 (m, 1H,
CH,a), 3.02 (ddd, 1H, J =4.3,9.2, 13.8 Hz, CH,b), 2.74 (dd, 1H,
J=5.1,15.1Hz,C,H),2.57 (dd, 1H, J =5.7,15.1 Hz, C,H), 1.44
(s, 3H, Me), 1.42 (s, 9H, Boc), 1.30 (s, 3H, Me); *C NMR (CDCl;,
150 MHz): 6 172.4, 158.8, 140.0, 128.4, 128.3, 127.0, 112.5, 83.1,
82.8, 81.2, 80.6, 79.5, 54.3, 51.7, 51.2, 39.7, 35.3, 28.2, 26.1, 24.8,;
HRMS (ESI): m/z calculated for C,,H3;;N,O, (M* + H) 465.2600,
found 465.2607.

Chz-(S)-B-Caa(NHBoc)-OCH; (1)

A solution of 24 (0.162 g, 3.49 mmol) in methanol (20 mL) was
treated with 10% Pd-C (cat.) and stirred at room temperature
under hydrogen atmosphere for 12 h. The reaction mixture
was filtered and filtrate evaporated to give methyl (35)-3-
((3aS,4R,6R,6aR)-6-[(tert-butoxycarbonyl)amino]methyl-2,2-
dimethylperhydrofuro[3,4-d][1,3]dioxol-4-yl)-3-aminopropanoate
(26) as a yellow liquid, which was used as such for the next
reaction.

A solution of 26 (1.50 g, 4.01 mmol) and DIPEA (1.40 mL,
8.02 mmol) in CH,Cl, (15 mL) at 0 °C was treated with Cbz-
Cl (0.82 g, 4.82 mmol) and stirred at room temperature for
2 h. Solvent was evaporated and purified the residue by column
chromatography (silica gel, 30% EtOAc in petroleum ether) to give
1(1.76 g, 86%) as a pale yellow syrup; [o(]p = +16.9 (¢ 0.5, CHCl;);
IR (neat): 3354,2980, 2941, 2284, 1669, 1523, 1226, 1168, 753 cm™;
'"H NMR (CDCl;, 500 MHz); § 7.37-7.28 (m, 5H, Ar-H), 5.40 (d,
1H, J = 8.6 Hz, NH), 5.12 (d, 1H, J = 12.4 Hz, PhCH,a), 5.10
(d, 1H, J = 12.4 Hz, PhCH,b), 4.68 (br m, 1H, NH), 4.68 (dd,
1H, J = 3.9, 6.0 Hz, C;H), 4.54 (d, 1H, J = 6.0 Hz, C,H), 4.37
(m, 1H, CzH), 4.09 (dd, 1H, J = 3.9, 9.5 Hz, C,H), 4.08 (dd, 1H,
J =5.3,9.3 Hz, C/H), 3.67 (s, 3H, COOMe), 3.21 (ddd, IH, J =
5.3, 7.1, 14.1 Hz, CH,a), 3.05 (ddd, 1H, J = 4.9, 9.3, 14.1 Hz,
CH,b), 2.80 (dd, 1H, J = 5.4, 16.2 Hz, C,H), 2.73 (dd, IH, J =
6.0, 16.2 Hz, 1H, C,H), 1.45 (s, 3H, Me), 1.42 (s, 9H, Boc), 1.29
(s, 3H, Me); *C NMR (CDCl;, 100 MHz): 6 171.9, 155.9, 155.8,
136.4, 128.4, 128.1, 128.0, 113.0, 83.0, 80.6, 79.6, 79.1, 66.6, 51.7,
47.9,39.7, 36.3, 28.3, 26.0, 24.7; HRMS (ESI): m/z calculated for
C,sH3N,Oy (M* + H) 509.2499, found 509.2486.

Boc-(R)-B-Caa-(S)-B-Caa-OCH, (36)

A solution of 35 (0.8 g, 2.2 mmol), HOBt (0.35 g, 2.65 mmol),
EDCI (0.50 g, 2.6 mmol) in CH,Cl, (10 mL) was stirred at 0 °C
under N, atmosphere for 15 min and treated sequentially with the
amine 33, DIPEA (0.7 mL, 2.24 mmol) and stirred for 8 h. The
reaction mixture was quenched at 0 °C with sat. NH,Cl (10 mL)
solution. After 10 min, the reaction mixture was diluted with
CHCI; (10 mL), washed with 1 N HCI (10 mL), water (10 mL),
aq. sat. NaHCO; (10 mL) solution and brine (10 mL) solution.
The organic layer was dried (Na,SO,) and evaporated to give the
residue, which was purified by column chromatography (silica gel,
55% EtOAc in petroleum ether) to give 36 (1.12 g, 83%) as a white
solid; mp 143-145 °C; [a], = +63.4 (¢ 0.25, CHCl;); IR (KBr):
3431, 3343, 2927, 1744, 1689, 1508, 1375, 1170, 1093, 1021, 996,
872 cm™; "H NMR (CDCl,, 500 MHz): 6 6.55 (br s, 1H, NH-2),
5.68 (brs, IH,NH-1),4.88 (s, 2H, C,H-1, 2),4.77 (dd, 1H,J =34,
5.9Hz, C;H-2),4.77(dd, 1H, J =3.4,5.9 Hz, C;H-1),4.59 (m, 1H,
CyH-2),4.54(d, 1H, J =59 Hz, C,H-2),4.52(d, 1H, J = 5.9 Hz,
C,H-1),4.31 (m, 1H, CyH-1),4.18(dd, 1H, J =3.3,8.0 Hz, C,H-2),
4.13(dd, 1H, J = 3.4, 6.7 Hz, C,H-1), 3.68 (s, 3H, COOMe), 3.31
(s, 3H, OMe), 3.30 (s, 3H, OMe), 2.79 (dd, 1H, J = 5.3, 15.9 Hz,
CoH0r-1),2.77 (dd, 1H, J = 5.6, 15.9 Hz, C,H,,,.5-1), 2.72 (m,
1H, C,H,,-2),2.56 (dd, 1H, J = 5.6, 15.0 Hz, C,H,,,,.5-2), 1.48
(s, 3H, Me), 1.46 (s, 3H, Me), 1.43 (s, 9H, Boc), 1.30 (s, 3H, Me),
1.29 (s, 3H, Me); “C NMR (CDCl;, 100 MHz): 6 172.0, 170.2,
155.8, 112.8, 112.6, 106.9, 106.8, 85.2, 84.9, 79.9, 79.5, 78.9(2),
54.7, 54.6, 51.7, 47.6, 46.2, 38.6, 35.6, 28.3, 26.0, 25.9, 24.7, 24.5;
FABMS: m/z calculated for C,sH,,N,O,; 619.9 [52, (M + H)*],
519.9[100, (M + H — Boc)*], 345.9 (6), 276.8 (14), 115.5 (18), 57.3
(36); HRMS (ESI): m/z calculated for C,3H,N,O;; (M* + Na)
641.2897, found 641.2897.

Cbz-(S)-p-Caa(NHBoc)-(R)-p-Caa-(S)-p-Caa-OCHj; (7)

A solution of 36 (0.87 g, 1.41 mmol) and TFA (0.8 mL) in CH,Cl,
was stirred at 0 °C to room temperature for 2 h. The solvent was
evaporated under reduced pressure, resulting salt 37 was dried
under high vacuum and used as such for further reaction.

A mixture of acid 28 (0.70 g, 1.41 mmol), HOBt (0.22 g,
1.70 mmol), EDCI (0.32 g, 1.70 mmol) in CH,Cl, (10 mL) was
stirred at 0 °C under N, atmosphere for 15 min and treated
sequentially with the amine 37 and DIPEA (0.5 mL, 2.11 mmol)
and stirred for 8 h. Workup as described for 36 and purification
by column chromatography (silica gel, 70% EtOAc in petroleum
ether) gave 7 (0.84 g, 60%) as a white solid; mp 100-102 °C; [o]p =
+58.0 (¢ 0.25, CHCIl;); IR (KBr): 3370, 2986, 2942, 1717, 1666,
1520, 1337, 1100, 972, 864 cm™; '"H NMR (CDCl;, 500 MHz): 6§
7.35-7.28 (m, SH, Ar-H), 7.28 (br s, 1H, NH-3), 7.03 (d, 1H, J =
9.2 Hz, NH-2), 6.12 (br s, 1H, NH-1), 5.11 (d, 1H, J = 12.4 Hz,
PhCH.,a), 5.00 (d, 1H, J = 12.4 Hz, PhCH,b), 5.05 (t, 1H, J =
12.4 Hz, NHBoc), 4.89 (s, 1H, C,H-3), 4.88 (s, 1H, C,H-1), 4.82
(dd, 1H, J = 3.6, 6.1 Hz, C;H-3), 4.79 (dd, 1H, J = 3.6, 6.1 Hz,
C;H-2), 4.77 (dd, 1H, J = 3.5, 6.1 Hz, C;H-1), 4.56 (d, IH, J =
6.1 Hz, C,H-3),4.53 (d, |H, J = 6.1 Hz, C,H-2),4.51 (d, I1H, J =
6.1 Hz, C,H-1), 4.67 (m, 1H, C4H-2), 4.43 (m, 1H, C;H-3), 4.27
(dd, 1H, J = 3.6, 8.8 Hz, C,H-3), 4.24 (m, 1H, CgH-1), 4.05 (dd,
1H, J = 3.5, 6.3 Hz, C,H-2), 3.95 (dd, 1H, J = 3.7, 6.0 Hz, C,H-
1), 3.61 (s, 3H, COOMe), 3.36 (s, 3H, OMe), 3.30 (s, 3H, OMe),
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3.29-2.97 (m, 1H, CH,a), 3.01 (dd, 1H, J = 5.0, 16.8 Hz, C,H,,,,.5)-
3),2.97 (m, 1H, CH,b), 2.76 (dd, 1H, J =5.3,14.7, HzC,H,,,.5-1),
2.73(dd, 1H, J =54, 16.8 Hz, C,H,,,,.x-3), 2.61 (dd, 1H, J = 7.6,
15.7Hz, C,H,,,.x-2), 2.58 (dd, 1H, J = 4.0, 14.7 Hz, C,H,,, »-1),
2.50(dd, 1H, J = 4.7, 15.7 Hz, C,H,,,.5-2), 1.50 (s, 3H, Me), 1.48
(s, 3H, Me), 1.46 (s, 3H, Me), 1.40 (s, 9H, Boc), 1.29 (s, 6H, Me),
1.27 (s, 3H, Me); "C NMR (CDCl,, 150 MHz): § 173.2, 171.3,
169.9, 156.1, 155.9, 136.5, 128.5, 128.1, 128.0, 112.8, 107.2, 106.7,
96.1, 85.1, 84.8, 83.1, 82.9, 80.5, 79.9, 79.4, 79.3, 79.0, 78.9, 78.1,
66.5, 55.0, 54.7, 51.9, 48.9, 47.2, 46.0, 39.5, 39.2, 38.1, 34.5, 29.7,
28.3, 26.2, 26.1, 25.9, 24.9, 24.8, 24.1; FABMS: m/z calculated
for C;;H;,(N,Op 1017 [14, (M + Na)*], 995 [40, (M + H)*], 895
[16, M + H — Boc)*], 519 (30), 470 (29), 377 (28), 276 (100), 227
(30); HRMS (ESI): m/z calculated for C,;H;,\N,O,y (M* + Na)
1017.4531, found 1017.4497.

Cbz-(S)-p-Caa(NHBoc)-(R)-p-Caa-(S)-p-Caa-(R)-
p-Caa(NHBoc)-OCH; (8)

A mixture of 38 (0.18 g, 0.18 mmol), HOBt (0.03 g, 0.22 mmol),
EDCI (0.04 g, 0.22 mmol) and DIPEA (0.04 mL, 0.28 mmol) in
CH,Cl, was stirred at 0 °C for 15 min and treated with amine 27
(0.07 g, 0.12 mmol) under nitrogen atmosphere for 8 h. Workup
as described for 36 and purification by column chromatography
(silica gel, 1.8% methanol in CHCI,) afforded 8 (0.12 g, 49%) as
a white solid; mp 117-120 °C; [a], = +64.5 (¢ 0.25, CHCly); IR
(KBr): 3412, 2939, 1720, 1657, 1546, 1378, 1209, 1101, 1026, 966,
879cm™;'HNMR (CDCl;, 500 MHz): 6 7.39-7.27 (m, 5H, Ar-H),
8.31(d, IH, J = 9.2 Hz, NH-4), 7.33 (d, 1H, J = 9.2 Hz, NH-3),
7.23 (d, 1H, J = 9.7 Hz, NH-2), 6.73 (d, 1H, J = 8.5 Hz, NH-1),
5.16 (br s, 1H, BocNH-1), 5.12 (d, 1H, J = 12.5 Hz, PhCH,a),
5.10 (d, 1H, J = 12.5 Hz, PhCH,b), 5.05 (br s, IH, BocNH-4),
497 (dd, 1H, J = 3.6, 6.0 Hz, C;H-3), 4.89 (s, |H, C,H-2), 4.85 (s,
1H, C,H-3), 4.85 (m, 1H, C;H-2), 4.77 (dd, 1H, J = 3.6, 6.0 Hz,
1H, C;H-1), 4.74 (dd, 1H, J = 3.7, 6.0 Hz, C;H-4), 4.73 (m, 1H,
CyH-4), 4.71 (dd, 1H, J = 3.5, 6.0 Hz, C;H-2), 4.56 (d, 1H, J =
6.0 Hz, C,H-4), 4.54 (d, 1H, J = 6.0 Hz, C,H-1), 4.53 (d, 1H,
J = 6.0 Hz, C,H-2), 4.52 (d, 1H, J = 6.0 Hz, C,H-3), 4.39 (m,
1H, CzH-3), 4.33 (m, 1H, C;H-1), 4.16 (dd, 1H, J = 4.9, 9.9 Hz,
C/H-1), 4.13 (dd, 1H, J = 5.5, 9.8 Hz, C,H-4), 4.07 (dd, 1H,
J = 3.6, 9.5 Hz, C,H-3), 4.04 (dd, 1H, J = 3.6, 7.8 Hz, C,H-
1), 3.98 (m, 1H, C,H-2), 3.82 (dd, 1H, J = 3.7, 7.8 Hz, C,H-4),
3.67 (s, 3H, COOMe), 3.30 (m, 1H, CH,a), 3.29 (m, 1H, CH,c¢),
3.28 (s, 3H, OMe), 3.27 (s, 3H, OMe), 2.96 (m, 1H, CH,d), 2.95
(m, 1H, CH,b), 2.94 (dd, 1H, J = 3.6, 12.7 Hz, C,H,,, x-4), 2.64
(dd, 1H, J = 2.7, 12.5 Hz, C,H,,,,.-2), 2.58 (m, 1H, C,H,,.5-1,
CoHor-1), 2.48 (dd, 1H, J = 4.0, 13.0 Hz, C,H,,,.#-3), 2.41 (dd,
1H, J = 10.1, 12.7 Hz, C,H,,,.»-4), 2.39 (t, 1H, J = 12.5 Hz,
C.H,x-2), 2.37 (dd, 1H, J = 4.6, 13.0 Hz, C,H,,.,.5-3), 1.49 (s,
6H, Me), 1.45 (s, 3H, Me), 1.44 (s, 3H, Me), 1.43 (s, 9H, Boc),
1.40 (s, 9H, Boc), 1.31 (s, 3H, Me), 1.30 (s, 3H, Me), 1.26 (s, 3H,
Me), 1.25 (s, 3H, Me); BC NMR (CDCl,, 150 MHz): 6 174.4,
171.1,170.0, 169.4, 156.1, 155.9, 155.8, 136.6, 128.4, 127.8, 127.7,
113.1,112.9,112.7,112.4,106.9, 106.8, 85.0, 84.9, 83.4, 83.2, 83.1,
83.0, 80.7, 80.6, 80.5, 79.9, 79.7, 79.4, 79.3, 79.2, 78.4, 78.3, 66.3,
54.6, 54.2, 52.2, 48.6, 48.3, 46.6, 46.3, 46.2, 40.4, 40.1, 39.4, 37.9,
37.6, 28.3, 26.2, 25.9, 25.8, 25.1, 24.9, 24.8, 24.0; FABMS: m/z
calculated for Co;HosNgO,5 1360 [10, (M + Na)*], 1338 [39, M +
H)*], 1238 [14, MM + H — Boc)*], 619 (23), 562 (44), 377 (46),

319 (82), 212 (100); HRMS (ESI): (M* + Na) 1359.6322, found
1359.6333.

(3aS,4R,6R,6a5)-4-(2,4-Difluorophenyl)-6-[(4R)-2,2-dimethyl-
1,3-dioxolan-4-yl|-2,2-dimethylperhydrofuro|3,4-d][1,3]dioxol-
4-0l (46)

A stirred solution of 1-bromo-2,4-difluorobenzene (14.96 g,
77.5 mmol) in dry THF (100 mL) at =78 0 °C was treated with
n-BuLi (48.4 mL, 77.5 mmol) dropwise over a period of 15 min.
A solution of lactone 45 (10 g, 38.75 mmol) in dry THF (100 mL)
was added dropwise at the same temperature and the reaction
mixture allowed to reach room temperature and stirred for 5 h.
The reaction mixture was quenched with NH,Cl solution (10 mL),
water (100 mL) was added and the mixture was extracted with
EtOAc (2 x 150 mL). The organic layer was washed with water
(100 mL), brine (100 mL) and dried (Na,SO,). It was evaporated
and purified by column chromatography (silica gel, 15% EtOAc in
petroleum ether) to afford 46 (12.26 g, 85%) as a white solid; mp
145-147 °C; IR (KBr): 3325, 3087, 2987, 2928, 1625, 1584, 1469,
1373, 1270, 1055, 846 cm™; '"H NMR (CDCl;, 300 MHz); 6 7.49
(m, 1H, Ar-H), 6.89-6.78 (m, 2H, Ar-H), 4.96 (m, 1H, C,H), 4.87
(m, 1H, C;H), 4.45 (m, 1H, C¢H), 4.31-4.06 (m, 3H, C,H, C,H,
CsH), 1.30 (s, 3H, Me), 1.29 (s, 3H, Me), 1.28 (s, 3H, Me), 1.24 (s,
3H, Me); “*CNMR (CDCl;, 75 MHz): 6 162.3, 158.9, 133.2-130.0
(4C), 1129, 112.2, 111.9, 86.9, 79.3, 79.2, 73.4, 66.4, 26.5, 25.6,
25.3, 24.8; HRMS (ESI): m/z calculated for C3H,,O.F, (M* +
Na) 395.1282, found 395.1286.

(1R)-1-[(3aS ,4R,6R,6a5)-6-(2,4-Difluorophenyl)-6-hydroxy-2,2-
dimethylperhydrofuro[3,4-d][1,3]dioxol-4-yl]ethane-1,2-diol (47)

A mixture of 46 (12.26 g, 32.9 mmol) and 60% aq. AcOH (85 mL)
was stirred at room temperature for 6 h. The reaction mixture was
neutralized with solid NaHCO; and sat. aq. NaHCO; solution
(pH = 7) and extracted with EtOAc (3 x 300 mL). Organic layers
were dried (Na,SO,), evaporated and the residue purified the
by column chromatography (silica gel, 50% EtOAc in petroleum
ether) to give 47 (8.16 g, 75%) as a colorless syrup; IR (neat): 3390,
2986, 2939, 1618, 1466, 1378, 1212, 1035, 893 cm™; '"H NMR
(CDCl;, 300 MHz); 6 7.49 (m, 1H, Ar-H), 6.91-6.79 (m, 2H, Ar-
H), 4.96 (m, 2H, C,H, C;H), 4.30 (m, 1H, C,H), 3.90-3.87 (m, 3H,
C¢H, C,H, CsH), 1.29 (s, 3H, Me), 1.24 (s, 3H, Me); "C NMR
(CDCl;, 75 MHz): 6 162.2, 161.3, 133.3 (4C), 113.1, 86.8, 79.6,
79.5,78.8, 69.5, 63.9, 25.8, 25.0; HRMS (ESI): m/z calculated for
CisH3sO4F, (M* + Na) 355.0969, found 355.0976.

Methyl (£)-3-|(3aS,4R,6a5)-6-(2,4-difluorophenyl)-6-hydroxy-
2,2-dimethylperhydrofuro|3,4-d][1,3]dioxol-4-yl]-2-propenoate (49)

A stirred solution of 47 (8.16 g, 24.57 mmol) in CH,CI,
(100 mL) was treated with NalO, (5.25 g, 24.57 mmol),
sat. ag. NaHCO; solution (4.9 mL) at 0 °C and allowed
to stir at room temperature for 5 h. The reaction mix-
ture was filtered, dried (Na,SO,) and concentrated under re-
duced pressure to afford (3a5,45,6aR)-6-(2,4-difluorophenyl)-2,2-
dimethylperhydrofuro[3,4-d][1,3] dioxole-4-carbaldehyde (48) as a
colorless syrup, which was used as such for the next reaction.

A solution of 48 (6.70 g, 22.3 mmol) and (methoxycarbonyl-
methylene)triphenylphosphorane (8.20 g, 24.56 mmol) in MeOH
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(70 mL) was stirred at 0 °C and allowed to stir at room temperature
for 5 h. Methanol was evaporated and the residue purified by
column chromatography (silica gel, 15% EtOAc in petroleum
ether) to give 49 (6.2 g, 78%) as a pale yellow syrup; IR (neat):
3434, 2988, 1719, 1617, 1467, 1209, 1033, 820 cm™; 'H NMR
(CDCl;, 300 MHz); 6 7.51 (m, 1H, Ar-H), 6.92-6.80 (m, 2H, Ar-
H), 6.45 (dd, 1H, J = 6.7, 11.7 Hz, CsH), 6.03 (dd, 1H, J = 1.7,
11.7 Hz, C¢H), 5.70 (ddd, 1H, J = 1.7, 4.0, 6.7 Hz, C,H), 5.20
(dd, 1H, J = 4.0, 5.8 Hz, C;H), 5.01 (m, 1H, C,H), 3.75 (s, 3H,
OMe), 1.27 (s, 3H, Me), 1.25 (s, 3H, Me); *C NMR (CDCl;, 75
MHz): § 166.2,161.3, 158.3, 144.9, 133.3 (4C), 120.7, 113.4, 113.0,
86.9, 81.2,77.3,51.6,25.9, 25.1; HRMS (ESI): m/z calculated for
C,;H;04F, (M* + Na) 379.0969, found 379.0976.

Methyl (Z)-3-[(3aS,4R,6S,6aR)-6-(2,4-difluorophenyl)-2,2-
dimethylperhydrofuro|3,4-d][1,3]dioxol-4-yl]-2-propenoate (50)

A stirred solution of 49 (7.5 g, 21.0 mmol) and Et;SiH (6.70 mL,
42.1 mmol) in dry CH;CN (80 mL) was treated with BF;-OEt,
(2.64 mL, 21.0 mmol) dropwise at —10 °C and stirred for 1 h. The
reaction mixture was quenched with sat. aq. NaHCO; solution
(10 mL), water (100 mL) and extracted with EtOAc (2 x 150 mL).
The organic layers were washed with water (100 mL), brine
(100 mL), dried (Na,SO,) and evaporated under reduced pressure.
The residue was purified by column chromatography (silica gel, 8%
EtOAc in petroleum ether) to afford 50 (6.18 g, 86%) as a yellow
syrup; [a]p = +197.9 (¢ 0.75, CHCL,); IR (KBr): 2985, 1720, 1618,
1471, 1205, 1103, 996 cm™; 'H NMR (CDCl;, 303K, 500 MHz):
67.47 (m, 1H, Ar-H), 6.91-6.78 (m, 2H, Ar-H), 6.52 (dd, 1H, J =
6.3,11.6 Hz, CsH), 6.03 (dd, 1H, J = 1.6, 11.6, Hz, C;H), 5.16 (m,
2H, C;H, C,H), 5.0 (d, 1H, J = 4.0 Hz, C,H), 4.86 (dd, 1H, J =
4.0,5.7,Hz, C,H), 3.75 (s, 3H, OMe), 1.48 (s, 3H, Me), 1.27 (s, 3H,
Me); “C NMR (CDCl;, 75 MHz): § 166.2, 162.0, 159.0, 145.2,
132.7 (4C), 120.6, 112.9, 82.5, 81.6, 78.8, 77.1, 51.5, 25.2, 24.3;
HRMS (ESI): m/z calculated for C,;H;sO;F, (M* + Na) 363.1020
found 363.1037.

Boc-(S)-p-Caa(diFP)-(R)-B-Caa(diFP)-OMe (59)

A mixture of 55 (0.55 g, 1.24 mmol), HOBt (0.20 g, 1.48 mmol),
EDCI (0.28 g, 1.48 mmol) in CH,Cl, (20 mL) was stirred at 0 °C
under N, atmosphere for 15 min and treated with 58 (0.56 g,
1.24 mmol; obtained from 4 on exposure to TFA and DIPEA
(0.43 mL, 2.48 mmol) under nitrogen atmosphere for 8 h. Workup
as described for 36 and purification by column chromatography
(silica gel, 60% EtOAc in petroleum ether) afforded 59 (0.71 g,
73%) as a white solid; mp 95-97 °C; [a]p, = +128.1 (¢ 0.28, CHCl,);
IR (KBr): 3440, 2929, 1736, 1629, 1471, 1207, 1108, 994 cm™; 'H
NMR (CDCl;, 303K, 500 MHz): 6 7.26-7.20 (m, 2H, Ar-H), 6.87—
6.84 (m, 4H, Ar-H), 6.76 (d, 1H, J = 8.6 Hz, NH-2), 5.37 (m, 1H,
NH-1),4.96 (d, 1H, J = 3.7 Hz, C,H-1),4.95 (m, 1H, C,H-2), 4.88
(m, 1H, C;H-1), 4.87 (m, 1H, C;H, C,H -2), 4.83 (m, 1H, C;H-2),
4.80 (m, 1H, C,H-2), 4.79 (m, 1H, C,H, C,H -1), 4.39 (m, 1H,
CyH-1), 3.94 (dd, 1H, C,H-1), 3.87 (dd, 1H, J = 3.6, 5.6 Hz, C,H-
2), 3.69 (s, 3H, COOMe), 2.86 (dd, 1H, J = 7.1, 16.1 Hz, C,H-2),
2.81(dd, 1H, J = 6.4, 16.1 Hz, C,H-2), 2.70 (m, 2H, C,H, C,H-
1), 1.50 (s, 3H, Me), 1.48 (s, 3H, Me), 1.45 (s, 9H, Boc), 1.27 (s,
3H, Me), 1.26 (s, 3H, Me); *C NMR (CDCl;, 150 MHz): 6 172.0,
170.5,162.1(2C), 160.5(2C), 155.8,129.6 (8C), 113.0,112.8,111.6—

111.5 (4C), 81.7, 81.4, 80.9 (2C), 80.7, 80.3, 79.1, 76.6, 47.8, 45.8,
28.4 (30), 25.2, 25.1, 24.2, 23.9; HRMS (ESI): m/z calculated for
C;xHiN,O F, (M* + Na) 805.2935, found 805.2926.

Boc-[(S)-p-Caa(diFP)-(R)-p-Caa(diFP)],-OMe (13)

A mixture of 60 (0.24 g, 0.31 mmol), HOBt (0.05 g, 0.37 mmol)
and EDCI (0.07 g, 0.37 mmol) in CH,Cl, (10 mL) was stirred at
0 °C for 15 min and treated with 61 (0.24 g, 0.31 mmol; obtained
from 59 on exposure to TFA) and DIPEA (0.10 mL, 0.62 mmol)
under nitrogen atmosphere for 8 h. Workup as described for 36 and
purification by column chromatography (silica gel 1.4% MeOH in
CHCl,) afforded 13 (0.201 g, 45%) as a white solid; mp 156-158 °C;
[a]s = +162.7 (¢ 0.27, CHCl,); IR(KBr): 3435, 3300, 2983, 1723,
1655, 1470, 1272, 1108, 995 cm™; '"H NMR (CDCl;, 303 K, 500
MHz): 6 8.08 (d, 1H, J = 8.8 Hz, NH-4), 7.06 (d, 1H, J = 9.5 Hz,
NH-2), 7.03 (d, 1H, J = 8.4 Hz, NH-3), 7.22-7.15 (m, 4H, Ar-H),
6.85-6.76 (m, 8H, Ar-H), 5.78 (d, 1H, J = 8.1 Hz, NH-1), 5.09
(d, 1H, J =4.4Hz, C,H-3),5.04 (d, 1H, J = 4.4 Hz, C,H-1), 4.97
(m, 1H, CyH-2),4.87 (d, 2H, J = 4.4 Hz, C,H-2, C,H-4), 4.86 (m,
1H, C;H-1), 4.85 (m, 1H, C;H-3), 4.80 (m, 2H, C,H-1, C;H-2),
4.85 (m, 1H, C;H-3), 4.77 (m, 2H, C,H-3, CgH-4), 4.76 (m, 2H,
C,H-4, C;H-4), 4.60 (m, 1H, CzH-3), 4.46 (m, 1H, C;H-1), 3.93
(m, 1H, C,H-1), 3.79 (dd, 1H, J = 3.8, 9.5 Hz, C,H-3), 3.70 (dd,
1H, J = 3.7, 9.5 Hz, C,H-4), 3.68 (s, 3H, COOMe), 3.67 (m, 1H,
C,H-2),2.93 (dd, IH, J = 4.4, 13.7 Hz, C,H,,.5-4), 2.70 (m, 1H,
C.H.5-1), 2.64 (dd, 1H, J = 3.8, 13.0 Hz, C,H,,,.5-2), 2.58 (m,
1H, C,H,,..5-3), 2.57 (dd, 1H, J = 4.5, 12.3 Hz, C,H,,,.»-1), 2.51
(m, 1H, C,H,,.»-4), 2.49 (dd, 1H, J = 5.1, 13.1 Hz, C,H,..-3),
2.46 (dd, 1H, J = 11.0, 13.0 Hz, C,H,,,.»-2), 1.52 (s, 3H, Me),
1.47 (s, 3H, Me), 1.46 (s, 9H, Boc), 1.44 (s, 3H, Me), 1.43 (s, 3H,
Me), 1.26 (s, 3H, Me), 1.25 (s, 3H, Me), 1.25 (s, 3H, Me), 1.21
(s, 3H, Me); *C NMR (CDCl;, 150 MHz): § 173.4, 170.8, 170.1,
169.9, 162.1 (4C), 160.4 (4C), 155.7, 129.6-129.4 (16C), 112.9—
112.7 (4C), 111.6-111.4 (8C), 81.8, 81.7, 81.5, 81.3, 81.2, 81.2,
80.9, 80.7, 80.5, 80.2, 80.0, 78.8, 76.5, 76.4, 47.3, 47.2, 46.5, 46.0,
28.2 (3C), 25.3 (3C), 25.1, 24.4, 24.3, 24.1, 23.8; HRMS (ESI):
m/z calculated for C;)HgN,O o Fy (M* + Na) 1455.5186, found
1455.5186.

Boc-[(S)-B-Caa(diFP)-(R)-B-Caa(diFP)],-OMe (14)

A mixture of 62 (0.1 g, 0.07 mmol), HOBt (0.01 g, 0.08 mmol)
and EDCI (0.016 g, 0.08 mmol) in CH,Cl, (10 mL) was stirred
at 0 °C for 15 min and treated with 61 (0.055 g, 0.070 mmol),
and DIPEA (0.02 mL, 0.14 mmol) under nitrogen atmosphere
for 8 h. Workup as described for 36 and purification by column
chromatography (silica gel 1.9% MeOH in CHCI;) afforded 14
(0.05 g, 34%) as a white solid; mp 162-165 °C; [a]p = +122.9 (¢
0.15, CHClL;); IR(KBr) : 3434, 2932, 1722, 1653, 1471, 1378, 1272,
1109, 997 cm™; 'H NMR (CDCl;, 303 K, 500 MHz): 6 9.07 (d,
1H, J = 9.0 Hz, NH-4), 8.69 (d, 1H, J = 9.4 Hz, NH-6), 8.45 (d,
1H, J =8.5Hz, NH-3),7.76 (d, 1H, J = 9.0 Hz, NH-5), 7.26-7.13
(m, 6H, Ar-H), 6.89-6.79 (m, 12H, Ar-H), 7.20 (d, 1H, J = 9.7 Hz,
NH-2), 5.88 (d, 1H, J = 9.1 Hz, NH-1), 5.25 (dd, 1H, J = 3.7,
6.0 Hz, C;H-5), 5.18 (dd, 1H, J = 3.7, 6.0 Hz, C;H-3), 5.14 (d, 1 H,
J=4.5Hz, C,H-1),5.09 (m, 1H, CyH-2), 5.02 (d, 1H, J = 4.5 Hz,
C,H-2),4.92 (m, 3H, C,H-3, C,H-6, C,H-6), 4.91 (m, 4H, C;H-1,
C,H-4, C;H-4, C;H-6), 4.84 (m, 3H, C,H-1, C;H-2, C,H-5), 4.82
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(m, 1H, C,H-3), 4.79 (m, 1H, C,H-4), 4.76 (m, 1H, C,H-2), 4.75
(dd, 1H, J =4.5,6.0 Hz, C,H-5),4.75 (m, 1H, C;H-3), 4.74 (m, 2H,
CyH-4, C,H-5), 4.59 (m, 2H, CgH-1, C4H-5), 4.03 (m, 1H, C,H-1),
391 (dd, 1H, J = 3.4, 9.7 Hz, C,H-3), 3.80 (m, 1H, C,H-5), 3.77
(m, 1H, C,H-2), 3.74 (m, 1H, C,H-6), 3.72 (s, 3H, COOMe), 3.63
(m, 1H, C,H-4), 3.06 (dd, 1H, J = 3.3, 12.5 Hz, C,H,,.5-6), 2.93
(dd, 1H, J = 3.4, 12.1 Hz, C,H,,,.5-4), 2.86 (dd, 1H, J = 2.7,
12.1 Hz, C,H,,.5-2), 2.76 (dd, 1H, J = 5.4, 13.8 Hz, C,H,,,, 5-1),
2.74(dd, 1H, J = 3.4, 12.7 Hz, C,H,,,.5-3), 2.66 (dd, 1H, J = 3.2,
12.7 Hz, C,H,,,.5-5), 2.65 (dd, 1H, J = 5.1, 13.8 Hz, C,H,,,.»-1),
2.61 (m, 1H, C,H,,,x-6),2.55(dd, 2H, J =5.1,12.7Hz, C,H,,,.»-
3, C.H,,x-5), 2.42 (dd, 1H, J = 12.1, 12.7 Hz, C,H,,,, »-2), 2.20
(dd, 1H, J = 12.1, 12.7 Hz, C,H,,,,.»-4), 1.52 (s, 3H, Me), 1.51
(s, 3H, Me), 1.49 (s, 3H, Me), 1.45 (s, 9H, Boc), 1.44 (s, 3H, Me),
1.41 (s, 3H, Me), 1.41 (s, 3H, Me), 1.31 (s, 3H, Me), 1.28-1.26
(s, 12H, Me), 1.21 (s, 3H, Me); “C NMR (CDCl,, 150 MHz):
6173.9,171.2, 170.9, 170.8, 169.9, 169.6, 162.2 (6C), 160.5 (6C),
155.7,129.5(24C), 113.0-112.4 (6C), 112.1-111.3(12C), 84.4-76.4
(20C), 48.3,47.3,47.2,46.8, 46.6, 46.2, 28.4 (3C), 25.4-24.9 (6C),
24.4-23.6 (6C); HRMS (ESI): m/z calculated for C,p,H,;,N4O, F,,
(M* + Na) 2105.7432, found 2105.7433.
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During the course of our study on the photochemistry of 1-alkoxy-9,10-anthraquinones, we have
developed a second generation of a caged 4-hydroxy-trans-2-nonenal (4-HNE). As we optimized the
anthraquinonyl chromophore to achieve water solubility, we studied the photochemistry of various
substituents to understand their effect on the photochemistry. We observed a significant heavy atom
effect that severely reduced the rate of oxidative cleavage of the alkoxy group. Based on the results of
our substituent study, we designed a new caged 4-HNE that is soluble under physiological conditions,

and that releases 4-HNE photochemically in high yield.

Introduction

Development of photolabile “caged” molecules, including car-
bonyl compounds, with biological relevance has received greater
attention over the last few years.! Ideally a caged molecule is
inert, can be delivered in a high temporal and spatial manner,
and subsequently can be photolyzed under either aerobic or
anaerobic conditions to release the bioactive molecule. Such
a design would have application in synthesis, biophysics and
photodynamic therapy (PDT), which relies on photosensitization
of porphyrins under aerobic conditions for the production of
singlet oxygen.? Indeed, the requirement of oxygen for PDT limits
its use, since many tumors operate until hypoxic conditions.®
While several of the caging strategies address this limitation,
many of them to date require ultraviolet light and/or produce
highly toxic by-products.! To address these issues, our lab recently
developed a strategy for releasing caged bioactive aldehydes,
such as acrolein and 4-hydroxy-trans-2-nonenal (4-HNE),* that
is oxygen independent. These caged molecules are based on the 1-
alkoxy-9,10-anthraquinonyl chromophore, whose absorption of
light tails out to about 450 nm. 4-HNE, a product of both
enzymatic and non-enzymatic lipid peroxidation,’ in particular
is known to hinder cell functions severely. At high enough
concentrations (>100 ppm), this results in cell death.®

A drawback to the photorelease strategy for 4-HNE described
above is the lack of solubility of the caged molecule under
physiological conditions. Our goal has been to develop a second
generation that is water soluble and photochemically releases 4-
HNE in high yield. The mechanism of this photo reaction for
1-alkoxy-9,10-anthraquinones has been previously described in
detail.” Briefly, the photochemical oxidative cleavage of 1-alkoxy-
9,10-anthraquinones proceeds via an intramolecular 8-hydrogen
abstraction (Scheme 1). Excited triplet 1 initially abstracts a 6-
hydrogen to produce 2. This is followed by electron transfer that

Department of Chemistry, Wake Forest University, Winston-Salem, NC,
USA. E-mail: jonespb@wfu.edu, Fax: 336-758-4656, Tel: 336-758-3708

T CCDC reference number 650843. For crystallographic data in CIF or
other electronic format see DOI: 10.1039/b810954k

i Current address: Center for Advanced Research in Biotechnology,
Rockville, MD, USA.

gives zwitterion 3. The zwitterion can be trapped by a nucleophile,
usually solvent, to produce acetal 4, which is relatively stable
to hydrolysis.” However, upon oxidation of hydroquinone 4 to
anthraquinone 5, hydrolysis occurs readily. The result is a 1-
hydroxyanthraquinone 6, and an aldehyde.

U0
2.1SC

3. H abstraction

o 1
@
VS
OH O R OH 0)\OR
OOO ROH I I I 0,
o0 3 OH 4
R

Scheme 1

We report below the results of our study of the effect of
substituents on the photochemical oxidative cleavage of 1-alkoxy-
9,10-anthraquinones. The observed effects are explained best by
the influence of the various reaction factors on the fate of the
diradical intermediate 2. The behavior of diradical intermediates
is known to have a significant impact on the outcome of many
photochemical reactions.®® The study resulted in the optimization
of a water soluble caged 4-HNE that photochemically generated
4-HNE in high yield at various pHs.
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Results and discussion
Synthesis

In order to increase the water solubility of the anthraquinones,
we planned to introduce multiple carboxylate substituents to
the anthraquinone. Our initial target was the dicarboxylate
corresponding to di-nitrile 10, which we planned to prepare from
8 as shown in Scheme 2. Unfortunately, cyanation of the bromide
in the 2-position of 8 could not be accomplished under any of the
conditions we attempted. In contrast, cyanation of the bromide in
the 4-position proceeded in good yield. The regioselectivity of the
reaction was established by crystallography.’® Hydrolysis of nitrile
9 to give carboxylate 11 went smoothly. The corresponding sodium
salt (12) was quite soluble in water (>10 mM easily achieved).

0 OH O OH
POPENOOOE
6 O 7 0 Br
O  OBn O  OBn
B CN
SO0 NONS
XN
0 Br 10 O
\(iii)
0 OBn O Bn

SOOI O‘O Br
9

11 R=H © COR
12 R=Na

Scheme 2 Reagents and conditions: (i) Br,, NaOAc, AcOH, reflux, 97%;
(ii) BnBr, TBAF, DMF, rt, 93%; (iii) CuCN, DMF, 80 °C, 74%; (iv) NaOH,
EtOH, reflux, 93%.

With a water soluble anthraquinone in hand, we proceeded
to investigate the photochemistry of 11 and 12. Photolysis of
these two compounds in methanol did, indeed, result in cleavage
of the benzyl group. However, this reaction was surprisingly
inefficient, and yields were much lower than expected, presumably
due to the lack of steric bulk in the 2-position. Previous studies
have shown that an alkyl group in this position accelerates the
desired photochemical reaction” while minimizing unwanted side
reactions."

Thus, we turned to anthraquinones with a 2-propyl group.
The propyl group is easily installed in the 2-position by Claisen
reaction of 1-allyloxy-9,10-anthraquinone and hydrogenation of
the resulting alkene.*'' Anthraquinone 13 was brominated in
quantitative yield to give 14, which was alkylated with benzyl
bromide to give 15 (Scheme 3). Benzyl ether 15 was cyanated with
CuCN to give nitrile 16, which was hydrolyzed to afford acid 17.

For synthesis of water soluble caged HNE, the benzyl group
of 16 was removed photochemically to give 20 (Scheme 4). The
phenol was then alkylated with 1-bromonon-2-en-4-ol (21)* using
TBAF to give nitrile 22. Finally, 22 was hydrolyzed to give

O
I “ i ,C3H7 . # — /C3H7 “
Bn
I # — ,03H7 ' * — /CSH7
16 o Br

Bn
' * — ,C3H7

COzR
17 R H
18 R=Na
19 R=K

Scheme 3 Reagents and conditions: (i) Br,, NaOAc, AcOH, 50 °C, 100%;
(ii) BnBr, TBAF, DMEF, rt, 93%; (iii) CuCN, DMF, 80 °C, 99%; (iv) NaOH
(or KOH), EtOH, reflux, 78% (17).

OH

CaH; i)
16 = O‘O

20 ©

/\/\<05H9

0 0
CsHy CsHy
CL T W, O

22 © CN 23R=H O CO,R
24R =K

/\%\(CsHe

OH

Scheme 4 Reagents and conditions: (i) hv (366 nm), MeOH-air, 75%;
(i) 21, TBAF, DMF, rt, 74%; (iii) KOH, EtOH, reflux, 65% (23).

caged 4-HNE 23, which could be converted to the corresponding
potassium salt 24 by treatment with KH in dry THF. This salt was
freely soluble in aqueous systems at concentrations lower than
10 mM.

Photochemistry

In order to compare the effects of the substituents, each an-
thraquinone benzyl ether was photolyzed and the relative rate of
disappearance of starting ether determined. Since measurement of
product formation is inherently unreliable in this system due to a
series of dark reactions subsequent to the primary photochemical
step, the rate of disappearance of starting ether was monitored
by following the reduction of the distinctive benzyl '"H NMR
singlet. Each anthraquinone was photolyzed alongside 2-propyl-1-
benzyloxy-9,10-anthraquinone, 25, which was used as a standard
reaction.” The photocleavage reaction of 25 has been studied
both by Blankespoor et al. and our laboratory and is well
understood. Photolyses were performed in triplicate in solvent
mixtures of DMSO-methanol or DMSO-water using a 150 W
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Hg/Xe lamp in combination with a grating monochromator at a
wavelength of 405 nm (£5 nm). All compounds were normalized
to the absorbance of a 5 mM solution of 17 at 405 nm. Data
was analyzed by 'H NMR relative to the internal standard
2.4,6-trimethylbenzoic acid or its corresponding sodium salt for
photolyses in D,O. The data was plotted as time (min) against
In([AQ],/[AQ],), where [AQ)], is the integral value at t = 0 and
[AQ)], is the integral value at time point, ¢. Linear regression was
performed on the data to give a straight line; R* values were
0.95 or higher. The slope of the linear regression was used as
the relative rate. See the experimental section for complete details
of the photolyses.

In general, electron-withdrawing substituents para to the ben-
zyloxy group slowed the rate of the photoreaction relative to
25. This attenuation is modest, with the relative efficiency only
approximately halved going from 25to 16, 17 or 18 (Table 1, entries
1, 3-5). The relatively high efficiency exhibited by 29 shows that the
effect of the para electron-withdrawing group is due to a resonance
effect, as the photolysis of a molecule with a carboxylate that is not
electronically tied to the benzyloxy group, but is sterically closer,
actually proceeds more efficiently than in the standard reaction.
The increased relative rate of 29 over 25 (1.55 : 1), is presumably
due to the slight increase in steric bulk of the 2-substituent in 29
(entry 8).

(0] OBn
R.
O e
[¢) R

(¢} OH
R.
CLT " e
(¢} R

25 R=H; R =n-C3H; 13 R=H; R'=n-C3H;
15 R =Br; R'=n-C3H; 14 R =Br; R'=n-C3H;
16 R=CN; R' =n-C3H; 20 R=CN; R'=n-C3H;

17 R= COzH, R'= n-C3H7 26 R= COzH, R'= n-C3H7
18 R= COzNa, R'= n-C3H7 27 R= COzNa; R'= n-C3H7
11 R=CO,H; R'=Br 28 R=COzH; R'=Br

29 R = H; R' = CH,CO,H 30 R =H; R = CH,CO,H

Scheme 5 Reagents and conditions: (A) hv (405 nm), 4 : 1
CD;0D-DMSO-d6; (B) hv (405 nm), 4 : 1 D,O-DMSO-d6. See Table 1
for relative rates and additional details.

The molecule with a bromide in the para position, 15, reacted
with the least efficiency with a relative rate of 0.21 (entry 2). Along
with the results of photolysis of 11, this suggested a heavy atom
effect. To test this hypothesis, experiments were run with 25 in
the presence of iodoform at concentrations of 0, 28, 55, 110 mM
(entries 1, 9-11). Increasing the concentration of iodoform led to
a proportional decrease in relative efficiency for the reaction. A
control experiment with 110 mM CDCI; resulted in no decrease
in the relative efficiency (entry 12). Clearly, the forward reaction
rate is decreased in the presence of heavy atoms.

Photolyses of 18 in 1 : 4 DMSO-d6-D,0 with 0, 50, 100, 250 mM
LiCl; 100 mM Lil; and 100 mM CsI were carried out to measure
the effect of ionic strength on the rate of the photocleavage (entries
6, 13-17). Increasing the ionic strength of the solution led to
modest increases in reaction rate that leveled off between 100 and
250 mM. When the added salt included a heavy atom (Lil or CsI),
the reaction was slowed. A concentration of 100 mM Csl com-
pletely stopped the reaction over the photolysis time examined,
which is consistent with our heavy atom observations above.

Table 1 Relative rate of the disappearance of the benzyl group. The
monochromator used was set at 405 nm (£5 nm)

Entry Substrate Solvent? Additive Relative rate
1 25 A — 1.00
2 15 A — 0.21
3 16 A — 0.50
4 17 A — 0.58
5 18 A — 0.46
6 18 B — 1.02
7 11 A — <0.05¢
8 29 A — 1.55
9 25 A 28 mM CHI, 0.56

10 25 A 55 mM CHI; 0.25

11 25 A 110 mM CHI, 0.19

12 25 A 110 mM CHCl, 1.02

13 18 B 50 mM LiCl 1.08

14 18 B 100 mM LiCl 1.47

15 18 B 250 mM LiCl 1.47

16 18 B 100 mM Lil 0.39

17 18 B 100 mM Csl 0

“11 was not irradiated in direct comparison with the other compounds
listed, but an estimate of the ratio was made by comparing the rate of 11
and 1-benzyloxy-9,10-anthraquinone (see ref. 11). * For solvent conditions,
see Scheme 5.

Mechanistic rationale

The mechanistic model put forward in Scheme 6 explains the
observations in the photolysis of anthraquinones bearing electron-
withdrawing groups para to the benzyloxy group and the heavy
atom effect. The effect of a para electron-withdrawing group
(entries 3-5) should destabilize the benzylic cation, reducing the
rate of the single electron transfer (SET) (Scheme 6, path a—
the forward, productive path) and, thus, the overall efficiency of
the reaction. However, upon photolysis in D,0O, the rate of 18
increased to a rate comparable to the standard reaction (25 in
methanol-DMSO, entry 1). This is presumably due to increased
stabilization of the zwitterion by the more polar solvent D,O
(compare entries 1, 5 and 6). Increasing the ionic strength would
add additional stabilization to the zwitterion, resulting in slightly
increased relative rates compared to the photolysis without salt
(entries 6, 13-17). Thus, the more polar environment and increased
rate of SET can overcome the inhibiting effect of the conjugated
carboxylate.

Back Hydrogen
Abstraction B

b, I1SC

=

’\/Fl

o]
Q R o =]

Scheme 6 Mechanistic proposal for the heavy atom effect.
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From further analysis of our data, we hypothesized that the
observed effect of heavy atoms increased the rate of intersystem
crossing (ISC) from either T1 anthraquinone (path ¢) or by a
back hydrogen abstraction from the triplet diradical (path b).
Anthraquinones undergo ISC with a quantum efficiency of 1.'?
Thus, heavy atoms should not significantly affect the efficiency
of reaching the T1 excited state from which the initial hydrogen
abstraction occurs. However, back hydrogen abstraction to give
starting material requires a second ISC in going from the
triplet diradical to the singlet diradical. Return to ground state
anthraquinone from the T1 state requires ISC as well. This spin-
flip could be facilitated by a heavy atom effect that would accelerate
paths b and ¢ without affecting path a. The result would be
diminished efficiency in oxidative cleavage of the 1-alkoxy group.
Thus, paths a, b and ¢ are partitioned based on the relative rate of
ISC and SET, with any increase in ISC or decrease in SET favoring
paths b and c, the reverse reaction, in terms of desired product.

To test these possibilities, both racemic and optically active
anthraquinone 31 were prepared by Mitsunobu alkylation using
sec-phenethyl alcohol, which is commercially available as both the
racemate and as an enriched enantiomer (Scheme 7). Compound
31 was prepared without the 2-propyl group to decrease the steric
bulk at this position and to reduce the efficiency of pathway a,
since our goal was to study the possibility of path . Photolysis
of optically active 31 allowed testing of racemization. If path b
operated, recovered 31 following photolysis should have a lower
optical activity than the starting material. Thus, 31 with 99.8%
ee was photolyzed in a Rayonet reactor using 419 nm lamps in
benzene-methanol containing 250 mM CHI;. At 72% conversion,
recovered 31 had an optical purity of 88% ee. This confirms that
path b does operate in this reaction, although the experiment did
not rule out path c. It seems likely that both pathways b and ¢ are
responsible for the reduction in rate of oxidative cleavage of the
alkoxy group in the presence of heavy atoms.

(0] O/<
6 A ? 46
e R
0 31

Scheme 7 Reagents and conditions: (i) Ph;P, DIAD, THEF,
1-phenylethanol; (ii) hv, (419 nm), MeOH-PhH-CHI;.

Caged 4-hydroxynonenal (HNE)

Given our observations above, we determined that the optimum
4-HNE releasing molecule would be soluble in aqueous systems
and free of heavy atoms. Despite the deleterious effect of having an
electron-withdrawing group attached to the anthraquinone itself,
the synthetic difficulty in working with 29 led us to 24 as a suitable
water soluble caged 4-HNE candidate. Hence, we studied the
photochemistry of 24 in buffered solutions at pH 5.0, 7.0 and
9.0, respectively. We also carried out a comparison of 24 with the
previously prepared 32 and 25 using the conditions and procedures
described in Scheme 5 and Table 1. The results of this study are
shown in Table 2. By dissolving the caged HNE 24 in aqueous

Table 2 Relative rate of the disappearance of caged HNE

Entry Substrate Solvent” Relative rate
1 25 A 1.00
2 24 A 1.25
3 32 A 2.10
4 24 B 3.96

The monochromator used was set at 405 nm (5 nm).” For solvent
conditions, see Scheme 5.

solvent, which is not possible with caged HNE 32, the photorelease
of HNE was rendered more efficient by a factor of approximately
three (3.96-1.25, Table 2, entries 4 and 2, respectively).

The caged 4-HNE 24 was freely soluble at 10 mM in all buffers
studied and the yields of 4-HNE were high in all systems. 4-HNE
was obtained in 84%, 87% and 97% yield in pH 5.0, 7.0, and 9.0
buffers, respectively (Scheme 8). Separation of 4-HNE from 33
was accomplished by simple chemical extraction. In addition, 33
can be recycled to make additional caged aldehydes.

o}
HJ‘W%H”
— CsH .
o o/\/Y 5111 OH 4-HNE
OH B
0N ea,_ g g
. OO
24 R =CO,K
32 R=H °© R
33 R=CO.K
13 R=H

Scheme 8 Reagents and conditions: (i) hv (419 nm), buffer; (i) petroleum
ether extraction; (iii) 1 N HCI, ether extraction. See text for yields.

Conclusions

Substituent effects were observed on the rate of photocleavage of
1-alkoxy-9,10-anthraquinones with electron-withdrawing groups
in conjugation with the quinone slowing the reaction. A significant
heavy atom inhibition was also observed. The effect of solvent and
ionic strength had a slight accelerating effect on the reaction. These
observations are consistent with the efficiency of the reaction
being determined by the partitioning of the triplet 1,5-diradical
between single-electron transfer (SET) and intersystem crossing
(ISC). Factors that favor SET accelerate the reaction while those
favoring ISC slow the reaction. Using this data, we designed a
water soluble caged 4-HNE that photochemically released 4-HNE
in high yield using visible light. Our previous work has shown
that the photochemical cleavage proceeds under both aerobic and
anaerobic conditions.* Hence, this second generation of caged
aldehydes represents an important advance in PDT agents that can
be photo-activated with visible light and under hypoxic conditions.
Initial investigations on the biological viability of these agents are
underway. Additionally, synthetic work continues to extend the
chromophore of these agents toward longer wavelengths, which
will increase their utility in biological systems.
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Experimental section
General

Unless otherwise indicated, all reagents and solvents were ob-
tained commercially and used without further purification. Melt-
ing points were measured on a Meltemp II apparatus and are
uncorrected. Thin-layer chromatography was performed on silica
gel (250 um thickness doped with fluorescein) unless otherwise
indicated. The chromatograms were visualized with UV light
(254 nm or 365 nm). Column chromatography was performed
using silica gel (60 A) or basic alumina (58 A). HPLC analyses
were carried out using a Shimadzu LC-10AT LC with SPD-10AV
UV-Vis detector and a Daicel Chiracel OD-H column with an
eluent of 95 : 5 hexane-iPrOH. 'H and *C NMR spectra were run
on a Bruker 300 MHz or 500 MHz NMR spectrometer. All photo-
chemical reactions were carried out in Pyrex glassware. Preparative
solutions were stirred by magnetic stirring throughout photolysis.
Anaerobic reactions were degassed by three cycles of freeze—
pump-thaw; the solutions were not backfilled with Ar. Solutions
were photolyzed in borosilicate NMR tubes, unless otherwise
indicated, using a monochromator (Oriel) set to 405 nm with a
10 nm bandpass in conjunction with a focused 150 W Hg/Xe
lamp. CCDC 650843 contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge via
http://www.ccdc.cam.ac.uk/products/csd/request/, by emailing
data request@ccdc.cam.ac.uk, or by contacting The Cambridge
Crystallographic Data Centre, 12, Union Road, Cambridge CB2
1EZ, UK; fax: +44 1223 336033.

1-Benzyloxy-2-propyl-9,10-anthraquinone 25 (Method A). To
a yellow-orange solution of 13" (3.76 mmol) in 1 : | DMF-
THF (38 ml) was added benzyl bromide (15.0 mmol) and TBAF
(7.51 mmol). The solution turned a deep purple and was stirred
for eight hours. The reaction was considered finished when the
reaction mixture had turned back to a yellowish color. The crude
mixture was diluted with EtOAc, washed with 1 N HCI, extracted
with EtOAc (2 x 100 ml), washed with water (3 x 200 ml), washed
with brine (200 ml) and concentrated via rotary evaporation. The
crude solid was recrystallized from hexanes to give yellow needles
(1.0 g, 76%). Mp 98.0-99.5 °C (hexanes); found C, 80.6; H, 5.7.
Calced. for C,,H0;: C, 80.9; H, 5.7%; IR (nujol) 3400-2400,
3032, 2924, 1684, 1674, 1593 cm™; ¢ (405 nm) 1325 M~ ecm™; 6y
(300 MHz, CDCl;, Me,Si) 0.93 (t,J = 7.4 Hz, 3H, CH;), 1.58-1.71
(m, 2H, CH,), 2.67-2.72 (m, 2H, Ar-CH,), 5.05 (s, 2H, OCH,),
7.34-7.47 (m, 3H, Ar-H), 7.60-7.64 (m, 3H, Ar-H), 7.73-7.82 (m,
2H, Ar-H), 8.12 (d, J = 7.9 Hz, 1H, Ar-H), 8.25-8.33 (m, 2H, Ar-
H); 6.(125 MHz, CDCl;) 183.2, 182.7, 157.5, 145.5, 137.2, 135.6,
134.9, 134.1, 133.8, 133.4, 132.7, 128.5, 128.3, 128.1, 127.3, 126.6,
125.9, 123.6, 76.2, 32.5, 23.3, 14.0. HRMS (EI): found MNa+
379.1302, C,,H,,0O;Na+ requires 379.1305.

1-Benzyloxy-4-bromo-2-propyl-9,10-anthraquinone 15. Using
Method A, 14 (7.28 g, 21.1 mmol) gave yellow-orange crystals
(8.5 g,93%). Mp 123.0-125.0 °C (hexanes); found C, 66.05; H, 4.3;
Br, 18.65. Calcd. for C,,H,BrOs: C, 66.2; H, 4.4; Br, 18.4%. IR
(nujol) 3030, 2954, 1675, 1593, 1568 cm™; ¢ (405 nm) 792 M~ cm™;
6y (300 MHz, CDCl;, Me,Si) 0.93 (t, J = 7.3 Hz, 3H, CH;), 1.56—
1.68 (m, 2H, CH,), 2.61-2.66 (m, 2H, CH,), 5.04 (s, 2H, OCH,),
7.36-7.46 (m, 3H, Ar-H), 7.55-7.58 (m, 2H, Ar-H), 7.73-7.79

(m, 2H, Ar-H), 7.85 (s, IH, Ar-H), 8.18-8.25 (m, 2H, Ar-H); .
(75 MHz, CDCL,) 182.5, 182.3, 157.5, 145.9, 142.3, 136.8, 134.1,
133.8, 133.7, 133.6, 130.1, 128.6, 128.5, 128.4, 128.3, 126.8, 126.7,
117.2,76.9, 32.1, 23.1, 14.0.

1-(4-Hydroxy-2-nonenyloxy)-4-cyano-2-propyl-9,10-anthraquin-
one 22. Using Method A, 20 and 21* (226 mg, 0.776 mmol) gave
a yellow solid (241.9 mg, 74%). Mp 90.0-92.0 °C; found: C, 74.95;
H, 6.9; N, 3.1. Calcd. for C,;H,NO,: C, 75.15; H, 6.8; N, 3.25%.
Sy (300 MHz, CDCl;, Me,Si) 0.88-0.92 (m, 3H, CHj), 1.01 (t,
J =17.4 Hz, 3H, CH,), 1.25-1.55 (m, 8H, 4 CH,), 1.64-1.75 (m,
2H, CH,), 2.75-2.80 (m, 2H, CH,), 4.15-4.24 (m, 1H, CHOH),
4.59 (d, J =5.8 Hz, 2H, OCH,), 6.22 (dd, J = 15.6, 6.0 Hz, =CH),
6.00-6.09 (m, 1H, =CH), 7.79-7.86 (m, 2H, Ar-H), 7.92 (s, IH,
Ar-H), 8.22-8.27 (m, 1H, Ar-H), 8.28-8.32 (m, 1H, Ar-H). J
(75 MHz, CDCl,) 181.6, 160.8, 145.7, 141.1, 138.3, 135.6, 134.8,
134.2, 134.0, 132.1, 127.6, 127.2, 126.8, 124.9, 118.0, 106.9, 72.0,
63.7, 37.1, 32.3, 31.7, 25.0, 23.0, 22.6, 14.00, 13.97. HRMS (EI)
found MH+ 454.1981; C,;H»,O,H+ requires 454.1989.

1-Benzyloxy-2,4-dibromo-9,10-anthraquinone 8. Using Method
A, 7% (26.2 mmol) and benzyl bromide (104.7 mmol) gave 8
(11.52 g, 93%). Mp 172.0-174.0 °C (CH,OH); found: C, 53.4; H,
2.6; Br, 33.8. Calcd. for C,H,,Br,05: C, 53.4; H, 2.6; Br, 33.9%. 6y
(300 MHz, CDCl;, Me,Si) 5.16 (s, 2H, OCH,), 7.35-7.47 (m, 3H,
Ar-H), 7.69-7.73 (m, 2H, Ar-H), 7.75-7.81 (m, 2H, Ar-H), 8.16—
8.23 (m, 2H, Ar-H), 8.30 (s, 1H, Ar-H); o (75 MHz, CDCl,)
181.9, 181.4, 155.7, 144.6, 136.0, 134.13, 134.07, 133.7, 133.4,
131.9, 130.0, 128.9, 128.6, 127.3, 127.0, 126.8, 117.6, 76.1. HRMS
(EI) found MNa+ 494.9022; C,,H,,Br,O;Na+ requires 494.9025.

2-(1-(Benzyloxy)-9,10-anthraquinonyl)-acetic acid 29. Using
Method A, 2-allyl-1-hydroxy-9,10-anthraquinone (1.0 g,
3.79 mmol) and benzyl bromide (15 mmol, 2.56 g) gave 2-allyl-
1-benzyloxy-9,10-anthraquinone (29a) (584 mg, 1.65 mmol,
44%). Crude alkene 29a (250 mg, 0.70 mmol) was dissolved in
dichloromethane (30 mL) and cooled in a dry ice—acetone bath.
Ozone was bubbled through the solution until a persistent blue
color was observed. Dimethyl sulfide (10 mL) was added and
the cold bath removed. The solution was allowed to stir for
6 h. The solution was concentrated in vacuo to give a yellow
solid. The solid was dissolved in CHCl; (5 mL) and precipitated
by the addition of hexane (10 mL). The solid was collected by
filtration and washed extensively with hexane. The crude aldehyde
(29b) was carried on without further purification. Crude yield:
222 mg, 0.62 mmol, 89%. Aldehyde 29b (154 mg, 0.43 mmol)
and 2-methyl-2-butene (6 mL) were dissolved in tBuOH (25 mL)
and cooled in an ice-water bath. To this solution was added,
dropwise, a solution of NaH,PO, (415 mg, 3.06 mmol) and
NaClO, (442 mg, 3.86 mmol) in water (8§ mL). The resulting
mixture was allowed to warm to ambient temperature and stir
overnight (14 h). The reaction mixture was poured into 0.1 M
HCI (aq.) (100 mL) and extracted 3 x 50 mL with EtOAc. The
combined organic layers were washed with water (1 x 50 mL),
brine (1 x 50 mL), dried over MgSO, and concentrated in vacuo
to give a yellow solid. The crude solid was recrystallized from hot
hexane—EtOAc to give the desired acid as yellow crystals (80 mg,
0.22 mmol, 50%). &y (300 MHz, DMSO-d6, Me,Si) 11.3 (bs,
1H, OH), 8.19 (m, 2H, Ar-H), 8.08 (d, / = 8.1 Hz, 1H, Ar-H),
7.72 (m, 2H, Ar-H), 7.62 (d, J = 8.1 Hz, 1H, Ar-H), 7.49 (d,
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J = 6.6 Hz, 2H, Ar-H), 7.30 (m, 3H, Ar-H), 5.00 (s, 2H,
OCH,), 3.66 (s, 2H, CH,). 6. (75 MHz, DMSO-d6) 183.1, 182.9,
175.3, 158.1, 137.2, 137.1, 136.6, 135.7, 135.2, 134.6, 134.1, 133.0,
129.10,129.05, 128.5,127.8,127.1,126.3, 124.1, 60.8, 35.9. HRMS
(EI) found MNa+ 395.0884; C,;H,(OsNa+ requires 395.08990.

1-Benzyloxy-2-bromo-4-cyano-9,10-anthraquinone 9 (Method B).
To a suspension of 8 (2.12 mmol) in DMF (21 ml) was added
cuprous cyanide (4.24 mmol). The reaction mixture was then
heated to 75 °C and stirred for 22 hours. The reaction was
considered complete by TLC (1 : 1 EtOAc-hexanes). The crude
mixture was diluted with ethyl acetate (250 ml), washed with 1 N
HCI (250 ml), water (2 x 250 ml), brine (100 ml), dried with
M¢gSO,, and concentrated via rotary evaporation. The crude solid
was then preabsorbed onto basic alumina and purified through a
basic alumina plug (3 : 1 CHCl;—hexanes to neat CHCl;) to give a
yellow solid (571.3 mg, 74%). Mp 238.0-240.0 °C. & (300 MHz,
DMSO-d6, Me,Si) 5.12 (s, 2H, OCH,), 7.35-7.48 (m, 3H, Ar-
H), 7.62-7.65 (m, 2H, Ar-H), 7.92-8.00 (m, 2H, Ar-H), 8.16—
8.22 (m, 2H, Ar-H), 8.76 (s, 1H, Ar-H). 6. (75 MHz, DMSO-d6)
180.6, 180.5, 158.4, 143.5, 136.9, 136.1, 135.0, 134.4, 133.7, 131.8,
128.6, 128.39, 128.36, 128.3, 126.8, 126.5, 126.3, 116.6, 107.1, 75.9.
HRMS (EI) found MNa+ 439.99065; C,H,,BrNO;Na+ requires
439.989273.

1-Benzyloxy-4-cyano-2-propyl-9,10-anthraquinone 16. Using
Method B, 15 (2.30 mmol) gave 16 as a pure yellow solid (864.1 mg,
99%). Mp 158.0-160.0 °C (hexanes); found: C, 78.26; H, 4.85; N,
3.62. Caled for C,,H yBrO;: C, 78.72; H, 5.02; N, 3.67%. IR (nujol)
3058, 3032, 2943, 1676, 1592, 1528 cm™; ¢ (405 nm) 438 M~ cm™;
6u (300 MHz, CDCl;, Me;Si) 0.92 (t, J = 7.3 Hz, 3H, CH,),
1.54-1.67 (m, 2H, CH,), 2.64-2.69 (m, 2H, Ar-CH,), 5.09 (s, 2H,
OCH,), 7.36-7.46 (m, 3H, Ar-H), 7.51-7.54 (m, 2H, Ar-H), 7.82—
7.85 (m, 2H, Ar-H), 7.92 (s, 1H, Ar-H), 8.28-8.33 (m, 2H, Ar-
H). éc (75 MHz, CDCl,) 181.5, 180.8, 160.9, 145.9, 141.1, 136.3,
135.6, 134.7, 134.2, 134.0, 132.0, 128.64, 128.56, 138.4, 127.3,
127.2,126.8,118.0,106.9,77.4,32.2,22.9, 13.9. HRMS (EI) found
MNa+ 404.12579; C,sH,yNO;Na+ requires 404.125712.

1-Benzyloxy-2-bromo-9,10-anthraquinone-4-carboxylic acid 11.
(Method C). To a suspension of 9 (2.06 mmol) in 74% EtOH
(18 ml) was added a 2.5 M solution of NaOH (8.24 mmol). The
reaction mixture, which reddened over the course of the reaction,
was refluxed for 35 minutes and was considered complete via TLC
(1 : 1 EtOAc-hexanes). The reaction mixture was poured into
3% H,SO, (4 ml), forming a yellow precipitate. The crystals were
cooled to 0 °C, filtered, and washed with water (2 x 30 ml). The
yellow crystals were then dried in vacuo (768.7 mg, 93%). Mp
214.0-216.0 °C (CH;0H). IR (nujol) 3300-2450, 3033, 2924, 1682,
1674, 1594, 1538 cm™; ¢ (405 nm) 1380 M~ cm™; 8 (300 MHz,
DMSO-d6, Me,Si) 5.07 (s, 2H, OCH,), 7.37-7.48 (m, 3H, Ar-H),
7.66-7.68 (m, 2H, Ar-H), 7.88-7.99 (m, 2H, Ar-H), 8.10-8.21 (m,
2H, Ar-H), 8.21 (s, IH, Ar-H). 8. (75 MHz, DMSO-d6) 181.7,
180.9, 168.6, 155.4, 136.4, 136.3, 134.8, 134.2, 133.9, 133.3, 132.0,
131.3,128.5,128.3,128.2, 127.6, 126.9, 126.7, 126.2, 75.1. HRMS
(EI) found MH+ 436.99912; C,,H,;BrOsH+ requires 437.001912.

1-Benzyloxy-2-propyl-9,10-anthraquinone-4-carboxylic acid 17.
Using Method C, 16 (0.865 mmol) gave 17 as a yellow solid
(268.6 mg, 78%). Mp 153.0-156.0 °C (CH;0H). The sodium or
potassium salt (18 or 19, respectively) was obtained by treating

17 in THF with 1 equiv. of the corresponding metal hydride,
stirring and concentrating. Found C, 74.60; H, 4.89. Anal. calcd.
for C,H,Os: C, 74.99; H, 5.03%. IR (nujol) 3500-2400, 3034,
2922, 1695, 1592 cm™; ¢ (405 nm) 870 M~ cm™; 8, (300 MHz,
CDCl;, Me,Si) 0.95 (t, J = 7.3 Hz, 3H, CH;), 1.59-1.72 (m, 2H,
CH,), 2.68-2.73 (m, 2H, Ar-CH,), 5.06 (s, 2H, OCH,), 7.36-7.48
(m, 3H, Ar-H), 7.57-7.61 (m, 2H, Ar-H), 7.71 (s, 1H, Ar-H),
7.76-7.85 (m, 2H, Ar-H), 8.24-8.32 (m, 2H, Ar-H). 8. (75 MHz,
CDCl;) 182.7,182.2,173.5,158.9,145.8,136.8,134.6, 134.4, 134.2,
133.8, 132.4, 131.4, 130.0, 128.6, 128.4, 127.4, 127.0, 126.2, 76.8,
32.4,23.1, 14.1. HRMS (EI) found MH+ 401.13822; C,sH,,OsH+
requires 401.138351.

1-(4-Hydroxy-2-nonenyl)oxy-2-propyl-9,10-anthraquinone-4-car-
boxylic acid (water soluble, caged 4-HNE) 23. Using Method
C, 22 (358 mg, 0.834 mmol) gave a yellow powder (244.8 mg,
65%). Mp 163.0-170.0 °C dec (CH;0H). IR (nujol) 3420-2550,
3030, 3020, 2930, 1695, 1677, 1592, 1557 cm™; 8y (300 MHz,
CDCl;, Me,Si) 0.90 (m, 3H, CHj;), 1.00 (t, J = 7.4 Hz, 3H, CH,),
1.27-1.58 (m, 8H, C,H,), 1.63-1.76 (m, 2H, CH,), 2.74-2.79 (m,
2H, CH,), 4.19-4.25 (m, 1H, CHOH), 4.55 (d, J = 6.0 Hz, 2H,
OCH,), 5.93 (dd, J = 6.0, 15.4 Hz, 1H, =CH), 6.04-6.13 (m, 1H,
=CH), 7.61 (s, |H. Ar-H), 7.73-7.83 (m, 2H, Ar-H), 8.19-8.27 (m,
2H, Ar-H), 10.23 (bs, 1H, CO,H). 6. (75 MHz, CDCl;) 182.7,
182.2,172.8, 158.8, 145.6, 137.7, 134.5, 134.8, 134.2, 133.8, 132.4,
131.2,130.0, 127.3, 127.0, 126.1, 125.6, 74.8, 72.2, 37.1, 32.5, 31.7,
25.0, 23.2, 22.6, 14.1, 14.0. HRMS (EI) found MH+ 451.20948;
C,,H;O4H+ requires 451.21152.

4-Bromo-1-hydroxy-2-propyl-9,10-anthraquinone 14. To a so-
lution of 13 (22.5 mmol) in glacial acetic acid (11.2 ml) was
added sodium acetate (67.4 mmol) and bromine (67.4 mmol). The
reaction mixture was stirred under Ar at 50 °C for 4.5 hours and
was considered complete when no starting material was visible
by '"H NMR. Distilled water (100 ml) was added to the reaction
mixture, and it was cooled to 0 °C. The product was concentrated
via vacuum filtration and dried in vacuo to give a yellow-orange
powder (7.28 g, 94%). Mp 134.0-136.0 °C (CH;OH). Found: C,
59.07; H, 3.76; Br, 23.07. Calcd. for C;H,;BrO;: C, 59.15; H, 3.80;
Br, 23.15%. IR (nujol) 3300-2900, 3086, 3052, 2964, 2932, 1670,
1627, 1591, 1584 cm™; 6 (300 MHz, CDCl;, Me,Si) 1.02 (t, J =
7.3 Hz, 3H, CH;), 1.63-1.77 (m, 2H, CH,), 2.69-2.74 (m, 2H,
Ar-CH,), 7.75 (s, 1H, Ar-H), 7.75-7.85 (m, 2H, Ar-H), 8.26-8.31
(m, 2H, Ar-H), 13.71 (s, 1H, Ar-OH). . (75 MHz, CDCl;) 188.4,
181.1, 161.6, 143.3, 140.3, 134.9, 134.2, 133.8, 132.2, 127.8, 127.6,
126.5, 116.9, 113.2, 31.6, 22.0, 13.9.

4-Cyano-1-hydroxy-2-propyl-9,10-anthraquinone 20. A solu-
tion of 16 (1.70 g, 4.46 mmol) in 12 : 7 : 1 AcOH-MeOH-H,O
(1.0 L) was photolyzed (MPL with UO, filter, hv > 340 nm)
in a 1 L immersion well. The reaction was considered complete
after 2 hours via TLC (alumina, CH,Cl,). The reaction solution
was concentrated in vacuo and purified via flash chromatography
(silica, 3 : 1 CH,Cl,~hexanes). The fractions containing product
were combined and concentrated in vacuo to give a yellow solid
(980.5 mg, 75%). Mp 185.0-186.0 °C (CH;OH). Found: C, 74.22;
H, 4.43; N, 4.87. Calcd. for C,sH;NO; requires C, 74.22; H, 4.50;
N, 4.81%. IR (nujol) 3250-2800, 3072, 3055, 2964, 2932, 2218,
1674, 1638, 1589, 1580 cm™; 6y (300 MHz, CDCl;, Me,Si) 1.02 (t,
J =17.3Hz, 3H, CH;), 1.67-1.79 (m, 2H, CH,), 2.73-2.80 (m, 2H,
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Ar-CH,), 7.81 (s, 1H, Ar-H), 7.84-7.91 (m, 2H, Ar-H), 8.30-8.39
(m, 2H, Ar-H), 13.62 (s, 1H, Ar-OH). 8. (75 MHz, CDCL,) 188.6,
180.1, 163.9, 141.1, 139.7, 135.5, 134.7, 133.7, 133.1, 133.3, 132.3,
128.0, 127.1, 118.2, 115.9, 102.3, 31.6, 21.9, 13.9.

1-(1-Phenylethyl)-9,10-anthraquinone 31. To a solution of 6
(1.32 g, 5.9 mmol) in dry THF (120 mL) under Ar in an oven
dried flask was added, sequentially, Ph;P (1.94 g, 7.4 mmol), 1-
phenylethanol (1.07 g, 8.8 mmol) and DIAD (2.50 g, 10.3 mmol).
The solution was stirred at 60 °C for 1 h. The solvent was removed
in vacuo and the residue subjected to column chromatography
over silica (hexanes—EtOAc). Compound 31 thus obtained was
recrystallized from methanol to give yellow crystals (1.25 g,
3.8 mmol, 64%). (S)-31 could be prepared using the same
procedure but starting with (R)-1-phenylethanol instead of the
racemate. Optical purity was determined by analytical HPLC. Mp
92.0-93.0 °C; found C, 80.34; H, 4.86. Calcd. for C,,H,;O;: C,
80.46; H, 4.91%. IR (nujol) 3064, 3052, 3044, 2987, 2935, 1668,
1662, 1584, 1495 cm™; 6y (300 MHz, CDCl;, Me,Si) 1.82 (d, J =
6 Hz, 3H), 5.53(q, / = 6 Hz, 1H), 7.19 (d, J/ = 9 Hz, 1H), 7.28 (d,
J =9 Hz, 1H), 7.35 (t, J/ = 8 Hz, 2H), 7.51 (q, J = 7.5 Hz, 3H),
7.77 (dtd, J = 1.5 Hz, 3.9 Hz, 8 Hz, 2H), 7.89 (d, J = 6 Hz, 1H),
8.24(dd, J = 1.5Hz, 6 Hz, 1H), 8.34 (dd, / = 1.5 Hz, 4 Hz, 6 Hz,
1H); 6. (300 MHz, CDCI;) 183.7, 182.4,158.9, 142.5,135.9, 135.3,
134.6, 134.4,133.3, 132.7, 129.0, 128.0, 127.4, 126.7, 125.9, 122.5,
121.5, 120.0. HRMS (EI) found MNa* 351.0982; C,,H,;O;Na*
requires 351.0992.

Relative quantum yields (rates) of 25, 15, 16, 17, 18,29. UV-
VIS spectra were taken of all compounds at 250 uM. Absorbances
were normalized to the absorbance of 17 at 405 nm at a concentra-
tion of 5 mM. The molar absorptivities of 25, 15, 16, 17, 18, and 29
were 1325, 792, 438, 870, 1876, 1345, respectively. The necessary
concentrations of 25, 15, 16, 18, and 29 were calculated to be
2.75mM, 4.60 mM, 8.31 mM, 4.0 mM, and 2.5 mM, respectively,
using Beer’s law. Experiments probing the heavy atom effect used
0,28, 55, 110 mM iodoform, and 110 mM chloroform against 25.
All substrates were dissolved in 1 : 4 DMSO-d6-CD;OD or 1 : 4
DMSO-d6-D,0. Due to the lack of solubility of 16 in this solvent
system at 8.31 mM, this substrate was diluted to 4.16 mM. 2.4,6-
Trimethylbenzoic acid (1 equiv.) was added to each sample as an
internal standard; the sodium salt of 2,4,6-trimethylbenzoic acid
(1 equiv.) was used for the D,O sample. Stock solutions of each
sample were prepared; for each experiment, 500 pul was transferred
to an NMR tube. Then, a 0 minute '"H NMR was performed with
arelaxation delay of 5 seconds and 64 scans. The aromatic protons
of the internal standard (6 6.87, 2H) were integrated against the
benzyl signal (6 5.05, 2H) of each substrate. The samples were
irradiated with a monochromator by Oriel Instruments (model #
66901) equipped with a grating monochromator (model # 77250).
The monochromator was set to 405 nm with a 10 nm bandpass.
The samples were placed in a foiled chamber 20 cm from the slit.
Time points of 4, 8, 12, 16 and 20 minutes were taken. All samples
were run with and rates referenced to 25.

Release of 4-HNE in aqueous solution. 24 (0.0819 mmol) was
dissolved in a buffered solution (pH 5.0, 7.0, or 9.0; 32.7 mL) and
irradiated with a Rayonet reactor (16 lamps with peak emission at
419 nm) for 2.5 hours. The aqueous solution was extracted with

petroleum ether (3 x 60 ml). The petroleum ether was concentrated
in vacuo to give 4-HNE. The aqueous layer was then diluted
with diethyl ether and acidified with 1 N HCI. NaCl (s, 1 g) was
added, and the aqueous layer was extracted with diethyl ether (2 x
60 ml). The organic extracts were combined, dried with MgSQ,,
and concentrated in vacuo to give 33. 1-Hydroxy-2-propyl-9,10-
anthraquinone-4-carboxylic acid 33. Mp 243.0-250.0 °C dec. oy
(300 MHz, DMSO-d6, Me,Si) 0.93 (t, J = 7.4 Hz, 3H, CH,), 1.56—
1.68 (m, 2H, CH,), 2.65-2.70 (m, 2H, Ar-CH,), 7.51 (s, 1H, Ar-H),
7.91-7.96 (m, 2H, Ar-H), 8.09-8.12 (m, 1H, Ar-H), 8.19-8.23 (m,
1H, Ar-H), 13.14 (bs, 1H, Ar-OH). 6. (75 MHz, DMSO-d6) 188.8,
181.1,170.2, 159.9, 137.9, 135.2, 135.0, 134.5, 133.2, 132.4, 127.1,
126.8, 126.5, 114.7, 31.0, 21.8, 13.8. HRMS (EI) found MNa+
333.07492; C\sH,,OsNa+ requires 333.07334.
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Libraries of cyclic decapeptides were screened with vitamin B,, derivatives to give cyclic peptide ligands
incorporating histidine and cysteine as coordinating residues and negatively charged amino acids. Two
hits, cyclo-(HisAspGluProGlylleAlaThrPropGln) and cyclo-(ValAspGluProGlyGluAspCysPropGln)
were resynthesized in good yields for solution experiments. The peptides bind aquocobalamin with
coordination of His or Cys to the cobalt with high affinities (K, ~10° M™). Additional interactions
between the peptide side chains and the vitamin B, corrin moiety were determined by studying the 'H
NMR solution structure. The cyclopeptide—cobalamin complex with the histidine residue showed
enhanced stability towards cyanide exchange, demonstrating the shielding effect of the ligand on the

metal center.

Introduction

Proteins binding to porphyrin-type cofactors create a large shell
around them that affects their reactivity and stability for transport
and catalysis. Coordination of these cofactors to smaller peptide-
based models of these proteins provides useful systems to study
their essential properties. While many such model-systems have
been reported based on linear peptides' and dendrimers,* there
are only very few studies of cyclic peptide ligands, which only
concern heme so far.? Herein we report the first cyclic peptide
complexes of vitamin Bj,, a corrin-containing cofactor bound
in vivo to transport proteins and enzymes.* The complexes show
enhanced stability compared to small molecule analogs and a
reduced reactivity towards nucleophiles, as observed for related
dendritic peptide ligands.* The '"H NMR-structure of the complex
shows a cobalt—cysteine residue bond and additional multiple
contacts between the cyclodecapeptide and the corrin ring. This
cyclic peptide features a remarkably simple and well-defined model
of B),-binding proteins. Peptide-based ligands for vitamin B,, such
as the cyclodecapeptides reported here, might find application as
adjuvants for B,-formulations for facilitating uptake by patients
deficient in this intrinsic factor.®

Results and discussion

Ligand library design and synthesis

Cyclic decapeptides incorporating a pair of B-turn inducing
Pro-Gly dipeptides display a preorganized structure originally
designed as an anchoring point for the attachment of further
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T Electronic supplementary information (ESI) available: Plots of exchange
kinetics with cyanide, HPLC traces of bead analysis, tables for non-hits
and sequences picked randomly, analytical HPLC profiles and +ESI-MS
data. See DOI: 10.1039/b811234¢g

peptides to assemble so-called RAFT-proteins.” We considered
the recently reported solid-supported RAFT synthesis starting
with side-chain attachment at a D-glutamate residue® for the solid-
phase synthesis of a split-and-mix combinatorial library.” The D-
glutamate residue at position X' is part of one of the two conserved
turn dipeptides (qP at X'X? and GP at X°X’), separating two
variable tripeptides X*X*X® and X*X°X' (see Scheme 1). The
amino acids at the variable positions were assigned following our
recently reported “unique pair” algorithm called TAGSFREE."
This algorithm creates libraries in which peptide sequences can be
assigned from the amino acid composition analysis. The method
is particularly advantageous for cyclic peptides, which are not
amenable to Edman sequencing.™

The 15625 member “unique pair” combinatorial library with
5 amino acids at each of the 6 variable positions was designed
for potential Bj,-binding by coordination of the cobalt with
a histidine or cysteine side-chain, by placing these residues at
variable positions on either side of the RAFT framework (cysteine
at positions X® and X° and histidine at positions X* and X'?).
The other 13 amino acids allowed by the unique pair design
were distributed along the variable positions to cover a variety
of charged, hydrophobic, aromatic, small and polar residues.

The library was prepared using Fmoc-chemistry on a 1 g batch
of Rapp Polymers TentaGel Macrobeads (0.3 mmol g™', 1.6 X
10° beads per gram) allowing 10-fold coverage of sequence space.
The synthesis was completed by removal of the o-N-Fmoc group,
deallylation of the a-carboxyl group of the D-glutamate at position
X!, and on-bead cyclization using PyBOP-DIEA in DMF (2 x
60 min). In the final step of the synthesis, side-chain protecting
groups were removed by acidic treatment, leaving the on-bead
library of cyclic decapeptides ready for activity screening.

On-bead binding assay and ligand synthesis

The cyclodecapeptide library was assayed for aquocobalamin
binding. A portion of the library (10 mg) was first equilibrated
in aqueous PBS (20 mM phosphate, 150 mM NacCl, pH 7.4), and
then incubated with the vitamin, followed by extensive washing
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Trp Ser Thr Arg Arg Thr

Synthesis and structure of the cyclic peptide library. The solid support is Rapp TentaGel Macrobeads (0.3 mmol g™, 1.6 x 10° beads per g).

Using five o-N-Fmoc protected amino acids at positions X" (n = 3-5, 8-10) gives a library of 5° = 15625 members. Conditions: (a) 3 eq. Fmoc protected

amino acid, 3 eq. PyBOP, 6 eq. DIEA, DMEF, 2 x 60 min. (b) Ac,O-CH,Cl, (1:
1, v/v), mixed via nitrogen bubbling for 15 min, and the batch was split into five equal portions 1-5 by volume.

was suspended in DMF-CH,CI, (2 :

1), 15 min. (c) 20% piperidine in DMF, 3 x 10 min. (d) The resin batch

(e) In each portion X,* (b = 1-5): 3 eq. Fmoc-X,*-OH, 3 eq. PyBOP, 6 eq. DIEA, DMEF, 2 x 60 min. (f) PhSiH;, Pd(PPh;),, dry CH,Cl,, under argon,
2 x 30 min. (g) PyBOP, DIEA, DMF 2 X 45 min (h) TFA-TIS-H,O-EDT (94:1:2.5:2.5,v/v) 3 h.

and visual detection of stained beads. Under optimized assay
conditions (100 uM aquocobalamin in PBS at 25 °C for 2.5 hours),
only very few beads remained stained (less than 2%, Fig. 1).
Deep red colored beads were picked and subjected to amino acid
analysis. From 24 beads, 18 returned a readable sequence (Table 1).
While control beads picked at random from the library showed
no sequence preference (Table S3 in the ESI}), the B),-stained
beads were rich in anionic (Glu at X°/X® and Asp at X*/X°) and
hydrophobic residues (Leu, Val, Ile). In twelve sequences cysteine
residues were present while histidine was found in one sequence
as the only possible coordinating residue and in two with cysteine.
Five beads gave no coordinating residues but incorporated the
anionic residues as well. On the other hand, cationic and aromatic
residues were almost absent (Table 1, Table 2). The obtained results
indicate the possible coordination of cysteine to cobalt as a binding
feature. Coordination to cobalt was also suggested by the absence
of hits when the library was screened with cyanocobalamin or
methylcobalamin, where the ligands in the upper side can not be
easily exchanged.

The cyclodecapeptide sequences 3a, 3b with His, 4, 11 with Cys,
9a with both coordinating residues and sequence 12 without His or
Cys were selected as representative hits from the screening. They
were synthesized on Rink-amide resin using on-bead cyclization as
above, followed by acidic deprotection and HPLC purification of
the cleaved cyclic peptides, providing the material in good yields
and purity (Table 3). For comparison, the corresponding linear
sequences (4" and 4'Ac) were also synthesized and isolated by
HPLC. In addition, we prepared the mutant 4His of peptide 4 in
which the coordinating cysteine residue is replaced by histidine.
Although the screening method gave mainly cyclic peptides with
cysteine, the His containing ligands better simulate the binding
mode of aquocobalamin in the transport protein transcobalamin,

Table 1 Hits from cyclodecapeptide library X'"X°X*-Pro-Gly-X>X*X3-
Pro-gin

Xm X9 X8 XS X4 X3
1 Ser Asp Glu Glu Arg Cys
2a“ Ser Tyr Leu Glu Asp Cys
3a® His Asp Glu Ile Ala Thr
4 Val Asp Glu Glu Asp Cys
5 Val Cys Glu Glu Leu Thr
6a“ Val Ser Glu Ile Asp Thr
Ta! Val Ser Leu Glu Asp Ala
8 Val Asp Glu Val Asp Thr
9a° His Cys Thr Glu Leu Ala
10 Ser Ile Glu Glu Trp Cys
11 Val Ile Glu Glu Asp Cys
12 Val Tle Glu Glu Asp Ala
132 Val Asp His Glu Ala Cys
14a¢ Val Asp Leu Glu Ala Cys
15a" Val Ser Leu Glu Asp Cys
16 Val Ile Glu Glu Leu Thr
17a Val Ser Tyr Glu Ala Cys
182 Val Ile Leu Glu Asp Cys

Alternative sequences from decoding:* SDYEKC; ®HITEDA (3b);
¢SIEVDT; “SDEVLA; e HCLEAT; YHDEVAC, VCHEDA, HCEVDA;
¢ VCLEDA; " SDEVLC; ' STEVAC;’ VDEILC.

where a histidine residue is coordinated on the upper phase of the
cofactor.”

Binding affinities to B,,

The binding affinities of the synthesized hits 3a, 3b, 4, 9a, 11 and
12 for aquocobalamin were determined by UV-titration (Fig. 2,
Table 4). The cyclic peptides 4 and 11 coordinate the cobalamin
with the cysteine residue as evidenced by the UV changes whereas
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Table 2 Hit percentage occurrence of the amino acid at the given position: H% (P%), H% is the percentage occurrence of the amino acid at the given
position in picked hits; the relative occurrence P% is the observed frequency of the amino acid at the given position across a random analysis of 24 beads

(see ESIT)
No. AA X1 X° X# X3 X* X3
1 Tyr 6% (36%) 6% (25%)
2 His 14% (18%) 3% (21%) 0% (21%)
3 Phe 0% (21%) 50% (5%)
4 Cys 17% (20%)
5 Glu 67% (14%) 72% (14%)
6 Ile 31% (18%) 8% (38%)
7 Lys 0% (5%) 0% (25%)
8 Asp 36% (13%) 47% (13%)
9 Ser 28% (7%) 11% (14%)
10 Val 58% (21%) 19% (18%)
11 Ala 17% (5%) 22% (9%)
12 Leu 19% (16%) 25% (32%)
13 Thr 6% (23%) 28% (39%)
14 Trp 0% (32%) 6% (18%)
15 Arg 0% (25%) 6% (32%)

Table 3 Sequences, isolated synthetic yields (mg, %) and +ESI-MS data
for the cyclic peptides and the linear controls, including the N-acetylated
linear and mutant 4His sequences

Yield/  +ESI-MS  +ESI-MS
Peptide  Structure mg (%)  (calcd) (found)
3a c-(HDEPGIATPq) 41(79) 1046.5 1046.6
3b c-(HITPGEDAPq) 24 (47)  1046.5 1046.4
4 c-(VDEPGEDCPq) 46 (86)  1070.4 1070.6
4His c-(VDEPGEDHPq) 32(58) 1104.5 1104.6
e VDEPGEDCPGNH, 46 (82) 1016.4 1016.4
4'Ac AcVDEPGEDCPGNH, 40(76) 1058.4 1058.4
4His’ VDEPGEDHPGNH, 35(66) 1050.5 1050.4
4His’Ac  AcVDEPGEDHPGNH, 38 (69) 1092.5 1092.5
9a c-(HCTPGELAPq) 18 (35) 1034.5 1034.5
11 c-(VIEPGEDCPq) 48 (90)  1068.5 1069.0
12 c-(VIEPGEDAPq) 39(76) 1036.5 1036.5

£

Il
o

H,O  Aquocobalamin
CN-  Cyanocobalamin
Me  Methylcobalamin

Fig. 1 Structure of vitamin B,, derivatives, and on-bead binding assay
with aquocobalamin (a portion of the screened batch is seen).

3a and 3b showed the shifts expected for imidazoyl coordination.
Addition of hit 12 did not induce changes in the UV-spectrum
of aquocobalamin, showing that cobalt coordination with side
chain carboxylic groups is not taking place, although peripheral
interactions of the peptide with the corrin cannot be excluded.
The cyclic peptides 4 and 11 showed affinities to aquocobalamin
comparable to the natural tripeptide glutathione and linear
controls, and lower than values previously reported for dendritic
ligands of B,,, which are 2- to 5-fold higher than for glutathione

Table 4 Binding affinities for the cyclodecapeptides and linear analogs
to aquocobalamin, determined by U V-titration

Peptide Structure K,/10° [M™]
3a c-(HDEPGIATPq) 58+ 1.7
3b c-(HITPGEDAPq) 6.5+.1.2
4 c-(VDEPGEDCPq) 13£5.1
4 VDEPGEDCPGNH, 16+5.7
4'Ac AcVDEPGEDCPGNH, 13+£8.0
9a c-(HCTPGELAPq) 32+9.5

(Table 4).>" Linear controls showed comparable binding affinities
to the cyclic peptides, which possibly reflects the dominant effect
of the acidic amino acids and the cysteine residues present on
linear and cyclic peptides. Additionally, the B-turn inducing diad
Pro-Gly may induce some preorganization in the linear analogs.
Peptide 9a, with both His and Cys, shows coordination with the
cysteine thiol group as expected by the higher affinity of thiol
(thiolate) for Co(111) when compared to imidazole (Fig. 2B)."

Structure determination of the cobalamin—cyclodecapeptide 4
complex (Cbl-4)

As already observed in peptide dendrimers, amino acid sequence
discrimination was also found in the cyclic peptides, with gluta-
mate and aspartate residues prevailing in the hits (Table 2). We
postulate that the acidic residues could contribute to binding
by interactions with the peripheral side chains of corrin. Such
interactions could pre-organize the metal cofactor and peptide
or contribute to the binding affinity. In order to investigate the
occurrence of peripheral binding interactions, the structure of the
Cbl-4 complex was analyzed by NMR-spectroscopy.

The amino acid signals of the cyclic peptide were assigned by
sequential attribution. The chemical shifts of the two cysteine H3
protons in the B, complex (1.50 and 0.46 ppm, Fig. 3) show
lower shielding when compared to the free cyclodecapeptide (3.28
and 2.96 ppm), supporting cobalt coordination at that residue.
The conformation of the cysteine side chain was determined by
distance constraints for Cys3-H,/Cys3-H, and Cys3-H;/Cys3-
NH. Furthermore, five distance constraints were unambiguously
determined between the peptide and the cobalamin. Interestingly,
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Fig. 2 Representative UV-titration for binding of cyclodecapeptides
to aquocobalamin: (A) histidine-cyclodecapeptide 3a;(B) histidine and
cysteine-cyclodecapeptide 9a.
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Fig. 3 NOESY-NMR spectrum of the Cbl-4 complex in H,0-D,0
(90 : 10). Intramolecular NOE:s are in red and intermolecular NOEs are
in blue.

the intermolecular NOEs involve the side chains of the three
amino acids occurring in higher percentages in the 18 sequences
in Table 1; Glu8 is present in 10 hits, Glu5 in 15 and VallO in
13 sequences. Minimization under these constraints gave a stable
model with no distance violations larger than 0.1 A (Fig. 4).

In the "H NMR-model obtained, the cyclodecapeptide shields
the upper corrin face almost completely, and H-bonding contacts

NH;

&

RN
N~ o 1
(T

8SH 2

3

Fig. 4 Structural model for the cobalamin—cyclodecapeptide 4 complex
(Cbl-4) and the structure of cyclic peptide 4. Dashed lines represent
H-bonds.

are established between the corrin carboxamide side chains and
several residues of the cyclodecapeptide. Intermolecular H-bonds
involve the carbonyl groups of D-glutamine q1, aspartate D4, and
proline P2, with H62, H40 and H29 of cobalamin, respectively. An
additional H-bond between the carboxyl group of glutamate E8
and OS51 is also observed because the minimization was performed
with protonated side chain carboxylic acids. Van der Waals
contacts are furthermore predicted between the methyl group of
valine V10 and the methyl groups Me-54 and Me-46 of cobalamin.
The intermolecular interactions with acidic amino acids correlate
with the high frequency of glutamate residues in the hits. It is also
interesting that in the X-ray structure of the transport protein Cbl—
transcobalamin complex, hydrogen-bonding interactions with Gln
and Asp transcobalamin side chains and corrin carboxamide
groups are also observed.”? The large number of additional
direct and solvent-mediated contacts in the transcobalamin—Cbl
complex probably explains the much higher affinity of the protein
to vitamin B,, compared with the cyclodecapeptides, also taking
into account the entropically favourable dissolvation of By, in the
protein complex, an effect which is much more limited in the B,,—
cyclodecapeptide complex formation due to the limited surface
interaction.

Cyanide exchange Kkinetics

The stability of the B,-cyclodecapeptide complexes was evaluated
more closely in the case of cyclic peptide 4 and its histidine analog
4His by determining the rate of ligand exchange against cyanide,
which is reduced in the presence of macromolecular coordination
such as by Bj,-transport proteins.”® The cysteine coordinating
peptide 4 and analogs showed exchange rates comparable to
the natural tripeptide glutathione, known to bind strongly to
cobalamins (data in the ESIf). In the case of the natural
proteins the cobalt center is coordinated to a histidine side chain
and therefore 4His is a better analog to the natural system.

This journal is © The Royal Society of Chemistry 2008
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The histidine cyclodecapetide 4His reduced the rate of ligand
exchange by more than 10 fold (Fig. 5), showing that a significant
stabilization of the complex was achieved compared to imidazole,
suggesting significant interactions of the cyclodecapeptide with
the corrin peripheral groups besides the coordinating residue, in
agreement with the solution structure (Table 5). Exchanges with
linear analogs, with free or acetylated N-termini, were 6 times
slower than imidazole.

25

—— Imidazole-Cbl
| 4His-Cbl

] \\\

T
0 500 1000
t/min —

Fig. 5 Conversion of imidazole-Cbl and 4His-Cbl to cyanocobalamin.
Absorption was measured at 560 nm at pH 7.5, 25 °C. Initial rates
v/UM min™': 0.34 for the conversion of imidazole-Cbl and 0.02 for
4His-Cbl. Both curves were measured until complete displacement of the
upper ligand by cyanide.

Conclusion

The experiments above describe the first complex between a
vitamin B,, derivative and a cyclic peptide. The discovery of
this cyclic peptide was made possible by the availability of an
efficient combinatorial chemistry protocol for library synthesis,
including the on-bead formation of cyclic peptide, a selective
binding assay, and a powerful bead-decoding protocol enabled
by the TAGSFREE algorithm for library encoding. The key
binding interaction occurs by coordination of a nucleophilic
residue such as cysteine or histidine to cobalt. The prevalence

Table 5 Cyanide exchange rates with His-peptides in cobalamin
complexes

t,,, for 50% ligand

Ligand in Cbl complex exchange”

4His c-(VDEPGEDHPq) 7-8.5h (87 uM)
4His’ VDEPGEDHPGNH, 2 h 46 min (87 uM)
4His’Ac AcVDEPGEDHPGNH, 3h (87 uM)
Imidazole 30 min (87 uM)
H,0* <1s(2.5mM)
TC? Transcobalamin 50 min (1.0 mM)
IF¢ Intrinsic factor 205 (0.5 mM)

HCe Haptocorrin 1 min (0.1 mM)

“ Half-life ¢,,, of the ligand-B,, complex in the presence of the indicated
cyanide concentration (in parentheses). Conditions: [Cbl] = 25 uM; 37 °C,
pH 7.5 for proteins; 25 °C, pH 7.0-7.5 for other ligands.  data from ref
14a; ¢ data from ref 14b.

of Cys containing cyclic peptides as ligands for aquocobalamin
could have a thermodynamic and a kinetic origin. Thiolates bind
to Co(1mr) with higher affinity than imidazoles. It is also known that
the rate of complexation of nitrogen containing ligands to Co(11r)
is lower than that of other ligands. In the case of the on-bead
screening, the kinetic factor may be predominant since the time of
incubation is not very long. Therefore, more cysteine containing
cyclopeptides were found in the screening assay, although thiolates
and imidazoles are both known ligands for Co(1ir).**

The cyclodecapeptide—Cbl complexes show stability compara-
ble to the tripeptide glutathione-B,, complex. Glutamate residues
were present in the sequences obtained by on-bead screening, an
observation already made with peptide dendrimers that gave hits
with polyglutamate shells.” However a slower exchange rate of
the water axial ligand on the beads was observed with the cyclic
peptides, with 2-3 h incubation time required. In comparison,
the peptide dendrimers gave Cys containing hits after 15 min.
Further studies of the exchange kinetics in the two systems are
being performed. The "H NMR-structure of the complex revealed
hydrogen-bonding interactions with the peripheral carboxamides
on cobalamin and residues on the peptide ligand, besides metal
coordination. The cyclodecapeptide—cobalamin complex 4His—
Cbl displays enhanced kinetic stability against ligand exchange
by cyanide when compared to linear analogs and imidazole.

To date only very few model systems of B,,-binding proteins
have been reported in the literature. These include antibodies'
and dendritic peptide ligands.® Cyclodecapeptide ligands repro-
duce essential features of previous model systems, yet display a
much simpler structure and are particularly easy to synthesize.
Screening combinatorial libraries of cyclic peptides with both
coordinating residues (Cys and His) enabled the discovery of
the first cyclopeptide ligands incorporating either Cys or His.
Further investigations on focused libraries with only histidine as
the binding residue might give new models for the metal-peptide
interaction present in the transport protein transcobalamin. The
cysteine containing cyclic peptides however are probably better
candidates as adjuvants for vitamin B, due to their faster and
stronger complexation to cobalt ions. Further studies with both
systems are now in progress.

Experimental
General methods

Protected amino acids and Tentagel Macrobeads® resin were
obtained from Advanced ChemTech Europe (Brussels, Belgium),
Bachem Biochimie SARL (Voisins-Les-Bretonneux, France), and
France Biochem S.A. (Meudon, France). PyBOP was purchased
from France Biochem and other reagents were obtained from
either Aldrich (Saint Quentin Fallavier, France) or Acros (Noisy-
Le-Grand, France). RP-HPLC was performed on Waters equip-
ment with a 600 controller and a Waters 2487 dual absorbance
detector. The peptide derivatives were analyzed on an analytical
column (Macherey-Nagel Nucleosil 120 A 3 um C,4 particles,
30 x 4.6 mm, flow rate of 1.3 mL min™ for 15 minutes gradient,
Nucleosil 100 A 5 um Cy; particles, 250 x 4.6 mm, flow rate of
I mL min~' for 30 minutes gradient) using a linear gradient and the
following solvent system: water containing 0.1% TFA (solvent A);
acetonitrile containing 0.1% TFA and 9.9% H,O (solvent B). UV
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absorbance was monitored at 214 nm and 250 nm simultaneously.
Semi-preparative column chromatography (Delta-Pak™ 100 A
15 um Cj; particles, 200 x 2.5 mm) was used to purify crude
peptides by using an identical solvent system at a flow rate of
22 mL min™. The electron spray ionization mass spectrometry
(+ESI-MS) was recorded on a VG Platform II (Micromass). The
analysis was performed in the positive mode for peptide derivatives
using 50% aqueous acetonitrile as the eluent.

Library synthesis

The on-bead cyclic-decapeptides library was synthesized on Tent-
agel Macrobeads® resin (1.0 g, loading: 0.3 mmol g™') using the
split-and-mix procedure. The resin was acylated with 3 eq. of N-
o-Fmoc amino acid in the presence of PyBOP (312 mg, 0.6 mmol,
3 eq.) and diisopropylethylamine (DIEA) (260 uL, 1.5 mmol, 6 eq.)
in DMF. After 2 x 60 min the resin was washed (3 x 5 mL each) with
DMEF, CH,Cl,, and MeOH and controlled with the Kaiser and
TNBS (trinitrobenzenesulfonic acid) tests followed by acetylation.
The Fmoc protecting groups were removed by treatment with
piperidine, 20% in DMF (3 mL, 3 X 10 min), and then washed with
DMF, CH,Cl,, and MeOH. Split and mix was carried out after
o-amine deprotection. The resin was suspended in DMF : CH,Cl,
(2:1,v/v), mixed via nitrogen bubbling for 15 min and distributed
in five equal portions for the next coupling. After the last coupling
step, the Fmoc protecting group was removed. The resin bearing
the library of decapeptides (loading: 0.21 mmol g™, quantified by
measuring the absorption of fluorenylmethylpiperidine adduct at
299 nm) was dried under vacuum for 1 h and swollen in a glass
reactor fitted with a sintered glass frit with dry CH,Cl, (10 mL, 2 x
15 min) and dry DMF (10 mL, 1 x 15 min). The resin was treated
with PhSiH; (2.6 mL, 21 mmol) in dry CH,Cl, (10 mL) for 5 min;
Pd(PPh;), (61 mg, 0.052 mmol) was then added and the resin was
stirred under argon for 20 min. The reagents were removed by
filtration, the resin washed with CH,Cl, (10 mL, 4 x 1 min) and
DMF (6 mL, 3 x 1 min) and the procedure was repeated once.
The resin was finally washed with CH,Cl, (10 mL, 2 x 1 min),
dioxane-water (9 : 1, 10 mL, 2 X 1 min), DIEA 5% in DMF (6 mL,
3 x 1 min) and DMF (10 mL, 2 x 1 min). On-bead cyclization
was performed following the acylation procedure described above.
The protecting groups were removed on-bead by treatment with
a TFA-H,0-iPr;SiH-1,2-ethanedithiol (94 : 2.5 : 1 : 2.5, v/v)
solution for 2-3 h. This procedure was repeated once. The reagents
were removed by filtration and the resin washed with CH,Cl,
(10mL, 5% 1 min), MeOH (10 mL, 2 x 1 min) and CH,Cl, (10 mL,
5 1 min).

On-bead B,,-binding assay

10 mg of dry resin containing the cyclodecapeptide library was
kept in PBS buffer (20 mM, 150 mM NacCl, pH 7.4) for swelling
for 30 minutes. The buffer was then removed and 4 mL of
aquocobalamin solution (100 uM) in PBS buffer were added. After
stirring for 2.5 hours, the aquocobalamin solution was removed
by filtration and the resin was washed six times with PBS buffer.
The resin was suspended in PBS, spread on a silica plate and
the most intensively red colored beads were picked for sequence
determination.

Bead analysis and decoding

Single-peptide-containing resin beads were hydrolyzed with aque-
ous HCI(6 M) at 110 °C for 22 h, and their amino acid composition
was determined quantitatively by HPLC after derivatization with
phenyl isothiocyanate (PITC). The sequences were then assigned
by TAGSFREE decoding.*

Decapeptide SPPS

The on-bead decapeptides were synthesized on Rink Amide
MBHA® resin (0.1 mmol scale) with an automated synthesizer
(433A from Applied Biosystem) using Fmoc/¢Bu chemistry. 10 eq.
excess of protected amino acids, HBTU coupling reagent and
20 eq. excess of DIEA were used. The FastMoc 0.1 mmol program
(SynthAssist™ version 3.1) was used with a single coupling. Cyclic
peptides 3a, 4, and 4His were cyclized on-bead after Fmoc and
allyl deprotection as described above in the library synthesis
section. The resin was treated for 2-3 h with TFA-H,O-iPr;SiH
(95:2.5:2.5, v/v) for 3a and 4His or TFA-H,0-iPr;SiH-1,2-
ethanedithiol (94 : 2.5 :1: 2.5, v/v) for 4. After evaporation and
precipitation in diethyl ether, the cyclic peptides were purified by
semi-preparative RP-HPLC. Peptide 3a: 41 mg (79%); tx = 5.6 min
(5-100% B in 15 min); +ESI-MS: caled for C;sHN ;0,6 1046.5,
found: m/z 1046.6 [M + HJ*. Peptide 4: 46 mg (86%); tr = 7.9 min
(5-40% B in 15 min); +ESI-MS: calcd for C;;Hg N, O,6S 1070.4,
found: m/z 1070.6 [M + H]*. Peptide 4His: 32 mg (58%); trx =
6.6 min (5-40% B in 15 min); +ESI-MS: calcd for C,sHg N3Oy
1104.5, found: m/z 1104.6 [M + H]*. Linear peptides 4" and 4His’
were cleaved by treatment of half of the resin with TFA-H,O-
iPr;SiH-1,2-ethanedithiol (94 : 2.5 : 1 : 2.5, v/v) or TFA-H,0-
iPr;SiH (95:2.5:2.5, v/v) respectively. Linear acetylated peptides
4’Ac and 4His’Ac were obtained by treatment of the second half of
resin with Ac,O-pyridine-DMF (1 :2:7) solution before cleavage.
After evaporation and precipitation in diethyl ether, the linear
peptides were purified by semi-preparative RP-HPLC. Peptide 4”:
46 mg (82%); tx = 5.0 min (5-100% B in 15 min); +ESI-MS:
caled for C,Hg N, OS 1016.4, found: m/z 1016.4 [M + H]*.
Peptide 4’Ac: 40 mg (76%); tx = 5.7 min (5-100% B in 15 min);
+ESI-MS: calcd for C,,Hg N, OS 1058.4, found: m/z 1058.4
[M + HJ*. Peptide 4His”: 35 mg (66%); tr = 4.5 min (5-100%
B in 15 min); +ESI-MS: caled for C,,H¢N,O5 1050.5, found:
m/z 1050.4 [M + H]". Peptide 4His"Ac: 38 mg (69%); tx = 6.0 min
(5-100% B in 15 min); +ESI-MS: calcd for C,;sHgN5;0,9 1092.5,
found: m/z 1092.5 [M + H]*. HPLC and +ESI-MS data for the
other peptides prepared and isolated using the same procedure are
found in the ESL.{

UV-vis titrations

1000 uL of a ca. 20 uM buffered solution (exact concentration was
determined by measuring absorption: &5, = 25000 dm’* mol”'cm™
in 20 mM HEPES bulffer, pH 7.0) of aquocobalamin was prepared
in a gas tight cuvette. The titration was carried out by adding
portions of a stock solution of peptide (1.25 mM) with a gas
tight syringe and waiting until no further change in the spectrum
took place. Data points were collected at 351 nm for Cys peptides
(equilibration time 1.5-3 h) and at 358 nm for the UV-vis titrations
of His containing peptides (4 h equilibration time) and fitted using
a single site binding equation."’
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Cyanide exchange kinetics

The peptide complexes were formed prior to the exchange
measurement by dissolving the peptide (10 mM) in a solution of
aquocobalamin (1 mM in HEPES buffer pH 7.5). The imidazole
complexes were formed in the same way. All exchange experiments
were performed at 25 °C and in parallel with an imidazole
measurement for direct rate comparison.

For the exchange measurement HEPES buffer (975 uL, 20 mM,
pH 7.5) containing 87 puM NaCN was mixed with peptide complex
solution (25 uM) in a cuvette. The concentration of aquocobal-
amin, determined by measuring the absorption at A,,,/nm: 352,
served as a basis for the starting concentrations of the complexes.

After the addition the conversion of the cobalamin complexes
to cyanocobalamin was detected by measuring the absorption
at 560 nm over time. Under these conditions, according to the
observed absorbance spectrum, only cyanocobalamin (A,,,/nm:
361, 550, 522) is formed.

The initial rates of cyanocobalamin formation were obtained
by linear regression using the first 20 data points. The ¢,,, of
cyanocobalamin formation was determined by calculating the
mean value between the absorbance at 1 = 0 and the absorbance at
cyanocobalamin saturation and reading the corresponding time.

Cyanide exchange kinetics of the Cys containing peptides
were performed in the same way with the following changes:
concentration of Cys-peptide: 2.5 mM; HEPES buffer pH 7.0;
concentration of CN™: 81 uM; every exchange experiment was
done in parallel with a glutathione measurement for direct rate
comparison; absorption was measured at 361 nm under oxygen-
free conditions.

NMR-spectroscopy and modeling

NMR spectra were obtained at 500 MHz with a Varian Unity Plus
spectrometer. Samples were dissolved in a mixture of 95% H,0-5%
*H,0 or 99.9% *H,O0 to a final concentration of 1 mM at 25 °C. A
set of two-dimensional (2D) spectra, including TOCSY,"® DQF-
COSY,” ROESY? and NOESY?* were acquired with 2 s steady
state recovery times, mixing times (¢,) of 60 ms for TOCSY and
250 ms for NOESY. Water suppression was achieved by appending
an excitation-sculpting module* to the non-selective detection
pulse and with selective Gaussian-shaped pulses of 3—5 ms. Spectra
were acquired in the phase sensitive mode using TPPL,* or States
method.** The spin-lock mixing of the TOCSY experiment was
obtained with DIPSI-2 pulse trains at YB,/2n = 9-10 kHz.*® The
acquisitions were performed over a spectral width of 10 ppm in
both dimensions, with matrix size of 1024-2048 data points in ¢,
and 256-512 points in #,, and 32-128 scans/¢,. All spectra were
referenced with external TSP-d,. Data processing and analysis
were performed using Felix software (version 2001, Accelrys, San
Diego, CA, USA) with shifted (60-90 degrees) square sinebell
apodization and polynomial baseline correction for NOESY data.

Approximate interproton distance restraints were calculated
using the isolated two-spin approximation relationship, r; =
ry (0u/cy)", where o; and oy are the NOE intensities for
the atom pairs i, j and k, 1 separated by distances r; and
ra, respectively. Cross-peaks from cysteine HP were used as
calibrants. Stereospecific assignment for the cysteine B-methylene
protons were achieved by combining qualitative analysis of *J e up

coupling constants extracted from a DQF-COSY spectrum, and
interproton Ho—HJ distances determined from ROESY spectrum.
Restrained energy minimizations were performed by using the
Insight II/Discover software (Version 2005, Accelrys, San Diego,
CA, USA), using the set of distance and dihedral restraints
determined by NMR. The selected force field was ESFF, and, to
shorten the range of Coulomb interaction, a distance-dependent
relative dielectric constant, &, was used (¢, = 4r). The structure
was subjected to 2500 iterations of steepest descent minimization,
followed by 2500 iterations of conjugate gradient minimization
and the convergence of minimization was followed until the RMS
derivative was less than 0.01 kcal mol™.
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Due to spectator secondary electrostatic interactions, nonsymmetric mono-Boc-mono-acetyl
terminated hydrazide-based oligomers displayed a head-to-tail dimerization mode, which was
evidenced by '"H NMR, and 2D NOESY experiments. Dynamic behavior of the molecular duplex
strands was also explored by variable temperature 'H NMR experiments.

Introduction

The ability of biomolecules to adopt three-dimensional shapes
and to interact specifically through cooperative action of many
non-covalent attractions' has inspired chemists to design, syn-
thesize, and characterize chemical models to mimic structures
of biomolecules. Among the many biostructures, discovery of
the double helical structure of DNA? via hydrophobic effects,
hydrogen bonds, and n—r stacking interactions and elucidation
of its function as genetic information carrier have founded the
basis of modern molecular biology.* Recent studies revealed that
the B-sheet protein secondary structure plays an important role
in many diseases, such as Alzheimer’s disease, the prion dis-
ease, and other neurodegenerative disorders.* Other double- and
multiple-stranded complexes self-assembled from linear oligomers
with encoded recognition sites are ubiquitous in nature, and
are the foundation of other higher structures and functions of
biomolecules. Inspired by the elegant functions of these structures
in nature and for scientific and aesthetic reasons, there is currently
an intensive focus of chemical research on the construction
of stable molecular duplex strands from unnatural backbones
for structure mimicking and potential applications.® Hydrogen
bonding, as adopted by natural DNA, with characteristics of
strength and directionality, has been described as the “masterkey
interaction in supramolecular chemistry” ¢ and is an ideal non-
covalent interaction for this mission. Hydrogen bonding modules
assembled with high stability, fidelity, and selectivity, are favored
in this field. Heterocycle based building blocks (usually urea
derivatives)’ and linear materials composed of arrays of hydrogen
bonding sites® have gained great success.

The stability of multiply hydrogen bonded complexes is deter-
mined by many factors, including the number and geometry of
individual hydrogen bonds, the acidity or basicity of hydrogen
bonding donor or acceptor sites, and the solvent polarity. In arrays
with adjacent hydrogen bonding sites, the stability is also affected
by the sequence arrangement of hydrogen bonding sites, which,
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ology, Institute of Chemistry, Chinese Academy of Sciences, Beijing, 100190,
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T Electronic supplementary information (ESI) available: Stacked partial
'"H NMR spectra of D2-D4 and typical mono-Boc and mono-acetyl ter-
minated oligomers at different temperatures. See DOI: 10.1039/b811272j

is suggested as a secondary electrostatic effect by Jorgensen et al.
based the results of theoretical studies.” Zimmerman et al. further
provided experimental evidence for this theory.'” Based on the
analysis of the stability constants of sufficiently large experimental
data sets, Schneider er al. even derived an empirical formula
for predicting the association constants for multiple hydrogen
bonded systems: 7.9 kJ mol™ for each primary hydrogen bond and
2.9 kJ mol™! for each secondary one.! In the case of a hydrogen
bonded system as shown in Fig. 1, “over-hanging” or “spectator”
hydrogen bonding sites not participating in primary hydrogen
bonding interaction can also affect the stability of the complex
substantially due to their being adjacent to other hydrogen
bonding sites in space.”” In hydrazide-based quadruply hydrogen
bonded systems we reported recently, as shown in Fig. 2, that the
spectator secondary electrostatic interactions inherent with the
Boc groups substantially affected the stability of the complexes:
weak association was observed for 1-4 (two fold repulsive spectator
secondary electrostatic interactions); (1.4 £ 0.1) x 10* M for 2-4
(no spectator secondary electrostatic interaction) and (5.6 £ 0.6) X
10> M for 3-4 (one repulsive spectator secondary electrostatic
interaction), respectively.'® Further investigations revealed that the
Boc groups also affected substantially the dynamic behavior of the
hydrazide-based molecular duplex strands."*"

Fig. 1 Representation of secondary electrostatic interactions and spec-
tator secondary electrostatic interactions in hydrogen bonded dimer
structures (DADD-DADAAA) with adjacent hydrogen bonding sites.
Double headed arrows: repulsive interactions; single headed arrows:
attractive interactions.

In this paper, mono-Boc-mono-acetyl terminated non-
symmetric hydrazide-based oligomers D series were designed
and synthesized (Fig. 3). Due to spectator secondary repulsive
electrostatic interactions'? inherent with Boc groups, the Boc
termini did not participate in important intermolecular hydrogen
bonding interactions and a head-to-tail recognition directed
dimerization mode for this series was proposed.” Moreover,
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Fig. 2 Representation of spectator secondary repulsive electrostatic interactions in hydrazide-based quadruply hydrogen bonded systems.
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i

D1~D4(n=0,1, 2, 3)

Fig. 3 Chemical structures of mono-Boc-mono-acetyl terminated
oligomers D1-D4 used in this study, with proton-labeling scheme
indicated.

dynamic behavior for the duplex strands was also investigated
via variable temperature '"H NMR experiments.

Results and discussion
Synthesis

Due to the non-symmetric nature of the oligomers, an iterative
sequentially homologated method has been devised (Scheme 1).
Starting from the Boc termini, the oligomers were lengthened
stepwise. The methyl termini were finally attached. The key step
is the coupling reaction between carboxylic acid and hydrazide
derivatives. It was found that EDC-HCI could be utilized as an
efficient coupling reagent for this kind of reaction, and in most
cases, high yields were obtained. Hydrolysis of esters was generally
achieved by a solution of NaOH in THF or C,H;OH. The full
synthetic methods and characterization data for new compounds
are provided in the Experimental section.

'"H NMR analysis

Firstly, dilution "H NMR experiments on D1 revealed that only the
signal for H® displayed a large concentration-dependency (Fig. 4),
which might suggest that only H® was involved in important
intermolecular hydrogen bonding. With the chain length of this
series extended to longer oligomers D2-D4, we found that the
signals for H® and H* were also unaffected (Fig. 5). While for
the structure-similar self-complementary mono-Boc-terminated
series, the position of NHs adjacent to Boc groups shifted substan-
tially with chain length.'® These findings might suggest that the Boc
termini in D series were not involved in important intermolecular
hydrogen bonding. Thus, a selectivity for acetyl termini (we
call tail) over Boc termini (we call head) was obtained and a
head-to-tail recognition directed dimerization mode was proposed
(Scheme 2, left). In head-to-tail dimers, there were no spectator
secondary repulsive electrostatic interactions; while in head-to-

Chemical shift (ppm)
L]

Concentration (mM)

Fig. 4 Chemical shifts for NHs of D1 at different concentrations,
300 MHz, in CDCl;, 298 K.

H2 I zone cDal izone

a LBl e |
b | JLM H

c__/;JLLJLM

—

e
e

d C

Fig. 5 Stacked partial '"H NMR spectra (600 MHz, CDCl;, 10 mM) of
(a) D1, 298K; (b) D2, 298K; (c) D2, 223K; (d) D3, 298K; (e) D3, 223K;
(f) D4, 298K; (g) D4, 223K.

head dimers (Scheme 2, right), there was one spectator secondary
repulsive electrostatic interaction. This difference rendered the
equilibrium shift substantially to head-to-tail dimers.
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Scheme 1

A dimerization constant of 79 £ 23 M™ was determined for
D1-D1 in CDCI; at room temperature by nonlinear regression
analysis of the dilution "H NMR experiment data.'® Dimerization

C,H5OH/NaOH/H,0
90%

7, EDC-HCI/ CH,Cl,
85%

Synthetic routes to D1-D4.

constants for longer oligomers were not determined due to signal
overlapping and no obvious chemical shift changes observed by
dilution '"H NMR experiments.
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Scheme 2 Representation of equilibrium between head-to-tail dimmers (left) and head-to-head dimers (right) for self-assembly of the oligomers D1-D4,

with spectator secondary repulsive electrostatic interactions highlighted.

2D NOESY analysis and dynamic behavior

2D NOESY experiments further confirmed the above hypothesis.
Cross contacts between H' and the /1 zone (inter-carbonyl aromatic
protons), g zone (methylene protons of malonyl groups) and &
zone were observed. Variable temperature '"H NMR experiments
revealed dynamic behavior for the D series similar to those for the
mono-Boc terminated series (see ESI for more details).”* With
lowering of temperature, in addition to signal sharpening, no
apparent changes were observed (Fig. 6). While for the structure-
similar mono-acetyl terminated series, new peaks corresponding
to the NHs not involved in intermolecular hydrogen bonding
appeared with lowering of temperature.’® These findings indicated
that no shuttle movement perpendicular to the hydrogen bonds
and no dimeric-polymeric equilibrium existed for the D series.

Conclusions

In summary, we presented the synthesis and self-assembly of a
new series of mono-Boc-mono-acetyl terminated non-symmetric
hydrazide-based oligomers (D series). Due to spectator secondary
repulsive electrostatic interactions inherent with Boc groups, a
head-to-tail dimerization mode was observed in solution for this
series, which was evidenced by dilution '"H NMR and 2D NOESY
experiments. Variable temperature 'H NMR experiments further
revealed similar dynamic behavior for the D series as for those of
the Boc-terminated series with complementary hydrogen bonding

a Jg zone

sites. We believe that this selective head-to-tail dimerization and
unique dynamic behavior will find practical applications in the
design of hydrazide-based functional materials, which is under
investigation in our laboratory.

Experimental

General procedure for the coupling reaction of carboxylic acids and
hydrazide derivatives (procedure A)

To an equimolar mixture of a carboxylic acid and a hydrazide
derivative in dry CH,Cl, (usually 10 mL per mmol) in an ice—
water bath was added 1.1 or 1.2 equiv. of EDC-HCI. The mixture
was stirred at room temperature for 5 h, and then concentrated
under reduced pressure. The pure product as a white solid was
obtained by recrystallization from hot acetonitrile.

General procedure for hydrolysis of esters (procedure B)

To a solution or suspension of ester in THF or C,H;OH (usually
10 mL per mmol) was added a solution of NaOH (usually 3 equiv.)
in an equal volume of water (relative to THF or C,H;OH). Then
the mixture was stirred at room temperature and the reaction was
monitored by TLC. The reaction completed in 5 h, and sometimes
heating was necessary for the completion of the reaction. The
organic solvent was evaporated under reduced pressure, and the
residue was acidified with concentrated HCI. Upon acidification a
white solid precipitated from the solution and the crude product

- 8.5

Hf
A ppm __J : ppm __J ppm

- 8.5

h zon
- 9.0 VN

T T T T T T 10.0

hzoneJ [ 4fy zone
< )
Q 9.5
T T T T T T 10.0
50 45 40 35 30 25 20 ppm T T T

5.0 4.5 4.0 35

T T T 10.0 50 45 40 35 3.0 25 20 ppm
3.0 25 2.0 ppm

Fig. 6 Partial 2D NOESY spectra for (a) D2, (b) D3, (c) D4, 10 mM in CDCl;, 600 MHz, 298 K, showing contacts between H" and / zone, 4 zone and

g zone.
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was collected by filtration. The pure product as a white solid was
obtained by recrystallization from hot acetonitrile.
All experiments were carried out at the 0.1-1.0 mmol scale.
Compounds D1, 5, 7, 8 were synthesized previously.'*

Compound 6: general procedure B. Yield: 95%. Mp: 163-
164 °C. '"H NMR (300 MHz, DMSO-d,, ppm): 6 12.49 (s, 1H,
COOH), 10.96 (d, J = 3.7 Hz, 1H, H-N), 10.20 (d, / = 3.2 Hz,
1H, H-N), 9.40 (s, 1H, H-N), 9.02 (s, 1H, H-Ar), 8.33 (s, 1H,
H-N), 6.81 (s, 1H, H-Ar), 4.29-4.22 (m, 4H, OCH,), 3.31 (s, 2H,
COCH,CO), 1.88-1.77 (m, 4H, CH,), 1.43-1.26 (m, 29H, CH,
and OC(CHs),), 0.86 (t, J = 6.9 Hz, 5.1 Hz, 6H, CH;). "C NMR
(75 MHz, DMSO-d,, ppm): 6 168.8, 164.2, 162.3, 160.6, 160.3,
160.0,155.1,134.1,114.0,112.4,97.8,79.1,69.6, 69.3, 31.23, 31.19,
28.8, 28.63, 28.61, 28.3, 28.0, 25.5, 22.09, 22.06, 13.89, 13.88. IR
(KBr,cm™): 3369.03, 3316.96, 3218.61, 2926.45, 2858.95, 1740.44,
1713.44, 1616.06, 1466.6. MS (MALDI-TOF): m/z 659.1 [M +
Na]*, 675.0 [M + K]*. MS (ESI): m/z 635.06 [M — H] . Elemental
analysis calcd (%) for C;,H5,N,O,: C 60.36, H 8.23, N 8.80; found:
C60.21, H8.27, N 9.14.

Compound D2: general procedure A. Yield: 87%. Mp: 132-
133°C."HNMR (300 MHz, CDCl;, ppm): 6 11.78 (d, J = 8.0 Hz,
1H, N-H), 11.49 (d, J = 8.3 Hz, 1H, N-H), 11.22 (d, J = 8.2 Hz,
1H, N-H), 11.14 (d, J/ = 8.1 Hz, 1H, N-H), 10.97 (d, / = 8.2 Hz,
1H,N-H), 10.88 (d, J = 8.1 Hz, 1H, N-H), 9.43 (s, 1H, N-H), 9.12
(s, 1H, Ar-H),9.03 (s, 1H, Ar-H), 7.22-7.05 (br, 1H, N-H), 6.51 (s,
2H, Ar-H), 4.25-4.10 (m, 10H, OCH, and COCH,CO), 2.38 (s,
3H, COCHs), 2.15-1.93 (m, 8H, CH,), 1.55-1.20 (m, 49H, CH,
and OC(CH,);), 0.90-0.83 (m, 12H, CH,). *C NMR (75 MHz,
CDCl;, ppm): § 165.2, 162.9, 160.9, 160.8, 160.5, 157.2, 157.0,
155.1, 136.8, 112.9, 112.3, 111.9, 96.3, 81.3, 70.3, 38.9, 31.7, 29.3,
29.2,29.1, 29.0, 28.8, 28.6, 28.2, 26.1, 26.0, 25.9, 25.8, 22.6, 20.6,
14.1. IR (KBr, cm™): 3343.96, 3227.29, 2928.38, 2858.95, 1630.52,
1457.92. MS (ESI): m/z 1110.09 [M]". Elemental analysis calcd
(%) for CxHoyN3O,5: C 62.68, H 8.52, N 10.08; found: C 62.61, H
8.48, N 10.22.

Compound 9: general procedure A. Yield: 83%. Mp: 114-
115 °C. '"H NMR (300 MHz, CDCl,, ppm): & 11.66 (d, J =
8.2 Hz, 1H, N-H), 11.45 (d, J = 8.0 Hz, 1H, N-H), 11.35 (d,
J = 7.6 Hz, 1H, N-H), 11.07 (d, J = 8.1 Hz, 1H, N-H), 10.94
(d, J = 8.0 Hz, 1H, N-H), 10.81 (d, J = 7.9 Hz, 1H, N-H),
9.48-9.37 (br, 1H, N-H), 9.09 (s, 1H, Ar-H), 8.97 (s, 1H, Ar-H),
7.37-7.26 (br, 1H, N-H), 6.51 (s, 1H, Ar-H), 6.49 (s, |H, Ar-H),
4.23-4.10 (m, 12H, OCH, and COCH,CO and COOCH,CHs),
3.75 (s, 2H, COCH,CO), 2.13-1.92 (m, 8H, CH,), 1.53-1.19 (m,
52H, CH, and COOCH,CH, and OC(CHS);), 0.90-0.83 (m, 12H,
CH;). B"C NMR (75 MHz, CDCl;, ppm): 8 167.5, 162.7, 161.00,
160.95, 160.9, 160.8, 160.7, 160.6, 160.5, 158.1, 157.5,157.3, 155.1,
136.7, 112.9, 112.2, 112.0, 111.7, 96.3, 81.2, 70.3, 70.1, 61.3,
40.6, 38.9, 32.0, 31.7, 29.3, 29.24, 29.20, 29.12, 29.09, 29.0, 28.8,
28.6, 28.2, 26.1, 26.0, 25.84, 25.79, 22.6, 14.0. IR (KBr, cm™):
3345.89, 3223.43, 2928.38, 2858.95, 1737.55, 1631.48, 1457.92.
MS (ESI): m/z 1181.97 [M — HJ". Elemental analysis calcd (%)
for Cs;HosNgOy5: C 61.91, H 8.35, N 9.47; found: C 61.89, H 8.33,
N9.72.

Compound 10: general procedure B. Yield: 93%. Mp: 140—
141 °C. "H NMR (300 MHz, CDCI;, ppm): 6 11.66-11.18 (m,
7H, COOH and N-H), 9.65-9.47 (br, 1H, N-H), 9.12 (s, 1H,

H-Ar), 8.96 (s, |H, Ar-H), 7.15-7.04 (br, |H, H-Ar), 6.52 (s, 2H,
Ar-H), 4.30-4.15 (m, 12H, OCH, and COCH,CO), 2.14-1.97 (m,
8H, CH.), 1.50-1.28 (m, 49H, CH, and OC(CH.),), 0.90-0.83
(m, 12H, CH,). "C NMR (75 MHz, DMSO-d, ppm): & 168.7,
166.5, 163.1, 162.9, 162.8, 162.5, 161.3, 160.6, 160.4, 160.3, 160.1,
134.2, 113.2, 112.9, 112.8, 112.4, 98.0, 79.1, 69.7, 69.4, 31.2, 28.8,
28.63,28.60, 28.3,28.1, 28.0, 25.4, 22.0, 20.3, 13.9. IR (KBr, cm™):
3353.6, 3223.4, 2927.4, 2859.0, 1628.6, 1461.8.

Compound D3: general procedure A. Yield: 94%. Mp: 218-
219 °C. 'H NMR (300 MHz, CDCl;, ppm): § 11.72-11.50 (m,
10H, H-N), 9.46-9.40 (br, 1H, H-N), 9.15 (s, 1H, H-Ar), 9.10 (s,
1H, H-Ar), 8.97 (s, 1H, H-Ar), 7.12-6.96 (br, 1H, H-N), 6.53 (s,
1H, H-Ar), 6.52 (s, IH, H-Ar), 6.47 (s, I[H, H-Ar), 4.23-4.20 (m,
16H, OCH, and COCH,CO), 2.35 (s, 3H, COCH;), 2.11-1.94 (m,
12H, CH,), 1.50-1.25 (m, 69H, CH, and OC(CH;);), 0.90-0.84
(m, 18H, CH;). BCNMR (75 MHz, CDCl;, ppm): 6 165.0, 160.92,
160.87,160.7, 160.5, 160.0, 156.8, 156.5, 155.0, 137.0, 136.7, 112.8,
112.2, 111.9, 111.8, 96.3, 81.3, 70.2, 21.8, 31.7, 29.7, 29.4, 29.32,
29.26, 29.23, 29.13, 29.0, 28.8, 28.6, 28.2, 26.1, 26.0, 25.8, 25.7,
22.60,22.57,20.4,14.0. IR (KBr, cm™): 3348.78, 3228.25, 2927.41,
2857.99, 1628.59, 1457.92. MS (MALDI-TOF): m/z 1652.0 [M +
Na]*. Elemental analysis caled (%) for CgsH;3N,,O05-H,O: C
61.95, H 8.44, N 10.20; found: C 61.90, H 8.35, N 10.69.

Compound 11: general procedure A. Yield: 92%. Mp: 117-
118 °C. 'H NMR (300 MHz, CDCl;, ppm): 6 11.82-11.17 (m,
10H, H-N), 9.44-9.39 (br, 1H, H-N), 9.20-9.08 (m, 3H, H-Ar),
7.14-7.02 (br, 1H, H-N), 6.52-6.50 (m, 3H, H-Ar), 4.30-4.10
(m, 20H, OCH, and COOCH, and COCH,CO), 2.10-1.80 (m,
12H, CH,), 1.50-1.10 (m, 72H, COOCH,CH; and CH,), 0.88—
0.85 (m, 18H, CH;). IR (KBr, cm™): 3348.78, 3225.78, 2927.41,
2857.99, 1628.59, 1457.92, 1281.47. MS (MALDI-TOF): m/z
1723.4 [M + Na]*, 1739.4 [M + K]'. Elemental analysis caled
(%) for CyH 4N ,0,,-H,O: C 60.81, H 8.31, N 9.67; found: C
60.66, H 8.19, N 10.12.

Compound D4: general procedure A.  Yield: 85%. Mp: >215°C,
decomposition. "H NMR (600 MHz, CDCl;, 10 mM, 258K, ppm):
6 12.0-11.56 (m, 14H, H-N), 9.46 (s, 1H, H-N), 9.20-9.00 (m,
4H, H-Ar), 6.97 (s, 1H, H-N), 6.49 (s, 4H, H-Ar), 4.30-4.15 (m,
22H, OCH, and COCH,CO), 2.19-1.99 (m, 16H, CH,), 1.36—
1.00 (m, 89H, CH, and OC(CH,;);), 0.84-0.78 (m, 24H, CH;). IR
(KBr,cm™): 3356.5,2927.41,2858.95, 1627.63, 1459.85. Elemental
analysis caled (%) for C,,H,;sNc0,5-2H,0: C 61.57, H 8.40, N
10.26; found: C 61.38, H 8.25, N 10.40.
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The cellular uptake mechanism and intracellular distribution of emissive lanthanide helicates have been
elucidated by time-resolved luminescence microscopy (TRLM). The helicates are non-cytotoxic and
taken up by normal (HaCat) and cancer (HeLa, MCF-7) cells by endocytosis and show a late
endosomal-lysosomal cellular distribution. The lysosomes predominantly localize around the nucleus
and co-localize with the endoplasmatic reticulum. The egress is slow and limited, around 30% after

24 h. The first bright luminescent images can be observed with an external concentration gradient of

5 uM of the Eu™ helicate [Q = 0.21, 7 = 2.43 ms], compared to >10 uM when using conventional
luminescence microscopy. Furthermore, multiplex labeling could be achieved with the

Tb™ [Q =0.11, T = 0.65 ms], and Sm"™ [Q = 0.0038, T = 0.030 ms] analogues.

Introduction

An important aspect of systems biology is the development of new,
responsive, luminescent stains to probe the cellular environment.!
Indeed, the development of new fluorescent dyes with improved
photophysical properties, combined with the technical progress
in optical devices for luminescence microscopy, open the way
to superior fluorescence imaging technologies. As an alternative
to classical organic fluorescent labels a new class of labeling
agents, namely emissive lanthanide-complexes, emerged in the
last decade.** The benefits of these are multiple as trivalent
lanthanides (e.g., Sm, Tb, Eu, Yb) show very interesting and
specific luminescent properties: their luminescence is characterized
by easily recognizable line-like emission spectra, long excited-state
lifetimes (up to several milliseconds) allowing the use of time-
resolved measurements,™® and large Stokes shifts upon ligand
excitation; this shift can be several hundred nanometres containing
discrete gaps with zero absorption. In addition, lanthanide-
containing stains display very small sensitivity to photobleaching
in view of their ability to efficiently harvest energy from triplet
states. Applications of lanthanide luminescence probes in time-
resolved fluoro-immunoassays (TR-FIA) and DNA hybridization
assays have been extensively investigated.”® Recently, lanthanide
complexes have been reported that are taken up by living
cells and that can be visualized inside these cells by both
gated and non-gated luminescence-based imaging techniques,
such as classical confocal or epifluorescence microscopy,'2
time-resolved luminescence microscopy (TRLM),?"* or multiple-
photon microscopy.* This led to the development of new respon-
sive probes of the cellular environment®? for parameters and an-
alytes such as pH,**! phospho-anions,*? hydrogencarbonate,*-
singlet oxygen,* citrate,* and urate.'*¥’

Laboratory of Lanthanide Supramolecular Chemistry, Ecole Polytechnique
Fédérale de Lausanne, BCH 1404, 1015 Lausanne, Switzerland. E-mail:
Jean-claude.bunzli@epfi.ch

T Electronic supplementary information (ESI) available: Fig. S1. See DOI:
10.1039/b811427¢

During the past ten years, we have been tailoring homo-*
and hetero-* bimetallic helicates with the overall composition
[Ln,(L),] (see Scheme 1), with the final purpose of designing
bi-functional lanthanide probes. More recently, we have demon-
strated that upon adequate derivatization these bimetallic helicates
are viable alternatives to the existing lanthanide chelates for live
cell imaging.'-'*40# In particular, [Eu,(L*),] and [Tb,(L),] show
large water solubility, high thermodynamic stability and kinetic
inertness, sizeable luminescence quantum yields (21 and 11%),
long lifetimes (2.43 and 0.65 ms), good cell permeability and non-
cytotoxicity, which perfectly match the stringent requirements for
a cell imaging probe.* Furthermore, these helicates provide a
versatile platform for functionalization and targeting experiments,
and although not yet taken advantage of, the intrinsic chirality
of the helicates will be an asset in future developments of these
probes. As we strive to develop luminescent lanthanide probes that
can be targeted to certain compartments within the cell, we herein
report the behavior of the [Ln,(L);] helicates as optical probes
in TRLM of living cells, with emphasis on the elucidation of the
process of cellular uptake and sub-cellular localization.

J A
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Scheme 1
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Methods

Cell lines and culture conditions

In this study the following cell lines were used: human cervical
adenocarcinoma cell line HeLa (ATCC CCL-2), human breast
adenocarcinoma cell line MCF-7 (ATCC HTB-22) and a non-
malignant epithelial cell line HaCat (human keratinocytes). Cells
were cultivated in 25 cm? culture flasks using RPMI 1640 (Sigma,
R8758, UK) supplemented with 5% foetal calf serum (FCS),
2 mM L-glutamine, 1 mM sodium pyruvate, 1% non-essential
amino-acids, 1% 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic
acid monosodium salt (HEPES) (all from Gibco® Cell Culture,
Invitrogen, Basel, Switzerland). Cultures were maintained at 37 °C
under 5% CO, and 95% air atmosphere. The growth medium was
changed every other day until the time of use of the cells. Cell
density and viability, defined as the ratio of the number of viable
cells over the total number of cells, of the cultures were determined
by trypan blue staining and a Neubauer improved hemacytometer
(Blau Brand, Wertheim, Germany). Cell morphology was followed
by means of a Zeiss luminescence microscope Axiovert 100 with
contrast phase optics. For TRLM imaging experiments cells were
seeded in glass bottom cell culture dishes obtained from MatTek
Corporation (P35G-1.5-14-C, USA) or in plastic bottom p-dishes
Nr. 80136 from ibidi GmbH (Germany).

Preparation of lanthanide complexes

The luminescent lanthanide helicates, [Eu,(L);], [Tb,(L);] and
[Sm,(L),], were synthesized and purified according to procedures
described previously.”

Cell proliferation assay

Cell proliferation was measured with the WST-1 reagent (Cell
Proliferation Reagent WST-1, Roche, Germany). HeLa cells were
seeded in a 96-well tissue culture microplate at a concentration
between 1-5 x 10° cells per well in 100 uL culture medium, and
incubated overnight at 37 °C and 5% CO,. Cells were treated with
various concentrations of sodium iodoacetate (Acros, USA) in
100 pL per well culture medium at final concentration of 200, 100,
50, 25, 10, 0 uM for 2 h. 10 uL. WST-1 reagent was added to each
well and the plate was shaken for 1 min on a microtiter plate shaker
(450 rpm). The plate was further incubated at 37 °C and 5% CO,
for 2 h and the absorbance of the formazan product was measured
at 450 nm with an ELISA reader (Spectra MAX 340, Molecular
Devices, Sunnyvale, CA, USA). Cell viability was calculated from
the absorbance values as follows:

L (A as0 ~Aeso )exp
viability g [%0] = ———————— %100
(A as0 ~Aeso )

medium

with Ay — Agso being the absorbance difference between 450 nm
and 650 nm for the cells that were in contact with sodium
iodoacetate (“exp”) and the medium. Results are expressed as
an averages over 3 nominally identical measurements.

Cell imaging

To detect the cellular uptake of the helicates, cells were seeded
on a glass bottom cell culture dish (MatTek Corporation) or

plastic bottom p-dish (ibidi GmbH), loaded with the complex
for a given time and then washed at least 5 times with phosphate
buffered saline (PBS) 0.15 M, pH 7.4. Cells were examined with
a Wallac Signifier TRLM from Perkin Elmer Analytical and Life
Sciences consisting of a conventional luminescence microscope,
Nikon Eclipse E600 coupled with a time-resolved work station.*
The following measurement conditions were used; excitation:
bandpass filter 340 (BP 70 nm); emission: longpass filter (LP)
420 nm; excitation pulse length: 10 us; delay time: 100 ps (50 ps
for Sm complexes); gate time: 600 ps; exposure time: 60 s. The
Zeiss luminescence microscope Axiovert 100 was used with phase
contrast optics for conventional luminescence imaging.

Co-localization experiments. (1) HeLa cells grown on a plastic
bottom p-dish were incubated with 100 uM [Eu,(L);] and
100 nM LysoTracker-blue DND-22 (Invitrogen™ Molecular
Probes™, USA) at 37 °C and 5% CO, for 4 h. Luminescence
of [Eu,(L);] within the cells was detected in TRLM mode
and the fluorescence of the lysotracker dye was measured with
conventional luminescence microscopy. (2) The cells grown on a
plastic bottom p-dish were incubated with 100 uM [Eu,(L);]
at 37 °C and 5% CO, for 4 h. 1 uM ER-Tracker Blue-White
DPX (Invitrogen™ Molecular Probes™, USA) was then added
for an additional incubation of 30 min under the same conditions.
Thereafter, 5 uM Golgi-Tracker, BODIPY® FL Cs-ceramide
complexed to BSA (Invitrogen™ Molecular Probes™, USA) was
added for 30 min at 4 °C. The luminescence of [Eu,(L?);] within
the cells was examined in TRLM mode and the fluorescence of
the ER-Tracker Blue-White DPX and Golgi-Tracker dyes was
collected with conventional luminescence microscopy.

Multiplex experiments. HeLa cells grown on a plastic bottom
p-dish were incubated with 100 uM [Eu,(L%);] and 100 uM
[Tb,(L)s] at 37 °C and 5% CO, for 6 h. Luminescence of the
lanthanide complexes within the cells was examined with TRLM
using an appropriate emission filter, LP 585 nm for [Eu,(L);] and
545 nm (BP 35 nm) for [Tb,(L),].

Cell treatment protocols

Hypertonic sucrose treatment. HeLa cells were incubated at
37 °C and 5% CO, for 30 min with 0.45 M sucrose in the culture
medium. After addition of 100 uM [Eu,(L<?);], cells were further
incubated at 37 °C for 2 h before imaging.

Potassium depletion. HeLa cells were washed twice with the
hypotonic medium (PBS-H,O (1 : 3 v/v)) followed by a short
5 min incubation in the same medium. The cells were then washed
5 times in isotonic K*-free Buffer A (100 mM NaCl and 50 mM
HEPES at pH 7.4) followed by a 45 min incubation in the same
medium. The latter was discarded and the cells were incubated with
100 uM [Eu,(L);] in Buffer B (100 mM NaCl, 50 mM HEPES,
1 mM MgCl,, 1 mM CacCl, and 5% fetal calf serum at pH 7.4) for
2 h before imaging.

Metabolic inhibitors. HeLa cells were incubated at 37 °C and
5% CO, for 2 h in presence of sodium azide (0.1%) or sodium
iodoacetate (IAA) at different concentrations in the culture
medium; a concentration of 100 uM [Eu,(L%);] was then added
for an additional incubation of 4 h under the same conditions.
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Time lapse experiments

HeLa cells grown on a plastic bottom p-dish were incubated with
100 uM [Eu,(L);] at 37 °C and 5% CO, overnight. The medium
was removed from the cell culture dish and the cells were washed
5 times with RPMI medium. The cells were placed at 37 °C and
5% CO, in a bulky volume of fresh RPMI medium and were used
for TRLM at various time intervals.

Results
Cell morphology

HeLa cells grown in culture medium containing 100 uM
[Eu,(L);] and examined in phase contrast mode by means of
conventional luminescence microscope do not show any mor-
phological difference with HeLa cells cultured in chelate-free
medium (Fig. 1). After 7 h of incubation in the presence of
the Eu bimetallic helicate, no swollen nuclei or visible granule
were observed, although luminescence microscopy reveals that
the cells contains a sizeable amount of [Eu,(L);] at this time and
the viability of the cells was unchanged after 24 h. In contrast,
when Hela cells are incubated with acridine orange, a nucleic
acid intercalating dye, swollen nuclei were visible in some cells
after 7 h incubation and necrotic cells were clearly observed after
24 h incubation.® These results complement those obtained with
the WST-1 assay'” and indicate that the luminescent lanthanide
helicates are non-cytotoxic and biocompatible for the sensing of
targeted phenomena in living cells.

Fig. 1 Phase contrast photography of HeLa cells exposed to 100 pM
[Eu,(L);] (top row) or 3.2 UM acridine orange (bottom row) at 37 °C and
5% CO, for the indicated time interval.

Distribution of [Eu,(L);] in living cells

We reported earlier that the bimetallic [Eu,(L);] helicate perme-
ates into HeLa cells by endocytosis and stains their cytoplasm.
Furthermore, the helicate remains undissociated in the cell as evi-
denced by in cellulo emission spectra and lifetime measurements.*
Here, TRLM and a high amplifying objective lens (100x) were
used to visualize the intracellular distribution of the [Eu,(L?);]
chelate. The luminescence lifetime of the Eu(*D,) emitting level
(2.43 ms) is considerably longer than the fluorescence lifetimes
of organic compounds. Therefore, the use of TRLM enables the
elimination of short-lived contributions from auto-fluorescence
which results in an improved signal-to-noise ratio and increased
sensitivity, compared to conventional luminescence microscopy
(Fig. 2). HeLa cells grown on glass bottom cell culture dishes
were incubated in cell culture medium with [Eu,(L?),] at different

—m=— Universal microscopy

o TRF microscopy %
34
;.’ 2- /{

1.//

0 20 40 60 80 100 120 140
Conc. of [Eu,(L*),] (uM)

Fig.2 Luminescence intensity of [Eu,(L);] in HeLa cells versus incuba-
tion concentration as measured by conventional luminescence microscopy
(M, objective: Plan-Neofluar 40x, excitation filter = 330 nm (BP 80 nm),
emission filter = LP 585 nm, exposure time 60 s) and time-resolved
luminescence microscopy ([, objective: Plan-fluor 40x; excitation: 340 nm
(BP 70 nm) filter; emission: 420 nm LP filter; excitation pulse length: 10 us;
delay time: 100 ps; gate time: 600 ps; exposure time: 60 s). I: luminescence
intensity of cells loaded with [Eu,(L);]; I,: luminescence intensity of cell
background.

concentrations for 6 h at 37 °C and 5% CO,. Luminescence images
of cells were taken using both non-gated and gated luminescence
microscopy. The first bright luminescent images of cells were
seen for complex loading concentrations >5 uM using TRLM
compared to >10 uM for conventional luminescence microscopy.

The cellular uptake of the [Eu,(L);] helicates and their
subsequent sub-cellular localization were further evaluated by
TRLM at various incubation times after loading HeLa cells under
cell culture condition at a chelate concentration of 100 uM (Fig. 3).
It is clearly seen that after a short incubation time (15 min)
the helicates are present in isolated vesicles which diffuse into
the cytoplasm. After 1 h incubation, the majority of [Eu,(L);]
complexes are located in a juxtanuclear area, in vesicles which
cap the nucleus on one side of the cell. These vesicles show an
almost continuous range in size from those that are barely visible
to some as large as 2 um but they are usually around 0.5-1.5 um
in diameter, and they commonly appear as flecks, spheres, or
ellipsoids. It should be noted that even after 24 h incubation in the
presence of the bimetallic complex, the helicates are still seen in
the vesicles and do not diffuse into the cytoplasm or enter into the

Fig. 3 HeLa cells were incubated in presence of 100 uM [Eu,(L);] in
RPMI-1640 for 0-24 h at 37 °C. Then they were used for time-resolved
luminescence imaging (objective: Plan-fluor 100x; excitation: 340 nm (BP
70 nm) filter; emission: 420 nm LP filter; excitation pulse length: 10 ps;
delay time after excitation: 100 us; gate time: 600 us; exposure time: 30 s).
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Fig. 4 Co-localization imaging of HeLa cells loaded with 100 uM [Eu,(L);] for 4 h and followed by a 30 min incubation with 1 uM ER-Tracker
Blue-White DPX (at 37 °C) and a 30 min incubation with 5 uM Golgi-Tracker, BODIPY® FL Cs-ceramide complexed to BSA (at 4 °C). (A) Bright field;
(B) fluorescence of ER-Tracker Blue-White DPX (objective: Plan-fluor 100x; excitation: 365 nm (BP 80 nm) filter, emission: 450 nm (BP 65 nm) filter,
exposure time: 2 s); (C) fluorescence of Golgi-Tracker (objective: Plan-fluor 100x; excitation: 480 nm (BP 30 nm) filter, emission: 530 nm (BP 30 nm) filter,
exposure time: 1.5 s); (D) Eu'™ luminescence (excitation: 340 nm (BP 70 nm) filter; emission: 420 nm LP filter; excitation pulse length: 10 pus; delay time:
100 ps; gate time: 600 ps; exposure time: 30 s); (E) merged image. (F) Densitometric traces over the path shown in E.

nucleus. Co-localization experiments with the organic dyes ER-
Tracker Blue-White DPX and Golgi-Tracker, BODIPY® FL C;-
ceramide, clearly showed that the majority of [Eu,(L),] stained
vesicles localized within the endoplasmic reticulum, and not in the
Golgi apparatus (Fig. 4).

Influence of endocytotic and metabolic inhibitors on cellular uptake

Observation of distinct vesicles in the cytoplasm of chelate-loaded
cells points to an endocytotic process of cellular uptake of the
bimetallic helicates. This was confirmed by the use of LysoTracker
Blue dye, a fluorescent marker for secondary endosomes and
lysosomes,* as well as endocytosis inhibitors.** In a first step,
HeLa cells were simultaneously incubated with [Eu,(L);] and an
organic marker before imaging by luminescence microscopy with
appropriate filters and imaging mode (Fig. 5). The superimposed
image 5D clearly shows the overlap of the red [Eu,(L%);] lumi-
nescence with the blue fluorescence of the LysoTracker Blue dye,
indicating the presence of the helicates into secondary endosomes
and lysosomes. In a second series of experiments, the endocytotic
uptake of the helicates by the cells was inhibited when the cells were
exposed to a hypertonic medium (0.45 M sucrose): a 92% decrease
in the uptake of the helicate by the cells was observed (Fig. 6).4+4
The inhibiting effect of a hypertonic medium on receptor mediated
endocytosis can be explained by (i) the fact that hypertonicity
prevents the association between the receptor-ligand complex
and the clathrin lattice to form a clathrin-coated pit, and (b)
hypertonicity blocks receptor clustering which is necessary for the
formation of the endosomes. It was also reported that receptor-
mediated endocytosis in cultured fibroblasts can be subdued by
depletion of intracellular K*, which blocks the clathrin-coated pit
formation.*” After a hypotonic shock and K+ depletion, the uptake
of [Eu,(L®);] into HeLa cells was severely inhibited, decreasing

by 83% (Fig. 6). All these observations unambiguously prove that
the helicates are internalized into the cells through a receptor-
mediated endocytosis pathway.

The energy dependence of the helicate internalization process
is also a good indication of its mechanism, so that the effects
of metabolic inhibitors on the internalization of [Eu,(L?),] were
investigated. Sodium azide is widely used both in vivo and in
vitro as an inhibitor of cellular respiration. It acts by blocking
cytochrome C oxidase, the last enzyme in the mitochondrial elec-
tron transport chain, and thereby produces a drop in intracellular
ATP concentration.”® The uptake of the helicates into HeLa cells
pretreated with sodium azide was significantly reduced to 65% of
the control (Fig. 7).

Iodoacetic acid (IAA) is reported as a classical inhibitor
of anaerobic glycolysis which is the main process involved in
the production of ATP caused by hypoxia, acting primarily
on the enzyme glyceraldehyde-3-phosphate dehydrogenase.* To
investigate the relationship between the cell viability and the
uptake of [Eu,(L);], HeLa cells were pretreated with sodium
iodoacetate at different concentrations and cell proliferation was
assessed by the WST-1 assay. The uptake of [Eu,(L%);] by
pretreated cells was estimated by TRLM. It was apparent that
the internalization of [Eu,(L);] depends on the cell viability,
the higher the cell proliferation, the more uptake of the helicate
(Fig. 8). Altogether, these results suggest that the uptake of the Eu-
helicate by living HeLa cells occurs through an energy-dependent
and viability-dependent process and that the helicates are stored
in the endosomes and lysosomes.

Fate of the luminescent stain after internalization

An important issue during the development of a cell-imaging
probe is to determine the fate of the luminescence complex
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Fig.5 Co-localization imaging of HeLa cells loaded with 100 uM [Eu,(L*);] and 100 nM LysoTracker-blue DND-22 together for 4 h. (A) Bright field;
(B) fluorescence of LysoTracker-blue DND-22 (objective: Plan-fluor 100x; excitation: 365 nm (BP 80 nm) filter, emission: 450 nm (BP 65 nm) filter,
exposure time: 2 s); (C) Eu"™ luminescence recorded in TRLM mode (objective: Plan-fluor 100x; excitation: 340 nm (BP 70 nm) filter; emission: 420 nm
LP filter; excitation pulse length: 10 us; delay time: 100 ps; gate time: 600 ps; exposure time: 60 s); (D) merged image. (E) Densitometric traces over the

path shown in D.
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Fig. 6 Effects of endocytotic inhibitors on the internalization of
[Eu,(L%);] by HeLa cells. Left column: bright field; right column:
luminescence images of cells incubated with the control medium (A),
hypertonic sucrose medium (B) or potassium-depleted medium (C).
Imaging conditions: objective: Plan-fluor 40x; excitation: 340 nm (BP 70
nm) filter; emission: 420 nm LP filter; excitation pulse length: 10 us; delay
time: 100 us; gate time: 600 us; exposure time: 60 s.

after internalization by the cells. We previously showed that the
[Eu,(L?),] helicate survives un-dissociated in the cells, even at very
low intracellular concentrations (7.9 x 107" mol of [Eu,(L)]
per cell)."” The leakage of the [Eu,(L);] helicate out of loaded

Control

Sodium azide

Fig. 7 Effect of sodium azide on the internalization of [Eu,(L);] by
HeLa cells. Left column: bright field; right column: luminescence images
of cells incubated with the control medium (A), 0.1% sodium azide medium
(B). Imaging conditions: objective: Plan-fluor 40x; excitation: 340 nm (BP
70 nm) filter; emission: 420 nm LP filter; excitation pulse length: 10 us;
delay time: 100 us; gate time: 600 ps; exposure time: 60 s.

cells has been assessed by a time-lapse experiment: HeLa cells
were loaded with 100 uM of the [Eu,(L);] for 16 h and washed
five times with the cell culture medium before being placed into a
large volume of fresh helicate-free medium at 37 °C and 5% CO,.
TRLM images were recorded at various time intervals. As shown
in Fig. 9, some [Eu,(L);] leaks out of the cells with increasing
incubation time. However, the leakage of the helicates remains
low and slow. When the total emitted intensity was monitored
over one day, an intensity loss of less than 30% was recorded after
24 h. Furthermore, the helicates did not spread into the cytoplasm
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Fig. 8 Effect of iodoacetic acid on cellular uptake of [Eu,(L);] by HeLa cells. (Top) time-resolved luminescence images of HeLa cells pretreated with
different concentrations of sodium iodoacetate and then loaded with 100 uM [Eu,(L?);] for 4 h. (objective: Plan-fluor 40x; excitation: 340 nm (BP 70 nm)
filter; emission: 420 nm LP filter; excitation pulse length: 10 us; delay time: 100 us; gate time: 600 ps; exposure time: 60 s). (Bottom) WST-1 assay of
HeLa cells incubated with increasing concentrations of IAA (white column) and internalization of [Eu,(L);] by HeLa cells as assessed by TRLM (gray

column).

of the cell but remained confined in lysosomes located near the
nucleus.

Multiplex labeling

The ligand L is a good sensitizer of the luminescence of several
Ln™ ions, such as Eu™, Tb"™, and, to a lesser extent Sm™ and
Yb™, leading to supramolecular edifices with overall quantum
yields in water at pH 7.4 of 21, 11, 0.38, and 0.15% respectively."”
To test the feasibility of multiplex experiments, HeLa cells were
loaded simultaneously with [Eu,(L);] and [Tb,(L),]. As can
be seen from Fig. 10 (top), the [Tb,(L);] helicate has the same
intracellular distribution as [Eu,(L?);] in the co-loaded cells. This
tends to indicate that the fate of the internalized Ln™ chelates
is not influenced by the nature of the lanthanide ions and that
the structure of the ligand plays a key role. Even the weakly
emitting Sm"™ complex with a quantum yield of less than 0.4%
could be detected by TRLM (Fig. 10, bottom), which opens
the way for using the helicates in multiplex targeting studies in
living cells based on differential time-resolved measurements since
the lifetimes of the excited states differ appreciably with values

decreasing from 2.43 ms for Eu', to 0.65 ms for Tb™, and 30.4 us

for Sm",

Staining other cell lines

The versatility of the helicates is further demonstrated by their
ability to stain other cell lines such as the human breast adeno-
carcinoma cell line MCF-7 and the non-malignant epithelial cell
line HaCat (human keratinocytes) (Fig. 11). Luminescence images
of [Eu,(L);] and densitometry measurements across cells show
that the helicate distribution in these cell lines is the same as for
HeLa cells; the helicate shows again a predominantly lysosomal
distribution near the cell nucleus. Co-localization experiments
with the ER-Tracker Blue-White DPX dye demonstrates the
presence of [Eu,(L?);]-containing lysosomes in the endoplasmatic
reticulum (Fig. S1, ESIY).

Discussion

The cellular localization study demonstrates that the helicate
[Eu,(L%?);] is taken up by living cells through an energy-dependent
and viability-dependent endosomal-lysosomal mechanism. In the
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Fig.9 Leakage of [Eu,(L);] from HeLa cells versus time. Cells were incubated 16 h at 37 °C with 100 uM [Eu,(L),], placed in a fresh Eu-free medium
and maintained at 37 °C under 5% CQO,. (Top) TRLM images (objective: Plan-fluor 100x; excitation: 340 nm (BP 70 nm) filter; emission: 420 nm LP
filter; excitation pulse length: 10 us; delay time: 100 us; gate time: 600 us; exposure time: 30 s). (Bottom) leakage curves.

[Thb,(L<);] [Eu,(L°2)5) merged
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Fig. 10 Time-resolved luminescence images of living HeLa cells loaded with different Ln™ complexes. (Top) cells were incubated in presence of 100 uM
[Eu,y(L);] and [Tb,(L);] in RPMI-1640 for 6 h at 37 °C: (A) bright field; (B) Tb™ luminescence (excitation: 340 nm (BP 70 nm) filter; emission: 545
(BP 35 nm) filter; delay time: 100 ps; 60 s exposure time); (C) Eu™ luminescence (excitation: 340 nm (BP 70 nm) filter; emission: 585 nm LP filter; delay
time: 100 ps; 60 s exposure time); (D) merged images. (Bottom) HeLa cells were incubated in presence of 500 uM [Sm,(L?);] in RPMI-1640 for 24 h at
37 °C; left: Sm"™ luminescence (excitation: 340 nm (BP 70 nm) filter; emission: 420 nm LP filter, delay time: 50 ps; 60 s exposure time); right: merged
bright field/luminescence image.
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Fig. 11 Time-resolved luminescence images of HaCat (top row) and
MCF-7 (bottom row) cells loaded with 100 uM [Eu,(L);] for 6 h
at 37 °C. Left column: time-resolved luminescence images (objective:
Plan-fluor 100x; excitation: 340 nm (BP 70 nm) filter; emission: 420 nm LP
filter; excitation pulse length: 10 us; delay time: 100 ps; gate time: 600 ps;
exposure time: 30 s); right column: merged bright field and luminescence
images.

presence of a sufficiently high external concentration gradient
and especially at longer time intervals, the Eu™ bimetallic he-
licate is seen in late endosomes and lysosomes. The latter are
predominantly distributed around the nucleus, co-localize with the
endoplasmatic reticulum, and do not diffuse into the whole cells.
The leakage of the helicate out of the cells is very slow and limited
(30% after 24 h). This endosomal uptake mechanism of the helicate
can be related to its relative high molecular weight ([Eu,(L);]
=~2827 Da) and electric neutrality. The macrocyclic cyclen-based
lanthanide chelates, bearing azaxanthone, azathiaxanthone or
tetrazatriphenylene chromophores, described by the group of
David Parker, show different uptake and cellular localization
profiles. These small, cationic complexes (MW =1000 Da) are
entering living cells more rapidly (5-30 min), and most of them
show a rapid egress; as these observations persist at 4 °C, an uptake
mechanism involving a channel or pore in the cell membrane
is proposed. Depending on the sensitizing chromophore, the
macrocyclic complexes localize in different intracellular com-
partments. For instance, cationic or neutral Eu(iil) complexes
incorporating a coordinated azathioxanthone sensitizer, show a
relatively slow uptake (>30 min) and leakage, and localize in
the protein-rich regions of the nucleolus and ribosomes™* or in
the mitochondria;'® complexes bearing a sensitizing azaxanthone
group show a late endosomal-lysosomal distribution around
the nucleus,” while cationic complexes which incorporate a
tetraazatriphenylene moiety tend to penetrate (<15 min) and
egress cells rapidly and localize inside the cell nucleus.”® These
results show that small changes in the sensitizing chromophore
can alter the cellular uptake and localization of cyclen based
Ln™ complexes, which makes the prediction of cellular uptake
characteristics difficult for the time being in view of the limited set
of data available.

We have previously evaluated the influence of the position and
length of the polyoxyethylene substituents on the performance of
the Eu helicates as imaging probes. The cellular endocytotic uptake

mechanism and the localization were not altered by grafting the
short polyoxyethylene chains on the benzimidazole cores of L¢,"
or by doubling their length.* Other modifications of the core of the
ditopic hexadentate ligand H,L* are under way in our laboratories
to further test a potential influence of the ligand structure on the
uptake mechanism as well as for attempting to shift the excitation
wavelength more towards the visible range.*

Conclusion

The experiments described in this work confirm that TRLM of
living cells is instrumental in clearly separating the long-lived
luminescence of lanthanide chelates from the short-lived auto-
fluorescence present in most biological systems, the scattered
excitation light, and even the fluorescence of organic dyes in co-
localization experiments.

Another useful fact is that the bimetallic helicates [Ln,(L);]
used in this study incorporate several requirements for live-cell
imaging probes. In particular, an absence of cytotoxicity up to
an external concentration gradient of 500 uM (that is, IC;, is
>500 uM); in comparison, cyclen-based optical probes tend to be
more cytotoxic, most of them having ICs, values for NIH-3T3 cells
around 200 uM, but in some isolated cases ICs, is even smaller
than 10 uM.'*?” Furthermore, the helicates possess good cell
permeability with slow egress. Finally, the sizeable luminescence
sensitization reached for several Ln™ ions (Ln = Eu, Tb, Sm, and
YD) coupled with the derivatization potential of the polyoxyethy-
lene pendant arms are promising for the development of time-
resolved multiple targeting experiments both in the visible and
near-infrared ranges. The robustness of the helicates makes them
ideal probes for functionalization. For instance, coupling of the
helicates via activated polyoxyethylene arms to specific biological
molecules, such as peptides which permit endosomal escape (e.g.
TAT peptide®®), and antibodies, will allow the development of new
molecular tracking and imaging agents. Their high specificity and
attractive spectroscopic properties are hoped to bring to reality the
following of discrete intracellular molecular events in real time.
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N-Glycosides of 6 H-indolo[2,3-b]quinoxalines were prepared and structurally characterized. The
synthesis relies on the cyclocondensation of isatine- N-glycosides with 1,2-diaminobenzenes. Some
products exhibit weak cytotoxic activity against human ceratinocytes (HaCaT).

Introduction

N-Glycosides of indole and of related compounds are of re-
markable pharmacological relevance, e.g. as anti-cancer agents.
Well-known cancerostatic natural products include, for example,
staurosporine, K-252d, rebeccamycin and the tjipanazoles.™* Re-
cently, the isolation of indigo-N-glycosides, the akashines A-C,
has been reported.* Whereas the parent indigo is pharmacologi-
cally inactive, the akashines exhibit a considerable cancerostatic
activity against various human cancer cell lines. Recently, we have
reported the first synthesis of indigo-N-glycosides (blue sugars).*
Indirubin, the red isomer of indigo, is the active ingredient of
a traditional Chinese medicinal recipe which has been used for
the treatment of myelocytic leukaemia.® Indirubin derivatives
are potent inhibitors of several kinases such as GSK-3B and
cyclin dependent kinases (CDK’).%” We have recently reported
the first synthesis of indirubin-N’-glycosides (red sugars) and
their anti-proliferative activity against various human cancer cell
lines.® The cancerostatic activities of the glycosides are higher
than those of the aglycons. Isoindigo-N-glycosides also show
a considerable anti-proliferative and kinase inhibitory activity.’
It is worth mentioning that both deprotected and protected
N-glycosides are of pharmacological interest. For example, the
biological activity of so-called ‘Natura’, i.e. acetyl-protected B-D-
xylopyranosyl-N-isoindigo, has been reported to be higher than
the activity of its deprotected analogue.’®!!
6H-Indolo-[2,3-b]quinoxalines combine the structural features
of indoles and quinoxalines and the first derivative was prepared
in 1895 by condensation of 1,2-diaminobenzene with isatine.'
In recent years, 6 H-indolo[2,3-b]quinoxalines have received much
attention, due to their considerable pharmacological relevance.'®
For example, they show some DNA duplex stabilization.* It has
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been mentioned above that the pharmacological activity of N-
glycosylated heterocycles is often higher than that of the aglycons.
Therefore, we have studied the synthesis and structural characteri-
zation of novel 6 H-indolo[2,3-b]quinoxaline-N-glycosides and the
results of our efforts are reported herein.'

Results and discussion

The product distribution of the reaction of isatines with 1,2-
diaminobenzenes has been reported to strongly depend on the
solvent and the conditions (Scheme 1).'%1¢17 6H-Indolo-[2,3-
blquinoxaline A is exclusively formed when the reaction is carried
out in glacial acetic acid (AcOH). The employment of benzene
or MeOH results in the formation of a mixture of A and of
3-imino-isatine B. Product B can be transformed into A by
treatment with AcOH. The reaction of the starting materials at
elevated temperatures in a polar-aprotic solvent, such as N,N-
dimethylacetamide (DMA), has been reported to give spiro-
benzimidazole C.'

NH, i \
N~</ >
4 N N NH
=N
N @Eg:o @ﬁ\}o
H N N
A B

Scheme 1 Possible products of the reaction of 1,2-diaminobenzene with
isatine.

It is well known that direct N-glycosylations of indole and
related unsaturated N-heterocycles proceed with extremely low
yields or are not possible at all.’® Therefore, the direct N-
glycosylation of 6 H-indolo[2,3-b]quinoxalines is not a promising
approach to 6 H-indolo[2,3-b]quinoxaline- N-glycosides. Our strat-
egy for the synthesis of these compounds relies on the reaction
of isatine-N-glycosides with 1,2-diaminobenzenes. The starting
materials, isatine-N-glycosides 2, were prepared as follows:?
The reaction of the free sugars with aniline and subsequent
acetylation gave acetyl-protected N-glycosylated anilines'® which
were transformed into isatine-N-glycosides 2 by AlCl;-mediated
cyclization® with oxalyl chloride. Isatine-N-rhamnoside p-2a,
isatine-N-mannoside B-2b, and isatine-N-glucoside B-2¢ were
isolated in the form of the pure B-anomers.
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The reaction of a AcOH-1,4-dioxane solution of isatine-V-
rhamnoside p-2a and 1,2-diaminobenzene (1a) at 80 °C afforded
slightly impure 6 H-indolo[2,3-b]quinoxaline-N-rhamnoside p-3a
in 40% yield.” Due to the formation of many side-products of
similar polarity, the chromatographic separation proved to be very
difficult. Therefore, the conditions were optimized. The best yields
of B-3a (up to 72%) were obtained when the starting materials
(1 : 1.1 stoichiometry) were stirred in pure glacial acetic acid at
80 °C until no B-2a could be detected any more (TLC control, 3 h)
(Table 1). The TLC control was necessary as some deglycosylation
was observed when the reaction time was too long. Subsequently,
the solvent was removed in vacuo, benzene and p-toluenesulfonic
acid (PTSA) were added, and the solution was stirred at 80 °C for
45 min (TLC control). This step was important to complete the
cyclization and dehydration. The deacetylated product -4a could
be isolated in 98% yield by reaction of g-3a with NaOMe-MeOH
(Zemplén conditions).?

The reaction of isatine-N-rhamnoside f-2a with 1,2-
diaminobenzene (1a), 1,2-diamino-4,5-dimethylbenzene (1b),
2,3-diaminonaphthalene (1c), 1,2-diamino-4,5-dichlorobenzene
(1d), and 1,2-diamino-4-nitrobenzene (le) afforded the novel
indolo[2,3-b]quinoxaline-N-rhamnosides B-3a, p-3b, p-3c, p-3d,
and B-3e, respectively (Table 1). Products p-3a, B-3b, and B-3c
were isolated in good yields. In contrast, the yields of p-3d and
B-3e were low. This can be explained by the low nucleophilicity of
acceptor-substituted 1,2-diaminobenzenes 1d and 1e. The reaction
of p-2a with (unsymmetrical) 1,2-diamino-4-nitrobenzene (le)
can, in principle, result in the formation of two regioisomers.
Only one isomer (f-3e) could be isolated in pure form. However,
it was not possible to unambiguously clarify whether the nitro
group is located at carbon atom C-2 or C-3. The deacetylation
under Zemplén-conditions afforded the novel deprotected 6H-
indolo[2,3-b]quinoxaline- N-glycosides f-4a, p-4b, and p-4c in very
good yields.

Table 1 Synthesis of B-L-(thamnopyranosyl)indolo[2,3-b]quinoxalines
p-4a—e

HaC,
—0
AcO—Q"'N HsC,
s - (@) O,
A0 OAcO iii R3O{>'”N
2a . s 2 T ON
B- R0 OR3N
HoN R2
XX :
HoN R IR
1a-e R

B-3a-e (R®=Ac) «
) jii
p-da-e (R®=H)
Conditions: i: AcOH, 80 °C, 1-3 h; ii: benzene, PTSA, 80 °C, 1-3 h;
iii: NaOMe, MeOH, 7 h, 20 °C

Entry R! R? % (B-3) % (B-4)
a H H 72 98

b Me Me 63 85

¢ —~(CH),— 61 79

d Cl Cl 10 —

e NO,* H? 9 —

“Yields of isolated products. ® Assignment arbitrary. ¢ Experiment was not
carried out.

Table 2 Synthesis of B-D-(mannopyranosyl)indolo[2,3-b]quinoxalines

p-4f—i
-3 %3
B R3O
B-2b

AcO OAcO
R3O OR3 N
HoN R2
- XX 2
HoN — R! R R
B-3fi (R®=Ac) ~
B-4f-i (R®=H) ) "

Conditions: i: AcOH, 80 °C, 1-3 h; ii: benzene, PTSA, 80 °C, 1-3 h;
iii: NaOMe, MeOH, 7 h, 20 °C

Entry R' R? % (B-3) % (B-4)
f H H 69 72
g Me Me 72 94
h _(CH),— 65 97
i Cl Cl 44 75

“Yields of isolated products.

The reaction of isatine-N-mannoside B-2b with 1a, 1b, Ic,
and 1d afforded the 6 H-indolo[2,3-b]quinoxaline-N-mannosides
p-3f, p-3g, B-3h, and B-3i, respectively (Table 2). Interestingly,
mannoside B-3i, derived from 1,2-diamino-4,5-dichlorobenzene
(1d), was isolated in much better yield than the corresponding
rhamnoside $-3d. This result suggests that the sugar moiety also
has a significant influence on the yield of the cyclocondensation.
The yields of mannosides p-3f, p-3g, p-3h were similar to those
of B-3a, B-3b, and B-3c. The deacetylation afforded the novel
deprotected 6H-indolo[2,3-b]quinoxaline-N-mannosides p-4f, p-
4g, B-4h, and p-4i in very good yields. The reaction of 1a with
isatine- N-glucoside p-2c¢ gave the 6 H-indolo[2,3-b]quinoxaline-N-
glucoside B-3j in good yield (Scheme 2).

... AcO
I, ii

AcO OAcO
AcO OAcN
H,N
! K)
HoN —3j (75%
1a B-3j ( o)

Scheme 2 Synthesis of B-D-(glucopyranosyl)indolo[2,3-b]quinoxaline
B-3j. Conditions: i AcOH, 80 °C, 1-3 h; ii: benzene, PTSA, 80 °C, 1-3 h.

All attempts to induce a cyclization of isatine-N-glycosides
with 1,2-diaminoethane proved to be unsuccessful. This can
be explained by the assumption that the rearomatization is an
important driving force of the cyclocondensation.

The configuration and conformation of all products were
studied in detail by NMR spectroscopy. The assignment of the
signals was established by DEPT and 2D NMR techniques ("H,'H
COSY, HETCOR, HSQC, HMBC, and 'H,'H NOESY). For
example, in the '"H,'H NOESY spectrum of B-3a, NOE cross
peaks were observed for proton H-7 with H-4" and the O-acetyl
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group attached to carbon atom C-2’ as well as proton H-1" with
H-3" and H-5'. These findings confirm the assignments given for
proton H-7, and furthermore, the stereochemistry of the pyranosyl
ring ('C, chair conformation and B configuration) (Scheme 3).
'"H,'H NOESY spectra have been recorded and analyzed for
compounds p-3a—e, p-3g, and B-3h. These experiments showed
that B-'C, and B-*C, chair conformations were present for L-
rhamno and D-manno configured sugar residues, respectively. The
stereochemistry of the D-gluco derivative B-3j was found to be
B-*C, based on the coupling constants *J ., *J» 3, *Jy4, and *J 5
in the range of 9.5 to 10.0 Hz, indicating all-axial positions of these
protons. The structures of f-3a, -3¢ and p-3g were independently
confirmed by X-ray structure analyses (Fig. 1, 2 and 3).}

B-3a  (B-L-rhamno 1Cy)

Scheme 3 Relevant NOE-correlations of p-3a.

Fig. 2 ORTEP-plot of B-3c¢ (50% probability level).

To evaluate the biological properties of the 6H-indolo[2,3-
b]quinoxaline-N-glycosides a selection of the synthesiszed deriva-
tives was tested towards their cytotoxic activity. The immortalized
human keratinocytes (HaCaT) cell line was chosen for the eval-
uation of antiproliferative effects. Besides the unprotected com-

Table 3 Results of the antiproliferative screening*

Compound ICsp/umol L™
B-3a >100
B-3b 49.8
B-3c 65.5
B-3f >100
B-3g 71.3
B-4a >100
B-4b >100
B.4c >100
p-4g >100
Etoposide 0.8

“ Inhibition studies were performed in 2 separate experiments including 4
parallel dilutions. The cell viability was detected using the “Neutral Red”
assay.”

Fig. 3 ORTEP-plot of p-3g (50% probability level).

pounds p-4a, p-4b, p-4c and p-4g, some acetylated quinoxaline-N-
glycosides were also tested. The results of the biological studies
are summarised in Table 3.

It becomes obvious that the compounds tested in this study show
only moderate antiproliferative activities towards the HaCaT cell
line. Compared to etoposide only a weak cytotoxic effect of the
quinoxaline-N-glycosides can be assumed. In comparison to the
recently described® high antiproliferative activities of indirubine-
N-glycosides, the higher lipophilicity of the quinoxaline-N-
glycosides is likely to be the main reason for the decreased
effects towards eukaryotic cells. The cytotoxic effects observed
in this study could arise from unspecific binding effects at the
cell membrane. The much stronger inhibition of proliferation by
indirubine-N-glycosides is likely induced by inhibition of CDK
enzymes which can probably not be inhibited by the tested
indoloquinoxaline- N-glycosides.

In conclusion, N-glycosides of 6H-indolo[2,3-b]quinoxalines
were prepared by cyclocondensation of isatine-N-glycosides with
1,2-diaminobenzenes. Some products exhibit weak cytotoxic ac-
tivity against human ceratinocytes (HaCaT).

Experimental section
General comments

All solvents were dried by standard methods. '"H NMR spectra
(250.13 MHz, 300.13 MHz and 500.13 MHz) and "C NMR

4220 | Org. Biomol. Chem., 2008, 6, 4218-4223

This journal is © The Royal Society of Chemistry 2008





spectra (62.9 MHz, 75.5 MHz and 125.8 MHz) were recorded
on Bruker spectrometers AV 250, AV 300 and AV 500 in CDCl,
and DMSO-d, as solvents. The calibration of spectra was carried
out on solvent signals (CDCl;: 6 (‘"H) = 7.25, 6 (*C) = 77.0;
DMSO-d¢: 6 ("H) = 2.50, 6 (PC) = 39.7). Mass spectrometric
data (MS) were obtained by electron ionization (EI, 70 eV),
chemical ionization (CI, isobutane) or electrospray ionization
(ESI). Melting points are uncorrected. Analytical thin layer
chromatography was performed on 0.20 mm 60A silica gel plates.
Column chromatography was performed on 60A silica gel (60—
200 mesh).

General procedure for the synthesis of 6 H-indolo|2,3-
b]quinoxaline-/NV-glycosides 3a—j

A solution of isatine-N-glycoside B-2a (1.0 equiv.) and of diamine 1
(1.1 equiv.) in glacial acetic acid (10 mL) was stirred at 80 °C for 1—
3 huntil no starting materials could be detected by TLC (heptanes—
EtOAc = 3:1). The solution was allowed to cool to 20 °C and
the solvent was removed in vacuo. To the residue was added dry
benzene (10 mL) and a catalytic amount of toluenesulfonic acid.
The solution was stirred at 80 °C for 1-3 h until the reaction was
complete (TLC-control). The solution was allowed to cool to 20 °C
and NEt; (for neutralization) and toluene (4 mL) were added. The
solvent was concentrated in vacuo and the residue was purified by
chromatography (heptane-EtOAc=9:1—-6:1—2:1).

General procedure for the deacetylation

Product 3 was suspended in dry MeOH under argon atmosphere.
To the suspension was added a MeOH solution of NaOMe (0.1 M,
prepared from 23 mg of sodium and 10 mL of dry MeOH). The
solution was stirred at 20 °C until the reaction is complete (TLC-
control, CHCL,-EtOH = 5 : 1). The precipitate was filtered off
washed several times with n-pentane and dried in vacuo.

6-(B-L-Rhamnopyranosyl)indolo|2,3-b]quinoxaline (p-4a)

Stirring of B-2a (300 mg, 0.71 mmol) and 1a (85 mg, 0.79 mmol)
for 3 h at 80 °C in HOAc and for 45 min at 80 °C in benzene (in
the presence of PTSA) afforded B-3a (253 mg, 72%) as a slightly
yellow solid. Starting with $-3a (200 mg, 0.41 mmol), 40 mL of
MeOH and 0.5 mL of a 0.1 M MeOH solution of NaOMe, -
4a was isolated (146 mg, 98%) after stirring for 7 h as a slightly
yellow solid. Mp. 339-341 °C (heptane-EtOAc); [o]p = +9.63 (¢ =
0.53; T = 21.5 °C; DMSO); R; = 0.40 (CHCL,-EtOH = 5: 1).
"H-NMR (300 MHz, DMSO-d;): 6 = 8.32 (ddd, °J;,, = 0.6 Hz,
4Js10=1.3Hz,*J,,, = 7.8 Hz, 1H, H-10); 8.29, 8.13 (2ddd, °J,, =
0.6 Hz, *J,5 = *J,, = 1.7 Hz, *J,, = *J;, = 8.1 Hz, 2H, H-1,
H-4); 8.19 (d°t’, *J,5 = 8.5 Hz, 1H, H-7); 7.84, 7.76 (2ddd, *J 5 =
*J,s = 1.7 Hz, *J,; = 6.8 Hz, °J,, = °J;, = 8.1 Hz, 2H, H-2,
H-3); 7.67 (ddd, *Js,0 = 1.3 Hz, *Jsy = 7.3 Hz,J;5 = 8.5 Hz, 1H,
H-8); 7.37 (d‘t’, *J;5 = 0.8 Hz, *Jsy = 7.3 Hz, *J,,, = 7.8 Hz, 1H,
H-9); 6.38 (d, *J,, = 1.0 Hz, 1H, H-1"); 5.25 (d, *Jy0ou = 4.9 Hz,
1H, OH)); 5.06 (d, *Jyou = 5.1 Hz, 1H, OH4,); 4.93 (d, *J3on =
5.8 Hz, 1H, OH,3,); 4.10-4.06 (m, 1H, H-2"); 3.72-3.66 (m, 1H,
H-3"); 3.63-3.45 (m, 2H, H-4’, H-5"); 1.34 (d, *J54 = 5.9 Hz, 3H,
H-6"). "C-NMR (75.5 MHz, DMSO-d;): § = 144.7, 144.1, 139.9,
139.6, 139.0 (5 C,); 130.8 (C-8); 129.3, 127.6 (C-1, C-4); 129.2,
126.6 (C-2, C-3); 121.3 (C-10); 121.2 (C-9); 119.0 (C-10a); 117.0

(C-7); 83.6 (C-1"); 75.7 (C-5"); 73.4 (C-3"); 72.1 (C-2"); 71.6 (C-4");
18.4 (C-6"). MS (EI, 70 eV): m/z (%) = 365 (5) [M*]; 248 (23); 219
(100) [aglycone + HJ; 153 (2) [M* — aglycone — 2HOAc]. HRMS
(ED): calced. for C, H;yN;0, (IM*]) 365.136463. Found: 365.13701.

2,3-Dimethyl-6-(B-L-rhamnopyranosyl)indolo[2,3-b]quinoxaline
(p-4b)

Stirring of p-2a (300 mg, 0.71 mmol) and of 1b (107 mg, 0.79 mmol)
for 1.5 h at 80 °C in HOAc and for 2 h at 80 °C in benzene (in
the presence of PTSA) afforded B-3b (231 mg; 63%) as a slightly
yellow solid. Starting with B-3b (160 mg, 0.31 mmol), 20 mL of
MeOH and 0.5 mL of a 0.1 M MeOH solution of NaOMe, f-
4b was isolated (103 mg, 85%) after stirring for 24 h as a slightly
yellow solid. Mp. 347-350 °C (heptane-EtOAc); [of]p = +3.33 (¢ =
0.50; T = 21.6 °C; DMSO); R; = 0.45 (CHCL,-EtOH = 5 : 1).
"H-NMR (250 MHz, DMSO-d¢): 6 = 8.26 (ddd, °J,,, = 0.6 Hz,
*Js10 = 1.3 Hz,*Jy,, = 7.7 Hz, 1H, H-10); 8.15 (d°t’, *J;5 = 8.5 Hz,
1H, H-7); 8.03, 7.91 (2 br s, 2H, H-1, H-4); 7.63 (ddd, *J, =
1.3 Hz, *Jyy = 7.3 Hz, *J,;3 = 8.5 Hz, 1H, H-8); 7.33 (ddd, *J,, =
09 Hz, *Jyy = 7.3 Hz, *J,,y = 7.7 Hz, 1H, H-9); 6.33 (d, *J,» =
1.0 Hz, 1H, H-1"); 5.31 (d, *Jyon = 4.6 Hz, 1H, OH,,); 5.07 (d,
3Jyon = 5.0 Hz, 1H, OHy,); 4.94 (d, *J3 04 = 5.7 Hz, 1H, OH3,);
4.06 (m, 1H, H-2"); 3.71-3.63 (m, 1H, H-3"); 3.61-3.46 (m, 2H,
H-4', H-5"); 2.49 (2 s, 6H, 2 CH,); 1.34 (d, *Js¢ = 5.5 Hz, 3H,
H-6"). *C-NMR (75.5 MHz, DMSO-d,): 6 = 144.1, 143.8, 139.5,
138.8, 138.3, 137.9, 136.4 (7 C,); 130.2 (C-8); 128.2, 126.8 (C-1,
C-4); 121.0 (C-10); 120.9 (C-9); 119.2 (C-10a); 116.7 (C-7); 83.6
(C-1); 75.7 (C-5"); 73.4 (C-3’); 72.1 (C-2'); 71.6 (C-4"); 20.1, 19.8
(2 CH;); 18.3 (C-6"). MS (EI, 70 eV): m/z (%) = 393 (7) [M*]; 276
(33); 247 (100) [aglycone + H]; 246 (36); 232 (58). HRMS (EI):
calced. for C,,H,;N;0, ([M*]) 393.168130. Found: 393.16831.

13-(B-L-Rhamnopyranosyl)-5,12,13-triaza-indeno[1,2-b]anthracene
(B-40)

Stirring of -2a (300 mg, 0.71 mmol) and 1c¢ (124 mg, 0.79 mmol)
for 1.5h at 80 °C in HOAc and for 1.5 h at 80 °C in benzene (in the
presence of PTSA) afforded B-3¢ (197 mg, 61%) as a yellow solid.
Starting with g-3c (100 mg, 0.19 mmol) in 15 mL of MeOH and
0.3 mL of a 0.1 M MeOH solution of NaOMe, B-d¢ was isolated
(61 mg; 79%) after stirring for 24 h as a yellow to orange solid.
Mp 359-360 °C (heptane-EtOAc); [a], = —20.85 (¢ = 047; T =
22.3 °C; DMSO); R; = 0.52 (CHCL,-EtOH = 5 : 1). '"H-NMR
(250 MHz, DMSO-d¢): 6§ = 8.93, 8.72 (2 s, 2H, H-6, H-11); 8.32
(brd,?J;, = 7.6 Hz, 1H, H-4); 8.27-8.19 (m, 2H, H-7, H-10); 8.14
(d, *J,, = 8.4 Hz, 1H, H-1); 7.71-7.56 (m, 3H, H-2, H-8, H-9);
7.36 (‘t, 3J,5 = *J54, = 7.6 Hz, 1H, H-3); 6.35 (br s, 1H, H-1");
5.32 (d, *Jyon = 5.0 Hz, 1H, OHx,)); 5.09 (d, *Jyon = 5.2 Hz,
1H, OH,,)); 4.96 (d, *Jy0u = 5.9 Hz, 1H, OH)); 4.14 (br ‘t’, 1H,
H-2%); 3.74-3.66 (m, 1H, H-3"); 3.63-3.47 (m, 2H, H-4', H-5"); 1.36
(d, *Js¢ = 5.7 Hz, 3H, H-6"). "C-NMR (75.5 MHz, DMSO-d,):
6 = 1459, 144.8, 142.6, 137.0, 136.9, 133.1, 131.7 (7 C,); 131.3
(C-2); 128.4, 127.8 (C-7, C-10); 127.4, 124.6 (C-6, C-11); 126.6,
125.6 (C-8, C-9); 121.8 (C-4); 121.4 (C-3); 119.2 (C-4a); 116.8 (C-
1); 83.7 (C-1"); 75.7, 73.4, 71.6 (3 5, C-3", C-4", C-5"); 71.9 (C-2");
18.3 (C-6"). MS (EI, 70 eV): m/z (%) = 415 (7) [M*]; 298 (10); 270
(48); 269 (100) [aglycone + H]; 140 (10). HRMS (EI): calcd. for
C,,H,; N;0, ([M*]) 415.151893. Found: 415.15266.

This journal is © The Royal Society of Chemistry 2008
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6-(B-D-Mannopyranosyl)indolo|2,3-b]quinoxaline (p-4f)

Stirring of B-2b (300 mg, 0.63 mmol) and 1a (75 mg, 0.69 mmol)
for 2 h at 80 °C in HOAc and for 2 h at 80 °C in benzene (in the
presence of PTSA) afforded B-3f (230 mg, 69%) as a slightly yellow
solid. Starting with g-3f (50 mg, 0.10 mmol), 10 mL of MeOH and
0.5 mL of a 0.1 M solution of NaOMe, B-4f was isolated (25 mg,
72%) after stirring for 24 h as a slightly yellow solid. Mp. 325-
327 °C (heptane-EtOAc); [o], = —20.52 (¢ = 0.47; T = 22.3 °C;
DMSO); R; = 0.29 (CHCL,-EtOH = 5 : 1). '"H-NMR (250 MHz,
DMSO-d¢): 6 = 8.34-8.23 (m, 3H), 8.14 (m, 1H) (H-1, H-4, H-7,
H-10); 7.84, 7.76 (2 ddd, °J,, = 0.6 Hz, *J,; = *J,, = 1.7 Hz;
*J,; = 6.8 Hz, *J,, = J;, = 8.1 Hz, 2H, H-2, H-3); 7.65 (ddd,
*Jsi0 = 1.4 Hz, *Jyy = 7.5 Hz, *J;5 = 8.3 Hz, 1H, H-8); 7.37
dt,*J;5 =09 Hz, *Jyy = 7.5 Hz, *J,y,, = 7.8 Hz, 1H, H-9); 6.38
(d, *Jy> = 0.8 Hz, 1H, H-1"); 5.26 (br s, IH, OH,); 5.02 (br s,
IH, OHy,)); 4.97 (br s, 1H, OH3,)); 4.63 (br t, 1H, OHy,)); 4.07
(brs, 1H, H-2'); 3.88-3.47 (m, 5H, H-3", H-4’; H-5, H-6"a, H-6'D).
BC-NMR (75.5 MHz, DMSO-d¢): 6 = 144.8, 144.1, 139.9, 139.6,
139.0 (5 C,); 130.8 (C-8); 129.3, 127.6 (C-1, C-4); 129.2, 126.6
(C-2, C-3); 121.2, 121.2 (C-9, C-10); 119.0 (C-10a); 117.4 (C-7);
83.6 (C-1"); 81.1 (C-5"); 73.7 (C-3"); 71.9 (C-2); 66.6 (C-4"); 61.3
(C-6"). HRMS (ESI): calcd. for CHyN;O5 (M + H]*) 382.13975.
Found: 382.12953.

2,3-Dimethyl-6-(p-pD-mannopyranosyl)indolo|2,3-b]quinoxaline
(B-42)

Stirring of B-2b (300 mg, 0.63 mmol) and 1b (94 mg, 0.69 mmol)
for 1 h at 80 °C in HOAc and for 1.5 h at 80 °C in benzene (in the
presence of PTSA) and recrystallization from EtOAc and heptane
afforded B-3g (260 mg, 72%) as yellow to orange needles. Starting
with B-3g (260 mg, 0.45 mmol), 25 mL of MeOH and 0.5 mL of
a 0.8 M MeOH solution of NaOMe, p-4g was isolated (173 mg,
94%) after stirring for 24 h as a slightly yellow solid. Mp. 352—
354 °C (heptane-EtOAc); [o]p = —10.09 (¢ = 0.49; T = 21.7 °C;
DMSO); R; = 0.24 (CHCL,-EtOH = 5 : 1). '"H-NMR (300 MHz,
DMSO-d¢): 6§ =8.27 (br d, *J,,, = 7.6 Hz, 1H, H-10); 8.20 (br d,
3J,s = 8.5 Hz, 1H, H-7); 8.03, 7.91 (2 br s, 2H, H-1, H-4); 7.61
(ddd, *Jg 0 = 1.0 Hz, *Jsy = 7.4 Hz, *J,5 = 8.5 Hz, 1H, H-8); 7.34
dt, %, =09 Hz, *Jyy = 7.4 Hz, *J,,, = 7.6 Hz, 1H, H-9); 6.33
(d,*Jy>=1.0Hz, 1H, H-1"); 5.30 (br s, 1H, OH,3,); 5.00 (br s, 1H,
OHy,); 4.95 (br s, 1H, OH,); 4.61 (br t, 1H, OH,); 4.06 (br s,
1H, H-2%); 3.87-3.47 (m, 5H, H-3’, H-4’, H-5", H-6’a, H-6"b); 2.50
(2 s, 6H, 2 CH;). "C-NMR (75.5 MHz, DMSO-d;): § = 144.2,
143.8, 139.5, 138.8, 138.3, 137.9, 136.4 (7 C,); 130.2 (C-8); 128.2,
126.7 (C-1, C-4); 121.0; 120.9 (C-9; C-10); 119.2 (C-10a); 117.1
(C-7); 83.6 (C-1"); 81.2 (C-5"); 73.7 (C-3"); 71.9 (C-2%); 66.6 (C-4");
61.5 (C-6"); 20.1, 19.8 (2 CH;). MS (EI, 70 eV): m/z (%) = 409
(3) [M*]; 276 (13); 248 (21); 247 (100) [aglycone + H]; 246 (21);
232 (32). HRMS (EI): calcd. for C,,Hy;N;O5 ([M*]) 409.163493.
Found: 409.16322.

13-(B-p-Mannopyranosyl)-5,12,13-triaza-indeno[1,2-b]anthracene
(B-4h)

Stirring of f-2b (300 mg, 0.63 mmol) and 1¢ (110 mg, 0.69 mmol)
for 1 h at 80 °C in HOAc and for 1 h at 80 °C in benzene (in the
presence of PTSA) and recrystallization from EtOAc and heptane
afforded B-3h (245 mg; 65%) as a yellow to orange solid. Starting

with §-3h (78 mg, 0.13 mmol), 10 mL of MeOH and 0.5 mL of a
0.5 M MeOH solution of NaOMe, -4h was isolated (54 mg; 97%)
after stirring for 24 h as a yellow to orange solid. Mp. 320-322 °C
(heptane-EtOAc); R, = 0.25 (CHCL,-EtOH = 5 : 1). '"H-NMR
(250 MHz, DMSO-d;): 6 = 8.95, 8.74 (2 s, 2H, H-6, H-11); 8.35-
8.10 (m, 4H, H-1, H-4, H-7, H-10); 7.71-7.57 (m, 3H, H-2, H-8,
H-9); 7.37 (‘t, *J,; = *J54 = 7.5 Hz, 1H, H-3); 6.35 (br s, 1H, H-
1'); 5.31 (d, *Jyon = 4.8 Hz, 1H, OH)); 5.04 (d, *J4ou = 4.5 Hz,
IH, OH)); 4.97 (d, *Jyou = 5.0 Hz, IH, OHy,); 4.65 (t, *Jyon =
5.5 Hz, 1H, OHy,); 4.12 (br s, 1H, H-2"); 3.90-3.47 (m, 5H, H-3’,
H-4’, H-5", H-6"a, H-6'b). "C-NMR (75.5 MHz, DMSO-d;): 6§ =
145.9, 144.8, 142.6, 137.0, 136.9, 133.0, 131.7 (7 C,); 131.2 (C-2);
128.4, 127.8 (C-7, C-10); 127.4, 124.5 (C-6, C-11); 126.6, 125.6
(C-8, C-9); 121.6 (C-4); 121.4 (C-3); 119.1 (C-4a); 117.2 (C-1);
83.7 (C-1); 81.1 (C-5"); 73.6 (C-3); 71.8 (C-2'); 66.5 (C-4); 61.4
(C-6"). HRMS (ESI): caled. for C,,H, N;0, (IM + HJ]*) 432.15540.
Found: 432.15519.

2,3-Dichloro-6-(p-p-mannopyranosyl)indolo|2,3-b]quinoxaline

(B-4i)

Stirring of p-2b (300 mg, 0.63 mmol) and 1d (123 mg, 0.69 mmol)
for 1 h at 80 °C in HOAc and for 1 h at 80 °C in benzene (in the
presence of PTSA) and recrystallization from EtOAc and heptane
afforded B-3i (170 mg; 44%) as yellow to orange crystals. Starting
with B-3i (100 mg, 0.18 mmol), 15 mL of MeOH and 0.5 mL of a
0.5 M MeOH solution of NaOMe, B-4i was isolated (60 mg, 75%)
after stirring for 24 h as a slightly yellow solid. Mp. 323-324 °C
(heptane-EtOAc); [a]p = —=3.04 (¢ = 0.63; T = 22.6 °C; DMSO);
R; = 0.41 (CHCL-EtOH = 5: 1). '"H-NMR (250 MHz, DMSO-
de): 6 = 8.52, 8.38 (2 s, 2H, H-1, H-4); 8.30-8.23 (m, 2H, H-7,
H-10); 7.68 (ddd, *Js,0 = 1.1 Hz, *Jy, = 7.3 Hz,*J,s = 8.4 Hz, |H,
H-8); 7.38 (ddd, *J,5 = 0.9 Hz, *Jsy = 7.3 Hz, *J,y,, = 7.7 Hz, |H,
H-9); 6.34 (d,*J,» =0.8 Hz, 1H, H-1"); 5.18 (br s, IH, OH,); 5.03
(brs, 1H, OH,); 5.02 (br s, IH, OHg,); 4.66 (t, 1H, OH,)); 4.05
(brs, 1H, H-2'); 3.90-3.45 (m, 5SH, H-3’, H-4’, H-5", H-6"a, H-6'b).
BC-NMR (75.5 MHz, DMSO-d¢): 6 = 145.2, 144.4, 141.1, 138.7,
137.8, 131.5 (6 C,); 131.5 (C-8); 129.8, 128.4 (C-1, C-4); 128.8
(Cy); 121.6 (C-9); 121.6 (C-10); 118.6 (C-10a); 117.7 (C-7); 83.7
(C-1"); 81.2 (C-5); 73.6 (C-3"); 71.9 (C-2'); 66.4 (C-4'); 61.4 (C-06").
HRMS (ESI): caled. for C,H;;CLLN;O5 (IM + HJ*) 450.06180.
Found: 450.06229.

Biological studies

The screening toward antiproliferative properties was performed
in accordance to the NIH protocols. The cell viability was
investigated using the Neutral Red assay with subsequent mea-
surement of the absorption at 630 nm.? Stock solutions of the test
compounds were prepared using DMSO. All experiments were
performed in 2 independent experiments with 4 parallel dilutions
over a period of 3 days. Etoposide was used as the positive control
experiment and DMSO as the negative control experiment.
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An enantioselective synthesis of anthrone-derived NHPI
analogues has been developed. One of these analogues, in
combination with Co salts, was employed to catalyse the
aerobic oxidation of benzylic compounds and diols. Ex-
ploratory studies using a racemic version of the catalyst were
also conducted. Radical addition of dioxolanes or alcohols
to activated alkenes with molecular oxygen as the terminal
oxidant was also shown to be catalysed with NHPI analogues.

In recent years, N-hydroxyphthalimide (NHPI, Fig. 1) has been
recognized as a valuable catalyst for the aerobic oxidation of
organic compounds under mild conditions.! Molecular oxygen,
which is environmentally benign and economical, would be
an ideal oxidant for the oxygenation of hydrocarbons. These
oxidations proceed via a phthalimide N-oxyl (PINO) radical
intermediate which is able to abstract hydrogen atoms from
organic compounds.? The newly formed carbon centered radical
then readily reacts with molecular oxygen to give oxygenated
compounds. However, PINO is not stable under aerobic oxidation

conditions.?*
0 o

NHPI PINO

Fig. 1 N-Hydroxyphthalimide (NHPI) and phthalimide N-oxyl (PINO)
radical intermediate.

It is likely that a suitably designed chiral analogue of NHPI
should be of value for asymmetric catalysis. Einhorn et al
reported the synthesis of axially chiral analogues of NHPI.*
These analogues gave oxygenated products with moderate enan-
tioselectivities in several catalytic asymmetric oxidation reactions,
such as the desymmetrisation of 2-substituted indanes and the
kinetic resolution of racemic acetals. A second generation of C,-
symmetrical NHPI analogues based on diphenol was subsequently
developed and demonstrated to give moderate to high enantios-
electivities for the oxidative ring opening reactions of various N-
acyl oxazolidines.*” The enantioselectivities were highly dependent
on the substitution pattern of the catalysts. Such catalysts could
be useful for the synthesis of highly enantiomerically enriched
oxazolidines. These experiments represent the first examples
of chiral NHPI analogues catalysing enantioselective aerobic
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T Electronic supplementary information (ESI) available: Experimental,
characterization of the oxidation products and NMR spectra. See DOI:
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Table 1 Chiral bicyclic guanidine-catalysed Diels-Alder reactions be-
tween substituted anthrones and maleimides

s——JZ‘ -0
(0] ,LT> s——“éo jr
3 R4 (o]
. H _ H1domow) R
CH,Cly, -20 T CH,Cl, 20°C g on
RZ
R‘\
3a-b 3aR%= 4a-d
3bRS= Ph
Entry 2[R!,R?, R RY] R® 4 Yield (%)* ee (%)®
1 2a [Cl, Cl, H, H] Me 4a 86 92
2 2a [Cl, Cl, H, H] Ph 4b 85 12
3 2b [H, H, Cl, C1] Me 4c 83 64
4 2b [H, H, Cl, Cl1] Ph 4d 84 87

“Isolated yield. ® Chiral HPLC.

oxidations. Herein, we report a new class of NHPI analogues
4a—d (Table 1), which were derived from anthrones. They were
investigated as catalysts for the asymmetric aerobic oxidation of
various organic compounds.

The Bronsted-basic bicyclic guanidine 1 has been reported by
our group to be an efficient catalyst for enantioselective Diels—
Alder reactions between various anthrones and activated olefins.*
It led us to evaluate 1 as a catalyst for the reactions of substituted
anthrones 2a-b with protected N-hydroxymaleimides 3a-b. High
enantioselectivity and high yield were achieved for adduct 4a
(Table 1, entry 1). Substituted anthrones 2a-b were prepared
from the reduction of their corresponding anthracenediones® while
the N-hydroxymaleimides 3a-b were prepared from the retro-
Diels—Alder reaction of N-hydroxy-3,6-epoxy-1,2,3,6-tetrahydro-
phthalimide.®* The subsequent cleavage of the protecting group
from 4a was carried out by treatment with ethylamine in MeOH
to yield the anthrone-derived NHPI analogue 5 (Scheme 1).

CoHsNH,
e

MeOH
92%

Scheme 1 Synthesis of chiral anthrone-derived NHPI analogues.

A variety of benzylic compounds can be oxidised to their
corresponding oxygenated derivatives by molecular oxygen in the
presence of NHPI.” When NHPI was replaced by racemic 5 in
some preliminary oxidation experiments, very similar results were
obtained. This indicated that 5 has the desired catalytic properties.
With optically pure 5 in hand, we attempted several asymmetric
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oxidation reactions of benzylic compounds and a diol with 5 and
cobalt acetate as the co-catalyst.

The aerobic oxidation of 0.2 M of acenaphthene 6 in CH;CN
at 60 °C in the presence of 10 mol% of optically enriched
5 (92% ee) and Co(OAc), (1 mol%) gave alcohol 7a in 42%
yield. Asymmetric induction was negligible (4% ee) (eqn (1))
and significant over-oxidation was observed, leading to 35%
yield of acenaphthylen-1(2H)-one 7b. Indane is readily oxidised
to l-indanone in good yield by NHPI-mediated oxidation.*’
Indanes bearing two different substituents on C2 are interesting
substrates for asymmetric oxidations as they have two enantiotopic
benzylic carbons. Using similar reaction conditions, 2-methoxy-2-
phenylindane 8 was oxidised to ketone 9 in 48% yield and 8% ee
(eqn (2)). A slightly better result was observed with ethylbenzene
10. It was oxidised to I-phenylethanol 11a in good yield and
13% ee (eqn (3)). Over-oxidation was also appreciable and 30%
of acetophenone 11b was obtained.

The proposed mechanism for the NHPI-O,—Co(11) oxidation
system suggests that the oxidation of NHPI to PINO is achieved
with a Co(1r)peroxy-radical specie that was generated from the
Co(m1) and O,.* The PINO is responsible for abstracting the
benzylic hydrogen before the insertion of another molecule of O,
at that position. A non-zero enantioselectivity for the reactions
discussed above (eqn (1)-(4)) may indicate the formation of
relatively tight complexes between chiral NHPI-PINO derivatives
and the benzylic radical specie, possibly through non-covalent
interactions; the insertion of O, should also be a rapid process.

OH O
cat 5 (10 mol %)
‘ Co(OAc);, (5 mol%) ‘ ‘
+ O ——— + (1)
MeCN, 60 °C
6 7a 7b

42% yield, 4% ee  35% yield

cat 5 (10 mol%) O
©:><0Me Co(OAc), (5 mol%) OMe
+ 0y ———
Ph MeCN, 60 °C Ph 2

8 9
48% yield, 8% ee

cat 5 (10 mol%)
©/\ o Co(OAc)z (5 mol%)
* 2 Tveen,s0°C 3)

10 11a 11b

50% yield, 13% ee 30% yield
OH cat § (10 mol%)
Co(OAc)2(5 mol%
MeCN, 60 °C
It has been shown that NHPI in combination with Co(Ir)

13a
45% yield, 10% ee

salts is also an efficient method for the oxidation of alcohols
to their corresponding carbonyl compounds.” Our experiments
with compounds 6, 8 and 10 also demonstrated that the 5-Co(11)
catalyst system is able to oxidise alcohols with ease under mild
conditions. 1,2-Diphenylethanediol 12 was oxidised to benzoin
13ain 45% yield and 10% ee with 32% of the over-oxidised product,
benzil 13b (eqn (4)). Optimisation of the reaction may be possible
through the variation of reaction temperature and reaction time.

The chiral induction in the previous oxidation reactions was
moderate. However, these results clearly indicate that asym-
metric catalysis mediated by optically active 5 is possible. We

32% yleld

intend to develop several other aerobic oxidation reactions using
our anthrone-derived NHPI analogues as catalysts. Subsequent
exploratory work was carried out using racemic catalyst 14
(Fig. 2).

. ONO—O H
AN
SRS
14

Fig.2 Racemic anthrone-derived NHPI catalyst 14.

Addition of aldehydes to terminal alkenes is an unique method
for the preparation of ketones.'® Direct hydroacylation of terminal
alkenes with aldehydes by transition-metal catalysts has been
reported (eqn (5))." The concomitant introduction of acyl or
hydroxy moieties to alkenes, referred to as hydroxyacylation, can
be achieved by a cascade reaction (eqn (6)). This provides a novel
route to B-hydroxy carbonyl compounds. Acyl radicals'! can easily
decarbonylate and react with O, leading to carboxylic acids and
other undesired products.’* To overcome these drawbacks, 1,3-
dioxolanes were often employed as masked aldehydes and as the
source of the acyl group.”* Deprotection of the product, a -
hydroxy ketal, under acidic conditions will provide the B-hydroxy
carbonyl compounds.

Hydroacylation
f catalyst o H 5)
RJ\H e RJ\)\Y
Hydroxyacylation

0 o OH (6)
catalyst
R)J\H Y R)J\/kv

A mixture of 1,3-dioxolane 15a and methyl acrylate 16a was
allowed to react under O, (1 atm) in the presence of catalyst 14
(10 mol%) and a small amount of Co(OAc), (1 mol%) at room
temperature for 5 h (Table 2, entry 1). The B-hydroxy ketal 17a
was obtained in 60% yield. Acrylonitrile 16b was also found to
serve as a good acceptor for 15a, giving cyanohydrin 17b in good
yield (entry 2). 2-Methyl-1,3-dioxolane 15b, also provided the
corresponding hydroxy-acylated products 17c¢—d in good yields
(entries 3 and 4).

o-Hydroxy-y-lactones are valuable synthetic precursors to
compounds such as o, -butenolides, which have potent biological
activities.”® They are also useful as monomers of biodegradable
polymers and as fine chemicals. Ishii ez al. reported the catalytic
generation of an o-hydroxy carbon radical using NHPI in

Table 2 Hydroxyacylation of alkenes using 1,3-dioxolanes and dioxygen

cat 14 (10 mol%)
o™y Co(OAC), (1 mol%) o/_\o OH
>’O FAY Y% T R1>Q\Y
16 16 17

Entry 10 [R] Y 4 Yield (%)
1 15a [H] 16a [CO,Me] 17a 60
2 15a [H] 16b [CN] 17b 56
3 15b [Me] 16a [CO,Me] 17¢ 58
4 15b [Me] 16b [CN] 17d 52
“isolated yield.
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combination with cobalt acetate under O, (1 atm).!® Trapping the
generated radicals with o,3-unsaturated esters leads to a-hydroxy-
v-lactones which are difficult to obtain by conventional methods.
This new method for the construction of a-hydroxy-y-lactones is
general for a variety of alcohols and o,B-unsaturated esters.

Catalyst 14-Co(OAc), was employed in the radical reaction
between isopropyl alcohol 18 and methyl acrylate 16a under O,
(1 atm). This reaction occurred at room temperature to give 19 in
65% yield in 8 h (eqn (7)).

(0]
OH cat 14 (10 mol%) HO
9 0]
)\ . /\CO ve * 0, Co(OAc); (5 mol%) (7)
2 MeCN, rt, 8h
18 16a 19
65% yield

In conclusion, we have developed an enantioselective synthesis
of anthrone-derived NHPI analogues. One of these analogues,
in combination with Co salts, was employed to catalyse the
aerobic oxidation of benzylic compounds and diols. However,
low enantioselectivities were observed. Exploratory studies using
a racemic version of the catalyst were also conducted. Radical
addition of dioxolanes or alcohols to activated alkenes with
molecular oxygen as the terminal oxidant was shown to be
catalysed with the NHPI analogues. Asymmetric versions of these
reactions will be investigated.
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Multi-catalysis reactions: direct organocatalytic sequential one-pot synthesis
of highly functionalized cyclopenta|b]chromen-1-onesT
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We have developed a new technology called multi-catalysis for the sequential one-pot synthesis of
highly functionalized heterocycles. A practical and novel multi-component aniline-, self- and Brensted
acid-catalyzed selective process for the sequential one-pot synthesis of highly substituted
2-(2-hydroxy-aryl)-cyclopentane-1,3-diones, 3,9-dihydro-2H-cyclopenta[b]chromen-1-ones and
3,3-dimethyl-2,3,4,9-tetrahydro-xanthen-1-ones is reported. Direct combination of aniline- and
self-catalyzed cascade olefination-hydrogenation (O-H) and Brensted acid-catalyzed cascade
oxy-Michael-dehydration (OM-DH) of 1,3-diones, salicylic aldehydes and organic-hydrides is
developed in one-pot to furnish the highly functionalized 3,9-dihydro-2 H-cyclopenta[b]chromen-1-ones

and 3,3-dimethyl-2,3,4,9-tetrahydro-xanthen-1-ones with high yields.

Introduction

Heterocycles such as chromanes, chromenes, coumarins and
tetrahydroxanthenones are of considerable importance in a va-
riety of industries. As is well known, these heterocycles are
widespread elements in natural products and have attracted
much attention from a wide area of science, including physi-
cal chemistry, medicinal chemistry, natural product chemistry,
synthetic organic chemistry and polymer science.! As such, the
development of new and more general catalytic methods for
their preparation is of significant interest.? Recently nucleophilic
amine-catalysis has emerged for the reaction of 2-hydroxy-
benzaldehyde with substituted enones in the presence of secondary
and/or tertiary amines to provide general route to a variety
of functionalized 2,3,4,4a-tetrahydro-xanthen-1-ones and 3,3a-
dihydro-2 H-cyclopenta[b]chromen-1-ones in moderate to good
yields (Scheme 1).2 But interestingly, there is no direct method
for the synthesis of functionalized 2,3,4,9-tetrahydro-xanthen-
l-ones and 3,9-dihydro-2H-cyclopenta[b]chromen-1-ones from
substituted 2-hydroxy-benzaldehydes and enones, which are highly
useful starting materials in natural product synthesis (Scheme 1).
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T Electronic supplementary information (ESI) available: Experimental
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Herein, we discovered a metal-free, novel and multi-catalysis
technology for the synthesis of highly substituted 2,3,4,9-tetra-
hydro-xanthen-1-ones and 3,9-dihydro-2H-cyclopenta[b]chro-
men-1-ones by using direct organocatalytic sequential one-pot
multi-component olefination-hydrogenation—oxy-Michael-dehy-
dration (O-H-OM-DH) and olefination-hydrogenation—alkyl-
ation—oxy-Michael-dehydration (O-H-A-OM-DH) reactions
from commercially available functionalized 2-hydroxy-benzal-
dehydes, cyclopentane-1,3-dione or substituted cyclohexane-
1,3-dione and Hantzsch ester (organic-hydride) (Scheme 1).
Direct combination of amine- or amino acid-catalyzed cas-
cade olefination-hydrogenation (O-H) and Brensted acid-
catalyzed cascade oxy-Michael-dehydration (OM-DH) or
combination of amine- or amino acid-catalyzed cascade
olefination—hydrogenation (O-H) and self-/base-catalyzed cas-
cade alkylation—oxy-Michael-dehydration (A—-OM-DH) of 1,3-
diones, salicylic aldehydes, organic-hydride (Hantzsch ester)
and diazomethane is developed in one-pot as shown in
Scheme 2. 2,3,4,9-Tetrahydro-xanthen-1-ones and 3,9-dihydro-
2 H-cyclopenta[b]chromen-1-ones are useful starting materials for
the synthesis of natural products and their analogues.!

In continuation of our recent discovery of bio-mimetic in situ
reduction of novel active olefins with Hantzsch ester 3 through self-
catalysis by decreasing the HOMO-LUMO energy gap between
olefins and Hantzsch ester 3 in cascade reactions,® we initiated our
studies of the cascade O-H reaction of cyclopentane-1,3-dione
1a with variety of 2-hydroxy-benzaldehydes 2 and Hantzsch ester
3 under amine- or amino acid-catalysis to furnish the reductive
alkylation products 6 and their applications in the synthesis of

Organo-

SN CHO Catalysis

0
N q TN
Fot 5Fg <~ Fg—@( P
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1

Scheme 1 Synthesis of highly substituted 3,9-dihydro-2 H-cyclopenta[b]chromen-1-ones.
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Scheme 2 Combining multi-catalysis and multi-component systems for one-pot cascade reactions.

pharmaceutically useful products with good yields in one-pot (sece
Scheme 2).

Results and discussion
Reaction optimization for multi-catalysis reactions in one-pot

First we focused on the optimization for a high yield synthesis
of 2-(2-hydroxy-benzyl)-cyclopentane-1,3-dione 6aa from 1a, 2a,
3 and 4 through amine- or amino acid-catalysis, which is a
precursor for our designed cascade O-H-OM-DH reaction. For
that we initiated our studies of the cascade O-H reaction by

screening a number of known and novel organocatalysts for the
reductive alkylation of cyclopentane-1,3-dione 1a with 2-hydroxy-
benzaldehyde 2a and Hantzsch ester 3 as shown in Table 1. Based
on our previous experience of the amino acid-promoted reductive
alkylation of 1,3-diones with aldehydes and Hantzsch ester via
cascade O-H reactions,® we chose CH,Cl, as solvent; and then
we decided to investigate the catalyst 4 effect on the cascade
O-H reaction of 1a, 2a and 3. It is a well established fact that
the self-catalyzed reaction of cyclopentane-1,3-dione 1a with 3
equiv. of 2-hydroxy-benzaldehyde 2a furnished only the unex-
pected bis-adduct 7aa without the expected olefination product
2-(2-hydroxy-benzylidene)-cyclopentane-1,3-dione 5aa (result not

Table 1 Effect of catalyst on the direct amino acid or amine-catalyzed reductive alkylation of 1a with 2a and 3*

Catalyst 4
©:CHO J\/I (5 mol%)
CH2C|2
(0. 3 M)
2a 3, E = CO,Et 7aa (Ar = 2. OHCGH4
Yield (%) product*
Entry Catalyst 4 (5 mol%) Time/h Conversion (%) 6aa Taa
1 Proline 4a 28 >99 80 20
2 Glycine 4b 28 75 50 20
3 Aniline 4¢ 2 >99 80 15
4 Benzylamine 4d 4 >99 80 15
5 Piperidine 4e 24 >95 80 15
6 Pyrrolidine 4f 24 >95 80 15

“ Reactions were carried out in solvent (0.3 M) with 3.0 equiv. of 2a and 1.0 equiv. of 3 relative to 1a (0.3 mmol) in the presence of 5 mol% of catalyst 4.

® Conversion based on the TLC analysis.

Yield refers to the column purified product.
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shown in Table 1). The same reaction under proline-catalysis also
furnished only the bis-adduct 7aa without product 2-(2-hydroxy-
benzylidene)-cyclopentane-1,3-dione 5aa with a reduced reaction
time (result not shown in Table 1). Interestingly, proline-catalyzed
reaction of cyclopentane-1,3-dione 1a and 3 equiv. of 2-hydroxy-
benzaldehyde 2a with Hantzsch ester 3 furnished the expected
reductive alkylation product 6aa with 80% yield accompanied by
bis-adduct 7aa with 20% yield after 28 h at 25 °C in CH,Cl, as
shown in Table 1, entry 1. These preliminary results prompted
us to investigate the catalyst effect on in situ trapping of the
olefination product of cyclopentane-1,3-dione 1a with 2-hydroxy-
benzaldehyde 2a through bio-mimetic hydrogenation as shown in
Table 1. Interestingly, proline-catalyzed cascade O—H reactions of
1a, 2a and 3 are catalyst dependent reactions as shown in Table 1.
Simple amino acid glycine 4b also catalyzed the cascade O-H of
la, 2a and 3 but the result is not as good as proline-catalysis
(Table 1, entry 2). The cascade O-H reaction of 1a, 2a and 3
catalyzed by simple amines like benzylamine 4d, piperidine 4e and
pyrrolidine 4f in CH,CI, are also not as good in comparison to
proline-catalysis with respect to yields as shown in Table 1, entries
4-6. Interestingly, the reaction rate for cascade O—H under primary
amine, benzylamine 4d-catalysis is 7-fold enhanced compared to
other amine catalysts 4e—f or amino acid catalyst 4a as shown in
Table 1.

To increase the dynamics of the cascade O-H reaction without
generating the by-product bis-adduct 7aa, a suitable amine catalyst
is required. Recently, Dawson and coworkers from the Scripps
Research Institute found that aniline is a potent nucleophilic
catalyst for imine-type reactions.* Aniline is a mild nucleophile,
which strongly catalyzes aqueous reactions of aldehydes and
ketones with amines to form stable imines (RR’C=NR”) such
as hydrazones (RR’C=NNHR"”) and oximes (RR’C=NOR”). In
a similar fashion, aniline should catalyze the olefination reaction
under non-aqueous conditions. Here we show that the dynamics
of the cascade O-H reaction can be significantly accelerated by
using aniline as a nucleophilic catalyst. Surprisingly, the cascade
O-H reaction of 1a, 2a and 3 in CH,Cl, under 5 mol% of aniline-
catalysis furnished the expected hydrogenated reductive alkylation

product 6aa in 80% yield accompanied by a 15% yield of bis-
adduct 7aa within 2 h at 25 °C (Table 1, entry 3). Interestingly, the
cascade O—H reaction rate for aniline-catalysis is 14-fold enhanced
compare to proline- or secondary amine-catalysis as shown in
Table 1. We envisioned the optimized condition to be mixing 3
equiv. of 2-hydroxy-benzaldehyde 2a with cyclopentane-1,3-dione
1a and Hantzsch ester 3 at 25 °C in CH,Cl, under 5 mol%
of aniline-catalysis to furnish the hydrogenated product, 2-(2-
hydroxy-benzyl)-cyclopentane-1,3-dione 6aa in 80% yield (Table 1,
entry 3). The mechanistic aspect of this selective cascade O-H
reaction is discussed in the next section.

With an efficient aniline-catalyzed cascade reductive alky-
lation protocol in hand, we continued our investigation of
optimization for the synthesis of functionalized 3,9-dihydro-
2 H-cyclopenta[b]chromen-1-one 10aa from 2-(2-hydroxy-benzyl)-
cyclopentane-1,3-dione 6aa under Bronsted acid-catalysis through
cascade oxy-Michael-dehydration (OM-DH) reactions as shown
in Table 2. The results in Table 2 demonstrate that p-TSA 9f
is a suitable Brensted acid-catalyst for the cascade OM-DH
reaction compared to other Bronsted acid catalysts 9a-h or Lewis
acid catalyst 9b. Treatment of 2-(2-hydroxy-benzyl)-cyclopentane-
1,3-dione 6aa with 30 mol% of HCIO, in CH,Cl, at 25 °C
furnished the expected cascade product 10aa in only 20% yield, but
interestingly there is no cascade reaction under BF;-OEt, catalysis
even under hot conditions (Table 2, entries 1-2). Cascade OM—
DH reaction of 6aa in CH,Cl, at 25 °C under CH,;SO;H-catalysis
furnished the 10aa with only 45% yield, but interestingly thereis no
cascade reaction under CF;SO;H-catalysis (Table 2, entries 3-4).
(+)-Camphor sulfonic acid catalyzed the cascade OM-DH re-
action of 6aa to furnish the product 10aa with 70% yield in
CH, (1, at 25 °C for 48 h (Table 2, entry 5). Interestingly, the same
reaction under p-TSA catalysis furnished the expected product
10aa in 80% yield (Table 2, entry 7). Phosphoric acid-catalysis for
the synthesis of cascade product 10aa is not superior compared
to p-TSA catalysis (Table 2, entries 9-10). We envisioned the
optimized condition to be mixing the 30 mol% of p-TSA 9f
with 2-(2-hydroxy-benzyl)-cyclopentane-1,3-dione 6aa at 45 °C
in CH,Cl, for 10 h to furnish the cascade OM-DH product,

Table 2 Reaction optimization for the Bronsted acid-catalyzed cascade OM—-DH reaction of 6aa“

OH O Bronsted acid 9 (o]
(30 mol%) ‘\/t‘
SSA NGy
Solvent o]
o] 6aa (0.1 M) 10aa
Entry Catalyst 9 (30 mol%) Solvent (0.1 M) Time/h Temperature/°C Yield (%)*10aa
1 HCIO, 9a CH,Cl, 48 25 20
2 BF;-OEt, 9b CH,Cl, 48 25 —
3 CH,SO;H 9¢ CH,Cl, 48 25 45
4 CF;SO;H 9d CH,Cl, 48 25 —
5 (+)-CSA 9e CH,Cl, 48 25 70
6 p-TSA 9f CH,C¢H; 10 95 80
7 p-TSA of CH,Cl, 16 25 80
8 p-TSA of CH,(Cl, 10 45 920
9 (PhO),PO,H 9¢g CH,Cl, 40 25 73
10 (R)-BNDHP 9h¢ CH,Cl, 48 25 50

“Reactions were carried out in solvent (0.1 M) with 30 mol% of catalyst 9. ® Yield refers to the column purified product. ¢ (R)-1,1’-Binaphthyl-2,2’-diyl

hydrogen phosphate 9h and catalyst 9h were taken as 5 mol%.
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Table 3 Reaction optimization for the organo—Brensted acid-catalyzed cascade one-pot synthesis of 10aa“

OH Q p-TSA of 0

Catalyst 4
CHO (5 mol%) (30 mol%)
@E LI S [ S
[:é CH20I2 Solvent o)
(0.3 M) o} (0.3 M)
3, E = CO,Et RT 2 28 h 6aa 45 or 100 °C 10aa
Entry Catalyst 4 (5 mol%) Time/h Solvent (0.3 M) Temperature/°C Time/h Conversion (%)* Yield (%)°10aa
1 Proline 4a 28 CH;C,H; 100 10 >99 50
2 Proline 4a 28 CH,C¢H; 90 10 >99 50
3 Proline 4a 28 CH,C], 45 48 50 —
4 Aniline 4¢ 2 CH,C4H; 100 10 >99 50

«See Experimental section. ® Conversion is based on the TLC analysis. ¢ Yield refers to the column purified product.

3,9-dihydro-2 H-cyclopenta[b]chromen-1-one 10aa in 90% yield
(Table 2, entry 8).

After successful optimization of the aniline-catalyzed cascade
O-H and Brensted acid-catalyzed cascade OM-DH reactions,
we decided to investigate the combination of these two cascade
reactions in one-pot as shown in Table 3. The cascade O-
H reaction of three equiv. of 2-hydroxy-benzaldehyde 2a with
cyclopentane-1,3-dione 1a and Hantzsch ester 3 under proline-
catalysis in CH,Cl, at 25 °C for 28 h furnished the expected
cascade product 6aa, which on evaporation of the solvent CH,Cl,
and treatment with 30 mol% of p-TSA 9f at 100 °C in toluene
solvent for 10 h furnished the expected sequential one-pot
O-H-OM-DH product 10aa in >99% conversion with 50%
yield as shown in Table 3, entry 1. Combination of two cascade
O-H and OM-DH reactions under aniline- and p-TSA-catalysis
in one-pot also furnished the sequential one-pot product 10aa
in >99% conversion with 50% yield as shown in Table 3, entry
4. Interestingly, combination of two cascade O-H and OM-DH
reactions under proline or aniline- and p-TSA-catalysis in CH,Cl,
solvent did not furnish the sequential one-pot product 10aa with
>99% conversion, but furnished it only with <50% conversion at
45 °C for 48 h as shown in Table 3, entry 3; this may be due to the
strong acid-base interactions of p-TSA with pyridine byproduct
of 2,6-dimethyl-pyridine-3,5-dicarboxylic acid diethyl ester 8.

Diversity-oriented synthesis of reductive alkylation products
6aa—6ai

With the three cascade optimized reaction conditions in hand, the
scope of the aniline-catalyzed O-H, p-TSA-catalyzed OM-DH
and aniline-p-TSA-catalyzed O-H-OM-DH cascade reactions
was investigated with cyclopentane-1,3-dione 1a, various func-
tionalized 2-hydroxy-benzaldehydes 2a-i and Hantzsch ester 3 as
shown in Tables 4 and 5. A series of functionalized 2-hydroxy-
benzaldehydes 2a-i (3 equiv.) were reacted with cyclopentane-1,3-
dione 1a and Hantzsch ester 3 catalyzed by 5 mol% of aniline
at 25 °C in CH,Cl, (Table 4). The substituted 2-(2-hydroxy-
aryl)-cyclopentane-1,3-diones 6aa—6ai were obtained as single
isomers (tautomer) with excellent yields. The cascade reaction
of cyclopentane-1,3-dione 1a with 2,3-dihydroxy-benzaldehyde 2b
and 3 furnished the reductive alkylation product 6ab as a single
isomer (tautomer), in 85% yield after 5 h at 25 °C (Table 4).
Synthesis of functionalized 2-(2-hydroxy-aryl)-cyclopentane-1,3-

Table 4 Chemically diverse libraries of 2-(2-hydroxy-benzyl)-cyclopen-
tane-1,3-diones 6“

Fg
o] Aniline 4c OH / \
N CHO (5 mol%)
+ Fg (I e OH
Z0H CH,Cl,
o) (0.3 M) 0
1a 2a-i 3, E=CO,Et RT, 1-5h 6aa-ai

Me

oA o
T
OIO

85% (6ab)

MeQO
- e,
OH OH

85% (6ae)

(2 Q o
OH

0
80% (6ah)

80% (6ac)

=
@
oA o
I O
N
of
o

)

80% (6af)

H

g
AVE
JC

]

85% (6ag) 80% (6ai)

“Yield refers to the column purified product.

diones 6aa—6ai from 1a, 2a-i and 3 at 25 °C under aniline-
catalysis requires shorter reaction times (1 to 5 h), compared to
proline-catalysis as shown in Tables 1 and 4. Interestingly, the
aniline-catalyzed reductive alkylation reaction of cyclopentane-
1,3-dione 1a with 5-chloro-2-hydroxy-benzaldehyde 2g/5-bromo-
2-hydroxy-benzaldehyde 2h and Hantzsch ester 3 generated the
expected cascade products 6ag/6ah in excellent yields with very
good selectivity (Table 4). Structure and regio-chemistry of
cascade products 6aa—ai were confirmed by NMR analysis and

This journal is © The Royal Society of Chemistry 2008

Org. Biomol. Chem., 2008, 6, 4188-4197 | 4191





Table 5 Chemically diverse libraries of 3,9-dihydro-2H-cyclopenta-
[plchromen-1-ones 10*

ITg
oH ¢ N p-TSA 9f o)
— (30 mol%) N
OH ———= Fg—;
Y CH,Cl, (0.1 M) o
o] 45°C,9-18 h
6aa-ai 10aa-ai
0 0 0
‘ :o: ‘I ‘ :oj il MeOQ” ‘ ioj il
OH
90% (10aa) 75% (10ab)° 95% (10ac)
0o 0 0
Me O / Meo\m OsN
DI TrX
o ) 0
90% (10ad) 95% (10ae) 86% (10af)
0 o}
al Br O 2
oL S e
0 O o
95% (10ag) 99% (10ah) 95% (10ai)

“Yield refers to the column purified product. ® Reaction performed at 100
°C for 8 h in the toluene solvent.

also by X-ray structure analysis on 6ad as shown in Fig. 1.°
Interestingly, these 2-alkyl-cyclopentane-1,3-diones 6 exist as an
enol form in both solid and solution state and this may be due to
the strong intermolecular hydrogen bonding and this same concept
is observed in many other 1,3-diketones.® The chemical shifts of
the C1 and C3 carbon atoms in the isolated, non-hydrogen-bonded
enol forms of 2-alkyl-cyclopentane-1,3-diones 6 can hardly be
determined in solution, due to the rapid keto—enol and enol-
enol tautomerism.® Therefore, in 2-alkyl-cyclopentane-1,3-dione
compounds 6aa-ai, we observed that the *C NMR spectra show
two of the CH, carbons a to the carbonyls (C=0) including the
two carbonyl carbons [2 x CH, and 2 x C=0] at poor resolution

Fig. 1 Crystal structure of 2-(2-hydroxy-5-methyl-benzyl)-cyclopentane-
1,3-dione (6ad).

even after 2000 scans on standard sampling. This same kind
of BC NMR pattern was observed for the other 1,3-diketones
in the literature due to the rapid keto—enol and enol-enol
tautomerism.®

Diversity-oriented synthesis of heterocycles 10aa—10ai

With the success of cascade synthesis of highly functional-
ized 2-(2-hydroxy-aryl)-cyclopentane-1,3-diones 6, we contin-
ued our investigation for the generation of a highly func-
tionalized diversity oriented library of cascade 3,9-dihydro-2H-
cyclopenta[b]chromen-1-ones 10 under acid-catalysis. The re-
sults in Table 5 demonstrate the broad scope of this novel
green methodology covering a structurally diverse group of 2-
(2-hydroxy-aryl)-cyclopentane-1,3-diones 6aa—ai. Cascade OM—
DH reaction of 2-(2-hydroxy-aryl)-cyclopentane-1,3-diones 6aa—
ai under acid-catalysis furnished the expected 3,9-dihydro-2H-
cyclopenta[b]chromen-1-ones 10aa-ai in 75-99% yield with high
selectivity (Table 5). Unexpectedly, cascade product 10ab only
was only produced in moderate yield from 6ab and 9f. Inter-
estingly, all 4- and 5-substituted 2-(2-hydroxy-aryl)-cyclopentane-
1,3-diones 6ac—ai furnished the expected products 10ac—ai with
very good yields as a single isomer in acid-catalyzed OM-DH
cascade reactions as shown in Table 5. Structure and regio-
chemistry of cascade products 10 were confirmed by NMR
analysis and also by X-ray structure analysis on 10aa as shown in
Fig. 2.5

C

C

Fig. 2 Crystal structure of 3,9-dihydro-2 H-cyclopenta[b]chromen-1-one
(10aa).

Diversity-oriented synthesis of 2-alkyl-3-methoxy-cyclopent-2-
enones 11aa—11ai

With synthetic applications in mind, we extended the three-
component cascade O-H reactions into a novel aniline—self-
catalyzed four-component O-H-A reaction of la, 2a-i and 3
with ethereal solution of diazomethane in one-pot as shown in
Table 6. One-pot products 11 were constructed in very good yields
with high chemoselectivity as shown in Table 6 and this method
should have a great impact on the synthesis of functionalized
small molecules. The substituted 2-alkyl-3-methoxy-cyclopent-
2-enone unit is a basic building block for a large number
of valuable naturally occurring products.” Highly substituted
2-alkyl-3-methoxy-cyclopent-2-enones 11 have gained importance
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Table 6 Chemically diverse libraries of 2-(2-hydroxy-benzyl)-3-methoxy-cyclopent-2-enones 114

:s I

3,E = COEt

2a-i

1) Aniline 4c (5 mol%) Tg
CH,Cl (0.3 M) o ¢ N
25°C,1-5h =

OH
2) CH,N, (15 equiv.)
Et,0 (0.08 M) OCHg
0°Ct025°C,2h 11aa-ai

o O 0] OH
’ OH ’ OH

OCH;

85% (11aa)
96% (11aa)°

OCH;
65% (11ab)

OCH;

80% (11ag) 85% (11ai)

“ See Experimental section. * Yield refers to the column purified product. ¢ Yield represents only the etherification reaction.

in recent years as starting materials and intermediates for the
synthesis of prostaglandin analogs, which possess a wide range of
physiological and pharmacological properties.”

Cascade O-H reaction of 1a, 2a and 3 under 5 mol% of
aniline-catalysis furnished the substituted 2-(2-hydroxy-benzyl)-
cyclopentane-1,3-dione 6aa in good yield, which on treatment
with ethereal diazomethane at 0 °C to 25 °C for 2 h furnished
chemoselectively the one-pot O-H-A product 2-(2-hydroxy-
benzyl)-3-methoxy-cyclopent-2-enone 11aa in 85% yield as shown
in Table 6. Interestingly, the phenol group is not methylated
under these conditions. The acidic or highly enolizable nature
of 2-aryl-cyclopentane-1,3-diones 6 is the main driving force to
the observed highly chemoselective O-alkylation reaction with
diazomethane. Generality of the aniline-self-catalyzed chemos-
elective one-pot O-H-A reaction was further confirmed by
three more examples using 2,3-dihydroxy-benzaldehyde 2b, 5-
chloro-2-hydroxy-benzaldehyde 2g and 2-hydroxy-naphthalene-
l-carbaldehyde 2i to furnish the expected 2-(2,3-dihydroxy-
benzyl)-3-methoxy-cyclopent-2-enone 11ab in 65% yield, 2-(5-
chloro-2-hydroxy-benzyl)-3-methoxy-cyclopent-2-enone 1lag in

1) Aniline 4¢ (5 mol%)

o) £ £ CH,Cl, (0.3 M)
CHO 25°C,2h
N +
OH m 2) CH,N; (15 equiv.)

o Et,0 (0.08 M)
1a 2a 3,E=COEt 0°Ct025°C,2h

1) Aniline 4¢ (5 mol%)
CH,Cl, (0.3 M)
25°C,2h

Q E:[CHO j\/j/\

2a 3, E = CO,Et

2) CH,N; (15 equiv.)
Et,O (0.08 M)
0°Ct025°C,2h

80% yield and 2-(2-hydroxy-naphthalen-1-ylmethyl)-3-methoxy-
cyclopent-2-enone 1lai in 85% yield, respectively as shown
in Table 6. For the pharmaceutical applications, diversity-
oriented library of enones 11 could be generated by using
our aniline-self-self-catalyzed, chemoselective one-pot O-H-A
reaction.

After successful chemoselective synthesis of 2-(2-hydroxy-
benzyl)-3-methoxy-cyclopent-2-enone 1laa in good yield, we
decided to test the acid—base effect on this cascade product 11aa.
Treatment of 1laa with both acid (p-TSA) or base (K,CO,)
at room temperature furnished the expected 3,9-dihydro-2H-
cyclopenta[b]chromen-1-one 10aa in good yield as shown in
Scheme 3. Interestingly this same reaction performed in one-pot
as a four-component, multi-catalysis (aniline-, self-, self- and base-
catalysis) of 1a, 2a, 3 and CH,N, furnished the one-pot product
10aa in 68% yield as shown in Scheme 3. The overall yield of
one-pot product 10aa may be less compared to Table 5, but this
multi-component-multi-catalysis strategy will have much effect
on the synthesis of highly functionalized small molecules like 10
and 11.

p-TSA 9f (30 mol%)

&
‘O

o) Q CH,Cl, (0.1 M)
’ oH 25°C,20h 83% (10aa)
0
OCHg K2COj3 (3 equiv.)
95% (11aa) O '
EtOH (0.1 M) o]
25°C,22h

86% (10aa)

P Q ?
K,CO3 (3 equiv.)
’ OH |O |'
(0)

OCHs 68% (10aa)
11aa

EtOH (0.1 M)
25°C, 18 h

Scheme 3 Multi-catalysis and multi-component approach to the synthesis of 3,9-dihydro-2 H-cyclopenta[b]chromen-1-one 10aa.
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Table 7 Direct organocatalytic synthesis of 2-(2-hydroxy-benzyl)-5,5-dimethyl-cyclohexane-1,3-diones 6 and 3,3-dimethyl-2,3,4,9-tetrahydro-xanthen-

1-ones 10+*

CHO E

(30 mol%)

E Aniline 4c
(5 mol%)
D ——
CH,Cl, (0.3 M)
25°C,2-10h
3, E = CO,Et

'I:g
o ¢ N p-TSA of
OH ———— > Fgr
CH,Cl, (0.3 M)
OH

45°C,5-10h

xsﬁ M“xﬁ’ xf’

OH 65% (6ca)°

OH 70% (6¢cb)?

OH 75% (6cf) OH 85% (6ch)

90% (10ca) OH 989 (10ch)

99% (10cf) 90% (10ch)

20% (L-152,804)°

“See Experimental section. ° Yield refers to the column purified product. € 20% of L-152,804; an orally active and selective neuropeptide Y Y5 receptor
antagonist was accompanied as by-product with 6ca in aniline-catalyzed reaction of 1¢, 2a and 3. ¢ 23% of 10cb was accompanied as by-product with 6¢ch

in aniline-catalyzed reaction of 1¢, 2b and 3.

Diversity-oriented synthesis of heterocycles 10ca—10ci

After successful demonstration of the cascade O-H, O-H-A, O—
H-OM-DH and O-H-A-OM-DH reactions on cyclopentane-
1,3-dione 1a with 2, 3 and 4, then we decided to test the same
cascade reactions on other 1,3-diones like cyclohexane-1,3-dione
1b and dimedone 1c. Interestingly, cascade O-H reaction of 1b,
2a and 3 under proline 4a- or aniline 4c-catalysis did not furnish
the expected pure product 2-(2-hydroxy-benzyl)-cyclohexane-1,3-
dione 6ba and the reaction itself is not clean. But the same cascade
O-H reaction with 1c, 2a and 3 under proline 4a- or aniline
4c-catalysis furnished the expected product 2-(2-hydroxy-benzyl)-
5,5-dimethyl-cyclohexane-1,3-dione 6ca in only 65% yield, which
on acid-catalysis furnished the expected 3,3-dimethyl-2,3,4,9-
tetrahydro-xanthen-1-one 10ca in very good yield as shown in
Table 7.

Interestingly, cascade product 6ca was accompanied with
byproduct 9-(2-hydroxy-4,4-dimethyl-6-oxo-cyclohex-1-enyl)-3,3-

dimethyl-2,3,4,9-tetrahydro-xanthen-1-one (L-152,804) in 20%
yield, which is useful compound as an orally active and selective
neuropeptide Y Y35 receptor antagonist.® But pure product of
L-152,804 was obtained only after two step O-H and OM-
DH reactions, because separation of L1.-152,804 from 6ca is
tedious job due to the same R; in TLC plate. In the reac-
tion of 1c, 2a and 3 under 4c-catalysis, the initial byprod-
uct (L-152,804) was unchanged after heating with p-TSA 9f
in CH,Cl,. The generality of the aniline- and acid-catalyzed
chemoselective cascade O-H and OM-DH reactions of 1¢ with
2 and 3 was further confirmed by three more examples using
2,3-dihydroxy-benzaldehyde 2b, S-nitro-2-hydroxy-benzaldehyde
2f and 5-bromo-2-hydroxy-benzaldehyde 2h to furnish the
expected 2-(2,3-dihydroxy-benzyl)-5,5-dimethyl-cyclohexane-1,3-
dione 6¢b in 70% yield, 2-(2-hydroxy-5-nitro-benzyl)-5,5-dimethyl-
cyclohexane-1,3-dione 6¢f in 75% yield, 2-(5-bromo-2-hydroxy-
benzyl)-5,5-dimethyl-cyclohexane-1,3-dione 6ch in 85% yield,
5-hydroxy-3,3-dimethyl-2,3,4,9-tetrahydro-xanthen-1-one 10cb in
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98% yield, 3,3-dimethyl-7-nitro-2,3,4,9-tetrahydro-xanthen-1-one
10cf in 99% yield and 7-bromo-3,3-dimethyl-2,3,4,9-tetrahydro-
xanthen-1-one 10ch in 90% yield, respectively as shown in
Table 7. Interestingly, we could not see the formation of un-
expected byproducts like L-152,804 analogs in the above three
reactions. But, cascade product 6cb was accompanied with
byproduct 5-hydroxy-3,3-dimethyl-2,3,4,9-tetrahydro-xanthen-1-
one 10cb in 23% yield. Recently, 5,5-dimethylcyclohexane-1,3-
dione derivatives 6ca—ci were evaluated to show their biological
activities like anti-ischemic agents, anti-hypertensive and anti-
psychotics.’

Mechanistic insights

A possible reaction mechanism for the aniline-, self-, acid- and
base-catalyzed chemoselective synthesis of cascade products 6,
10 and 11 through the reaction of cyclopentane-1,3-dione 1a, 2-
hydroxy-benzaldehydes 2, Hantzsch ester 3 and diazomethane
is illustrated in Scheme 4. This catalytic sequential one-pot,
double cascade is a four component reaction comprising a
cyclopentane-1,3-dione 1a, 2-hydroxy-benzaldehydes 2, Hantzsch
ester 3, diazomethane and a simple catalyst, aniline 4¢. In the
first step (Scheme 4), the catalyst 4¢ activates component 2 by
most likely imine formation, which then selectively adds to the
cyclopentane-1,3-dione 1a via a Mannich and retro-Mannich type
reaction to generate active olefin 5 (12 — 13 — 5). The following
second step is bio-mimetic hydrogenation of active olefin 5 by
Hantzsch ester 3 to produce 6 through self-catalysis by decreasing
the HOMO-LUMO energy gap between 3 and 5 respectively.
Highly chemoselective synthesis of cascade hydrogenated products
6 over bis-adduct 7 formation from reactants 1a, 3 and 5 can be

explained by using the HOMO-LUMO energy gaps and enthalpy
differences of reactants and products. Recently we published
complete mechanistic information about this type of self-catalyzed
chemoselective reductive alkylation of 1,3-dione 1a with 2 and 3
under 4a-catalysis through PM3 calculations.® For the reductive
alkylation of 1,3-diones 1 with 2 and 3 under amine/amino acid
4-catalysis, the 2-hydroxy group is not essential as demonstrated
in our previous work.*

In the subsequent third step, acid-catalyzed oxy-Michael-
dehydration of 6 via the most likely possible intermediate 14 leads
to the formation of one-pot product 10. In the alternative fourth
step, self-catalyzed reaction of 6 with diazomethane leads to the
formation of 11, which on treatment with K,CO; generates the
expected one-pot product 10 via most likely possible intermediate
15.

Conclusions

In summary, for the first time we have developed multi-
catalysis technology for the synthesis of highly substituted 2-
(2-hydroxy-benzyl)-cyclopentane-1,3-diones 6, 3,9-dihydro-2H-
cyclopenta[b]chromen-1-ones 10 and 2-(2-hydroxy-benzyl)-3-
methoxy-cyclopent-2-enones 11 from simple starting materials via
cascade O-H, OM-DH, O-H-OM-DH, O-H-A and O-H-A-
OM-DH reactions under combinations of aniline-, self-, base-
and Brensted-acid catalysis. The cascade O-H reaction proceeds
in good yields with high selectivity using only 5 mol% of aniline as
the catalyst. Furthermore, we have for the first time demonstrated
the application of bio-mimetic aniline-catalysis for the olefination
of aldehydes 2 with CH-acids like cyclopentane-1,3-dione 1a.
Further work is in progress to utilize novel O-H, OM-DH,

(0] #
N CHO 1+2+4c
CH30H + Fg—r —.
= l - H20
i Ph, -H-0)
(Base-catalysis) K,CO3 i Iminium catalysts N
KZCO3 ' 4c + HZO Fg{/\fj\H
catalys Z OH o
(5 mol A; 12
0) o OH 0 ¢
Fa-Ir oH Ar Ph, H
971 o OH NH b)
H M
(OCH, ocH, M U
15 7 9u
(6] 13
N2 Et02 COgEt l _ PhNHZ 4c
Self-catalysis
CHaN, H L 5 |
EtO,C. CO.Et 3 Self-catalysis by
decreasing HOMO-LUMO gap
Acid-catalysis) p-TSA 9f
Ho#
O‘) o)
el U
97U H,O + Fg—r
= ! _—
O
o 0
H + H 10
14

Scheme 4 Proposed catalytic cycle for the multi-catalysis reactions.
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O-H-OM-DH, O-H-A and O-H-A-OM-DH reactions and
cascade products 6, 10 and 11 in synthetic chemistry.

Experimental
General methods

The '"H NMR and “C NMR spectra were recorded at 400 MHz
and 100 MHz, respectively. The chemical shifts are reported in
ppm downfield to TMS (6 = 0) for '"H NMR and relative to
the central CDCl; resonance (6 = 77.0) for "C NMR. In the
BC NMR spectra, the nature of the carbons (C, CH, CH, or
CH;) was determined by recording the DEPT-135 experiment,
and is given in parentheses. The coupling constants J are given
in Hz. Column chromatography was performed using Acme’s
silica gel (particle size 0.063-0.200 mm). High-resolution mass
spectra were recorded on micromass ESI-TOF MS. GCMS mass
spectrometry was performed on a Shimadzu GCMS-QP2010 mass
spectrometer. Elemental analyses were recorded on a Thermo
Finnigan Flash EA 1112 analyzer. LCMS mass spectra were
recorded on either a VG7070H mass spectrometer using the EI
technique or a Shimadzu-LCMS-2010A mass spectrometer. IR
spectra were recorded on a JASCO FT/IR-5300 and a Thermo
Nicolet FT/IR-5700. The X-ray diffraction measurements were
carried out at 298 K on an automated Enraf-Nonius MACH
3 diffractometer using graphite monochromated, Mo-Ko (4 =
0.71073 A) radiation with CAD4 software or the X-ray intensity
data were measured at 298 K on a Bruker SMART APEX CCD
area detector system equipped with a graphite monochromator
and a Mo-Kao:. fine-focus sealed tube (A = 0.71073 A). For thin-
layer chromatography (TLC), silica gel plates Merck 60 F254 were
used and compounds were visualized by irradiation with UV light
and/or by treatment with a solution of p-anisaldehyde (23 mL),
conc. H,SO, (35 mL), acetic acid (10 mL), and ethanol (900 mL)
followed by heating.

Materials

All solvents and commercially available chemicals were used as
received.

General experimental procedures for the multi-catalysis reactions

Aniline-catalyzed cascade olefination—-hydrogenation reactions.
In an ordinary glass vial equipped with a magnetic stirring bar, to
0.9 mmol of the aldehyde 2, 0.3 mmol of 1,3-dione 1a and 0.3 mmol
of Hantzsch ester 3 was added 1.0 mL of dichloromethane, and
then the catalyst aniline 4¢ (0.015 mmol, 5 mol%) was added and
the reaction mixture was stirred at 25 °C for the time indicated
in Tables 1 to 6. The crude reaction mixture was directly loaded
onto a silica gel column with or without aqueous work-up, and
pure cascade products 6 were obtained by column chromatography
(silica gel, mixture of hexane—ethyl acetate).

Acid-catalyzed cascade oxy-Michael-dehydration reactions
of 2-(2-hydroxy-benzyl)-cyclopentane-1,3-diones 6. A solution
of substituted 2-(2-hydroxy-benzyl)-cyclopentane-1,3-diones 6
(0.1 mmol) and p-TSA 9f (0.03 mmol, 30 mol%) in dichloro-
methane (1.0 ml) was stirred at 45 °C for 9 to 18 h. After cooling,
the reaction mixture was washed with water and the aqueous layer

was extracted with dichloromethane (3 x 15 mL). The combined
organic layers were dried (Na,S0O,), filtered and concentrated. Pure
products 10 were obtained by column chromatography (silica gel,
mixture of hexane—ethyl acetate).

Amino acid- or aniline—p-TSA-catalyzed one-pot double cas-
cade olefination—hydrogenation—oxy-Michael-dehydration reac-
tions. Inan ordinary glass vial equipped with a magnetic stirring
bar, to 0.9 mmol of the aldehyde 2, 0.3 mmol of 1,3-dione
la and 0.3 mmol of Hantzsch ester 3 was added 1.0 mL of
dichloromethane, and then the catalyst amino acid 4a or aniline
4c¢ (0.015 mmol, 5 mol%) was added and the reaction mixture was
stirred at 25 °C for the time indicated in Table 3. After evaporation
of the solvent completely, to the crude reaction mixture was
added 1.0 mL of toluene solvent and p-TSA 9f (0.09 mmol,
30 mol%) and the reaction mixture was stirred at 90 °C for
10 h. The crude reaction mixture was worked up with aqueous
NaHCO; solution, and the aqueous layer was extracted with
dichloromethane (3 x 20 mL). The combined organic layers were
dried (Na,S0O,), filtered, and concentrated. Pure one-pot products
10 were obtained by column chromatography (silica gel, mixture
of hexane—ethyl acetate).

General procedure for the direct organocatalytic one-pot synthesis
of 2-(2-hydroxy-benzyl)-3-methoxy-cyclopent-2-enones 11. In an
ordinary glass vial equipped with a magnetic stirring bar, to
0.9 mmol of the aldehyde 2, 0.3 mmol of 1,3-dione 1a and 0.3 mmol
of Hantzsch ester 3 was added 1.0 mL of dichloromethane, and
then the catalyst aniline 4¢ (0.015 mmol, 5 mol%) was added and
the reaction mixture was stirred at 25 °C for the time indicated
in Table 6. After evaporation of the solvent completely, to the
crude reaction mixture was added 15 equivalents of an ethereal
solution of diazomethane and the reaction mixture was stirred
at room temperature for 2 h. After evaporation of the solvent
and excess diazomethane completely in fume hood, the crude
reaction mixture was directly loaded onto a silica gel column
with or without aqueous work-up and pure one-pot products 11
were obtained by column chromatography (silica gel, mixture of
hexane—ethyl acetate).

General procedure for the multi-catalysis synthesis of 3,9-dihydro-
2H-cyclopenta[b]chromen-1-ones 10. In an ordinary glass vial
equipped with a magnetic stirring bar, to 0.9 mmol of the aldehyde
2, 0.3 mmol of 1,3-dione 1a and 0.3 mmol of Hantzsch ester
3 was added 1.0 mL of dichloromethane, and then the catalyst
aniline 4¢ (0.015 mmol, 5 mol%) was added and the reaction
mixture was stirred at 25 °C for the time indicated in Scheme 3.
After evaporation of the solvent completely, to the crude reaction
mixture was added 15 equivalents of an ethereal solution of
diazomethane and the reaction mixture was stirred at room
temperature for the 2 h. After evaporation of the solvent and
excess diazomethane completely in a fume hood, to the crude
reaction mixture was added 3 equivalents of K,CO; and solvent
ethanol and the reaction mixture was stirred at room temperature
for the 18 h. The crude reaction mixture was worked up with
aqueous NH,Cl solution, and the aqueous layer was extracted with
dichloromethane (3 x 20 mL). The combined organic layers were
dried (Na,S0O,), filtered, and concentrated. Pure one-pot products
10 were obtained by column chromatography (silica gel, mixture
of hexane—ethyl acetate).
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Catalyst 5, an ion pair consisting of a hydrophilic cation and a lipophilic anion, fulfils the solubility
requirements needed to couple efficiency (enantioselectivities and anti-diastereoselectivities up to
>99%) and catalyst recyclability in asymmetric aldol reactions under aqueous biphasic conditions.

Introduction

A milestone in the field of organocatalysis is represented by the
proline-catalyzed direct asymmetric intermolecular aldol reaction,
developed by List et al. in 2000." The reaction of excess acetone
with aromatic and o-branched aldehydes was found to proceed
in the presence of a catalytic amount of proline (typically 20—
30 mol%) in DMSO to provide the corresponding acetone aldols
with good yields and enantioselectivities. Primary o-amino acids,
too, have been screened as catalysts and have turned out to
efficiently catalyze the reaction of cycloalkanones® as well as of
protected hydroxyacetone and dihydroxyacetone® as the carbonyl
donors.

Several efforts have recently been devoted to the design of more
efficient catalysts for the direct asymmetric aldol reactions.’*
From a practical point of view there is a strong commitment
toward both optimizing catalyst activity (loading, selectivity, ezc.)
and operational protocols (excess of donor, the solvent issue, ezc.)
as well as designing recoverable and reusable catalysts, one of the
major goals of organocatalysis. In the last two years, some of the
most outstanding achievements in terms of catalytic efficiency have
been those involving aqueous biphasic conditions. In particular
we refer to reactions carried out under heterogeneous conditions,
wherein, however, all the reacting components, inclusive of the
catalyst, are present in the organic phase at the outset of the
reaction.

In the above context, since 2006, most of the best achievements
have been reported for catalysts consisting of chiral amines®
or amides® deriving from L-proline, and for O-modified trans-
4-hydroxy-L-proline derivatives.” The general strategy adopted
was to install hydrophobic substituents on the proline structure,
resulting in the abatement of the original hydrophilicity of the
reference amino acid.

Thus, the hydrophobic catalyst does not dissolve appreciably
in water, and forms with the donor—acceptor pair an organic
phase. Even though the catalytic cycle takes place in the water
saturated concentrated hydrophobic phase (or in the organic—
water boundary layer), the presence of the aqueous phase is
essential to ensure optimum results.?

Dipartimento di Chimica “G. Ciamician”, Universita di Bologna, via Selmi
2, Bologna, Italy. E-mail: marco.lombardo@unibo.it, claudio.trombini@
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T Electronic supplementary information (ESI) available: Copies of 'H and
3C NMR; chiral HPLC details. See DOI: 10.1039/b812607k

A recent contribution by Jung and Marcus provides an inter-
esting theoretical basis to the effect of water in heterogeneous
reactions.’

A confirmation that formation of a such a biphasic system, with
all the reacting components exclusively confined in the organic
phase, is a necessary condition to get good results is demonstrated
by the fact that water miscible ketones afforded moderate yield and
stereoselectivity in water.>™ This was further verified by Maya et al.
who reported exceptional stereochemical results using acetone as
a donor in an aqueous environment consisting of brine, necessary
to decrease the water solubility of acetone by salting out.*

If maximizing catalyst hydrophobicity is the key to success in
the organocatalysed aldol reaction under liquid-liquid biphasic
aqueous conditions, this property, however, does not provide a
practical recycling procedure, since at the extraction stage catalyst
and products will be extracted into the same solvent.

The strategy we suggest to design a catalyst that joins efficiency
and recyclability under liquid-liquid biphasic aqueous conditions,
is to confer on it the correct amphiphilicity profile. That would
allow the catalyst to move from water, where it might be present
dissolved at the outset, to the organic phase consisting of the
donor-acceptor pair. Secondly, in the work-up stage, it would
allow the catalyst to move from the organic solvent used to
separate the aldol products back into water. Such a delicate
balance of solubility properties is much easier to address by using
the ionic tagging strategy in catalyst design.'® A catalytically active
molecular frame is tagged with a side chain containing a charged
group, e.g. an onium group. This approach allows us to tune the
partition coefficient of the catalyst in biphasic systems by a suitable
choice of ion pair structure.

Tonic liquid-supported catalysts of general structure 1 (Fig. 1),
where the charged tag is connected to the 4-OH group of trans-4-
hydroxy-L-proline, have been reported in recent literature to ensure
good catalytic and stereochemical performances in the asymmetric
cross-aldol reaction.

Miao and Chan first reported the use of la as an efficient
aldolization catalyst in DMSO or acetone as the solvent.!! We
demonstrated that catalytic performances of 1b are substantially
improved by the coulombic environment created by an ionic liquid
(IL) used as the solvent.”? Catalyst 1¢ was used in an analogous
way in ILs by Zhou and Wang."® Finally, catalyst 1d was recently
reported to work under aqueous biphasic conditions allowing
an easy recycling of the catalyst. Even though long lipophilic
chains are installed on 1d, the outstanding role of the anion in
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Fig. 1 General structure of ion-tagged prolines 1.

determining the catalyst partitioning is witnessed. Indeed, the use
of BF,™ as the counterion instead of lipophilic PF,~ abated the
catalyst activity under aqueous heterogeneous conditions.

Results and discussion

Installation of the (3-(3-trihydroxysilylpropyl)-imidazolium-1-yl)-
acetate tag on the 4-position of 4-hydroxy-L-proline

En route to structures like 1, we synthesized the intermediate 3
containing a trialkoxysilyl group on the R appendage, according
to the reaction sequence shown in Scheme 1.
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Scheme 1 The synthesis of ionic-tagged proline 3.

At the outset, the aim of this study was the preparation of hybrid
‘organic-inorganic’ mesoporous silicas using soft chemistry. With

2 in our hands, we investigated whether the hydrolysis of 2 to
the trihydroxysilyl species 3 was followed by polycondensation
in a kind of self-directed assembly of particles,”® which, in
turn, could be candidates as catalysts for the asymmetric aldol
reaction. Complete hydrolysis occurred when 2 was subjected
to hydrogenolytic conditions in MeOH. The proline derivative
3 was perfectly soluble in water, and even in the presence of
trace amounts of HCI, no trace of aggregation into nanoparticles
was observed by dynamic light scattering measurements. When
3, in water, was tested as a catalyst in the aldol reaction of
cyclohexanone and p-nitrobenzaldehyde, no reaction occurred at
rt after 72 h.

Since the lipophilicity/hydrophilicity profile of an ionic liquid
is strongly reshaped by passing from halides to the hydrophobic
bis(trifluoromethylsulfonyl)imide ion (Tf,N~), we first subjected
2 to a CI'-Tf,N- metathesis reaction to obtain 4, which was
then exposed to Pd/C catalyzed hydrogenolysis conditions in
wet EtOAc (Scheme 2). Quantitative deprotection was again
accompanied by complete hydrolysis of the triethoxy moiety,
releasing 5 which was still soluble in water. Herein too, no evidence
of spontaneous polycondensation resulted from dynamic light
scattering measures.

2
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Scheme 2 The synthesis of ionic-tagged proline 3.

The use of ionic-tagged proline 5 as a catalyst for the direct
asymmetric aldol reaction

With compound 5 in our hands, we checked it as a catalyst in the
benchmark reaction of cyclohexanone and p-nitrobenzaldehyde.
The experiment was conducted under neat conditions in the
absence of water. After stirring 5 equivalents of cyclohexanone
and p-nitrobenzaldehyde (the limiting reagent) for 16 h at 28 °C
in the presence of 10 mol% of 5, the aldol 6 was isolated in 80%
chemical yield, with an anti diastereoselectivity = 80 : 20, the anti-
aldol being produced in 85% ee. This preliminary result prompted
us to explore different reaction conditions in order to identify a
more efficient catalytic protocol. The reaction in the presence of
water was checked at first, according to the chemical evidence on
the sometimes conflicting role of water on the outcome of the
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aldol reaction.”' If, indeed, the commonly accepted mechanism
for the organocatalysed aldol reaction,' as well as for the action
of class I aldolases,'” involves the intermediate formation of an
enamine, a few equivalents of water are necessary, too, to speed
up the catalytic cycle. On the other hand, a massive presence of
water is supposed to favor the hydrolysis of the enamine, unless the
reaction takes place in an organic compartment (a hydrophobic
pocket in the case of the enzyme) separated from the aqueous
phase.

When the amount of water was progressively increased, both
yield and stereochemical outcome improved, up to a top value
of 92% yield, accompanied by an excellent diastereoselectivity
(anti-syn = 96 : 4) and a remarkable enantioselectivity (anti-6
was produced in 99% ee) after stirring for 24 h at 28 °C using the
amount of water and the conditions shown in Scheme 3. Doubling
the amount of water did not produce any change both in terms of
chemical and stereochemical results.

(o}
] 5 (10 mol %)
.
H Ar H,O (0.8 mL), 28 °C
n
4 equiv. 0.5 mmol

Scheme 3 Conditions adopted for the aldol reaction protocol.

This preliminary result, achieved under liquid-liquid biphasic
conditions, meant that 5 possessed the optimum partitioning
coefficient to be extracted by cyclohexanone into the organic
layer of the water—cyclohexanone biphasic system.' The reaction
was carried out under efficient stirring to ensure formation of
an emulsion in which the surface area between the two phases
was maximized, as well as the transport of 5 into the organic
phase. Conversely, using proline derivatives with hydrophobic
substituents, it is reported that efficient stirring is less significant,
owing to the complete insolubility of the catalyst in water.™

An outstanding stability of the stereochemical performance
both in terms of dr and ee was also observed when catalyst
loading was varied. When the mol% of catalyst was decreased from
10% to 5%, 2.5% and 1%, it reflected only on reduced chemical
yields, which after 24 h passed from 92% to 80%, 65% and 30%,
respectively. We then explored the scope of the reaction using
different substrates and the results are summarized in Table 1.

Setting the reaction time at 24 h and using 4-nitrobenzaldehyde,
we first compared the reactivity of cycloalkanones (runs 1-

Table 1 Asymmetric aldol reactions catalysed by 5

Run Ar n t/h  6,Yield (%) anti-syn®  antiee (%)°
1 4-NO,-CH, 0 24  6a,98 70 : 30 97
2 4-NO,-CsH, 1 24  6b,92 96:4 99
3 4-NO,-CH, 2 24  6¢c,25 73:27 82
4 2-NO,-CiH, 1 24 6d,60 >99:1 >99
5 4-CN-C¢H, 1 24  6e, 87 96: 4 >99
6 CFs 1 24 6f93 99:1 >99
7 4-Br-C¢H, 1 72 6g 81 96:4 >99
8 4-Cl-C¢H, 1 70 6h,78 96:4 >99
9 2-Naphthyl 1 72 6i,78 95:5 96

10 Ph 1 72 6j,60 95:5 99

“Yields refer to isolated products. ® Determined by 'H NMR of the
products. ¢ Determined by chiral HPLC (see ESI).

3). The excellent anti-syn ratios displayed by cyclohexanone
(run 2) is not shared by cyclopentanone and cycloheptanone
(runs 1 and 3), the latter being the least reactive aldol donor.
Correspondingly, an outstanding enantioselectivity was recorded
both with cyclohexanone and cyclopentanone, cycloheptanone
(run 3) being the only exception.

Electron withdrawing groups favor the aldol reaction (runs 4-6)
while halobenzaldehydes (runs 7,8) and unsubstituted aldehydes
(runs 9,10) require a longer time to reach good yields. In 6
examples out of ten, enantioselectivities were 299%, and in all the
examples involving cyclohexanone, diastereomeric anti—syn ratios
were 295 : 5.

Unfortunately, the foregoing reaction protocol suffered for the
main limitation of being not applicable to aliphatic aldehydes.
To widen the scope of the cross-aldol reaction to aliphatic
aldehydes, i.e. isobutyraldehyde and cyclohexane carboxaldehyde
as acceptors, we started re-examining other reaction conditions.
Again, the amount of water was revealed to be a critical factor, as
shown by the results collected in Table 2.

Table 2 Direct aldol reaction of aliphatic aldehydes and cyclohexanone
with organocatalyst 5

(o}
o 5 (10 mol %)
N
H™ "R H,0, 28 °C, 72 h
4 equiv. 0.5 mmol
Run R H,O (mL) 6, Yield (%)*  anti-syn®  antiee (%)*
1 i-Pr 0.8 6k, 9 >99:1 99
2 c-C4H,, 0.8 6l, 7 >99:1 99
3 i-Pr 0.012 6k, 58 >99:1 99
4 ¢-C¢H, 0.012 6l, 50 >99:1 99

“Refers to isolated yields. ®* Determined by 'H NMR of the products.
¢ Determined by chiral HPLC (see ESIY).

Recycling experiments

Thus, having exploited the partitioning properties of 5 in a
profitable reaction protocol, we addressed the second important
goal mentioned earlier, that is, the recyclability of the catalyst. The
complete insolubility of 5 in ether and its corresponding solubility
in water formed the basis of an efficient separation of 5 from the
product and of a simple catalyst recycling procedure.

The reaction work-up by a direct extraction with ether of the
reaction mixture was not efficient since part of the catalyst was
extracted in the cyclohexanone containing organic phase. We
modified the work-up procedure by preliminarily removing both
ketone and water under reduced pressure (~0.1 mmHg, rt). The
solid residue was eventually partitioned between water and ether.
During the elimination of the excess of ketone and water, all the
enamine present in solution was hydrolysed delivering a residue
which consisted of free 5 and the aldol product, only. Separation
of the product did occur very efficiently with no loss of catalyst
into the ether phase, while the catalyst remained in the aqueous
phase ready to be reused.
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Table 3 Recycling experiments under the same conditions reported for
Table 1, run 2

Cycle 6a, Yield (%)” anti-syn® anti ee (%)°
1 93 96: 4 99
2 94 95:5 98
3 88 95:5 97
4 76 96: 4 98
5 51 94:6 87

“Refers to isolated yields. ®* Determined by 'H NMR of the products.
¢ Determined by chiral HPLC (see ESIY).

Indeed, the catalyst containing aqueous phase was directly
charged with the aldol reaction partners and the reaction was
run for a few cycles. Results of 5 cycles under the same conditions
reported in Table 1 run 2, are collected in Table 3.

Recovered yields in the first three runs were essentially stable,
and only in the fourth cycle a 20% drop in chemical yield was
recorded, while a decrease of the enantioselectivity by a factor
of 12% was observed only in the fifth cycle. A partial catalyst
epimerization in the long run can occur, likely as the consequence
of the formation of iminium ions between the proline group
and the aldehyde. It is indeed known that heating proline in the
presence of a catalytic amount of an aldehyde provides an efficient
racemization protocol.”

Conclusions

We have demonstrated that a water soluble organocatalyst can
be designed to function in a highly efficient and stereoselective
fashion in the asymmetric cross-aldol reaction under aqueous
biphasic conditions by a modulation of its partition coefficients in
different aqueous biphasic environments. The cationic frame of the
new proline derivative 5 contains three hydrophilic portions that
render it very soluble in water. On the other hand, coupling the
hydrophilic cation of 5 to the highly hydrophobic Tf,N™ ion gives
rise to an optimized favourable partitioning of the new catalyst
5 not just during the reaction stage but also during the work-up.
Indeed, in the reaction stage, 5 is transported to the organic phase
of the biphasic ketone—water system where the aldol reaction takes
place in high yields and remarkable stereocontrol. In particular,
using cyclohexanone as a donor, anti—syn ratios were 295 : 5 and
ee’s were up to 299%. In the work-up stage, on the other hand,
aldol products and 5 were efficiently separated by partitioning
them between ether and water, 5 being soluble in water but not in
ether. This offers the opportunity to recycle 5, which was used for
4 runs without loss of its original stereochemical performances.

Experimental
General and materials

'H and "C NMR spectra were recorded on Varian Inova 300
and Varian Gemini 200 spectrometers; chemical shifts (8) are
reported in ppm relative to TMS. Gas chromatographic analyses
were performed with an Agilent 6850 instrument coupled to an
Agilent 5975 quadrupole mass detector (50 °C, 2 min — 280 °C,
10 °C/min — 280 °C, 10 min). Chiral HPLC studies were carried
out on a Hewlett-Packard series 1090 instrument. Reactions

were monitored by TLC and GC-MS. Flash-chromatography was
carried out using MercKk silica gel 60 (230-400 mesh particle size).
All reagents were commercially available and were used without
further purification, unless otherwise stated.

3-lodopropyltriethoxy silane. A solution of 3-chloropropyl-
triethoxy silane (12.04 mL, 50 mmol) and Nal (7.49 g, 50 mmol)
in anhydrous acetone (40 mL) was stirred under reflux for 24 h.
The reaction was monitored using GC-MS. The solvent was then
evaporated under reduced pressure, the residue was filtered over
celite and washed with ether (15 mL). The ether was then removed
in vacuo and the crude residue was distilled to obtain the pure 3-
iodopropyltriethoxy silane (13.85 g, 83%). GC-MS: tr = 14.3 min;
m/z=332."HNMR (200 MHz, CDCl;): 0.63-0.77 (m, 2 H), 1.19
(t,J =7.0 Hz,9 H), 1.75-2.00 (m, 2 H), 3.19 (t, J = 7.1 Hz, 2 H),
3.79 (g, J = 7.0 Hz, 6 H). *C NMR (50 MHz, CDCl,): 10.5, 12.2,
18.2,27.5, 58.3. Anal. Calcd for CyH,,10,Si (332.25): C, 32.53; H,
6.37. Found: C, 32.46; H, 6.35%.

N-(3-Triethoxysilyl)propyl imidazole. To a suspension of NaH
(0.792 g, 33 mmol) in anhydrous THF (55 mL) at 0 °C was added
imidazole (2.25 g, 33 mmol) and it was allowed to stir for 30 min.
3-Todopropyltriethoxy silane (9.97 g, 30 mmol) was then added to
the reaction mixture at 0 °C. The reaction was allowed to warm
to room temperature and stirred under reflux for a further 24 h.
The conversion was monitored using GC-MS. The reaction was
cooled to room temperature, filtered over celite and washed with
ether. The filtrate was concentrated in vacuo and the crude product
was purified by distillation under vacuum using a Kugel-Rohr
apparatus; 5.68 g, 70%. GC-MS: #, = 18.1 min; m/z = 272. 'H
NMR (200 MHz, CDCl;): 0.56 (dd, J = 9.0, 7.1 Hz, 2 H), 1.21
(t, J = 7.0 Hz, 9 H), 1.78-1.98 (m, 2 H), 3.80 (q, / = 7.0 Hz,
6 H), 3.93 (t, J = 7.0 Hz, 2 H), 6.91 (s, 1 H), 7.04 (s, 1 H), 7.47
(s, 1 H). ®C NMR (50 MHz, CDCl,): 7.2, 18.1, 24.7, 49.0, 58.2,
58.3, 118.6, 129.0, 137.0. Anal. Calcd for C;,H,,N,0,Si (272.42):
C, 52.91; H, 8.88; N, 10.28. Found: C, 53.08; H, 8.86; N, 10.27%.

N-Benzyloxycarbonyl-(25,4R)-4-(2-chloroacetyl)proline benzyl
ester. To an ice-cold solution of N-benzyloxycarbonyl-(2S,4R)-
4-hydroxyproline benzyl ester (5.34 g, 15 mmol) and 2-chloroacetyl
chloride (1.88 g, 16.5 mmol) in CH,Cl, (20 mL) was slowly added
pyridine (1.31 g, 16.5 mmol). The reaction mixture was allowed
to warm to room temperature and stirred for a further 12 h. The
precipitate was removed by filtration and the filtrate was washed
with water (20 mL), 10% aq. NaHCOs;, then dilute HCI (2 M)
and finally water (20 mL). The solution was dried over Na,SO,,
concentrated under vacuum and the crude residue was purified
by silica-gel column chromatography (cyclohexane—ethyl acetate,
70 : 30) to give the title compound as a thick oil (5.13 g, 79%
yield). [@]? = -42.0 (¢ 1.0, CHCl;); '"H-NMR (200 MHz, CDCl;;
2 conformational isomers): 2.16-2.37 (m, 1 H), 2.39-2.59 (m, 1 H),
3.66-3.93 (m, 2 H), 4.00-4.10 (m, 2 H), 4.43-4.66 (m, 1 H), 5.04
(d, J =10.3 Hz, 2 H), 5.14-5.27 (m, 2 H), 5.38 (br. s, 1 H), 7.17—
7.47 (m, 10 H); "C-NMR (75 MHz, CDCl;; 2 conformational
isomers): 35.4 and 36.4, 40.6, 51.9 and 52.4, 57.6 and 57.9, 67.1
and 67.2, 67.4, 73.7 and 74.4, 127.9, 128.1, 128.2, 128.3, 128.4,
128.5, 128.6, 135.1 and 135.3, 136.1 and 136.2, 154.1 and 154.6,
166.7 and 166.8, 171.5 and 171.8. Anal. Calcd for C,,H,,CINOq
(431.87): C, 61.18; H, 5.13; N, 3.24. Found: C, 60.97; H, 5.11; N,
3.22%.
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N-(3-Triethoxysilyl)propyl imidazolium chloride-tagged N-Cbz-
proline benzyl ester (2). To a solution of N-benzyloxycarbonyl-
(2S,4R)-4-(2-chloroacetyl)proline  benzyl ester (5.94 g,
13.75 mmol) in CH;CN (10 mL) was added N-(3-
triethoxysilyl)propyl imidazole (3.97 g, 14.58 mmol) and
the reaction mixture was heated at 60 °C for 12 h. The CH;CN
was then removed under reduced pressure. The crude product
was washed with anhydrous ether (5 mL x 4) and vacuum dried
to obtain the quarternised compound 2 as a hygroscopic solid
(8.14 g, 84% yield). [@]? = —11.2 (¢ 0.86, CHCl;); '"H-NMR
(300 MHz, CDCl,): 0.59 (t, / = 7.2 Hz, 2 H), 1.21 (td, J = 7.0,
2.2Hz,9H), 1.98 (dq, J = 7.7, 7.5 Hz, 2 H), 2.14-2.32 (m, 1 H),
2.48-2.70 (m, 1 H), 3.70-3.90 (m, 7 H), 4.24 (t, J = 7.0 Hz, 2 H),
4.46-4.59 (m, 1 H), 5.01 (dd, J = 11.2, 1.7 Hz, 2 H), 5.09-5.20
(m, 2 H), 5.28-5.42 (m, 2 H), 5.53-5.75 (m, 1 H), 592 (d, J =
17.8 Hz, 1 H), 7.15-7.42 (m, 11 H), 7.59 (s, 1 H), 10.53 (s, 1 H);
BC-NMR (75 MHz, CDCl;; 2 conformational isomers): 6.1, 17.4,
23.3,34.4 and 35.3, 49.2, 50.9 and 51.3, 56.6 and 57.1, 57.2, 57.6,
65.9, 66.2 and 66.3, 73.7 and 73.9, 120.4, 123.6, 126.7, 126.8,
127.0, 127.1, 127.3, 127.4, 127.5, 127.58, 127.60, 134.3, 134.5,
135.2, 135.3, 137.0, 153.1 and 153.6, 165.3, 170.8, 171.0. Anal.
Caled for C3H,sCIN;O,Si (704.28): C, 57.98; H, 6.58; N, 5.97.
Found: C, 57.78; H, 6.60; N, 5.94%.

N-(3-Trihydroxysilyl)propyl imidazolium chloride-tagged proline
(3). To a solution of 2 (3.52 g, 5 mmol) in MeOH (15 mL)
was added palladium on charcoal (10%, 530 mg, 0.5 mmol). The
mixture was stirred under hydrogen at room temperature under
atmospheric pressure for 8 h. The reaction mixture was filtered
over celite and washed with CH;CN (15 mL). The filtrate was
concentrated in vacuo to obtain 3 as a pale brown very hygroscopic
solid (1.96 g, 99% yield). [a] = —-10.3 (¢ 1.1, CH;OH); 'H-NMR
(200 MHz, CD;0D): 0.55-0.81 (m, 2 H), 1.93-2.16 (m, 2 H), 2.31-
2.49 (m, 1 H), 2.56-2.75 (m, 1 H), 3.35 (s, 2 H), 3.50-3.59 (m, 1 H),
3.62-3.70 (m, 1 H), 3.81-3.87 (m, 1 H), 4.22-4.47 (m, 1 H), 5.18-
5.39 (m, 2 H), 5.47-5.62 (m, 1 H), 7.74 (br. s., 1 H), 9.24 (br. s.,
1 H). "C-NMR (50 MHz, CD,0D): 25.2, 30.1, 36.2, 51.8, 53.2,
60.9, 71.2,77.1, 123.6, 125.5, 139.0, 167.8, 172.2. Anal. Calcd for
C;H,,CIN;0;Si (395.87): C, 39.44; H, 5.60; N, 10.61. Found: C,
39.49; H, 5.65; N, 10.56%.

N-(3-Triethoxysilyl)propyl imidazolium trifluoromethane-sulfo-
nimide-tagged N-Cbz-proline benzyl ester (4). A solution of 2
(8 g, 11 mmol) and N-lithiotrifluoromethane-sulfonimide (3.32 g,
11.55 mmol) in CH,Cl, (10 mL) was stirred at room temperature
for 5 h. The reaction mixture was then washed with H,O (3 mL)
and dried over Na,SO,. Concentration of the organic layer under
vacuum afforded 4 as a brown hygroscopic solid (10.3 g, 99% yield)
that was used without further purification for the debenzylation
step. [@]? = -5.7 (¢ 0.58, CHCl,); '"H-NMR (200 MHz, CDCl,):
0.52-0.68 (m, 2 H), 1.12-1.36 (m, 9 H), 1.84-2.09 (m, 2 H), 2.15-
2.37 (m, 1 H), 2.41-2.65 (m, 1 H), 3.64-3.94 (m, 8 H), 4.06-4.32
(m, 2 H), 4.43-4.62 (m, 1 H), 4.92-5.26 (m, 6 H), 5.38 (br. s., 1 H),
7.15-7.48 (m, 12 H), 8.88 (s, 1 H); *C-NMR (75 MHz, CDCl;;
2 conformational isomers): 6.2, 6.6, 17.88, 17.93, 23.9, 35.0, 35.8,
49.5,50.3, 51.8,57.8, 58.35, 66.8, 67.16, 67.23, 117.4, 121.6, 123.9,
127.3, 127.4, 127.7, 127.8, 127.9, 128.16, 128.22, 128.27, 128.32,
134.9, 135.7, 136.6, 154.1, 154.6, 165.4, 171.6, 171.7. Anal. Calcd
for C3sHyFsN,O,5S,S1(948.98): C, 45.56; H, 4.89; N, 5.90. Found:
C, 45.62; H, 4.87; N, 5.88%.

N-(3-Trihydroxysilyl)propyl imidazolium trifluoro methanesulfo-
nimide-tagged proline (5). To a solution of 4 (4.75 g, 5 mmol) in
EtOAc (15 mL) was added palladium on charcoal (10%, 530 mg,
0.5 mmol). The mixture was stirred under hydrogen at room
temperature under atmospheric pressure for 7 h. The reaction
mixture was filtered over celite and washed with CH;CN (15 mL).
The filtrate was concentrated in vacuo to obtain the catalyst 5
as a pale brown low-melting solid (3.17 g, 99% yield). [a] =
—11.4 (¢ 1.1, MeOH); '"H-NMR (200 MHz, CD;0D): 0.47-0.79
(m, 2 H), 1.89-2.16 (m, 2 H), 2.25-2.47 (m, 1 H), 2.51-2.71 (m,
1 H), 3.45-3.61 (m, 2 H), 4.12-4.39 (m, 3 H), 5.16-5.24 (m, 2 H),
5.46-5.64 (m, 1 H), 7.66 (s, 2 H), 9.00 (s, 1 H). "C-NMR
(75 MHz, CD,0OD): 25.3, 36.2, 39.4, 50.9, 53.9, 54.7, 61.3, 71.4,
119.2, 123.4, 125.5, 127.7, 138.7, 168.7, 174.5. Anal. Calcd for
CisH,F¢N,O,,S,Si (640.56): C, 28.13; H, 3.46; N, 8.75. Found: C,
28.04; H, 3.44; N, 8.78%.

Typical experimental procedure for the cross-aldol condensation.
Catalyst 5 (16 mg, 0.025 mmol) was stirred in water (0.8 mL) until a
clear solution was obtained. Cyclohexanone (0.259 mL, 2.5 mmol)
was then added and stirred for a further 20 min, whereupon the
reaction mixture was an emulsion. p-Nitrobenzaldehyde (75.5 mg,
0.5 mmol) was added to the reaction mixture and stirred at
room temperature for the appropriate time; the nature of the
reaction mixture remained an emulsion over the time period.
The cyclohexanone and water were then removed under reduced
pressure, water (0.8 mL) was added to the residue and it was
extracted with Et,O (3 mL x 4). The combined organic extracts
were dried over Na,SO,, concentrated in vacuo and purified by
silica-gel column chromatography (cyclohexane—ethyl acetate, 7 :
3) to obtain the pure aldol adducts.

Typical experimental procedure for recycling studies. The re-
cycling studies were performed using the typical experimental
procedure for the cross-aldol condensation on a 1 mmol scale
of the aldehyde. After completion of the Et,O extraction, the
reaction flask was dried under vacuum (~0.1 mmHg, rt) for 1 h
and recharged with the starting substrates.
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The rates of tautomerization of 2-nitrocyclohexanone (2-NCH) have been measured
spectrophotometrically at 25.0 + 0.1 °C in several organic aprotic solvents and their binary mixtures. In
cyclohexane the reaction is effectively catalyzed by bases and inhibited by acids while the so-called
“spontaneous reaction” appears essentially due to autocatalysis. Apparent second order rate constants
(k.pp") for the reaction catalyzed by triethylamine (TEA) and pyridine (Pyr) have been obtained. From
the experimental k,,,® values rate constants for the enolization (k,*) and ketonization (k_,®) reactions
have been calculated. A Kamlet-Taft type linear solvation energy relationship (LSER) adequately
accounts for the observed solvent effects. Activation parameters for both reactions show that solvent
effects are mainly entropic in origin and that there is a shift of the transition state from a ketone-like to

an enol-like structure on passing from less to more polar solvents.

Introduction

The keto—enol interconversion of carbonyl compounds is one of
the most investigated organic reactions in aqueous solution.'™
In particular the less studied o-nitroketones™ represent an
interesting class of derivatives due to their high acidity and
relatively high enol content. They are, in principle, an equilibrium
mixture of three tautomers: the keto form, the enol form and the
nitronic acid form (aci form). However the aci form in most cases
can be neglected in aqueous solutions*® due to its high acidity
and it is also hardly detectable in a number of aprotic organic
solvents.*” The values of the tautomeric equilibrium constants of
2-nitrocyclohexanone (2-NCH) have been recently measured’ in
organic solvents and ionic liquids and the solvent effects have been
discussed in terms of multiparameter equations.

On the other hand the available data on the kinetics of keto—
enol tautomerism for carbonyl compounds in aprotic solvents
are very scarce. In a recent study® the solvent effect on the
base-catalyzed tautomerization of 2-acetylcyclohexanone and 2-
acetyl-1-tetralone was studied in dimethylsulfoxide (DMSO)-
water mixtures of different composition. The reaction rate strongly
increases at high percentages of DMSO and the author interpreted
this effect in terms of solvent polarity and the molecular structure
of the solvent molecules.® Furthermore a LC-NMR study® of the
ketonization of the ethyl butylryl acetate enol has shown that
the rate constant in three binary mixtures (D,0O-CH;CN, D,0-

“Dipartimento di Scienze del Farmaco, Universita “G. d’Annunzio” Via dei
Vestini 31, Chieti, Italy. E-mail: siani@unich.it; Fax: 39 0871 3554461,
Tel: 39 0871 3554784

*Dipartimento di Studi di Chimica e Tecnologia delle Sostanze Biologica-
mente Attive, Universita “La Sapienza” P.le Aldo Moro 5, Roma, Italy

T Electronic supplementary information (ESI) available: UV-determined
tautomeric constants, Ky, of 2-NCH in several organic solvents and
their binary mixtures and selected descriptors of solvent polarity; second
order rate constants, k,,,", k,® and k_,® for the base catalyzed keto—enol
interconversion of 2-NCH in aprotic solvents at different temperatures.
See DOI: 10.1039/b813011f

CD;0D and CD;OD-CH;CN) correlates well with the E1(30)
parameter of the solvent.

In a previous work some of us obtained kinetic data (k,
AG*, AH* and AS*) for the enantiomer interconversion of some
linear o-nitroketones by means of dynamic high-resolution gas
chromatography using a B-cyclodextrin derivative chiral stationary
phase. The highly negative values of AS# obtained, suggest a
transition state with large charge separation in agreement with
a general acid-base catalyzed mechanism for the enolization
reaction.

In this work we have measured spectrophotometrically the rate
constants of tautomerization of 2-NCH following the change in
absorbance of the enol form at 25.0 = 0.1 °C in some organic
aprotic solvents. DFT calculations have also been performed to
ascertain if the keto—enol interconversion can possibly occur with
a one-step mechanism through the formation of a four-membered
transition state.

Solvent effects have been discussed in terms of multiparameter
equations that take into account non specific and specific solute—
solvent interactions.

The separate activation parameters of enolization and ke-
tonization, AG*, AH* and AS*, have been derived from
rate-measurement at different temperatures in chloroform,
dichloromethane and acetonitrile.

Results and discussion
Kinetics of the keto—enol interconversion of 2-NCH in cyclohexane

The rate of the keto—enol interconversion of 2-NCH has been
measured in cyclohexane by UV-vis spectroscopy at 25.0 0.1 °C,
following the appearance of the band of the enol from a solution
containing an excess of the keto form in the absence and in the
presence of trifluoroacetic acid (TFA) or triethylamine (TEA).
The plot of Fig. 1 shows that the tautomerization reaction of 2-
NCH is catalyzed by bases and hampered by acids. It is somewhat
unexpected that the “spontaneous” tautomerization is detectable
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Fig. 1 Kinetic profiles for the tautomerization of 2-NCH in cyclohexane
in the presence of TEA (solid line), TFA (dotted line) and in the absence
of the catalyst (dashed line).

in an aprotic solvent such as cyclohexane. In this solvent the
tautomerization reaction can only occur either by intramolecular
proton transfer in a one-step mechanism through the formation of
a four-membered transition state or by an intermolecular stepwise
mechanism of autocatalysis. The two possibilities are separately
analyzed as follows.

Intramolecular proton transfer

Some DFT calculations (non local density functional model BP
with a 6-31G** basis set) have been performed on the most stable
geometries, obtained by conformational search, of the keto form
(KH), the enol form (EH) and the nitronic acid form (ACI) of
2-NCH to test if an intramolecular proton transfer mechanism is
a plausible mechanism. Structures and energies of the transition
states (TS) have also been optimized for the enol-aci, keto—aci and
keto—enol intramolecular interconversions.

It is noteworthy that the present calculations point to a very
easy interconversion between the enol and the aci form and that
the enol is the most stable tautomer in the gas phase (K = 19.4)
as well as in apolar solvents (see Table 1).

The results are shown in Fig. 2, in the form of an energy diagram.

The energy values obtained in the gas phase and in a highly
apolar solvent like cyclohexane (¢ = 2.0), as expected, are very
similar.

The AE* values for the different forms of 2-NCH reported in
Fig. 2 are too high to support a mechanism of interconversion via
intramolecular proton transfer. This conclusion is in agreement
with that previously advanced for simple carbonyl compounds!
and some linear a-nitroketones.*

o

61.91

—~h ~
~ ~ -~

(3.30)
388

Ketone

0.00)
0.00

Enol

o

Fig.2 Energy diagram for the keto—enol-aci interconversions of 2-NCH
via intramolecular proton transfer. The energy values reported in the
diagram are in kcal mol™ and refer to calculations performed in a vacuum
(out of parentheses) and in cyclohexane (within parentheses).

Intermolecular proton transfer

An energetically more favorable mechanism may occur if a second
molecule with basic functionalities can assist the proton transfer
in one concerted step, as depicted in Scheme 1a, or in two steps
through the formation of a more or less intimate (depending upon
the particular solvent) ion paired intermediate, as depicted in
Scheme 1b.

a '.~B #

o HE' oMo
i3,_No, p'(\o
a— — + B

Scheme 1

NO,
H 4+ B

The former mechanism is more likely in less polar solvents, while
the latter mechanism should be prevalent in more polar solvents.
In Scheme 1, B can be a molecule of an external general base
(triethylamine or pyridine) or a second molecule of 2-NCH. The
presence of TFA, which can reduce the basicity of 2-NCH, makes

Table 1 Second order rate constants, k,,,"™*, k,"™* and k_, ™ for the base catalyzed keto—enol interconversion of 2-NCH in some aprotic solvents

Solvent fepp A/ M!S k,TEA /M k TEA /M K. Amax 0
Cyclohexane 0.194(£0.005) 0.168 0.026 6.46 319
CCl, 2.50 (£0.16) 2.14 0.359 5.97 323
CHCl, 32.7 (20.2) 21.5 11.2 1.92 330
CH,Cl, 74.4 (10.8) 32.6 41.8 0.78 330
CH;CN 522 (£21) 55.9 466 0.12 330

“ Values determined by UV-vis spectroscopy from ref. 7.
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the process much slower (Fig. 1). The mechanism of autocatalysis
is also supported by some experiments carried out in cyclohexane
carefully purified through chromatographic columns containing
basic and acid aluminium oxide to remove possible acidic and/or
basic impurities. The “spontaneous” rate constant, k,,,°, increased
from 6.38 x 107 to 1.51 x 10~ s as the concentration of 2-NCH
increased from 2.0 x 10~ to 1.0 x 10™* mol dm™.

Docking experiments between 2-NCH molecules in their keto
form have been performed, taking into account both homochiral
(R-KH : R-KH) and heterochiral (R-KH : S-KH) associations.
The most stable and most populated homo and hetero chiral
adducts have at least one of the basic functionalities of a molecule
of 2-NCH facing the acidic hydrogen of the other molecule (see
Fig. 3). This result suggests transition states in which one molecule
of 2-NCH assists the transfer of the acidic hydrogen from the other
molecule.

Heterochiral complex  Homochiral complex

R-KH:R-KH

R-KH:S-KH

Fig. 3 Hetero and homo KH : KH adducts obtained by docking
procedures based on molecular mechanics calculations.

General base catalysis

The rate of the base-catalyzed tautomerization of 2-NCH has
been measured in different solvents, following the increase (in
cyclohexane and carbon tetrachloride) or the decrease (in the more
polar solvents where the keto tautomer is more stable than the enol
tautomer) of the absorbance at the A4, of the enol form (see typical
examples in Fig. 4).

Triethylamine, TEA, or pyridine, Pyr, have been used as the
catalysts. In most solvents the concentration of the catalyst was
varied over a range of a factor of ten. Under the adopted
experimental conditions, all the kinetic profiles were consistent
with a pseudo-first order process according to eqn 1.

a)

09—

08
07

0,6

Abs

05

0,4

0,3 +

T T T T T 1
o 200 400 600 800 1000 1200

time/min

rate = k,,, [2-NCH] (1)

The obtained values of k,,, were linearly related to [B] according
toeqn 2

kapp = kappo + kappB[B] 2

where B is Pyr or TEA. The second order rate constants, k,,,*, can
be calculated from the slopes of the plots of k,,, against [B] (see a
typical example in Fig. 5).

0,004 -
00035 |

2,

)
0,003
00025 |
0,002 |
0,0015 |

0,001
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0 1 1
0 0,05 01 0,15 02 0,25
[Pyr}M

Fig. 5 Plot of the pseudo-first order rate constant, k,,, vs. [Pyr] in
CH,Cl,. The slope corresponds to the second order rate constant for the
Pyr-catalyzed keto—enol interconversion, k,p,"™"

As expected the contribution of k,,," is not detectable in the
presence of Pyr or TEA.

Since the tautomerization reaction is a reversible reaction
(Scheme 1), k,,,* includes both contributions from the enolization,
k%, and the ketonization, k_,®, reaction. k,® and k_,® have been
calculated in the five aprotic solvents from eqn 3 and 4 by using
previously determined” K = [EH]/[KH] values.

le = kappB[KT/(KT + 1)] (3)
k—]B = kappB - le (4)
b)
0,8
0,7 -
,<8 0,4
041
0.0 T T T T T
time/min

Fig. 4 Kinetic profiles for the keto—enol interconversion of 2-NCH catalyzed by pyridine (a) in cyclohexane and (b) in acetonitrile.
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Table 2 Second order rate constants, k,,,"", k™" and k_,"" for the base catalyzed keto—enol interconversion of 2-NCH in some aprotic solvents and

binary mixtures, listed in order of increasing permittivity, &

Solvent 1072 k" /M's™ 1072 kP /M's 1072 kP /M's! K@ e

Cyclohexane 0.0256 (£0.0010) 0.0222 0.00342 6.46" 2.0
CCl, 0.0643 (£0.0013) 0.0551 0.00923 5.97 2.2
CHCl, 1.30 (£0.01) 0.855 0.445 1.92° 4.8
CH,Cl, 1.89 (£0.01) 0.828 1.062 0.78" 8.9
CH;CN-CH,CI, (20 : 80) 3.88 (£0.16) 1.08 2.80 0.39 13.7
CH,;CN-CH,Cl, (50 : 50) 6.43 (£0.10) 1.16 5.27 0.22 21.7
CH;CN-CHCI; (80 : 20) 8.82 (£0.10) 1.06 7.76 0.14 28.8
CH;CN-CH,CI, (80 : 20) 8.98 (£0.11) 1.08 7.90 0.14 30.7
CH,;CN 9.60 (£0.16) 1.03 8.57 0.12° 35.9

“ Values determined by UV-vis spectroscopy as in ref. 7. * From ref. 7.

Values of K; in CH;CN-CH,Cl, and CH;CN-CHCI; binary
mixtures of various composition have been determined by follow-
ing the previously described procedure.”

Comparison of the rate constants for TEA (pK, in water =
10.8") and Pyr (pK, in water = 5.17") catalysis in the different
solvents, collected in Tables 1 and 2, clearly shows that the stronger
base acts as the most efficient catalyst.

Tables 1 and 2 show that rate constants increase on passing from
apolar to polar solvents. To evaluate the solvent effect on the rate of
tautomerization a correlation analysis was performed as follows.
A good correlation was found simply by plotting k,,,® against
solvent permittivity, &, both for TEA (R?= 0.996) and Pyr catalysis
(R?=0.990; Fig. 6—solid line). In the case of binary mixtures the
values of ¢ were calculated as previously reported.™ An analogous
satisfactory correlation was obtained for the ketonization rate
constant k_;® both for TEA (R? = 0.993) and Pyr catalysis (R?> =
0.990; Fig. 6—dotted line), while the correlation for the enolization
rate constant k,® was not linear (Fig. 6—dashed line) and it seems
scarcely affected by the solvent permittivity.

0,1
o
_‘ﬁu

“;.,: 0,08

=8

Pl

0,06

0,04

0,02

0

Fig. 6 Plots of k,, (@—solid line), k, (A—dashed line) and k_
(B—dotted line) against solvent permittivity, ¢, for the Pyr catalyzed
tautomerization of 2-NCH.

A multiparameter treatment’ of the data obtained for Pyr
catalysis was performed according to the Kamlet-Taft type eqn 5:

Ink® = C + Y \fiD, )

where D; represents the i selected descriptors of solvent polarity, f;
the corresponding regression coefficients and C is the regression
constant.

The best correlations were obtained from the equation that uses
the cohesive pressure, &%, the previously described” normalized
polarity index, Ty (analogous to the well known'"® indexes n*,
¥, and Er) and the Kirkwood’s function, F(¢) = (e —1)/2e + 1)
(eqn 6). These parameters express different and complementary
properties of the solvent, namely the electrostatic shielding of
partial or full charges [F(¢)], the cavitational energy (&%) and
the aspecific as well as donor-acceptor and hydrogen bonding
interactions (7'y).

Ink™ = C + aF(e) + bd* + cT'y (6)
For binary mixtures the values of & were calculated from eqn 7:
6= [(%)V/V161 + (%)V/vzaz]/loo (7)

where 1 and 2 refer to the two different solvents. The results are
collected in Table 3.

Poorer correlations were observed for LSERs that use other clas-
sical solvent parameters (the results are available upon request).

The values of Ink™" calculated from eqn 6 have been plotted
against the corresponding experimental values. Fig. 7 shows, as an
example, the good validation of the correlation of eqn 6 applied
to k™" values (R* = 0.998).

The relative contributions of the solvent parameters of eqn 6
to the different rate constants have been calculated, on a
percentage basis, from the absolute values of the regression
coefficients (see Table 3). It turns out that total specific and non-
specific electrostatic interactions prevail over cavitational energy
interactions in each solvent investigated (see Fig. 8). As expected,
while the contribution of the former interactions increases in
solvents with an ¢ value lower than about 8, the contribution of the
latter interactions decreases in the same range of ¢ values. This is

Table 3 LSER of eqn. 6 applied to the different rate constants of the
Pyr-catalyzed tautomerization of 2-NCH

Kinetic

constant (k) R? LSER

Ko™ 0.997  Ink,,™=—-11.7 +9.36F(¢) + 0.0218 + 3.05T
kP 0.997  Ink,""=-9.26 + 4.62F(c) — 0.0048" + 4.60T
kP 0.998  Ink,™=-153+ 17.4F(c) + 0.0218" + 2.53T

This journal is © The Royal Society of Chemistry 2008
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Fig.7 Plot of experimental Ink,,,™" values against values calculated from
eqn 6.

consistent with the more efficient solvation of a charge-separated
transition state by more polar solvents (Scheme 1).

Determination of the activation parameters AG*, AH* and AS*,
for the enolization and ketonization reactions

The kinetics of the tautomerization reaction of 2-NCH have been
also investigated in the temperature range 283.15-323.15 K in
CHCI;, CH,CI, and CH;CN. AG* values for the enolization and
ketonization reactions have been calculated from k,® and k_®
values at different temperatures (see ESIT) according to the Eyring
eqn 8

AG*(T) = RT(InT/K" + Inky/h) 8)

where R is the gas constant, 7' is temperature, / is the Planck
constant and kj is the Boltzmann constant. The values of AH*
and —AS# can be determined as the slope and the intercept of
a plot of AG*/T vs. 1/T. The obtained results are collected in
Table 4.

The data of Table 4 show that AG* values of enolization and
ketonization, for a given catalyst, significantly decrease on passing
from the less polar (cyclohexane) to the more polar (CH;CN)
solvent. This effect is due to a more efficient stabilization, by
more polar solvents, of the polar transition state where the acidic
proton of the reactant is somewhat transferred to the neutral base
catalyst. The relative values of AG,# and AG_,# suggest that there is
a shift from a ketone-like to an enol-like structure of the TS of the
tautomerization reaction (according to the Hammond postulate)
on passing from the less to the more polar solvents.

a)

100 -
W- g" W = L Em =
80 - m
70 -
60 -
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40 -

A A A A AA A
0 | , :
0 5 10 15 20 25 30 35 40

&

% contribution of solvent parameters

The contribution of the term TAS* to AG*, for both reactions, is
higher than that of AH*, particularly in CHCI,, the only exception
being the Pyr-catalyzed reaction in CH;CN. This fact suggests
that the solvent effect on the rate of tautomerization is mainly
entropic in origin and that there is a tendency for AH# and AS* to
compensate each other. The entropy decrease (AS* < 0) observed
in the investigated solvents depends on the combination of two
different molecules (substrate and catalyst) to form one unstable
geometry (transition state) with loss of six (roto-translational)
degrees of freedom.

Conclusions

(1) The tautomerization reaction of 2-NCH occurs in aprotic
solvents at 25.0 °C. The reaction is effectively catalyzed by bases
and inhibited by acids, while the so-called “spontaneous” reaction
is probably due to autocatalysis.

(ii) The rate of proton transfer is faster when the basic strength of
the catalyst is higher.

(ii1)) The overall solvent effect can be accounted for by a Kamlet—
Taft type multiparameter equation.

(iv) The ketonization reaction of the enol is faster in the more polar
solvents and the solvent effect appears to be prevalently entropic
in origin.

(v) According to the Hammond postulate there is a shift from
a ketone-like to an enol-like structure of the transition state on
passing from less polar to more polar solvents.

Experimental

Materials

The organic solvents (cyclohexane, carbon tetrachloride,
dichloromethane, chloroform and acetonitrile), 2-nitrocy-

clohexanone and trifluoroacetic acid were commercial samples
of AnalaR grade and were used without further purification.
Triethylamine and pyridine were distilled in the presence of NaOH
before each experiment.

Instruments

The kinetic runs were carried out with a UV-vis spectrophotome-
ter provided with a thermostatted (£0.1 °C) cell holder.

b)
100 -

% contribution of solvent parameters
W
(=]

Fig. 8 Percent contribution of electrostatic (M) and cavitational energy interactions (A) on the enolization (a) and ketonization (b) reaction of 2-NCH

in solvents of different permittivity, ¢.
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Table 4 Activation parameters, AG* (kcal mol™ at 298.15 K), AH* (kcal mol™) and AS* (e.u.), for the enolization and ketonization reactions of 2-NCH

in CHCl;, CH,Cl, and CH;CN

Enolization Ketonization

AG* AH* AS* —TAS* AG* AH_* AS * —TAS_*
Catalysis by TEA
Cyclohexane 18.5 — — — 19.6 — — —
CCl, 17.0 — — — 18.1 — — —
CHCl; 15.6 2.54 —44 13.1 16.0 4.20 —40 11.8
CH,Cl, 15.3 5.17 —-40 11.9 15.2 5.53 -32 9.59
CH,CN 15.1 7.00 =27 8.05 13.8 5.88 =27 8.05
Catalysis by Pyr
Cyclohexane 22.4 — — — 23.5 — — —
CCl, 21.9 — — 23.0 — —
CHCl; 20.3 7.29 —43 12.8 20.7 9.02 -39 11.6
CH,Cl, 20.3 8.82 -38 11.3 20.1 9.19 =37 11.0
CH;CN-CH,CI, 20 : 80 20.1 — — — 19.6 — — —
CH,CN-CH,CI, 50 : 50 20.1 — — — 19.2 — — —
CH,CN-CHCI, 80 : 20 20.1 — — — 19.0 — — —
CH,;CN-CH,CI, 80 : 20 20.1 — — — 19.0 — — —
CH,CN 20.2 10.4 -33 9.82 18.9 9.32 -32 9.54

Kinetic measurements

The keto-enol interconversion of 2-NCH was followed spec-
trophotometrically by monitoring the variation of the absorbance
at Ay of the enol form of 2-NCH at different temperatures.
A small aliquot of a stock solution of 2-NCH in CCl, was
added immediately before each kinetic run to a cuvette containing
Pyr or TEA dissolved in the appropriate organic solvent. The
initial concentration of 2-NCH was ca. 1 x 107 mol dm™ in all
experiments.

Computational methods

Optimized geometries of the tautomeric forms of 2-NCH were
obtained by performing molecular modeling calculations with the
computer program SPARTAN 04 (Wavefunction Inc. 18401 Von
Karman Avenue, Suite 370 Irvine, CA 92612) running on a PC
equipped with Intel Pentium 4, CPU 3.40 GHz,2 GB of RAM and
OS Windows 2000 Professional. As the first step, conformational
searches on the keto, enol and aci forms of 2-NCH were carried out
by setting the options as follow: MMFF force field; search by the
Montecarlo stochastic algorithm (all rotatable bonds explored);
maximum number of conformers = 100; window energy cut =
5 kcal mol™. As the second step, the most stable conformer
obtained of each tautomeric form was further optimized at the
SCF level by the non local density functional model BP with the
6-31G** basis set. Transition state geometries for the enol-aci,
keto—aci and keto—enol intramolecular interconversions were also
achieved by the same quantistic model, again optimized at the SCF
level. The solvation energies of the tautomers and the transition
states of 2-NCH in cyclohexane were obtained by performing
single-point calculations on the BP optimized geometries by the
conductor like screening model (COSMO), as implemented in the
Amsterdam density functional (ADF) package v. 2007.01.

A rigid docking experiment between the most stable conforma-
tions of 2-NCH within the (R) configuration was performed by the
home made computer program MolInE,* carrying out molecular
mechanics calculations based on the mm2* force field. The same

procedure was repeated after inverting the configuration of one of
the two molecules. All the adducts obtained were finally optimized,
relaxing all their degrees of freedom by the molecular mechanics
method based on the mm2* force field, as implemented in the
computer program MacroModel v.4.0.
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The antibacterial drug azithromycin has clinically beneficial effects at sub-inhibitory concentrations for
the treatment of conditions characterized by chronic Pseudomonas aeruginosa infection, such as cystic
fibrosis. These effects are, in part, the result of inhibition of bacterial biofilm formation. Herein, the
efficient synthesis of azithromycin in 4 steps from erythromycin and validation of the drug’s ability to
inhibit biofilm formation at sub-MIC (minimum inhibitory concentration) values are reported.
Furthermore, the synthesis of immobilized and biotin-tagged azithromycin analogues is described.
These chemical probes were used in pull-down assays in an effort to identify azithromycin’s binding
partners in vivo. Results from these assays revealed, as expected, mainly ribosomal-related protein
binding partners, suggesting that this is the primary target of the drug. This was further confirmed by
studies using a P. aeruginosa strain containing plasmid-encoded ermC, which expresses a protein that
modifies 23S rRNA and so blocks macrolide entry to the ribosome. In this strain, no biofilm inhibition
was observed. This work supports the hypothesis that the sub-inhibitory effects of azithromycin are
mediated through the ribosome. Moreover, the synthesis of these chemical probes, and proof of their
utility, is of value in global target identification in P. aeruginosa and other species.

Introduction

Antibiotics have had an essential role in the global increase in qual-
ity of life and life expectancy. The macrolide’ class of antibiotics
was discovered in the 1950s, and, as a result of their clinical efficacy
and safety, now represents 20% of all prescribed antibiotics.?
Macrolides show good in vitro activity against Gram positive
bacteria and have been shown to inhibit protein synthesis by
interacting with bacterial ribosomes.* Azithromycin (1) (Fig. 1),*
approved for clinical use in 1992 and marketed as Zithromax® by
Pfizer, is one of the most commonly prescribed macrolides and is
used to treat a range of bacterial infections including pneumonia
and acute bronchitis.® However, azithromycin does not have a
bacteriostatic or bactericidal effect in vivo against Gram negative
bacteria, such as Pseudomonas aeruginosa (minimum inhibitory
concentration [MIC] value >1000 pug ml™).* Nevertheless, over
the last decade, azithromycin at sub-inhibitory concentrations (i.e.
sub-MIC) has been shown to have clinically beneficial effects in
cystic fibrosis (CF) sufferers.” In CF,? and other related pulmonary
tract infections,’ chronic P. aeruginosa infection is the major cause
of morbidity and mortality.” Although azithromycin is known to
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336362; Tel: +44 (0) 1223-336498
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T Electronic supplementary information (ESI) available: Full experimental
procedures, characterization and NMR spectra for the compounds
obtained, and experimental details for the biological assays performed (i.e.
MIC assay, biofilm assays and pull-down assays). Biofilm inhibition assays
for the intermediates towards azithromycin synthesis are also reported. See
DOI: 10.1039/b813157k

Fig. 1 The structures of azithromycin (1), the biotin-tagged analogue 2,
and the immobilized equivalent 3.

inhibit protein synthesis by blocking the protein exit tunnel in
bacterial ribosomes,! its effects at lower concentrations, where
it is neither bacteriostatic or bactericidal, are less well under-
stood. Herein, we report the synthesis of azithromycin (1), the
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biotin-tagged analogue 2, and the immobilized equivalent 3
(Fig. 1) in an effort to address this issue.

A number of groups have investigated the effects of azithromycin
on P. aeruginosa at sub-MIC values.''> The effects of azithromycin
are known to be multiple and are proposed to include: reduced
bacterial motility; interruption of quorum sensing; reduction in
virulence factor production; increased susceptibility to stationary
phase killing; and, of key significance to this study, impaired
ability to form mature biofilms.”* The formation of bacterial
mature biofilms has consequences in terms of both their ability
to cause infection and also to resist antibiotic treatment." The
transition from a dispersed ‘planktonic’ state to a mature biofilm
occurs with a defined development profile. This complex process
requires coordination such that different cells throughout the
colony express different sets of genes in a spatial and time
dependent fashion (Fig. 2)." The formation of mature biofilms
confers on P. aeruginosa protection from chemical intervention in
CF sufferers and has been cited as a major cause for treatment
failure.’® Bacterial drug-resistance has led to new technologies to
discover antibacterial treatments."’

e .

Attachment

D
>

Planktonic Bacteria

== -

Microcolony

Mature Bicfilm

Fig. 2 The formation of mature biofilms in P. aeruginosa is a major
cause of treatment failure in CF sufferers. It is a complicated process
and occurs with a defined development profile requiring coordinated gene
expression.'s

H;NOH.HCI, pyridine

(79 %)

Erythromycin (4)  *

NaBH4, MeOH, 0 °C

—

(77 %)

Scheme 1

HQ  NMe,

Results and discussion

Azithromycin causes therapeutic effects at sub-inhibitory con-
centrations that are clinically relevant. The unresolved question
is whether these sub-inhibitory effects are due to azithromycin
targeting the ribosome or (as yet) unidentified protein(s).'® We
sought to test the hypothesis that azithromycin targets a non-
ribosome related protein using the tagged analogues 2 and 3 in
pull-down assays.

By adapting known methodologies' we were able to synthesize
azithromycin from erythromycin (4) in an overall yield of 32%
over 4 steps (Scheme 1). Initially, erythromycin (4) was converted
to the (E)-oxime 5 in 79% yield by a reaction with hydroxylamine
in pyridine.*® Compared to alternative methods investigated,” this
reaction furnished exclusively the desired E-isomer and did not
lead to formation of the o,B-unsaturated by-product 6. Using
TsCl and NaHCO; then facilitated the formation of the cyclic
6,9-iminoester 7 via an intercepted Beckman rearrangement of
5.2 Again, under these conditions, selective formation of 7 was
observed in the absence of the alternative 9,11-iminoester product
8.2 The subsequent reduction of 7 to the secondary amine 9 could
be achieved by H-Cube® hydrogenation or more productively
with NaBH,. The synthesis of azithromycin was then completed
under Eschweiler—-Clarke methylation conditions.* The reactions
all proceeded in good yield (>70%) and represent an optimized
synthesis of azithromycin.?

In order to confirm that the biofilm inhibition assays were
conducted at sub-MIC values, cultures of P. aeruginosa PAO1
(wild-type) were grown in the presence of azithromycin (3.9 ug ml™
to 1000 pug ml™). Under these conditions, using alanine-glycerol-
salts (AGS) media,? no growth inhibition was observed (i.e. MICj,
>1000 ug ml™). Full experimental details can be found in the ESL. T
Biofilm inhibition assays with azithromycin were carried out in the
same growth medium (Fig. 3a). These assays involved incubating

TsCl, NaHCQj, acetone, H,0, 0 °C

(74 %)

H,CO, HCO4H, CHCl,, reflux

(71 %)

The four step synthesis of azithromycin (1) from erythromycin (4). The compounds shown in grey (6 and 8) were not formed under the

conditions reported but did form under alternative conditions. The numbers shown correspond to the NMR assignments in the experimental section (see

ESI¥).
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Fig.3 (a) Biofilm assays at various concentrations of azithromycin. After
staining with crystal violet and sequential washing, any biofilm present
retains the purple stain. The more purple the appearance of the well, the
greater the biofilm formation. (b) Graph showing the absorption at 595 nm
(Asos) against azithromycin concentration. The lower the absorption, the
less biofilm is present. Both these figures show that azithromycin, at the
concentrations investigated, inhibited biofilm formation.

the P. aeruginosa PAOL1 cultures with azithromycin (2.5 pug ml™ to
20 ug ml™) for 5 days at 37 °C in microtitre plates. The biofilms that
resulted could then be visualized by crystal violet staining (purple)
and the (relative) amounts quantified by analyzing the absorption
from each sample at 595 nm (Ass). Azithromycin was shown to
have a marked effect on the biofilms of P. aeruginosa and inhibition
was observed at all of the concentrations investigated (Fig. 3b,
biofilm inhibition results in the wells appearing less purple).

NH
(i
COH
7

Ho)

)
EDC, DMAP, DMF
okl

(65 %)

EDC, pyridine
CH.Clp

(72 %)

NMeo
A Fe
Z" “CN, reflux, 60 °C Raney Ni
- -
(63 %) OMe 40 bar
EtOH

In an effort to identify the molecular targets of azithromycin,
the analogues 2 and 3 were synthesized for use in pull-down
(affinity-chromatography) assays. The use of affinity methods is
a common approach to target identification.”” The synthetic route
to both 2 and 3 initially involved the conjugate addition of the
azithromycin precursor 9 with acrylonitrile to give 10 followed by
Raney nickel reduction (using an H-Cube®) to give the tethered
amine compound 11 (Scheme 2).?* Although a small amount
of the dimer 12 (2%) was formed, these reactions proceeded
in acceptable yields and provided a suitable site for attaching
either biotin or a solid support. The biotinylated compound 2
was formed directly via an EDC-DMAP coupling of 11 with D-
biotin (Scheme 2).% To attach 11 to the solid support, two further
steps were required. The amine 11 was initially converted to the
o-azoamide 13 in an EDC-DMAP coupling with the acid 14.%
The solid support 15 was derivatized with an alkyne functionality.
The azide compound 13 could therefore be immobilized using
‘click chemistry’.?® The highly efficient copper-catalyzed Huis-
gen 1,3-dipolar cycloaddition® thus furnished the immobilized
azithromycin compound 3 (Scheme 2).%

In an effort to test the hypothesis that azithromycin acts to
inhibit biofilm formation in P. aeruginosa by acting on a protein
target other than the ribosome (maybe one involved in quorum
sensing)," pull-down investigations were performed using suitably
designed negative controls to account for non-specific binding
interactions. The biotin-tagged compound 2, immobilized via
binding to solid supported streptavidin,® gave inconclusive results
due to the tag binding to various biotin-binding proteins in the
cell. However, the immobilized azithromycin analogue 3 gave more
promising results and the resulting 1D PAGE gel showed clear
enrichment of specific bands (Fig. 4) compared with samples
using control sepharose beads such as 15. A small number of

CuS0,45H,0
sodium ascorbate
Ho0, HBuOH

O = sepharose bead
(45-165 um)

Scheme 2 The synthesis of the biotin-tagged and immobilized azithromycin compounds 2 and 3.
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' ' Identification

; Trigger Factor
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Fig.4 The pull-down assay using the cell-extract of P. aeruginosa and the
immobilized azithromycin analogue 3. Most of the identified proteins are
associated with translation or the folding of nascent proteins.

strongly-stained bands, presumably corresponding to highly-
abundant captured proteins, were excised from the gels and
digested with trypsin prior to MS/MS analysis to determine the
identity of the protein(s). Most of the proteins identified this way
were directly associated with ribosome function, translation or
the folding of nascent proteins. However, we also found that the
immobilized azithromycin captured RNA polymerase 3 subunit,
although this might not be unexpected in a tightly coupled
prokaryotic transcription—translation system such as that found
in many rapidly growing species like P. aeruginosa.

Since there was no evidence that analogue 3 was binding any pro-
teins other than those associated with translation, this suggested
that indeed only the ribosome was critical to azithromycin’s ability
to inhibit biofilm formation at sub-MIC values. To further test this
hypothesis we performed biofilm inhibition assays in a strain of
P. aeruginosa that contained the plasmid-encoded ermC. Plasmid-
encoded ermC (permC) was constructed by sub-cloning the ermC
gene from permCT into pUCPKS to enable stable maintenance
in P. aeruginosa.®* The ermC gene encodes a methylase which
acts to modify the ribosome at a known macrolide binding site
(specifically a single adenine residue (A2058 in Escherichia coli)
in the 23S rRNA).* This modification makes the bacteria less
susceptible to the action of macrolides and is one of the modes of
action by which bacteria become resistant to this type of antibiotic
(the other is via increased drug-efflux). Performing the biofilm
assays under the same conditions as before (Fig. 2) but using the
permC-containing P. aeruginosa strain gave notable results: little
or no biofilm inhibition was observed (Fig. 5). This result clearly
indicated that an azithromycin-ribosome interaction is required
for biofilm formation to be affected at sub-MIC values. Similar
results have been observed previously using the P. aeruginosa PAO1
strain expressing the 23S methylase ErmBP."

Conclusions

An efficient synthesis of azithromycin was developed, and this
material was used to validate the drug’s ability to inhibit biofilm
formation at sub-MIC values for P. aeruginosa. Biotin-tagged
and immobilized azithromycin derivatives were synthesized and
exploited in pull-down assays in an effort to identify binding
partners and hence illuminate its sub-inhibitory mode of action.

Biofilms P. aeruginosa - ermC mutant vs control

)
S

o
=1

@
S

S control vector
BermC insert

Aggs value
3

Percentage of control
S

n
S

o 2 8 16 32
Concentration (ug mi-)

Fig. 5 A graphical representation of the biofilm assays performed at
various concentrations of azithromycin using P. aeruginosa containing
either a control vector or the ermC plasmid. The A5 values for the
mutant are shown as a percentage of the value obtained in the absence
of azithromycin. In the permC-containing strain the inhibition of biofilm
formation was greatly reduced compared to the control vector strain.

Results from these assays uncovered mainly ribosomal proteins
and polypeptides involved in translation or folding of the nascent
polypeptide. The hypothesis that azithromycin mediates sub-MIC
effects through binding to the ribosome was further substantiated
by studies using a permC-containing P. aeruginosa strain. The
ermC gene encodes a methylase, which methylates the ribosome at
a known macrolide binding site. In these strains little or no biofilm
inhibition was observed. Although additional interactions with as
yet undisclosed proteins may be involved, these effects appear
subordinate to any ribosome mediated activities. Although this
ribosome dependence has been observed by other groups," the
realization of the synthesis of immobilized azithromycin 3, and its
ability to pull-down proteins with little background noise, provides
an important chemical probe to further investigate the molecular
targets of azithromycin in P. aeruginosa and other species.
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Alkene difunctionalization, the addition of two functional groups across a double bond, exemplifies a

class of reactions with significant synthetic potential. This emerging area examines recent developments

of palladium-catalyzed difunctionalization reactions, with a focus on mechanistic strategies that allow

for functionalization of a common palladium alkyl intermediate.

Introduction

The Sharpless asymmetric dihydroxylation (eqn (1)) is the
quintessential alkene difunctionalization reaction.! An argument
can be made that this transformation and related variants are the
only direct enantioselective alkene difunctionalization reactions
currently used extensively in synthesis. Considering the accessibil-
ity of alkenes and their robust nature, there is clearly a need to
develop new catalytic difunctionalization reactions that add two
functional groups across alkenes in a regio- and stereocontrolled
manner beyond that of the asymmetric dihydroxylation. This
emerging area describes recent contributions to this important
class of reactions. Due to the diverse mechanistic manifolds at
play and the recent activity in the field, Pd-catalyzed reactions will
be highlighted. It should be noted that only reactions that add
two functional groups across alkenes will be described and the
focus will be on selected contributions of the last several years.
Therefore, a significant body of work in hydrofunctionalization
(only one functional group) and alkoxycarbonylation reactions
(developed over the last several decades mainly by Semmelhack)
will be excluded.
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Sharpless Asymmetric
Dihydroxylation

R R
AD-Mix H (1)

R
R/_/ HO OH
A reason to use Pd in alkene difunctionalization reactions is the
ease with which Pd(1) facilitates the addition of nucleophiles to
alkenes (Fig. 1). However, the main issue arises in the formation of
the resultant Pd alkyl, which generally undergoes rapid B-hydride
elimination to yield Wacker-type products. While these processes
are clearly useful, they generally only lead to functionalization
at one of the two alkene carbons. Therefore, to pursue alkene
difunctionalization, the key question is how does one modify the
system to allow for an increased rate of Pd alkyl functionalization
as compared to the rate of B-hydride elimination? This can be
accomplished by using substrates containing a functional group

1 1 2
/= 4 HNy! P2 HX Nu}’\i/de.H_Nﬁjf'_'.w(:f_qo N =°H 2
R nucleo- functionalization

palladation R

of Pd-alkyl R
B-hydride Nu!
elimination /& + HPdX

R

Wacker-type
reactions

Fig. 1 Mechanistic possibilities for Pd-alkyl intermediates.
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to stabilize the Pd alkyl, or by promoting a rapid step to transform
the Pd alkyl into an intermediate that can be functionalized.

Nucleopalladation of dienes

The classic approach to Pd-catalyzed difunctionalization reactions
of alkenes, developed by Béckvall, is to use dienes as substrates.”
In this case, the Pd alkyl formed upon initial nucleopalladation
contains an adjacent alkene, and thus can form a m-allyl in-
termediate (A, Scheme 1). The m-allyl interaction stabilizes the
intermediate and slows B-hydride elimination, while increasing the
electrophilicity of the complex, allowing for attack by a second
nucleophile. Examples of this approach are vast and include
diacetoxylation, amino-acetoxylation, and amino-halogenation
reactions.?

RM + NuH
Pd"X,

B

nucleo-
pd° palladation
HX Nu
R)Y%
H-Pd-X A pax
allylic
Nu At
substitution
)\(\ ///
R = A~ mallyl
Nu R | intermediate

Nu'H
PdX
Scheme 1 Proposed mechanism for Pd-catalyzed diene difunctionaliz-
ation.

Recent advances in palladium difunctionaliztion of dienes in-
clude a diamination variant reported by Lloyd-Jones and Booker-
Milburn (Fig. 2).> The authors choose to utilize N,N’-diethyl
urea (1) as a nitrogen nucleophile to attenuate the Lewis basicity
of the nitrogen relative to amines, making it less likely to bind
palladium and inhibit catalysis. Further, tethering the nitrogen
source renders the second nucleophilic attack intramolecular.
High chemoselectivity for diamination of the terminal olefin is
observed.

Lloyd-Jones and Booker-Milburn (2005) 0]
R' (o} 5 mol% Pd(MeCN),Cl, R EtN//<
+ )J\ 1 equiv. benzoquinone NEt
R” XY X EtHN NHEt DME, 60 °C R
R" 1 R

R,R'=H, alkyl, aryl 30-99% vyield
R"=H, Me

Fig.2 Pd-catalyzed diamination of terminal dienes.

Oxidative addition—diene insertion

Another method of diene diamination has been developed by Shi
and coworkers.* This variant is distinct from the remainder of the
work discussed in this paper in that Pd° initiates the catalytic cycle,
and the nitrogen source, di-fert-butyldiaziridinone (2), functions
as the oxidant. The mechanism is believed to involve an initial
oxidative addition of 2 to Pd’, followed by alkene insertion to

reach a palladium-rn-allyl intermediate C, which proceeds similarly
to other diene difunctionalization reactions (Scheme 2).
I} (@]

A
fBuN/( ‘BuN—N'Bu

0
NBu Pd 2
R . 5 :
Teductive ~ oxidative
N elimination ~ addition
(@]
° A
Py BuN, N'Bu
‘BuN ITI'Bu Pd' g
pd" alkene
R \ / insertion “
RM
BuN” "N'B
z-allyl N\ Bu ) By
intermediate R Pd"
¢ N

Scheme 2 Proposed mechanism for Pd-catalyzed diene difunctionaliza-
tion reaction with diaziridinones.

This reaction has been successfully rendered enantioselective
using chiral phosphoramidite ligands, with generally high enan-
tioselectivity (Fig. 3, A).>® An additional advancement includes
the ability to expand this reaction to terminal olefins through
the in situ formation of dienes (Fig. 3, B).” The Shi process is
complementary to the Lloyd-Jones-Booker-Milburn reaction® in
that the internal alkene is selectively diaminated.

Shi (2007}

/
d
/ )
ligand
A g e M

ki
Z

o 5 mol% Pda(dba); BuN~ NBu
R X+ }L 22 mol% figand !
tBuUN—NBY CgDg, 65 °C R e
2 60-94% yield, 87-95% ee
o)
B. O 5mol% Pdy(dba),
AN+ 22 mol% ligand = 'BuN~ N'Bu
R X 22 mol% ligand | "BuN
‘BuN—NBu  CePe 85°C :
2 R =

50-85% yield, 89-94% ee

Fig. 3 Pd-catalyzed asymmetric diamination of dienes and alkenes.

Nucleopalladation—alkene insertion

If the substrate is not a diene, and thus does not have the enhanced
electrophilicity of a palladium-n-allyl, the Pd alkyl intermediate
must be intercepted in some other fashion. One approach is via
insertion of a second alkene into the Pd—C bond (intermediate D).
Following alkene insertion, B-hydride elimination occurs to release
the product (Scheme 3). Such a sequence results in an overall
oxygen/carbon or nitrogen/carbon alkene difunctionalization.
An example of an intramolecular version of oxypalladation—
alkene insertion was developed by Sasai and coworkers, producing
bicyclic ether 4 in one step from 3 (Fig. 4).” Moreover, the use of
a chiral bis(isoxazoline) ligand 5 renders the reaction asymmetric,
providing the product in 89% enantiomeric excess. A similar

4084 | Org. Biomol. Chem., 2008, 6, 4083-4088

This journal is © The Royal Society of Chemistry 2008





nucleo- HX
Pd° palladation
HX TN
Pd"X
H-Pd-X
Saide e

Scheme 3 Proposed mechanism for Pd-catalyzed difunctionalization
reactions involving nucleopalladation—alkene insertion.

Sasai (2001)

\ N—
10 moi% Pd(OCOCFa) L
12 mol% ligand
o~ 4 equiv. benzoquinone (o]
CH,Cl,/MeOH, 0 °C OBz
HO OBz 4
3 83% yield, 89% ee
Hosokawa (2005)

5 mol% Pd(OAc)
5 mol% Cu(OAc)

R
2
e A0 A
MeCN, O,, rt 0 OR'

e N . 10 mol% catechol
R/\\/\OH =~ “OR
72-96% yield

Fig. 4 Pd-catalyzed difunctionalizations involving oxypalladation—
alkene insertion.

reaction involving an initial intermolecular oxypalladation of an
enol ether, followed by alkene insertion and B-hydride elimination,
was reported by Hosokawa and coworkers (Fig. 4).!%" Allylic
alcohols provide both the oxygen and carbon nucleophiles in these
reactions.

Yang and coworkers reported an intramolecular car-
bon/nitrogen alkene difunctionalization (Fig. 5), likely occuring
through the above mentioned mechanism.' Substrates of type 6
include mono-, di-, or trisubstituted alkenes. Using (—)-sparteine
(8) as a chiral ligand, an enantioselective variant was developed,
with ee’s as high as 91%. Stahl and Scarborough reported the
intermolecular carboamination of vinyl ethers and styrenes.!®
Mono-, di-, and trisubstituted allylic tosylamides of type 9 are
used as substrates that include both the nitrogen and carbon
nucleophiles. The diastereoselectivity of the reaction ranges from
13:1t024:1.

Nucleopalladation of ortho-vinyl phenols

The palladium-catalyzed dioxygenation of ortho-vinyl phenols
was reported by Le Bras, Muzart,"* and coworkers, and shortly
thereafter by Sigman and Schultz (Fig. 6)." While the two reports
differ in reaction conditions and product, both result in the
addition of two oxygen nucleophiles across an alkene, and both
require the ortho-phenol functionality.

Yang (2006) /

=N N

—/

(-)-sparteine

r 10-20 mol% Pd(TFA), N
80 mol% (-)-sparteine
2 equiv. DIPEA, 3 AMS
X R 7

toluene, O,, 80°C X

. 60-95% yield, 75-91% ee
Stahl (2006
(2006) 5 mol% Pd(OAc), IIS
5 mol% Cu(OAc); 0O"Bu
~X"NHTs + 27 oy —10% catechol
9 CH4CN o
SAMS, O t 76-87% yield
Ts
5 mol% Pd(OAc), N

Ar
5 mol% Cu(TFA
R TONHTs + 2 A L
9 toluene, O, rt
=
64-97% yield

Fig. 5 Pd-catalyzed difunctionalization reactions involving aminopalla-
dation-alkene insertion.

; 4<; ligand }

;HO ‘g %ﬁ OH
' HO HN NH OH
] _/ /

OH 5 mol% Pd(TFA)2 OH OMe
5 mol% ligand
NN
35% aq. H202

Le Bras and Muzart (2005)/

" H,OMeOH 1:1
50 °C
10 55% yleld 33% yleld
Sigman (2006)
OH OH OR
~ 5 mol% Pd(MeCN),Cl,
| X 10-40 mol% CuCl, | X
L R'OH, 3 AMS, Oy, 1t S OR'
R

43-72% yield, 3:1 to 8:1 dr

Fig. 6 Pd-catalyzed dioxygenation of o-vinylphenols.

Le Bras, Muzart, and coworkers propose that this reaction
occurs through initial Pd-catalyzed epoxidation of propenyl
phenol (10) with H,0,, followed by attack of intermediate E at
the benzylic position by either water or methanol (Scheme 4).'¢
In support of this mechanism, the authors observed by mass

H,0 OH OH
OH OH OH
o
Pd"X,, H,0,
epoxidation
10 E OH OMe
MeOH
OH

Scheme 4 Proposed mechanism for Pd-catalyzed dihydroxylation or
hydroxyalkoxylation of o-vinyl phenols.
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spectrometry a complex corresponding to palladium-ligand-
epoxide. Furthermore, they submitted the Bn-phenoxide protected
epoxide to the reaction conditions and observed a similar ratio of
dihydroxylation and hydroxyalkoxylation products. It should be
noted that the reaction is observed in the absence of palladium,
albeit in lower yield.

For our reported dialkoxylation reaction, we have proposed a
mechanism in which initial oxypalladation of the alkene resultsin a
palladium-alkyl F, which is capable of forming a quinone methide
intermediate G with subsequent reduction to Pd’ (Scheme 5).%5
The electrophilic quinone methide is then attacked by a second
equivalent of alcohol. Support of this mechanism is provided by
the observation that an unprotected ortho-phenol is required for
the dialkoxylation. Additionally, when a deuterated substrate d,-
10 is submitted to the reaction, no washing of the deuterium labels
is observed, indicating that B-hydride elimination does not occur.

OH
CD;
+ ROH
Pd'"X. b
0] 2 dy-10
nucleo-
/ palladation HX
OH OR Pd® OH Pd'X
CD, CD;
b D
OR
OR F
ROH O pd° :
b ‘quinone
L= CD; methide
D formation
G OR HX

Scheme 5 Proposed mechanism for Pd-catalyzed dialkoxylation of
o-vinyl phenols.

Recently, an enantioselective variant of this reaction was
reported using chiral quinoline oxazoline ligands of type 11
(Fig. 7)." A significant detrimental effect of added copper on
enantioselectivity was found. The observation that trisubstituted
alkene 12 undergoes dialkoxylation without asymmetric induction
indicates that absolute configuration is most likely set in the
initial B-oxypalladation, and the stereoselectivity of the second
nucleophilic addition is affected by the adjacent, previously set
stereocenter. If the first step were a-oxypalladation, one would
expect an enantiomeric excess similar to that observed with a
disubstituted alkene.

Nucleopalladation—palladium oxidation

Another strategy for interception of the Pd alkyl with a nucleophile
that is receiving growing attention is to rapidly oxidize the Pd
alkyl from Pd" to Pd" to avoid B-hydride elimination (Scheme 6).
This also significantly enhances the electrophilic nature of the
Pd-alkyl H. Depending on the nucleophile and the substrate,
the second bond-forming step is hypothesized to proceed via
either a reductive elimination of C-Nu from Pd", resulting in
retention of stereochemistry, or by nucleophillic attack of an
external nucleophile, with Pd" as the leaving group, resulting in
inversion of stereochemistry.

Sigman (2007) P \ """""" '
: _ ;
! N7 o
| NJ i
i 11 D
oH { ligand, R"=Bn, 'Pr Rv;  OH QR
X R 10 mol% Pd(MeCN),Cl, N R’
| 12 mol% ligand ‘
Y R"OH, 3 AMS, O, S OR"
R R
56-74% yield, 63-92% ee
OH

10 mol% Pd(MeCN),Cl,
AN 12 mol% ligand
MeOH, 3A MS, O, rt

12

-OXYy-
palladation
L

T

HO- ---Pd—X

Pd°L achiral

Fig.7 Asymmetric dialkoxylation of o-vinyl phenols.

R + HNu

Nu pdll)(2

)\/Nu’
R

nucleo-

Sy2-type palladation
substitution Nu
5 reductive
Nu elimination R/I\/de
Nu Nu [O]
(PhI(OACc),)
R R
\Pd“"/ or \Pd“’,
H
- ‘ k. < | \Nu‘

Scheme 6 Proposed mechanism for Pd-catalyzed difunctionalization
involving Pd"-Pd" oxidation.

Sorensen and coworkers utilized substrates of type 13 with a
tethered nitrogen nucleophile in an aminoacetoxylation reaction,
with acetate as the second nucleophile (Fig. 8)."® Shortly after,

Sorensen (2005)

10 mol% Pd(OAc), TSN
/\H/\/NHTS 2 equiv. Phl(OAc),
B v AcO
CH,Cl,, rt ,
13 56-85% vield
Muiiiz (2005) 5 5
NHTs 5 mol% Pd(OAc), . "
NH 2.2 equiv. Phl(OAc), NTs
B >QA CH,Cly, rt R -
R = 15
14 78-95% yield
Muiiiz (2007)
s, A IS 10 mol% Pd(OAC),  .~o. S
: ' 1.1 equiv. NaOAc/NMe,Cl [~ .
W +%3,  1.6equiv. Phi(OAc), L. ! S
L DME, rt e
HNu™ = 17
16 58-89% yield

Fig. 8 Intramolecular Pd-catalyzed difunctionalization reactions.
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Muiiiz and coworkers published a report of alkene diamination
of substrates of type 14 containing a tethered urea, which can act
as a nucleophile in both steps, resulting in bicyclic products.” The
authors have demonstrated that 5-, 6-, and 7-membered hetero-
cycles can be successfully formed with this method. Muiiz also
reported a version of this reaction in which two separate tethered
nucleophiles are incorporated into substrates 16 providing fused
heterocyclic products 17.%° In all of these cases, excess PhI(OAc),
is required as the oxidant.

More recently, mechanistic studies have led Muniz and cowork-
ers to propose a process in which the olefin undergoes initial syn-
aminopalladation, followed by oxidation to Pd", and subsequent
Sx2-type attack by the tosylamide.?* Deuterium labeled substrates
were used to demonstrate that the reaction is stereospecific, with
(E)-18 leading to cis-19 and (Z)-18 leading to trans-19 (Fig. 9).
Furthermore, intermediates 20 and 21 where observed by 'HNMR
in the absence of PhI(OAc),, indicating that the initial step likely
occurs through a syn-aminopalladation.

o 0
NHTs 5 mol% Pd(OAc), NJ<
N 2 equiv. Phi(OAc), ><:l\<NTS
>C\/ 1 equiv. NMe,Cl/NaOAc "y
XxP CH,Cly, 1t Ho Y
(E)y-18 cis-19
o
>_NHTS 5 mol% PA(OAC), N//<
NH 2 equiv. Phl(OAc), NTs
1 equiv. NMe,Cl/NaOAc >Q\(,,D
X CH,Cly, tt Ho 4
(2-18 trans-19

Fig. 9 Mechanistic experiments supporting syn-aminopalladation and
Sx2-type substitution.

Stahl and Liu’s report of a Pd-catalyzed aminoacetoxylation
reaction represents the only example of alkene difunctionalization
in which Pd" is invoked wherein both new C-heteroatom bonds
arrive from exogenous nucleophiles in a regioselective manner
(Fig. 10).2 Specifically, phthalimide (23) is the nitrogen source,
and the acetate is derived from PhI(OAc),, which also serves as the
oxidant. Successful substrates of type 22 contain ether functional
groups, which potentially chelate palladium, enhancing reactivity
and selectivity. Allylic ethers are good substrates, with vinylic
and homoallylic ethers also reacting, albeit in lower yield. The
authors propose that this reaction proceeds through an initial syn-
aminopalladation, and C-O bond formation with inversion of
stereochemistry (Sy2-like). This mechanistic proposal is based on
the observation of the byproduct (£)-25, which would arrive from
syn-aminopalladation followed by syn-B-hydride elimination from
intermediate I. This indicates that the initial aminopalladation
step occurs via syn-addition. Secondly, (Z)-24, which does not
isomerize under reaction conditions, leads to erythro-26, which
establishes that the acetate adds with inversion of stereochemistry.

Sanford and Desai published an aminooxygenation reaction
involving homoallylic alcohols 27 as substrates and phthalimide
as the nitrogen source to form substituted tetrahydrofurans 28

Stahl (2006) o}

RO
\(%*'HN

NPhth

RO\)\/OAC

10 mol% Pd(MeCN),Cl,
2 equiv. PhI(OAC),

R DCE, 70 °C =
22 g 2 R
B-hydride OMe
elimination
Ph NPhth
PhthNH
i Pl [Pd'l_ NPhth "
Ph/—\—OMe Ph/—\—OI\.'Ie
24 !
PhI(OAC),
[PdV] NPhth AcO NPhth
O Sn2 s
Ph/_\—OMe Ph OMe
J erythro-26

Fig. 10 Pd-catalyzed aminoacetoxylation of alkenes and mechanistic
experiments.

(Fig. 11).2 The authors evaluated mechanistic possibilities based
on the stereochemical outcome with (£)-29 as the substrate.
Based on the observed B-hydride elimination product 30 from
intermediate K, syn-aminopalladation is assumed, and based on
the trans-product 31, direct reductive elimination of a Pd"V—alkyl—-
alkoxide intermediate L is proposed.

Sanford (2007)
10 mol% Pd(OAc),
H 20 mol% AgBF, 0
/ + HN 3 equiv. Phl(OAc),
MeCN, 60 °C R": NPhth
ti
R o7 d 2 28
27-80% yield
OH
pB-hydride
elimination 2 NPhth
syn-amino- Ph
PhthNH palladation NPhth 30
+ pg' Pd'y E;
(\/\OH —_— K-\/\OH
Ph o9 Ph K
lPhI(OAc)Z
reductive
elimination
—_— >
s PH NPhth
31

Fig. 11 Pd-catalyzed aminooxygenation of alkenes and mechanistic
experiments.

A palladium-catalyzed cyclopropanation of enynes of type 32
or 33 was reported independently by Tse and coworkers* and
by Sanford and coworkers.”® Both groups propose a Pd"-Pd"
catalytic cycle. The initial nucleopalladation reaction occurs at the
alkyne (intermediate M), which is followed by olefin insertion to
obtain intermediate N (Fig. 12). Sanford and coworkers propose
oxidation to Pd" followed by intramolecular Sy2 attack by the
enol acetate, resulting in cyclopropane formation. In this case, the
same carbon (originating on the alkyne) acts as the nucleophile in
both steps to difunctionalize the alkene.
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Tse (2007) R R
10 mol% Pd(OAGc),
N I 2 equiv. Phi{OAC), .
e
X=0, NTs AcOH, 80 °C
R=alkyl, Ar X X
32 51-83% yield
Sanford (2007) R" .
R 5 mol% Pd(OAc), R
SR ||| 114 equiv. Phi(OAS), R., t\\
X=0, NTs AcOH, 60-80 °C 0
R=H, Me
R'=H, Me, CO,Et X X
R'=Me, Ar 33 44-79% yield
Me Me Ph
: T: : T:
AN He /e @
N / NOAc X i + HOAG
hydrolysis Pd''x
i ° }/ 2 o0
nucleo- HX
Ph , Ac palladation Ph
X— 1V,
P r\/ 9 Pd
/\L 2 0Ac
e} M
0 0~ o

alkene
insertion

Ph
P OAc
PhI(OAC), 72
o~ -0
N

Fig. 12 Pd-catalyzed cyclopropanation of enynes.

Recently, a Pd-catalyzed alkene dioxygenation reaction was
reported by Song, Dong and Li (Fig. 13).* Mono-, di-, and
trisubstituted alkene substrates react to give cis-diacetates with
high diastereoselectivity. Initial anti-oxypalladation, followed by
Pd oxidation is proposed to reach intermediate P. Intramolecular
Sx2-type reductive elimination, followed by hydrolysis of Q leads
to a regioisomeric mixture of hydroxyacetates. Treatment of this
mixture with acetic anhydride provides the diacetate products.
Support for this mechanistic proposal is provided by an isotopic

Song and Dong (2008)

OA
(i.) 4 mol% [Pd(dppp)(H20)2](OTf), ¢ 5
1/\/R2 1.1 equiv. PhI(OAc),, 3 equiv. H,O R R
R AcOH, 25-50 °C
(ii) Ac 0, 1t OAc
61-97% yield
. dr=5:11t0>99:1
2
OAc*(H) Rl R? R AR

Rz _ H'®0 >—\ Pd''X,

R is O__O
. hydrolysis Y(D nucleo- HX
OH(Ac") palladation
Ac* = C'*OMe Me

Q R?

PhI(OAG),

Fig. 13 Pd-catalyzed dioxygenation of alkenes.

labeling study wherein "*O-enriched water was observed to be
incorporated into the carbonyl of the hydroxyacetate.

Conclusions

The field of Pd-catalyzed alkene difunctionalization reactions
has recently observed considerable attention. A common issue
addressed by the developed reactions is the need to activate the Pd-
alkyl intermediate formed following nucleopalladation. A number
of solutions have been established, usually involving either the
incorporation of a functional group into the starting material that
can either stabilize or react with the Pd alkyl, or by oxidation of the
Pd alkyl. These approaches have led to the successful development
of reactions adding two new nucleophiles to an alkene, including
carbon, oxygen, and nitrogen nucleophiles. Instances of chemo-,
regio-, and enantioselectivity exhibit the potential synthetic utility
of such endeavors.
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The enantioselective synthesis of a dimeric pyranonaphthoquinone closely related to the cardinalins is
described. Whilst attempts to effect a double Hauser—Kraus annulation of enone 5 were unsuccessful
using both bis-phthalide 4 and bis-sulfone 21, a single annulation of cyanophthalide 28 with enone 5
furnished functionalised naphthalene 31. Suzuki-Miyaura homocoupling of the aryl triflate 29 derived
from 31 effected a late-stage construction of the biaryl bond and facilitated access to the biaryl 3.
Double stereoselective lactol reduction installed the 1,3-cis stereochemistry of the pyran rings and a
final double oxidative demethylation step furnished model dimer 1, completing the enantioselective
synthesis of a dimeric pyranonaphthoquinone bearing the core structure of cardinalin 3.

Introduction

Australasian toadstools belonging to the genus Dermocybe are a
rich source of bioactive secondary metabolites.! For example, the
deep-red ethanolic extract of the fresh fruit bodies of the New
Zealand toadstool Dermocybe cardinalis was shown to exhibit
significant cytotoxic activity (ICs, of 0.47 mg mL™) against a
P388 murine leukaemia cell line. Separation of this extract into its
individual components yielded cardinalins 1-6, a series of dimeric
pyranonaphthoquinones (Fig. 1).2** Subsequently, cardinalins
8-12, unique pre-naphthoquinone dehydrodimers were isolated
from the same source.?®

The common structural feature of cardinalins 1-6 is the presence
of two cis-1,3-dimethylpyran rings fused to their respective
naphthoquinone (or hydroquinone) nuclei. In turn a C8-C8’ biaryl
bond present in cardinalins 1-3 affords a bisquinonoid structure
that exists as their respective (aS)-atropisomers (Fig. 1).

Limited enantioselective syntheses of dimeric pyranonaph-
thoquinones exist in the literature. In 1987, a relay synthesis
of an enantiomer of actinorhodin from a monomeric degra-
dation product confirmed the position of the biaryl bond at
C8-C8’.* A successful total synthesis of (+)-BE-52440A, a dimeric
nanaomycin derivative bridged with sulfur at C4a was disclosed in
2007,° and an elegant total synthesis of crisamicin A was recently
reported in 2008.6

Our longstanding interest in the synthesis of pyranonaphtho-
quinones® combined with the challenging dimeric structure and
biological activity of the cardinalins prompted us to instigate a o
program directed towards their synthesis. Thus, it was decided o-H Cardinalin 4
to initially focus on the asymmetric synthesis of the biaryl core OHB-HOCardlnalln 5
of cardinalin 3, namely model dimeric pyranonaphthoquinone 1.

We therefore herein report the full details of our efficient enan-
tioselective synthesis of the dimeric pyranonaphthoquinone 1.7#

Department of Chemistry, University of Auckland, 23 Symonds Street,
Auckland, New Zealand. E-mail: m.brimble@auckland.ac.nz

T Electronic supplementary information (ESI) available: Additional exper- Cardinalin 6
imental procedures, NOE data and spectra of compounds 1, 3, 12, 28, 29,
30, 31, 32 and 33. See DOI: 10.1039/b813605j Fig. 1 Cardinalins 1-6.
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Our initial retrosynthesis (Scheme 1) was based on our method-
ology for the stereoselective construction of cis-1,3-dimethylpyran
rings, which has recently been implemented in an enantioselective
synthesis of the topoisomerase II inhibitor eleutherin.® Thus, in
the present work, model dimer 1 was envisioned to be accessible via
double stereoselective reduction’ of bis-lactol 2 that in turn would
be accessible by double intramolecular pyran ring formation.
Biaryl 3 was envisioned to be accessible via double Hauser—Kraus
annulation'™? of bis-cyanophthalide 4 with two equivalents of
enone 5. Thus, our original thoughts were aimed at constructing
the key biaryl bond at an early stage of the synthesis with the
model dimer 1 being assembled in a tandem fashion. A similar
strategy was adopted by de Koning et al. for a racemic synthesis
of cardinalin 3.7

Results and discussion

The synthesis of bis-cyanophthalide 4 was achieved as follows;
meta-anisic acid was converted to its diethylamide via the acid
chloride giving 6."* Boron tribromide mediated methyl ether
cleavage gave phenol 7, which underwent smooth silylation with
hexamethyldisilazide furnishing the unstable silyl ether 8. Anion-
induced silyl group migration' using tert-butyllithium furnished
trimethylsilyl aryl 9. Protection of the free phenol as tert-
butyldimethylsilyl ether 10 provided an ideal substrate for subse-
quent directed metalation. With this idea in mind, treatment of the

lithium anion derived from 10 with dimethylformamide furnished
aldehyde 11, which underwent concomitant silyl group deprotec-
tion in situ. Smooth removal of the trimethylsilyl was achieved
using caesium fluoride in aqueous dimethylformamide at elevated
temperature affording phenol 12 that then underwent smooth
conversion to the triflate 13, the key homocoupling precursor.

Next, the key Suzuki-Miyaura homocoupling step was under-
taken. After careful optimization, it was found that microwave
irradiation (300 W, 150 °C) of a solution of triflate 13 in
dioxane with bis(pinacolato)diboron (0.5 eq.), freshly ground
dried potassium carbonate (3 eq.) with CL,Pd(dppf) as catalyst
(10 mol%) for 30 min gratifyingly afforded in near quantitative
yield the homocoupled product 14 in a one-pot operation. Smooth
conversion to bis-cyanophthalide 4 was then effected upon
treatment with trimethysilylcyanide in the presence of catalytic
quantities of potassium cyanide followed by treatment with acetic
acid" (Scheme 2).

Unfortunately, the route depicted in Scheme 2 only allowed for
the preparation of milligram quantities of bis-phthalide 4. Given
the somewhat lengthy synthesis of 4, a more concise synthesis
was designed. By modifying a literature procedure,’ radical
ring-opening of 6-methoxyphthalide’ with N-bromosuccinimide
followed by hydrolysis under gentle reflux afforded acid 15. Facile
diethylamide formation gave 16, which surprisingly, resisted all
attempts to effect removal of the methoxy group under Lewis
acidic conditions, with extensive degradation occurring in all cases.

cardinalin 3

early stage
homocoupllng

/ formation
Double
Hauser-Kraus
annulatlon

cyanophthalide

2x )KI OTBDPS
/Ik/k
Horner- 5

Wadsworth-
Emmons

Scheme 1

i) Stereocontrolled
lactol reduction
i) Oxidation
—————

Removal of TBDPS
Simultaneous
pyran ring formation

TBDPSO

Initial retrosynthesis of model dimer 1, early stage construction of the biaryl bond.
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SOCly, CH,Cly, 1t, 16 h

BBr3, CH,Cl,

CO,H then HNEt,, CH,Cl,, MeO CONEt, HO CONEt; HMDS, THF Me;Sio CONEt,
\©/ _0%Ctor2h \©/ -78°C'to rt, 30 min \©/ 40°C,16h_ \©/
— e
71% 67% 77%

6
7 t-BuLi
TMEDA
SiMes SiMe; SiMe; 58% |THF,-78 °C
. TBDMS-CI, Et;N 1 h, then
CONEt, t-BuLi, TMEDA, THF TBDMSO CONEt 3 HO CONEt, °C.3h
® 78°C, 1.5 h then'rt, 16 h 2 DMAP, CH,Cl,, rt, 16 h 0°C,
0 {
CHO 58% 88%
CsF 10 9
DMF-H,0
o 0
112 hC 98% PdCl,(dppf), K,CO3
bis(pinacolato)diboron TMS-CN, KCN
PhN(Tf),, Et;N dioxane, 150 °C 18-c-6, CH,Cl,
CONEt, DMAP CHCl; TfO CONEt;  sealed tube, CONEt; goc 2 hthen
\C[ _0°Ctort 2h_ \©i 300W,30min /o _ACOH, 1, 161
_ S00W,30min
T ew CHO 99% cHoO s

13

14

Scheme 2 Synthesis of bis-phthalide 4.

Pleasingly, the use of thiophenol and potassium carbonate at
elevated temperature in N-methylpyrrolidone' gave the desired
phenol 12 in 4 steps compared to the 7-step synthesis described

previously (Scheme 3).
MeO\CECOZH
CHO

0O i) NBS, CCls-CgHg
MeO 80°C,6h
ii) H,0, 100 °C

15
iii) SOCl,
2% | NN
2
(4 steps) CH,Cly
0°Ctort
PhSH 16 h
K,CO
HO CONEt, nmp  MeO CONEt,
CHO 7% CHO
12 16

Scheme 3 Improved route to key phenol 12.

With sufficient quantities of bis-phthalide 4 in hand, the key
double Hauser—Kraus annulation could be conducted. Initially,
the conditions used for the successful Hauser—Kraus annula-
tion in the synthesis of the monomeric pyranonaphthoquinone
eleutherin® were adopted. A bright-red solution was immedi-
ately obtained upon treatment of the bis-cyanophthalide 4 with
potassium tzert-butoxide in THF-DMSO, highly indicative of
successful dianion formation. The red colour then disappeared
upon addition of two equivalents of the enone 5.° suggesting
successful consumption of the dianion. At this stage, only one
product was detected by TLC. Attempts to purify the compound
only led to degradation of what was assumed to be the bis-
hydroquinone product 17. Further attempts to purify 17 on silica
gel, alumina and by crystallisation all met with failure (Scheme 4).

At this stage it was decided to trap the presumably unstable bis-
hydroquinone 17 as tetramethyl ether 3 or tetraacetate 18 in order
to facilitate purification. Unfortunately, no annulation products
were isolated despite subjecting the crude annulation product to a
range of reductive trapping conditions.

Our next option was to effect oxidation of 17 to a bis-
naphthoquinone, a tactic previously employed by Hauser to fa-
cilitate isolation of a double Hauser—Kraus annulation product.?
To this end, it was hoped that bis-naphthoquinone 19 would
be stable enough to be isolated. Again, unfortunately only slow
degradation was observed upon subjecting the crude reaction
mixture to Fétizons reagent® and further oxidants including CAN,
AgO, FeCl;, Fremy’s salt and molecular oxygen. Changing the
base to lithium zert-butoxide or LDA offered no improvement.

These disappointing results followed similar observations from
our laboratory during efforts towards the total synthesis of
crisamicin A, wherein double Hauser—Kraus annulation of a
bis-cyanophthalide with a carbohydrate-derived enone only pro-
ceeded in a poor 23% yield.” To date only two double Hauser—
Kraus annulations that employ an excess of the electrophilic
annulation partner have been reported, including our own.”
Hauser reported a double annulation during a total synthesis
of (%)-biphyscion (36% yield),* and a closely related annulation
involving the double toluate anion addition of a dimeric orsellinic
acid derivative to a lactone electrophile has been reported (9%
yield).”? The paucity of double annulations in the literature
combined with our own synthetic difficulties prompted us to
modify our initial synthetic route.

Modified double annulation

A variant of the Hauser—Kraus annulation involves the addition of
anions stabilised by adjacent sulfur groups to Michael acceptors.
Due to the acyclic nature of the Michael donor, phenolic products
are produced.” Our attention therefore turned to use of this
reaction as it was envisioned the phenolic annulation products
would be stable enough to be purified without the need for trapping
of the initial annulation product. Thus, a bis-sulfoxide 20 or bis-
sulfone 21 were envisioned to be ideal targets to investigate for
a double annulation with enone 5. The resultant bis-naphthol 22
could then undergo a similar series of transformations outlined
in Scheme 1 to give the key dimer 1 (Scheme 5). Given that
only monomeric Hauser—Kraus-type annulations of sulfoxides
and sulfones with electrophiles exist in the literature, the use of
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a dimeric sulfone or sulfoxide presented an attractive novel route
to bis-naphthalene systems.

Thus, following a closely related literature protocol,® 2-
methylfuran underwent an aluminium-trichloride-promoted re-
gioselective Diels—Alder reaction with methyl propiolate to pro-
vide phenol 23* in moderate yield. Smooth conversion to triflate
24 proceeded under standard conditions. Unfortunately, the
Suzuki-Miyaura conditions used successfully for the synthesis
of biaryl 14 failed to afford satisfactory yields of the desired
homocoupled product 25 despite numerous attempts. However,
the use of a nickel-catalyzed protocol reported by Percec et al*
gave the homocoupled product 25 in 79% yield.

Double radical bromination was effected using N-
bromosuccinimide in carbon tetrachloride at reflux affording
crude dibromide 26 that upon treatment with thiophenol and

DBU gave bis-sulfide 27. Unfortunately, bis-sulfide 27 could not
be oxidised cleanly to the bis-sulfoxide 20, with only a mixture
oxidation products being obtained. However, oxidation of 27
with hydrogen peroxide with catalytic quantities of ammonium
molybdate?® did furnish bis-sulfone 21 in excellent yield. Due
to the difficulties obtaining bis-sulfoxide 20, bis-sulfone 21 was
decided upon as the annulation target. Thus, treatment of the
crude dibromide 26 with sodium salt of benzenesulfinic acid in
dimethylformamide gave the bis-sulfone 21 in good overall yield
in a convenient one-pot procedure obviating the need to proceed
via the corresponding sulfide (Scheme 6).

With sufficient quantities of bis-sulfone 21 in hand, the stage
was now set for the modified double annulation. Initial treatment
of 21 with both lithium and potassium zerz-butoxide in DMSO and
THEF led to formation of weakly coloured solutions. Addition of
two equivalents of electrophile 5 to these solutions only afforded
recovered starting material. However, treatment of 21 with two
equivalents of lithium diisopropylamide at —78 °C in THF did
lead to a bright orange-red solution that dissipated upon addition
of enone 5 with warming to room temperature. Unfortunately
however, only unreacted bis-sulfone 21 and enone 5 were isolated
from the reaction mixture with no double annulation product 22
being observed.

At this stage, it was concluded that our original plan to construct
the biaryl bond at an early stage of the synthesis followed by
effecting a double Hauser—Kraus (or closely related) annulation
had failed and a different synthetic strategy was sought.

Late-stage homocoupling

Our revised strategy focused on conducting the key homocoupling
step to forge the biaryl unit at an advanced stage of the synthesis.
Thus, a single Hauser—Kraus annulation of benzyl-protected
cyanophthalide 28 with enone 5 was envisioned as the crucial
step to construct an appropriately functionalised monomeric
naphthalene that could then be smoothly converted to aryl triflate
29 (Scheme 7). Homocoupling of triflate 29 would then provide the
biaryl 3 that would undergo a similar synthetic sequence to that
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in Scheme 1, in which simultaneous construction of both pyran
rings would be executed.

Given the ready availability of chiral enone 5° attention turned
to the synthesis of benzyl-protected cyanophthalide 28 that
upon annulation with enone 5, could be easily converted to
the aryl triflate 29, the key substrate for the proposed late-
stage homocoupling. Thus, smooth benzylation of the previously
synthesised phenol 12 delivered the benzyl ether 30 (Scheme 8).
Ring closure using trimethylsilyl cyanide in the presence of
catalytic quantities of potassium cyanide and 18-crown-6 then
provided the cyanophthalide annulation precursor 28 (Scheme 8).

The stage was now set for investigation of the key mono
Hauser—Kraus annulation. Thus, reaction of cyanophthalide 28
with enone 5 proceeded smoothly in the presence of potassium zert-
butoxide in dimethylsulfoxide. Immediate reductive methylation
of the crude annulation product using sodium dithionite, sodium
hydroxide and dimethylsulfate under phase-transfer conditions
gratifyingly furnished the functionalised naphthalene 31. Facile
debenzylation then afforded naphthol 32 that underwent smooth
triflate formation using standard conditions furnishing the key
aryl triflate homocoupling precursor 29 in excellent overall yield
(Scheme 9).

Next, the key homocoupling step was investigated. It was found
that use of several literature conditions, including two methods
previously used for the synthesis of biaryls 14 and 25, failed
to give satisfactory yields of the desired biaryl 3 (Scheme 10,
Table 1). Generally, palladium catalysis (entry 6) was more
promising compared to nickel catalysis (entries 1-3). After careful
optimization, it was discovered that the yield of the biaryl was
highly dependant on the addition of extra phosphine ligand
(dppf) to the palladium catalyst and on the concentration of
the reactants. Ultimately, it was found that microwave irradiation
(300 W, 150 °C) of a 0.26 M solution of triflate 29 in dioxane
containing bis(pinacolato)diboron (0.5 eq.), potassium carbonate
(3 eq.) with PdCL,(dppf) (10 mol%) as catalyst and additional
dppf ligand (10 mol%) for 1 h afforded the homocoupled product
in 51% yield (entry 7). This result mirrors similar observations
noted on our studies towards the dimeric pyranonaphthoquinone
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crisamicin A™ wherein it was observed that homocoupling of
highly oxygenated naphthalenes was challenging compared to
simpler aryl systems; a sentiment expressed by Yang et al. during
their recent total synthesis of crisamicin A.® With a synthetic route
to biaryl 3 successfully established, double pyran ring formation
could next be attempted. Treatment of biaryl 3 with an excess
of tetrabutylammonium fluoride in tetrahydrofuran effected re-
moval of both tert-butyldiphenylsilyl ether protecting groups with

Table 1 One-pot homocoupling of aryl triflate 29 to biaryl 3

concomitant in situ cyclisation. Due to the unstable nature of bis-
lactol 2 it was immediately reduced to bis-cis-1,3-dimethylpyran
33 with trifluoroacetic acid and triethylsilane. The formation of a
single symmetrical product was observed in the 'H NMR spectrum
that supported the formation of the all cis-diastereomer resulting
from pseudo-axial delivery of hydride during the reduction step.*
The 1,3-cis stereochemistry was unequivocally confirmed by the
NOE correlation between the axial protons at C1 and C3 on the
pyran ring (see ESIf) and by X-ray crystallographic analysis®
(Fig. 2). Finally, facile CAN-mediated oxidative demethylation
provided the model dimer 1, 7,7’-demethoxy-9,9’-deoxycardinalin
3 (Scheme 11).

In conclusion, an efficient synthesis of the dimeric core structure
of cardinalin 3 constitutes a novel enantioselective synthesis of
a dimeric pyranonaphthoquinone. Attempts to effect a double
Hauser—Kraus annulation to access the dimeric naphthoquinone
core failed. However, the combined use of a Hauser—Kraus
annulation to assemble a monomeric naphthoquinone followed
by a late-stage Suzuki-Miyaura homocoupling provided a flexible
synthetic strategy for the synthesis of the target dimer 1. Studies
towards the total synthesis of the cardinalins and related dimeric
pyranonaphthoquinones using this synthetic strategy are ongoing.

Experimental
General

All reactions were carried out in oven-dried or flame-dried
glassware under a nitrogen atmosphere unless otherwise stated.
Analytical thin layer chromatography was performed using
0.2 mm Kieselgel F254 (Merck) silica plates and compounds
were visualised under 365 nm ultraviolet irradiation followed by
staining with either alkaline permanganate or ethanolic vanillin
solution. Infrared spectra were obtained using a Perkin-Elmer
spectrum One Fourier Transform Infrared spectrometer as thin
films between sodium chloride plates. Absorption maxima are
expressed in wavenumbers (cm™). Optical rotations were measured

p1s
(\
Gt? IAle;

Fig. 2 X-Ray crystal structure of dimer 33.

Entry Conditions Yield of 3 (%)
1 NiCL,(PPhs),, Zn, "Bu,NI, THF, reflux, 1.5 h* 12
2 NiCL(PPh;),, Zn, "Bu,NI, THF, 1.5 h, microwave 300 W, 100 °C, 15 min 16
3 NiCl,(dppe), Zn, KI, THF, reflux, 3 h*” —
4 Pd(OAc),, "Bu,NBr, Et;N, DMF, 115 °C, 5 h*® —
5 Pd(OAc),, "Bu,NBr, K,CO;, DMF-H,O, 115 °C, 5 h*® —
6 PdCl,(dppf), bis(pinacolato)diboron, K,CO;, dioxane, microwave, 300 W, 150 °C, 1 h 20
7 PdCl,(dppf), dppf, bis(pinacolato)diboron, K,CO;, dioxane, microwave, 300 W, 150 °C, 1 h 51
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using a Perkin-Elmer 341 polarimeter at A = 598 nm and are
given in 10" deg cm? g'. Melting points were recorded on an
Electrothermal melting point apparatus and are uncorrected.
NMR spectra were recorded as indicated on either a Bruker DRX-
400 spectrometer operating at 400 MHz for 'H nuclei and 100 MHz
for *C nuclei or on a Bruker Avance 300 spectrometer operating
at 300 MHz and 75 MHz for 'H and "C nuclei, respectively.
Chemical shifts are reported in parts per million (ppm) relative
to the tetramethylsilane peak recorded as 6 0.00 ppm in CDCl;—
TMS solvent, or the residual chloroform peak at § 7.25 ppm. The
“C NMR values were referenced to the residual chloroform peak
at 8 77.0 ppm. BC NMR values are reported as chemical shift 6,
multiplicity and assignment. '"H NMR shift values are reported
as chemical shift 6, relative integral, multiplicity (s, singlet; d,
doublet; t, triplet; q, quartet; m, multiplet), coupling constant (J in
Hz) and assignment. Assignments are made with the aid of DEPT
135, COSY, NOESY and HSQC experiments. High-resolution
mass spectra were recorded on a VG-70SE mass spectrometer
at a nominal accelerating voltage of 70 eV. For all microwave-
assisted reactions the CEM Discover system with a circular single
mode and focused waves was used, resulting in the formation of a
homogeneous field pattern surrounding the sample.

N,N-Diethyl-2-formyl-5-hydroxybenzamide (12). To a solu-
tion of N,N-diethyl-2-formyl-5-methoxybenzamide 16" (3.13 g,
13.3 mmol) in N-methylpyrrolidone (12 mL) was added potassium
carbonate (20 mol%, 2.66 mmol, 367 mg) followed by thiophenol
(1.9 mL, 18.6 mmol) and the reaction mixture was heated to

130 °C for 2 h. After cooling to room temperature, sodium
hydroxide (1 M, 30 mL) was added and the aqueous layer washed
with dichloromethane (3 x 30 mL). The basic aqueous layer was
acidified to pH = 2 with concentrated hydrochloric acid and the
resulting solution extracted with dichloromethane (3 x 50 mL).
The combined organic layers were washed with brine (100 mL),
dried (MgS0,), filtered and concentrated in vacuo. Purification by
flash chromatography eluting with hexanes—ethyl acetate (1 : 3)
gave the title compound (2.26 g, 10.3 mmol, 77%) as a colourless
solid, spectroscopic data identical with that reported previously.

N,N-Diethyl 5-(benzyloxy)-2-formylbenzamide (30). To a so-
lution of N,N-diethyl 2-formyl-5-hydroxybenzamide 12 (502 mg,
2.3 mmol) in dry DMF (8 mL) was added potassium carbonate
(428 mg, 3.1 mmol) and benzyl bromide (0.32 mL, 461 mg,
2.7 mmol). The reaction mixture was stirred at r.t. for 16 h then
water (20 mL) was added. The aqueous layer was extracted with
ethyl acetate (20 mL x 3). The combined organic extracts were
dried over anhydrous magnesium sulfate, filtered and concentrated
in vacuo. The resulting residue was purified by flash chromatogra-
phy eluting with hexanes—ethyl acetate (1:1) to afford the title
compound (676 mg, 2.2 mmol, 96%) as an off white 0il; V.,
(oil)/cm™ 3365, 3064, 3034, 2975, 2935, 2754, 1736, 1693, 1633,
1566, 1455, 1381, 1292; 6y (300 MHz, CDCl,) 0.98 (3 H, t, *Jyuu
7.1, NCH,CH,), 1.31 3 H, t, *Juu 7.1, NCH,CH,), 3.09 2 H, q,
3Jun 7.1, NCH,CHs;), 3.60 (2 H, br m, NCH,CH;), 5.17 2 H, s,
CH,Ph),6.89 (1 H,d,*Jyuy 2.5, Ar-H), 7.08 (1 H, dd, *Jyy 8.7, *Jun
2.5,Ar-H),7.37-7.41 (§H, m, Ar-H), 7.90 (1 H, d, *J 4y 8.7, Ar-H),
9.91 (1 H, s, CHO); 6. (100 MHz, CDCl;) 12.6 (NCH,CH,), 13.8
(NCH,CHs;), 39.1 (NCH,CH;), 42.9 (NCH,CH,), 70.5 (CH,Ph),
113.0 (CH), 115.4 (CH), 126.0 (C), 127.4 (2 x CH), 128.4 (CH),
128.8 (2x CH), 132.4 (CH), 135.6 (C), 141.8 (C), 163.2 (C), 168.3
(C=0), 189.0 (CHO); m/z (EI) 311 (4%, [M]*), 282 (55, [M —
CHOJ*), 239 (2, [M — NEt,]*), 91 (100, [Bn]*); HRMS (EI, [M]*)
Found 311.1523 Calc. for C,yH, NO; 311.1521.

5-(Benzyloxy)-3-oxo0-1,3-dihydroisobenzofuran-1-carbonitrile (28).
N,N-Diethyl 5-(benzyloxy)-2-formylbenzamide 30 (270 mg,
0.87 mmol) was taken up in dry dichloromethane (5 mL)
and cooled to 0 °C. Trimethylsilyl cyanide (0.13 mL, 1.1 eq.,
0.95 mmol) was added followed by potassium cyanide (6 mg, 0.1
eq, 0.09 mmol) and 18-crown-6 (10 mg). The reaction mixture
was stirred at 0 °C for 1.5 h then at r.t. for 30 min. The reaction
mixture was concentrated in vacuo and the residue taken up in
acetic acid (5 mL) and stirred at r.t. for 16 h. A 1 M aqueous
solution of sodium hydroxide (10 mL) was added, followed by
ethyl acetate (20 mL). The layers were separated and the aqueous
layer extracted with ethyl acetate (20 mL x 3). The combined
organic extracts were dried over anhydrous sodium sulfate, filtered
and concentrated in vacuo. The resulting residue was purified by
flash chromatography eluting with hexanes—ethyl acetate (3 : 1)
to afford the title compound (218 mg, 0.82 mmol, 94%) as an oft-
white solid; m.p. 117-118 °C; v, (oil)/cm™ 2931, 1786, 1624,
1496, 1465, 1294, 1242, 1044; 6y (300 MHz, CDCl;) 5.16 (2 H, s,
CH,Ph), 6.02 (1 H, s, CH), 7.39-7.45 (7 H, m, Ar-H), 7.57 (1 H,
ddd, J 7.7, 1.4, 0.7, Ar-H); 8. (75 MHz, CDCl;) 65.6 (CHCN),
70.8 (CH,Ph), 109.6 (CH), 114.0 (CN), 123.7 (CH), 124.9 (CH),
126.1 (C), 127.6 (2 x CH), 128.6 (CH), 128.9 (2 x CH), 134.0 (O),
135.4 (C), 161.3 (C), 167.5 (C=0); m/z (EI) 265 (6%, [M]"), 91
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(100, [Bn]*), 65 (10); HRMS (EI, [M]*) Found 265.0737 Calc. for
C,¢H,,NO, 265.0738.

(S)-1-(7-(Benzyloxy)-3-(2-(tert-butyldiphenylsilyloxy)propyl)-1,
4-dimethoxynaphthalen-2-yl)ethanone (31). To a solution of
potassium fert-butoxide (250 mg, 2.2 mmol) in freshly distilled
DMSO (5 mL) was added a solution of 5-(benzyloxy)-3-oxo-
1,3-dihydroisobenzofuran-1-carbonitrile 28 (478 mg, 1.8 mmol)
in DMSO (5 mL) followed by a solution of (S,E)-6-(tert-
butyldiphenylsilyloxy)hept-3-en-2-one 5 (600 mg, 1.6 mmol) in
DMSO (7.5 mL). The reaction mixture was stirred for 30 min then
diluted with diethyl ether (50 mL) and quenched by the addition of
saturated ammonium chloride (50 mL). The resulting mixture was
partitioned between diethyl ether and ammonium chloride and
the aqueous layer extracted with diethyl ether (80 mL x 3). The
combined organic extracts were washed with water (50 mL X 2),
dried over anhydrous magnesium sulfate, filtered and concentrated
in vacuo. The resulting residue was taken up in THF-H,O (5 : 2,
35 mL). Tetrabutylammonium bromide (59 mg, 0.18 mmol) was
added, followed by a solution of sodium dithionite (1.78 g,
10.2 mmol) in water (10 mL). The reaction mixture was stirred
for 2 h then a solution of sodium hydroxide (1.40 g, 35.0 mmol)
in water (15 mL) was added followed by dimethyl sulfate (3.2 mL,
4.27 g, 33.8 mmol). The reaction mixture was stirred at r.t. for
2 h. Water (25 mL) and ethyl acetate (100 mL) were added and
the layers separated. The aqueous layer was extracted with ethyl
acetate (80 mL x 3). The combined organic extracts were dried over
anhydrous magnesium sulfate, filtered and concentrated in vacuo.
The resulting residue was purified by flash chromatography eluting
with hexanes—ethyl acetate (95 : 5) to afford the title compound (901
mg, 1.4 mmol, 87%) as a yellow foam; []p* —1.0 (¢ 1.1, CH,Cl,);
Vmae (011)/cm™ 3070, 3047, 2931, 2856, 1695, 1625, 1590, 1498,
1471, 1454, 1343, 1271, 1206, 1111; &4 (300 MHz, CDCl;) 0.99
(3H,d, Juy 5.8, CHCH;), 1.00 (9 H, s, Si(CH5;);), 2.44 (3 H, s,
C=0CH,), 2.83 (1 H, dd, *Juy 13.5, *Juy 7.5, CHH), 3.04 (1 H,
dd, *Juy 13.5, 3Jun 6.7, CHH), 3.75 (6 H, s, 2 x OCH,;), 4.24 (1
H, ddq, (app. sext.), *Jyy 7.5, 6.7, 5.8, CH), 5.24 (2 H, s, CH,Ph),
7.23-7.56 (15 H, m, Ar-H), 7.66 (1 H, dd, J 7.0, J 1.5, Ar-H),
7.67 (1 H, d, J 9.2, Ar-H), 7.95 (1 H, d, J 9.0, Ar-H); 6. (75
MHz, CDCl;) 19.1 (C-Si), 23.4 (CHCH;), 27.0 (C(CHj;);), 32.8
(C=0CH,), 36.9 (CH,), 61.7 (OCHj;), 63.1 (OCH,), 69.7 (CH),
70.2 (CH,Ph), 102.2 (CH), 120.0 (CH), 121.9 (C), 124.6 (C), 124.7
(CH), 127.4 2 x CH), 127.5 (2x CH), 127.7 (2 x CH), 128.1 (CH),
128.7 (2 x CH), 129.3 (CH), 129.4 (CH), 129.6 (C), 134.36 (C),
134.41 (C), 134.78 (C), 135.8 (2 x CH), 135.9 (2 x CH), 136.7 (C),
147.9 (O), 151.7 (C), 157.2 (C), 205.5 (C=0); m/z (EI) 632 (4%,
[M]*), 575 (100, [M —‘Bu]*), 484 (6, [M — Bn—'Bu]*), 359 (38), 199,
(40), 135 (54), 91 (84, [Bn]*); HRMS (EI, [M]*) Found 632.2952
Calc. for CyH,,05Si 632.2958.

(S)-1-(3-(2-(tert-Butyldiphenylsilyloxy)propyl)-7-hydroxy-1,4-
dimethoxynaphthalen-2-yl)ethanone (32). (.5)-1-(7-(Benzyloxy)-
3-(2-(tert-butyldiphenylsilyloxy)propyl)-1,4-dimethoxynaphtha-
len-2-yl)ethanone 31 (901 mg, 1.42 mmol) was taken up in freshly
distilled methanol (50 mL). 10% Palladium on carbon (20 mg) was
added and the reaction mixture was stirred under an atmosphere
of hydrogen for 18 h. The reaction mixture was filtered through
Celite® then concentrated in vacuo to yield the title compound
(746 mg, 1.37 mmol, 97%) as an unstable brown oil that was used
directly in the next step without further purification; [a],* +4.9

(¢ 5.0, CH,ClL,); Uy (0il)/cm™ 3393 (OH), 3071, 2962, 2934, 2894,
1692, 1627, 1591, 1445, 1427, 1354, 1219, 1111; 64 (300 MHz,
CDCl;) 0.98 (9 H, s, C(CH);), 0.99 (3 H, d, *Juy 5.5, CHCH,),
2.44 (3 H, s, C=OCH,), 2.81 (1 H, dd, *Jyuy 13.5, *Jyu 7.4, CHH),
3.03(1 H,dd,*Jyy 13.5,°J44 6.7, CHH), 3.73 (3H, s, OCH,), 3.78
(3H, s, OCH,), 4.21 (1 H, ddq (app. sext.), *Jyy 7.4, 6.7, 5.5, CH),
598 (1 H,s, OH), 7.14 (1 H, dd, J 9.0, J 2.4, Ar-H), 7.24-7.37 (7
H,m, Ar-H),7.51(2H,dd,J7.9,J 1.0, Ar-H), 7.64 (2 H,dd, J 7.9,
J 1.0, Ar-H), 7.92 (1 H, d, J 9.0, Ar-H); 6. (75 MHz, CDCl;) 19.1
(Si(C(CH,);), 23.4 (CHCH;), 27.0 (Si(C(CH,)5), 32.8 (C=OCH,),
36.8 (CH,), 61.7 (OCH,;), 63.1 (OCH;), 69.7 (CH), 104.5 (CH),
118.9 (CH), 121.6 (C), 124.4 (C), 125.0 (CH), 127.4 (4 x CH),
129.38 (2 x CH), 129.41 (C), 134.32 (C), 134.35 (C), 134.7 (C),
135.8 (2 x CH), 135.9 (2 x CH), 147.7 (C), 151.8 (C), 154.4 (C),
206.0 (C=0); m/z (EI) 542 (3%, [M]*), 485 (100, [M — 'Bu]*), 381
(22), 269 (84), 239 (42, [SiPh,'Bu]*), 199 (82), 135 (72); HRMS
(EIL, [M]*) Found 542.2476 Calc. for C;;H305Si 542.2488.

(5)-7-Acetyl-6-(2-(tert-butyldiphenylsilyloxy)propyl)-5,8-dime-
thoxynaphthalen-2-yl trifluoromethanesulfonate (29). (S)-1-(3-(2-
(tert-Butyldiphenylsilyloxy)propyl)-7-hydroxy-1,4-dimethoxyna-
phthalen-2-yl)ethanone 32 (463 mg, 0.85 mmol) was taken up
in dichloromethane (4 mL). 4-Dimethylaminopyridine (21 mg,
0.17 mmol) and N-phenyl-bis(trifluoromethanesulfonimide)
(458 mg, 1.28 mmol) were added followed by freshly distilled
triethylamine (0.24 mL, 174 mg, 1.7 mmol). The reaction mixture
was stirred at r.t. for 1 h then saturated ammonium chloride
(20 mL) was added. The mixture was extracted with ethyl acetate
(50 mL x 3) and the combined organic extracts were dried over
anhydrous magnesium sulfate, filtered and concentrated in vacuo.
The resulting residue was purified by flash chromatography eluting
with hexanes—ethyl acetate (9 : 1) to yield the title compound
(546 mg, 0.81 mmol, 95%) as a yellow oil; [&]p* +5.3 (¢ 0.9,
CH,CL); Upa (0il)/cm™ 3073, 2962, 2934, 2858, 1698, 1644,
1496, 1427, 1343. 1212, 1140, 1111; &4 (300 MHz, CDCl;) 0.97
(9 H, s, SiC(CH;);), 0.98 (3 H, d, *Juu 6.0, CHCH,;), 2.45 3 H,
s, C=0CH,), 2.86 (1 H, dd, *Juu 13.5, *Juy 6.9, CHH), 3.06
(1 H, dd *Juy 13.5, 3Juu 7.1, CHH), 3.77 (3 H, s, OCH;), 3.82
(3 H, s, OCH,), 4.25 (1 H, ddq (app. sext.), *Juu 7.1, 6.9, 6.0,
CH), 7.20-7.45 (7 H, m, Ar-H), 7.48 (2 H, dd, J 7.7, 1, Ar-H),
7.63 (2H,dd, J 7.7, 1.4, Ar-H), 7.94 (1 H, d, J 2.4, Ar-H), 8.11
(1 H, d, J 9.2, Ar-H); 6 (75 MHz, CDCl;) 19.1 (Si(C(CH,)s),
23.6 (CHCH,), 26.9 (Si(C(CH,),), 32.7 (C=OCH,), 37.1 (CH,),
61.9 (OCH,), 63.8 (OCH;), 69.5 (CH), 114.5 (CH), 120.7 (CH),
125.9 (CH), 126.4 (C), 127.37 (2 x CH), 127.42 (2 x CH), 127.9
(C), 128.1(C), 129.4 (CH), 129.5 (CH), 134.2 (C), 134.5(C), 135.6
(O), 135.7 (2 x CH), 135.9 (2 x CH), 147.8 (C), 148.8 (C), 151.6
(C), 204.5 (C=0), triflate carbon not observed; m/z (CI) 675 (11%,
[MH]"), 617 (18), 527 (4,[MH - OTf + H]*), 419 (46), 271 (25), 199
(44), 94 (60), 78 (100, [PhH]*); HRMS (CI, [M]*) Found 675.2072
Calc. for C;,HyF;0,SSi 675.2059.

1,1°-(6,6’-bis((S)-2-(tert-Butyldiphenylsilyloxy)propyl)-5,5",8,8'-
tetramethoxy-2,2’-binaphthyl-7,7’-diyl)diethanone 3). (9)-7-
Acetyl-6-(2-(tert-butyldiphenylsilyloxy) propyl)-5,8-dimethoxy-
naphthalen-2-yl  trifluoromethanesulfonate 29 (164 mg,
0.24 mmol) was taken up in freshly distilled dioxane (0.9 mL).
Potassium carbonate (101 mg, 0.73 mmol), bis(pinacolato)diboron
(31 mg, 0.12 mmol) and dppf (13 mg, 0.023 mmol) were added
and the resulting suspension degassed under a stream of argon
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for 15 min. PdClL(dppf) (10 mol%, 20 mg, 0.024 mmol) was
added and the reaction mixture was further degassed under a
stream of argon for 5 min. The reaction mixture was heated under
microwave irradiation in a sealed tube (300 W, 150 °C) for 1 h.
After cooling to room temperature, the resulting suspension was
diluted with ethyl acetate (15 mL) and water was added (30 mL).
The layers were separated and the aqueous layer extracted with
ethyl acetate (10 mL X 3). The combined organic extracts were
washed with brine (20 mL), dried over anhydrous magnesium
sulfate, filtered and concentrated in vacuo. The residue was
purified by flash chromatography eluting with hexanes—ethyl
acetate (9 : 1) to give the title compound (65 mg, 0.062 mmol, 51%)
as a colourless oil; [a],* —21.8 (¢ 2.5, CH,Cl,); V. (0il)/cm™
3070, 3049, 2959, 2932, 2894, 1679, 1588, 1450, 1427, 1348, 1330,
1204, 1112; 64 (400 MHz, CDCl;) 0.97 (18 H, s, 2 x C(CHs),),
0.98 (6 H, d, *Jyuy 6.0, 2 x CHj;), 2.48 (6 H, s, 2 x C=OCH};), 2.90
(2H,dd, *Juy 134, Jus 7.5, 2 x CHH), 3.11 (2 H, dd, 2Juy 13.4,
3Jun 6.7, 2 x CHH), 3.81 (6 H, s, 2 x OCHj3), 3.90 (6 H, s, 2 X
OCH,;), 4.27 (2 H, ddq (app. sext.), *Juu 7.5, 6.7, 6.0, 2 x CH),
7.27 (4 H, m, Ar-H), 7.38 (8 H, m, Ar-H), 7.54 (4 H, dd, J 8.1,
1.3, Ar-H), 7.66 (4 H, dd, J 8.1, 1.6, Ar-H), 7.93 (2 H, dd, J 8.8,
1.8, Ar-H), 8.15(2 H, d, J 8.8, Ar-H), 8.36 (2 H, d, J 1.8, Ar-H);
d¢c (100 MHz, CDCl,) 19.1 (2 x Si(C(CHa);), 23.4 (2 x CHCH,),
27.0 (2 x Si(C(CHj;)s3), 32.8 (2 x C=0OCH;), 37.0 2 x CH,), 61.8 (2
x OCH3;), 63.7 (2 x OCHs;), 69.6 (2 x CH), 120.6 (2 x CH), 123.7
(2xCH), 124.8 (2 xC), 126.8 (2 x CH), 127.4 (8§ x CH), 127.9 (2
x C), 128.3 (2x C), 129.40 (2 x CH), 129.43 (2 x CH), 134.27 (2 x
C), 134.31 2x C), 134.7 (2 x C), 135.8 (4 x CH), 135.9 (4 x CH),
138.6 (2 x C), 149.3 2 x C), 151.6 (2 x C), 205.3 (2 x C=0); m/z
(FAB) 1050 (4%, [M]*), 993 (6, [M — C(CH,);]*), 795 (14), 397
(10), 197 (40), 135 (100); HRMS (FAB, [M]*) Found 1050.4921
Calc. for C¢H7,O4S1, 1050.4922.

(1R,1'R,35,3'S)-5,5",10,10"-Tetramethoxy-1,1’,3,3’-tetramethyl-
3,3’,4,4'-tetrahydro-1H,1’ H-8,8'-dibenzo|glisochromene (33). To
a solution of 1,1-(6,6"-bis((S)-2-(tert-butyldiphenylsilyloxy)-
propyl)-5,5’,8,8’-tetramethoxy-2,2’-binaphthyl-7,7’-diyl)dietha-
none 3 (144 mg, 0.14 mmol) in THF (5 mL) was added a 1 M
solution of tetra-n-butylammonium fluoride (3.0 mL, 3.0 mmol).
The reaction mixture was stirred under nitrogen at r.t. for 3 d then
concentrated in vacuo. The resulting residue was flushed through
a pad of silica (hexanes—ethyl acetate 1 : 1-1 : 3). The filtrate
was concentrated in vacuo and the resulting crude bis-lactol 2
was dissolved in distilled dichloromethane (5 mL) and cooled
to =78 °C. Trifluoroacetic acid (0.065 mL, 98 mg, 0.86 mmol)
was added dropwise and reaction mixture was stirred for 15 min
before addition of triethylsilane (0.13 mL, 94 mg, 0.80 mmol).
The reaction mixture was then allowed to reach r.t. over 16 h.
Water (20 mL) was added and the mixture extracted with ethyl
acetate (20 mL X 3). The combined organic extracts were dried
over anhydrous magnesium sulfate, filtered, concentrated in vacuo
and the resulting residue was purified by flash chromatography
eluting with hexanes—ethyl acetate (7 : 3) to give the title compound
(52 mg, 0.096 mmol, 70%) as a cream-coloured solid; m.p. 268—
269 °C; [o]p* +36.2 (¢ 0.12, CH,ClL,); Ve (CH,Cly)/cm™ 3418,
3053, 2986, 1638, 1421, 1264, 733; 6y (300 MHz, CDCL;) 1.44
(6H,d,*Jyy 6.0,2xCHCH,;), 1.73 (6 H, d, *Jyy 6.6, 2 x CHCH,),
2.66 (2 H, dd, *Juy 16.2, *Juy 11.0, 2 x CH,H), 3.11 (2 H, dd,
*Jun 16.2, 3y 1.5, 2 x CH H), 3.74 (2 H, m, 2 x CHCH,;), 3.91

(6H,s,2xOCH,),3.95(6 H, s, 2x OCH,), 5.26 (2 H, q, *Ju 6.6,
2 x CHCHL,), 7.89 (2 H, dd, >y 8.8, *Ju 1.6, Ar-H), 8.18 (2 H,
d, *Jun 8.8, Ar-H), 8.37 2 H, d, “Juu 1.6, Ar-H); 8¢ (75 MHz,
CDCl,) 21.8 (2 x CHCH,), 22.4 (2 x CHCH,), 32.0 (2 x CH,),
61.1 (2 x OMe), 61.4 (2 x OMe), 69.6 (2 x CH), 71.3 (2 x CH),
120.4 (2 x CH), 122.8 (2 x CH), 125.5 (2 x C), 125.7 (2 x CH),
126.6 (2 x C), 127.7 (2 x C), 129.9 (2 x C), 138.3 (2 x C), 148.8
2 x C), 149.0 (2 x C); m/z (EI) 542 (100%, [M]*), 527 (39), 199
(22), 105 (32), 57 (40), 44 (72); HRMS (EI, [M]") Found 542.2667
Calc. for CyH,0, 542.2668.

7,7-Demethoxy-9,9’-deoxycardinalin ~ (1). (1R,1’R,3S,3’S)-
5,5,10,10’-Tetramethoxy-1,1",3,3’-tetramethyl-3,3" 4,4’ - tetra-
hydro-1H,1"H-8,8’-dibenzo[glisochromene 33 (24 mg,
0.044 mmol) was suspended in acetonitrile (1.5 mL) and a
solution of ammonium cerium(1v) nitrate (152 mg, 0.28 mmol) in
water (1.25 mL) was added. The reaction mixture was stirred at
r.t. for 45 min, then water (5 mL) was added and the whole was
extracted with ethyl acetate (10 mL x 3). The combined organic
extracts were dried over anhydrous magnesium sulfate, filtered,
concentrated in vacuo, and the resulting residue was purified by
flash chromatography eluting with hexanes—ethyl acetate (4 : 1)
to afford the title compound (13.5 mg, 0.028 mmol, 63%) as a
yellow solid; m.p. 239-240 °C; [«]p> +356.1 (¢ 0.15, CH,Cl,);
VUmax (CH,CL)/cm™ 3432, 3025, 1663, 1265, 736, 705; &y (400
MHz, CDCl;) 1.40 (6 H, d, *Juy 6.1, 2 x CHCH,), 1.58 (6 H, d,
3Jun 6.5, 2 x CHCH;), 2.31 (2 H, ddd, Jyuu 18.7, 10.2, 4.0, 2 %
CH,H),2.82 (2H,dt, Juy 18.7,2.5,2x CH.H), 3.64 2 H, m, 2
x CHCHj;), 4.89 (2 H, m, 2 x CHCH;), 8.02 (2 H, dd, *Jyuy 8.0,
*Jun 1.9, Ar-H), 8.20 (2 H, d, *Jux 8.0, Ar-H), 8.35 (2 H, *Juu
1.9, Ar-H); éc (100 MHz, CDCl,) 20.8 (2 x CHCH;), 21.2 (2 x
CHCH,), 30.5 (2 x CH,), 68.7 (2 x CH), 70.0 (2 x CH), 125.0 (2
x CH), 127.3 (2 x CH), 131.4 (2 x CH), 131.9 (2 x C), 133.0 (2 x
), 143.0 2 x C), 144.2 2 x C), 147.0 (2 x ©), 183.4 (2 x C=0),
183.7 (2 x C=0); m/z (EI) 482 (100%, [M]*), 467 (20), 237 (15),
199 (20), 131 (21), 91 (99), 77 (25), 57 (37), 40 (85); HRMS (EI,
[M]*) Found 482.1720. Calc. for C;,H,;O, 482.1729.

Acknowledgements

The authors thank the Royal Society of New Zealand Marsden
fund for financial support.

References

1 M. Gill, Aust. J. Chem., 1995, 48, 1.

2 (a) M. Gill, M. S. Buchanan and J. Yu, J. Chem. Soc., Perkin Trans. 1,
1997, 919; (b) M. Gill, M. S. Buchanan and J. Yu, Aust. J. Chem., 1997,
50, 1081.

3 For reviews regarding isolation, structure and synthesis of pyranon-
aphthoquinone antibiotics see: (¢) M. A. Brimble, L. J. Duncalf and
M. R. Nairn, Nat. Prod. Rep., 1999, 16, 267; (b) M. A. Brimble, M. R.
Nairn and H. Prabaharan, Tetrahedron, 2000, 56, 1937; (c) J. Sperry, P.
Bachu and M. A. Brimble, Nat. Prod. Rep., 2008, 25, 376.

4 H. Laatsch, Liebigs Ann. Chem., 1987, 297.

5 K. Tatsuta, Y. Suzuki, T. Toriumi, Y. Fuyura and S. Hosokawa,
Tetrahedron Lett., 2007, 48, 8018.

6 Z.Li, Y. Gao, Y. Tang, M. Dai, G. Wang, Z. Wang and Z. Yang, Org.
Lett., 2008, 10, 3017.

7 For racemic syntheses of dimeric pyranonaphthoquinones see: (@) M.
A. Brimble, L. J. Duncalf and D. Neville, J. Chem. Soc., Perkin Trans.
1, 1998, 4165; (b) M. A. Brimble and M. Y. H. Lai, Org. Biomol.
Chem., 2003, 1,4227; (c) M. A. Brimble and M. Y. H. Lai, Org. Biomol.

This journal is © The Royal Society of Chemistry 2008

Org. Biomol. Chem., 2008, 6, 4261-4270 | 4269





Chem., 2003, 1, 2084; (d) For a racemic synthesis of cardinalin 3 see: S.
Govender, E. M. Mmutlane, W. A. L. van Otterlo and C. B. de Koning,
Org. Biomol. Chem., 2007, 5, 2433.

8 For a preliminary communication of this work, see: M. A. Brimble, J.
S. Gibson, J. J. P. Sejberg and J. Sperry, Synlett, 2008, 867.

9 J. S. Gibson, O. Andrey and M. A. Brimble, Synthesis, 2007, 2611.

10 G. A. Kraus, M. T. Molina and J. A. Walling, J. Chem. Soc., Chem.
Commun., 1986, 1568.

11 (a) F. M. Hauser and R. P. Rhee, J. Org. Chem., 1978, 43, 178; (b) G.
A. Kraus and H. Sugimoto, Tetrahedron Lett., 1978, 19, 2263.

12 For recent reviews on the Hauser-Kraus annulation see: (¢) K. Rathwell
and M. A. Brimble, Synthesis, 2007, 643; (b) D. Mal and P. Pahari,
Chem. Rev., 2007, 107, 1892.

13 P. Beak and R. A. Brown, J. Org. Chem., 1982, 47, 34.

14 R. J. Billedau, M. P. Sibi and V. Snieckus, Tetrahedron Lett., 1983, 24,
4515.

15 F. Kaiser, L. Schwink, J. Velder and H.-H. Schmalz, J. Org. Chem.,
2002, 67, 9248, and references therein.

16 B. Denesand C. Szantay, Arch. Pharm., 1958, 342. For a similar example
employing molecular bromine, see:; V. T. Abaev, A. S. Dmitriev, A. V.
Gutnov, S. A. Podelyakin and A. V. Butin, J. Heterocycl. Chem., 2006,
43, 1195.

17 M. A. Brimble and C. V. Burgess, Synthesis, 2007, 754.

18 R. J. Mill, N. J. Taylor and V. Snieckus, J. Org. Chem., 1989, 54, 4372.
19 M. K. Nayak and A. K. Chakraborti, Tetrahedron Lett., 1997, 38, 8749.
20 F. M. Hauser and P. J. E. Gauuan, Org. Lett., 1999, 1, 671.

21 O. Andrey, J. Sperry, U. S. Larsen and M. A. Brimble, Tetrahedron,
2008, 64, 3912. A noteworthy double annulation involving addition
of excess of a Michael donor to a bis-enone has been achieved in
good yields (61-70%) during the synthesis of dimeric analogues of the
anthracyclines.; P. Ge and R. Russel, Tetrahedron, 1997, 53, 17477.

22 S. E. Bode, D. Drochner and M. Miiller, Angew. Chem., Int. Ed., 2007,
46, 5916.

23 A. W. McCulloch and A. G. Mclnnes, Can. J. Chem., 1971, 49,
3152.

24 A. G. Schultz, R. E. Harrington, M. Macielag, P. G. Mehta and A. G.
Taveras, J. Org. Chem., 1987, 52, 5482.

25 V. Percec, J.-Y. Bae, M. Zhao and D. H. Hill, J. Org. Chem., 1995, 60,
176.

26 D.J. Cundy, A. C. Donahue and T. M. McCarthy, J. Chem. Soc., Perkin
Trans. 1,1999, 1, 559.

27 A.Jutand and A. Mosleh, J. Org. Chem., 1997, 62, 261.

28 V. Penalva, J. Hassan, L. Lavenot, C. Gozzi and M. Lemaire,
Tetrahedron Lett., 1998, 39, 2559.

29 J.J. P. Sejberg, J. Sperry, K. W. Choi, P. D. W. Boyd and M. A. Brimble,
Acta Crystallogr. Sect. E, 2008, 64, 0758.

4270 | Org. Biomol. Chem., 2008, 6, 4261-4270

This journal is © The Royal Society of Chemistry 2008






COMMUNICATION

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

Novel synthetic luteolin analogue-caused sensitization of tumor necrosis
factor-a-induced apoptosis in human tumor cellsf

Lili Cheng,* Huiling Tan,” Xiaoyu Wu,* Ruijun Hu,” Carlin Aw,* Min Zhao,” Han-Ming Shen*? and

Yixin Lu*%*

Received 12th August 2008, Accepted 24th September 2008
First published as an Advance Article on the web 9th October 2008
DOI: 10.1039/b813904k

Studies on the sensitization, by novel alkynyl luteolin ana-
logues, of TNF-o-induced apoptosis in HeLLa and HepG2 cells
revealed that LA-12 showed better sensitizing effects on TNF-
a-induced cell death than luteolin, suggesting great potential
for alkynyl luteolin analogues in cancer therapy.

Luteolin is an important member of the flavonoid family, and
has been shown to exhibit anti-mutagenic,' anti-inflammatory,>*
and antioxidant* activities. Recently, luteolin has attracted much
attention as a potential anti-cancer and anti-proliferative agent.
The potential of luteolin in cancer therapy was demonstrated by
its inhibition of DNA topoisomerase I and I1.>¢ Ko et al. also
showed that luteolin was effective at the inhibition of proliferation
and induction of apoptosis in human myeloid leukemia cells.” Very
recently, the potential uses of luteolin as an anti-tumor agent in
prostate, colon, lung and mammary cancers were studied.*™

Tumor necrosis factor (TNF) is a proinflammatory cytokine
with a wide spectrum of functions in many biological processes,
including cell growth, death and development, oncogenesis, im-
munity, and inflammatory and stress responses.’* Recently, we
reported that luteolin could significantly sensitize TNF-o-induced
apoptotic cell death in a number of human cancer cell lines,'
which demonstrated a novel anti-cancer effect of luteolin and
supported its potential application in cancer therapy. Herein,
we wish to report the discovery of a novel luteolin analogue
that possesses enhanced sensitizing effects on TNF-o-induced
apoptosis in human tumor cells.

Structure-activity relationship (SAR) studies on luteolin have
been very limited. More extensive studies on luteolin structural
analogues would be highly desirable due to its biological im-
portance. In our design of novel luteolin analogues (Fig. 1), we
decided to keep the core structural scaffold of luteolin (rings
A, B and C) intact to maintain the key biological activities of
luteolin. The two hydroxy groups at the C-5 and C-7 positions were
also kept as they are generally important in flavonoid activities.™*
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Designed luteolin analogues

Luteolin

Fig. 1 Structures of luteolin and its analogues.

The hydroxy groups at C-3" and C-4’ are deemed to be less
important,™ and we intended to delete these groups and install
a series of alkynyl groups at the C-4’ position. Alkynes are useful
building blocks for unsaturated molecular scaffolds because of
their rigid structures and conjugating m systems. Alkynes are
surprisingly common in natural products that have been isolated
from plants and marine organisms, and they are also common
motifs in drugs e.g. enediyne antibiotics and contraceptive pills.
Furthermore, the unsaturated, high-energy carbon—carbon triple
bond makes alkyne an attractive functional group for further
derivation by many synthetic transformations.”® We anticipated
that the above described modifications to the luteolin could result
in novel analogues with interesting activity profiles.

The synthesis of luteolin analogues is outlined in
Scheme 1. 2’,4’,6’-Trihydroxyacetophenone was protected as its
methoxymethyl ether (1). 4-Iodobenzaldehyde, which was readily
prepared from 4-iodobenzoic acid, then underwent aldol con-
densation with ketone 1 to afford chalcone 2. The cyclization
of 2 proceeded efficiently in the presence of 2,3-dichloro-5,6-
dicyano-1,4-benzoquinone (DDQ) to yield the key intermediate
4’-iodoflavone (3), which was then subjected to Sonogashira
couplings with various terminal alkynes, followed by deprotection,
to generate a series of desired luteolin analogues (LA-1 to LA-16).
The Sonogashira coupling under conventional thermal heating
conditions was very sluggish, and carrying out the reactions under
microwave irradiation’® greatly shortened the reaction time, and
provided much cleaner product.

The luteolin analogues that we intended to synthesize are illus-
trated in Fig. 2. Alkynes are readily available, making structural
variations straightforward. In addition, we also prepared a number
of aromatic alkynes (alkyne moieties in LA-2, LA-4, LA-6, LA-9
and LA-11) following the literature procedure.”” Various aliphatic
alkynes which contained long alkyl chain, cycloalkyl, hydroxyalkyl
or ether structures were incorporated into the synthetic luteolins.
To examine the effects of aromatic alkynyl moieties in the luteolin
analogue structures, neutral, electron-deficient, electron-rich and
heteroaromatic (4-pyridine, imidazole) alkynes were used in the
Sonogashira coupling reactions.
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LA-1to LA-16 R

Scheme 1 Synthesis of luteolin analogues. Reagents and conditions:
(a) DIPEA, MOMCI, CH,Cl,, 0 °C to room temperature, 4 h;
(b) NaOH, 1,4-dioxane, 4-iodobenzaldehyde, room temperature, 20 h;
(c) DDQ, 1,4-dioxane, reflux, 36 h; (d) Pd(PPh;),, Cul, THF, triethylamine,
microwave irradiation, 10 min; (¢) HCI, THF or MeOH, reflux.

L)%

LA-1to LA-16

g

LA-4

oo \@ >0 g,

LA-7 LA-9 LA-10

[ N \(Ih 2
== NO, X : =

2 2 =
\©/ HO' HO' \© \\/0\ ‘\/\/\

LA-11 LA-12 LA-13 LA-14 LA-15 LA-16

Fig. 2 Structures of synthetic luteolin analogues.

Having synthesized all the luteolin analogues, we first performed
cytotoxicity studies with all the synthetic compounds using the
MTT assay."® Among the 16 compounds tested, LA-4, LA-11,
LA-13, LA-14 and LA-15 had similar cytotoxicity to luteolin, and
compounds LA-12 and LA-16 appeared to be more cytotoxic than
luteolin.

Luteolin has been shown to sensitize TNF-a-induced apoptosis
in cancer cells.”® We next tested whether some of the synthetic
analogues of luteolin were able to sensitize TNF-o-induced cell
death in both HeLa and HepG2 cells (Fig. 3). HeLa cells were
treated with selected analogues together with TNF-o for 24 hours.
The results showed that LLA-12 significantly promoted TNF-o-
induced cell death. Similar results were also observed in HepG2
cells. Moreover, we compared the sensitization effect of LA-12 with
that of luteolin. As shown in Fig. 4, at the same concentration,
LA-12 was more effective at sensitizing TNF-o-induced cell death
than luteolin, based on cell viability determined by MTT assay.
Consistent results were also obtained based on the morphological
changes of the cells (Fig. 5).

In conclusion, we prepared a number of novel luteolin analogues
containing various alkynyl groups. The cytotoxicities of the
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Fig.3 Luteolin analogue-sensitized TNF-a-induced apoptosis.
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Fig. 4 A comparison of LA-12- and luteolin-sensitized TNF-a-induced
cell death.

synthetic luteolin analogues were evaluated, and some of the
potent synthetic compounds were tested for their sensitizing
effects on TNF-a-induced apoptosis in HeLa and HepG?2 cells.
It was discovered that the analogue LA-12 displayed better
sensitizing effects on TNF-o-induced cell death than luteolin. We
are currently preparing more luteolin analogues possessing similar
structural motifs to those of LA-12, and thoroughly investigating
the sensitization effects of luteolin analogues in cancer therapy.
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Fig.5 Morphological changes confirm that LA-12 is more effective than
luteolin at sensitizing TNF-a-induced cell death.
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Crystalline samples of three N-aroyl-1,2,4-dithiazolidine-3,5-
diones have been prepared as the first examples of a novel class
of compound that displays the reactivity of an acyl isocyanate
when treated with nucleophiles.

Recent studies in our laboratory have shown that N-alkyl-1,2,4-
dithiazolidine-3,5-diones 1 can be prepared, using straightforward
procedures,"? from the parent heterocycle 2. Most significantly,
they can be regarded as protected isocyanates 3, the latter func-
tionality being revealed on treatment with triphenylphosphine,
under anhydrous conditions (Scheme 1).

(0] [0}
>Ls >Ls PPh R—N
H=N 1 -oeeeeeee- = R—N ] : c.
re re °
(0] o
2 1 3
Scheme 1 N-Alkyl-1,2,4-dithiazolidine-3,5-diones as  isocyanate

equivalents.

Acyl isocyanates 4 (Fig. 1) are very useful reagents, not only for
the preparation of N-acyl ureas and N-acyl carbamates but also for
the construction of a wide range of heterocycles by virtue of their
ability to readily undergo addition to unsaturated compounds.>”
Such reagents are, however, considerably more reactive than their
N-alkyl counterparts 3, which can present substantial problems
with their handling and long-term storage. A relatively small
number of generally applicable methods are available for their
preparation, most notably the reaction of acid chlorides with
silver® or sodium’® cyanate and the treatment of primary amides
with oxalyl chloride."

Fig. 1 N-Acyl isocyanates.

In view of our previous work, we initiated studies into the
preparation of hitherto unknownj} N-aroyl-1,2,4-dithiazolidine-
3,5-diones 5 as possible acyl isocyanate 4 equivalents (Fig. 2).
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Fig. 2 N-Aroyl-1,2,4-dithiazolidine-3,5-diones as possible acyl iso-
cyanate equivalents.

The logical approach to the preparation of N-acyl imides
involves the treatment of the appropriate N-H imide with an
acid chloride, under basic conditions. Indeed, Titherley and
Hicks reported the preparation of N-benzoyl phthalimide in 1906
by the reaction between phthalimide and benzoyl chloride in
pyridine, from which the desired product was precipitated by
the addition of ethanol.! Attempts to modify this methodology
for the use of 1,2,4-dithiazolidine-3,5-dione 2 failed to give the
desired product with benzoyl chloride and similar approaches
using other bases such as Hiinig’s base, caesium carbonate and
potassium fert-butoxide also failed. It was found, however, that
the desired reaction could be effected in dichloromethane using
poly(4-vinylpyridine) as an insoluble base to simplify purification.
Using this methodology, three novel N-aroyl-1,2,4-dithiazolidine-
3,5-diones 5 were prepared (Scheme 2 and Table 1).F

re A?\‘),/

7
S

o
5

Scheme 2 N-Aroylation of 1,2,4-dithiazolidine-3,5-dione. Reagents and
conditions: poly (4-vinylpyridine) (1 equiv.), CH,Cl,, 0 °C to reflux, 24 h.

The crude products obtained were found (by 'H and “C
NMR) to be very impure and they generally contained significant
quantities of the primary amides corresponding to the acid

Table 1 Preparation of N-aroyl-1,2,4-dithiazolidine-3,5-diones

Entry Ar Product

1 @“‘q Sa 22
2 /@ﬁv{ 5b 18
MeO

Yield (%)
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chlorides used. The fact that the quantity of the amide increased
on attempting to remove by-products using aqueous sodium
bicarbonate solution suggested that they were the result of
hydrolytic cleavage of the heterocycle in the products 5. Despite
attempts to exclude all water from the reaction mixtures by its
azeotropic removal from the poly(4-vinylpyridine) with benzene
prior to use, we could not significantly reduce the quantity of amide
by-product formed and attempts to purify the crude reaction
products by chromatography on silica gel unsurprisingly led to
apparent complete decomposition of the required products 5.
Fortunately, however, the N-aroyl-1,2,4-dithiazolidine-3,5-diones
5 proved to be highly crystalline and whilst they could only be
obtained in relatively low yields, they could be crystallised in
an analytically pure form from chloroform, by slow diffusion of
pentane, layered carefully above the solution. Interestingly, it was
clear that the crude products resulting from the reactions carried
out at reflux contained significantly fewer by-products than those
from reactions carried out at lower temperatures. The resulting
crystalline solids have subsequently been stored in air for several
months with no noticeable decomposition.

Preparation of 4-methoxybenzoyl isocyanate 4b from N-(4-
methoxybenzoyl)-1,2,4-dithiazolidine-3,5-dione 5b by desulfuri-
sation with solid-supported triphenylphosphine was attempted
at 40, 80 and 110 °C in dichloromethane, benzene and toluene
respectively (Scheme 3). Shorter reaction times appeared to result
in no reaction, 5b still being present, and extended reaction periods
(up to 48 h) gave 4-methoxybenzamide 6 (Fig. 3) as the only
isolable product after filtering off the solid-supported reagent and
evaporation of the solvent, despite care being taken to exclude
moisture at all times.

o

[0} »\S (0]

N -0
>rs X N
(o}

MeO
4b

5b

MeO

Scheme 3 Attempted is isocyanate generation from N-(4-methoxyben-
zoyl)-1,2,4-dithiazolidine-3,5-dione. Reagents and conditions: solid-sup-
ported triphenylphosphine (1.3 equiv.), solvent (CH,Cl,, C4H, or PhMe),
reflux, 24-48 h.
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Fig. 3 4-Methoxybenzamide, N-(trifluoroacetyl)succinimide and the
conjugate base of 1,2,4-dithiazolidine-3,5-dione.

Given the ability of N-(trifluoroacetyl)succinimide 7 (Fig. 3) to
act as an “active ester-type” reagent for trifluoroacetylation,' the
reactivity of N-aroyl-1,2,4-dithiazolidine-3,5-diones Sa—c towards
amines and alcohols was investigated. In view of the low pK,
value of 2 (pK, = 2.85, I = 0.163, 25.6 °C)"* compared with that
of succinimide (pK, = 9.59, I = 0.5, 25 °C),"* it was initially
anticipated that the conjugate base of 1,2,4-dithiazolidine-3,5-

Table2 N-Aroyl urea formation from N-aroyl-1,2,4-dithiazolidine-3,5-
diones and primary amines

Entry Ar R Solvent Product Yield (%)

1 ©}{ ‘Bu THF 10a 86

2 Q“{ ‘Bu THF 10b 64
MeO

3 /@’{ >4 THF 10c 57
MeO

4 e Me PhMe 10d 71

/© P

MeO

5 1\ ‘Bu THF 10e 64
(s

dione 8 (Fig. 3) would be a very good leaving group in this
system, giving similar reactivity. When treated with a range of
primary amines 9 (in THF or toluene under reflux), however,
S5a—c gave the corresponding N-aroyl ureas 10 in reasonable
yields, apparently produced by nucleophilic attack at a carbonyl
group of the heterocyclic ring rather than the exocyclic carbonyl
group as originally expected (Scheme 4). The results for these
experiments are summarised in Table 2 and they suggest that N-
aroyl-1,2,4-dithiazolidine-3,5-diones 5 are capable of reacting as
acyl isocyanate 4 equivalents.

(0]
o >LS (0] (0]
S QR r—— A
S Ar N N
Ar 9 H H
o
5 10

Scheme 4 N-Aroylurea formation from N-aroyl-1,2,4-dithiazolidine-
3,5-diones and primary amines. Reagents and conditions: amine (1 equiv.),
THF or PhMe, reflux, 24 h.

A secondary amine (morpholine, 11) gave a similar result
on reaction with N-(4-methoxybenzoyl)-1,2,4-dithiazolidine-3,5-
dione 5b (Scheme 5) and 4-nitrobenzyl alcohol 12 also produced
the corresponding N-(4-methoxybenzoyl)urethane 13 under es-
sentially identical conditions (Scheme 6).

0]

8 o i
SCEORRY

53%

¢}

MeO
5b
Scheme 5 N-Aroylurea formation from N-(4-methoxybenzoyl)-1,2,4-
dithiazolidine-3,5-dione and morpholine. Conditions: THF, reflux, 18 h.

Alkaline hydrolysis of N-alkyl-1,2,4-dithiazolidine-3,5-diones
1 is believed to occur via nucleophilic attack of hydroxide at
a carbonyl group of the heterocycle and nitrogen nucleophiles
are also known to form ureas directly with these compounds,*'®
suggesting the mechanism shown in Scheme 7 is appropriate
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Scheme 6 N-Aroylcarbamate formation from N-(4-methoxybenzoyl)-
1,2,4-dithiazolidine-3,5-dione and 4-nitrobenzyl alcohol. Conditions:
THEF, reflux, 24 h.
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Scheme7 Proposed mechanism for nucleophilic ring-opening of N-aroyl-
1,2,4-dithiazolidine-3,5-diones.

for N-aroyl-1,2,4-dithiazolidine-3,5-diones 5 behaving as acyl
isocyanates 4.

In summary, we have demonstrated the first method for the
preparation of N-aroyl-1,2,4-dithiazolidine-3,5-diones 5, a novel
class of compound that shows the reactivity of an acyl isocyanate
4 in reactions with amine and alcohol nucleophiles. Whilst there is
clearly room for improvement in the method for the preparation
and isolation of these compounds, they represent a potentially
very useful, crystalline and air stable alternative to a difficult to
handle, yet important, class of reagent.
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Syntheses of two 4-phenylpiperidines from bromobenzene
have been developed involving anchoring to a fluorous-tag, Ir-
catalysed borylation, Pd- and Co-catalysed elaboration then
traceless cleavage. Although performed using ‘cold’ (i.e. un-
labelled) bromobenzene as the starting material, these routes
have been designed to minimise material loss via volatile
intermediates and expedite purification during radiosynthesis
from ‘hot’ (i.e. ['*C] labelled) bromobenzene.

[“C]-Labelled compounds are used widely in pharmaceutical
development for absorption, distribution, metabolism and elimi-
nation (ADME) studies.! Their synthesis is uniquely challenging
because only a limited set of simple ['*C]-labelled starting ma-
terials are available (e.g. barium carbonate, potassium cyanide,
bromobenzene) and these isotopically enriched intermediates are
toxic and require rigorous containment. Issues of containment
extend acutely to the first steps in a synthesis which often
proceed via low molecular weight volatile synthetic intermediates.
‘Anchoring’ the labelled precursor to a fluorous phase-tag? via
a traceless linker would solve this problem by rendering the
labelled material involatile during subsequent transformations
whilst also greatly aiding purification during elaboration and
allowing for facile phase-tag removal once sufficient mass to ensure
involatility had been attained. This would benefit the radiochemist
by minimising inhaled radiation and the environment by reducing
radioactive fume-hood exhaust. That only a limited set of building
blocks are used routinely by radiochemists is also advantageous
for developing generic protocols to realise these benefits. Here
we provide proof-of-concept for this tactic by the development
of a method for traceless anchoring and then CH activation of
bromobenzene. All the chemistry described has thus far been
carried out only using cold (i.e. unlabelled) bromobenzene.
[“C]-Bromobenzene is widely used as a starting material for the
preparation of radiolabelled drugs for ADME studies because aryl
rings are pervasive components of drug substances and generally
undergo minimal metabolic degradation. Its introduction into
biaryl, styrenyl and phenyl ketone pharmacophores is generally
accomplished via Pd-catalysed transformations; either directly as
the electrophilic component [via Pd(0) oxidative addition] or as the
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nucleophilic component by prior conversion to the phenyl boronic
acid/ester.® The choice of role is usually dictated by the electronic
requirements and/or availability of the coupling partner. Isotopic
containment is particularly problematic in the latter role due to
the formation of labelled benzene as a volatile by-product of
in situ deboronation.*

We envisaged a simple and potentially widely applicable strategy
to circumvent this problem and illustrate here its utility for
the preparation of two key derivatives of the ‘privileged’s 4-
phenypiperidine pharmacophore: acetylaminopiperidine 1 and
tetrahydropyridine 2.1 These motifs are found in many drugs,
particularly various neuro-active agents such as neurokinin
(NK) receptor antagonists [e.g. Saredutant®, in development for
depression]® and poly(ADP-ribose) polymerase (PARP) inhibitors
(e.g. FR247304, in development for stroke)” (Scheme 1).

Cl
NHAc cl
N
1 Saredutant®

NMeBz

T rr—
[0} Cl
g L0
NBn
[
2 FR247304

stepd U

step(s) c Mes step b Me; stepa

'G" L= RFGE N D RN 2
B(OR)

["C}FPhBr
Scheme 1 4-Phenylpiperidine based pharmacophores 1 and 2, as found
in Saredutant® and FR247304, and retrosynthetic strategy for their
phase-tagged synthesis from [**C]-bromobenzene.

The three key generic steps in this strategy are the initial
anchoring to the fluorous-tag (step a), the CH activation—
functionalisation (step b), and the traceless—functionalisative
cleavage (step d) with the intervening mass-enhancing elaboration
steps for target intermediates 1 and 2 being Suzuki and hydration
reactions (steps ¢, Scheme 1).

Step a was envisaged to be the reaction between phenyllithium
(from bromobenzene via bromine-lithium exchange) and a germyl
bromide functionalised fluorous phase-tag. Although this reaction
has the potential for loss of labelled benzene when performed on
hot (i.e. [“*C]labelled) bromobenzene, loss here is non-critical as
this step is necessarily performed on a vacuum line that affords
full containment from the commercially supplied ampoule. This
reaction was however anticipated to be high yielding and the

This journal is © The Royal Society of Chemistry 2008
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resulting C-Ge anchoring bond was expected to be robust to
a wide range of subsequent chemical manipulations® whilst still
allowing for traceless cleavage by acid once sufficient mass has been
appended to the phenyl ring to ensure involatility. By contrast,
4-oxopiperidine electrophiles, which have been used previously
to trap phenyllithium en route to labelled 4-phenylpiperidine
derivatives, give moderate yields and liberate significant quantities
of benzene.”'* Step b would comprise chemoselective transition
metal catalysed borylation'** of the phenyl ring to give an
anchored phenylboronic ester group for subsequent Pd-catalysed
elaboration. Following appropriate elaboration, acid-mediated
ipso-protodegermylation'® would constitute step d, cleaving the
aryl-Ge bond and liberating the now involatile labelled derivative
from the phase-tag. All purification steps prior to step d would
benefit from rapid purification by fluorous solid phase extraction
(SPE).2

In the event, bromobenzene underwent bromine-lithium ex-
change on treatment with ¢-BuLi at low temperature and the
resulting phenyl lithium was transmetallated with an excess of
fluorous-tagged germyl bromide 3§ to give phenylgermane 4 in
97% yield (from bromobenzene) following fluorous SPE. Analysis
of the crude reaction mixture by both GC and '"H NMR spiking
experiments revealed the mass balance to be benzene (Scheme 2).

1) t-BuLi (2.2 eq), THF, -78 °C, 30 min Me,
2)-78 °C 2 h; then to RT (1 h)
RF/\/G8©

©/ Br
Me,
4 Re = CgF 17 [97 %]

R,_-/\/GeBr 3(1.5eq)
Scheme 2 Step a: anchoring bromobenzene to germyl chloride 3.

The chemoselective CH activation—borylation of phenylger-
mane 4 proved quite challenging. This type of process has generally
been reported on simple aryl substrates catalysed by either Ir or
Rh complexes with the former displaying superior selectivity for
aryl vs. alkyl CH activation and also greater sensitivity to steric
effects."'* Extensive experimentation resulted in the development
of optimised conditions for selective borylation of phenylgermane
4 by B,pin, using [IrCI(COD)],'"—4,4’-di-tert-butyl-2,2’-bipyridine
(dtbpy) as the catalyst system in octane at 125 °C (Scheme 3).

[IrCICOD)l; (1 5 mol%) e, Me,

Me; dtbp D G Bpi
Yy (3 mol%) Ge ~Ce pin
R NC8 — R [ Yepn
Bopina (1 eq) 2P
125 °C, 48 h, octane Bpin
4 Rp=CgFy7 5 Rg=CgFy7 6 Rg=CgFy7
m:p ~2:1[62%]

Scheme 3 Step b: Ir-catalysed borylation of phenylgermane 4.

In accord with the findings of Ishiyama ez al.,** dtbpy proved to
be superior to 2,2’-bipyridine (bpy) as a ligand for these reactions,
although in our hands [Ir(OMe)(COD)],," either pre-formed or
prepared in situ, gave essentially identical results with both these
ligands to those obtained using the more easily prepared chloride
complex. Use of octane as solvent resulted in significantly higher
reaction rates relative to hexane, probably due to the improved
solubility of the Ir-dtbpy complex;** the reactions did not proceed
at all in THF" or 1,4-dioxane.® A reaction temperature of at
least 120 °C (in a sealed vial) was required and microwave heating
was unsuccessful in our hands. The formation of diborylatedq
arylgermane 6 could not be avoided even under the optimised
conditions which gave a crude ratio of 14 : 70 : 16 for compounds

4 :5:6 by '"HNMR after 48 h. Fortunately, diborylated
arylgermane 6 and the unreacted starting material 4 were readily
removed by fluorous SPE from the co-eluting meta and para
isomers of the desired mono-borylated arylgermane 5 (m:p~2:1)
which was isolated in 62% yield. As the final cleavage from
the phase-tag is ‘traceless’ (step d, Scheme 1) both regioisomers
eventually deliver the same compound.

Elaboration of boronic esters 5 into the target piperidine
derivatives 1 and 2 required a Suzuki reaction with an N-protected
piperidinyl vinyl triflate. This also proved to be a difficult reaction
but was eventually efficiently accomplished using coupling con-
ditions developed by Kishi and co-workers employing TIOH* as
the base and LiBr as an additive. Using these conditions, N-benzyl
protected piperidinyl vinyl triflate 7 coupled with boronic esters 5
to give styrene 8 in 91% yield (Scheme 4).

TfO‘C

3
Me, NBn (3 eq) Me,

RF/\/Ge N 7 R Ce. X
| 8pin e " | ar
Z Pd(Phg)s (15 mol%), 2

TIOH (3 eq), LiBr(2 e
5 Rp=CgFy7 <TH‘4;, RT @e 8 Re=CoFy7
mp ~2:1 m:p ~2:1[91%]

Scheme 4 Step ¢ (ptl): Pd-catalysed cross-coupling.

In order to access acetylaminopiperidine 1 we next required a
method to regioselectively hydroaminate the styrenyl alkene so as
to introduce the amino group at the fert-benzylic position. Since
various direct hydroamination protocols proved unsuccessful,”2
we decided to effect a metal catalysed hydration reaction with a
view to performing a subsequent Ritter reaction® to install the
acetamide function concomitant with cleavage from the phase-
tag. Mukaiyama? and then Magnus®* developed Mn(dpm),
and Mn(dpm);|| as catalysts for the hydration of o,B-unsaturated
esters, ketones and nitriles with O,-PhSiH; and more recently
Carreira and co-workers® have used Co(sdmg);|| for the hydration
of enynes. In the event, both the Mn and Co based systems were
effective on model 1,2,3,6-tetrahydropyridine substrate 9 (88% and
78% yield, respectively) but Co was preferred for the fluorous
tagged arylgermane 8, despite this complex mediating slower
reactions, because Mn proved extremely difficult to decomplex
from the product. The Co could be readily removed by fluorous
SPE to give the desired alcohol in 61% yield (Table 1).

As expected, treatment of Ge-bound piperidine zert-alcohol 10
with H,SO,~MeCN effected a clean one-pot Ritter reaction®—
traceless cleavage from the phase-tag to furnish acetylaminopiperi-
dine 1 quantitatively.** Tetrahydropyridine 2 could be formed

Table 1  Step ¢ (pt2): Co(sdmg); and Mn(dpm); catalysed hydration

RE A i) [Co(sdmg); or Mn(dpm)z (5mol%) BN
L PhSiH; (2 eq), O, (1 atm) rIL OH
Z EtOH, CH,Cl,, RT (see Table) =

NBn

ii) NaS;03, 3 h, RT

8 R = CgF17CH,CH,GeMe, (m:p ~2:1) 10
9 R =p-Me 1"
Entry Substrate [M]* Duration/h Yield (%)
1 9 Mn(dpm); 3b 88 (11)
9 Co(sdmg); 72 78 (11)
3 8 Co(sdmg); 24 61 (10)

“ For structures see |. » Reaction carried out at 0 °C.
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directly from styrene 8 by treatment with TFA, also quantitatively
(Scheme 5).

Me; CHACN, HzSOy (4:1)
0°CtoRT,19h NHAC

RGN QH
F { J<:/\NBn
Z NBn

10 m:p ~2:1 1[100%]
Me, TFA (neat)
R~ Ce N / RT, 16 h z
(;_CNB" NBn
8 mp ~2:1 2[100%]

Scheme5 Step d: Ritter reaction—traceless cleavage (10 — 1) and traceless
cleavage (8 — 2).

In summary, efficient syntheses of acetylaminopiperidine 1 (5
steps, 33% yield) and tetrahydropyridine 2 (3 steps, 55% yield)
from bromobenzene have been achieved via a novel route in
which opportunities for material losses by evaporation have been
minimised in the initial immobilisation step and eliminated in
subsequent steps by anchoring to a fluorous phase-tag. The key
elaboration steps, all of which benefit from rapid purification by
fluorous SPE, are Ir-catalysed borylation, Suzuki cross-coupling
and Co-catalysed hydration. Although only a proof-of-concept
study employing cold bromobenzene has been described, we
anticipate that this approach could constitute a general strategy
for the safe preparation of aryl-containing radiolabelled materials
from ["“C]-bromobenzene for ADME studies. Its application and
evaluation in this context is in progress.
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